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Selected parameters of the combustion process in a compression-ignition engine at 

different angles of the beginning of injection of mixtures of rapeseed oil with n-hexane 
 
ARTICLE INFO  The article presents the results of experiments in which a compression-ignition engine was fueled with a mixture 

of rapeseed oil with a 10% addition of n-hexane. The effect of changing the fuel injection start angle on selected 

indicators of the combustion process was evaluated. The tests were conducted at a fixed vehicle speed of 90 

km/h. The addition of n-hexane made it possible to improve the characteristics of the combustion process of 
rapeseed oil. The maximum combustion pressure increased to 9.5 MPa (DF: 9.66 MPa; RO: 8.71 MPa), and the 

ignition delay was shortened. Advancing the pilot injection by –6°CA resulted in stabilization of the kinetic 

combustion phase; in reality, due to map interpolations and auto-adaptation strategies of the controller, the 
offset was approx. –4°CA, indicating that it must be taken into account in the interpretation of the results. The 

average indexed pressure reached 0.805 MPa (DF: 0.813 MPa; RO: 0.728 MPa), and the maximum pressure 

build-up rate (dp/dα) reached 0.375 MPa/°CA, approaching the 0.399 MPa/°CA recorded for DF. The rate of 
heat release was in the range of 86–93 kJ/m³·°CA, clearly lower than that of RO (130 kJ/m³·°CA). The results 

confirm that appropriate modification of the fuel composition, together with a properly selected injection angle, 

allows compression-ignition engines to burn renewable fuels. The results of the measurements were described 
with regression relationships, which allows their use in further simulation and development work.  
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1. Introduction 
In recent decades, alternative fuels for compression-

ignition engines have gained importance in both urban 

public transport and passenger vehicles. Road and chassis-

dynamometer studies consistently demonstrate that condi-

tioning of both conventional and alternative fuels can im-

prove combustion quality and reduce particulate and smoke 

emissions, as confirmed in full-scale tests on passenger cars 

and buses [4–6]. This trend responds to environmental 

imperatives, rising fossil-fuel prices, and the pursuit of 

greater energy independence. To successfully deploy plant-

derived fuels such as rapeseed oil, a comprehensive under-

standing of combustion processes in electronically con-

trolled diesel injection systems is essential. 

This paper addresses the practical use of rapeseed oil 

enriched with n-hexane in compression-ignition engines. 

Numerous studies [15–17] have shown that the effective-

ness of such a solution depends primarily on the proper 

modification of the injection system – in particular, on the 

selection of the injection timing. The high viscosity and 

surface tension of rapeseed oil cause deterioration of atomi-

zation, prolonged injection duration, and delayed auto-

ignition [2, 3, 11]. The introduction of a 10% volume share 

of n-hexane – as proven in studies [8], reduces the viscosity 

by more than 50%, lowers the density and surface tension 

of the mixture, bringing its physicochemical properties 

closer to diesel fuel. Several benefits of this modification 

have been observed. First, the reduction in flow resistance 

allows the fuel system to maintain nominal pressures, 

which prevents overloading the high-pressure pump [12]. 

Second, the improved atomization and faster evaporation of 

the n-hexane fraction promote homogeneous formation of 

the fuel-air mixture, resulting in an 8–12% increase in aver-

age indexed pressure in the 2000–3000 rpm speed range 

[13]. Third, n-hexane dissolves deposits accumulating in 

the injector needle zone, reducing their build-up and pro-

longing the nozzle's trouble-free period [14]. Road tests 

also eliminated the phenomenon of impeded hot start, ob-

served with RO (rapeseed oil) – only fuelling [10]. 

However, the limitations of the solution in question 

cannot be overlooked. The lower cetane number of the 

mixture (a decrease of 3–5 relative to DF) prolongs the 

ignition delay phase; at nominal injection settings, this 

results in a shift of the maximum combustion pressure 

beyond the optimal angular range, which lowers the in-

dexed efficiency and raises the exhaust gas temperature [3]. 

A prerequisite for using a mixture of canola oil with 10%  

n-hexane is the adaptation of the injection strategy. A com-

pilation of research results [7, 9] allows us to formulate two 

key conclusions, i.e., that the addition of 10% n-hexane 

significantly improves the physicochemical properties of 

RO, bringing viscosity, density and surface tension closer 

to levels acceptable for reservoir injection systems. That 

efficient combustion requires accelerating the onset of in-

jection. 

The purpose of the following discussion, therefore, is  

a preliminary analysis of how to select the injection angle 

for an engine fueled by rapeseed oil-based fuel blended 

with 10% n-hexane, and to assess the impact of these 

changes on the combustion process. 

2. Materials and methods 

2.1. Tests stand 

The object of the study was a compression-ignition en-

gine with a bunker injection system, which was built into in 

a Fiat Qubo vehicle. The vehicle's engine met the EURO 5 

http://orcid.org/0000-0002-4034-3943
http://orcid.org/0009-0005-8338-973X
http://orcid.org/0000-0002-6485-9100
http://www.combustion-engines.eu
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exhaust gas standard. The data and technical parameters of 

the test engine are given in Table 1. 

 
Table 1. Main characteristics of the Fiat Qubo vehicle used for the tests 

Parameter Unit 

Engine displacement 1248 cm³ 

Cylinder bore 69.6 mm 

Piston stroke 82 mm 

Compression ratio 16.8:1 

Maximum power 55 kW/75 HP 

Maximum torque 190 Nm 

Idle speed 850 ±20 rpm 

Engine speed at maximum torque 1500 rpm 

Fuel injection / supply system Common rail system 

Exhaust aftertreatment systems Exhaust gas recirculation 

(EGR), particulate filter 

 

The test stand is shown in a block diagram (Fig. 1). The 

test vehicle could be fueled with diesel fuel from the vehi-

cle's main tank and other liquid fuel mixtures from an in-

stalled auxiliary tank, which allowed quick replacement of 

the test fuel. The entire process was managed by the engine 

controller (ECU1 – Electronic Control Unit 1). Fuel con-

sumption was measured using a flow meter, which took 

into account the return overflow from the injectors and 

high-pressure pump. Fuel was then fed sequentially to the 

high-pressure pump, the fuel tank and the injectors. The 

control and measurement track allowed recording the en-

gine's operating parameters under dynamic conditions, 

measuring fuel consumption and environmental and energy 

parameters. The AVL IndiMicro 602 measurement system 

allowed the recording of rapidly varying in-cylinder pres-

sures and the analysis of injection parameters. Other actual 

values of engine operation were recorded using the Mul-

tiecuscan OBD II (On Board Diagnostics) diagnostic inter-

face. 

 

 Fig. 1. Block diagram of the test bench 

2.2. Course of tests 

As part of the preliminary tests, the test vehicle was 

subjected to simulated tests on a chassis dynamometer 

according to the Worldwide Harmonized Light Vehicles 

Test Procedure (WLTP) [1]. Measurement points were 

selected, i.e., driving at a constant speed of 90 km/h. During 

the tests performed, the engine was operated with the load 

resulting from the resistance to motion (rolling resistance, 

air resistance) mapped on the chassis dynamometer set in 

"driving simulation" mode. Three fuels were selected to 

power the engine with nominal software in the controller, 

which were assigned designations used consistently 

throughout the rest of the article: "DF" – diesel fuel as  

a reference (reference) test; "RO 90%Hex10%" – rapeseed 

oil with the addition of 10% n-hexane; "RO" – rapeseed oil. 

2.3 Modification of the start time of the first  

pre-injection 

The different viscosity, density and flash point of the 

canola oil-n-hexane mixture compared to diesel [14] neces-

sitate the modification of the injection start angle, among 

other things. As a reference test, power and torque meas-

urements were carried out on a chassis dynamometer, feed-

ing the engine with diesel at nominal engine controller 

settings. In order to select the angle of first pilot injection 

for the RO 90%Hex10% mixture, ten tests were carried out 

in which each time the angle of first pilot injection was 

delayed by "–1°CA" from the measured nominal value of 

"–32°CA". It was noted that at the value of delaying the 

first pilot injection by "–6°CA", the parameters measured 

on the chassis dynamometer were the closest with respect to 

the measurement when the engine was fed with diesel fuel 

with nominal engine controller software. On this basis, the 

angle of the first pilot injection of "–38°CA" was selected 

(Fig. 2). It was assigned the following designation used 

consistently hereafter: "Pilot(–6°)RO 90%Hex10%" – cano-

la oil with the addition of 10% n-hexane, with the first pilot 

injection adjusted by –6°CA. 

 

Fig. 2. Modified control map of the angle of the first pilot injection [˚CA] 
depending on the injection rate [mm3/cycle] and engine crankshaft speed 

 [rpm] 

3. Results 
Figures 3 to 6 show the course of cylinder pressure, the 

rate of heat release, and the signal controlling the opening 

of the injectors as a function of the engine's crankshaft 

rotation when fed successively with diesel, canola oil, cano-

la oil with 10% n-hexane addition, and canola oil with 10% 

n-hexane addition with the first pilot injection adjusted by  
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–6°CA, while running on a chassis dynamometer at 90 

km/h. 

In Figure 3, at αinj ≈ –12°CA for diesel fuel, the cylinder 

pressure rises to about 8.98 MPa, and the maxima of heat 

release and pressure appear near TDC, indicating a short 

ignition delay time and a rapid combustion phase. On the 

other hand, the use of rapeseed oil (Fig. 4) at an injection 

angle αinj ≈ –2°CA, affects the pressure maximum, which 

was 8.71 MPa near αPc,max ≈ 11°CA. Adding 10% n-hexane 

(Fig. 5) allowed to reach P(c,max) ≈ 8.38 MPa at αPc,max ≈ 

11.7°CA – lower than with diesel fuel. Analyzing the 

dQ/dα characteristics, it was noted that this fuel ignites 

significantly faster than pure rapeseed oil. Figure 6, shows 

the results obtained for canola oil feed with 10% n-hexane, 

where shifting the injection angle by "–6°CA" earlier rela-

tive to the nominal control, led to a significant increase in 

maximum pressure (up to 9.47 MPa) and reaching its max-

imum at an angle αPc,max ≈ 11.7°CA. The previously intro-

duced pilot dose shortened the ignition delay time of the 

main fuel dose, resulting in a more rapid combustion just 

after TDC. Delaying (or appropriately "phase-shifting") the 

pilot injection can reduce surges at less stressed operating 

points. It is noteworthy that although the control system 

was set to shift the pilot injection angle by –6°CA relative 

to the nominal map, the recording of measurements at 90 

km/h did not achieve exactly this change. This is because 

the engine controller uses a series of interpolations based on 

values from neighboring cells of the injection map and 

additionally applies auto adaptive strategies (e.g., as a func-

tion of speed, fuel dose or exhaust gas temperature). In the 

tests in question, instead of the expected –6°CA, the real 

value of the pilot injection offset averaged about –4°CA 

relative to the reference value, as can be seen from the 

actual angles recorded in the charts. On the one hand, this 

illustrates the flexibility and adaptability to current operat-

ing conditions, on the other hand, it shows that the nominal-

ly introduced correction does not always translate linearly 

into an identical angle change in the actual engine cycle, so 

the interpretation of the results should always take into 

account the specifics of the controller and its operation 

under the dynamic conditions of actual operation. 

 

Fig. 3. The course of cylinder pressure, heat release rate, and injector 
opening control signal as a function of engine crankshaft rotation when fed 

 with diesel fuel while running on a chassis dynamometer at 90 km/h 

 

Figures 7 through 12 show the recorded average index 

pressure, a box plot of average index pressure from 70 

measurement cycles, maximum combustion pressure, max-

imum rate of combustion pressure build-up, average fuel 

burn rate, and maximum heat release rate when fed succes-

sively with diesel fuel, canola oil, canola oil with 10%  

n-hexane addition, and canola oil with 10% n-hexane addi-

tion with the first pilot injection adjusted by –6°CA, while 

running on a chassis dynamometer at 90 km/h.  

 

Fig. 4. The course of the cylinder pressure, the rate of heat release, and the 

signal controlling the opening of the injectors as a function of the engine's 
crankshaft rotation when fed with rapeseed oil while running on a chassis 

 dynamometer at 90 km/h 

 

Fig. 5. The course of the cylinder pressure, the rate of heat release, and the 

signal controlling the opening of the injectors as a function of the engine's 

crankshaft rotation when fed with canola oil with the addition of 10% n-
 hexane, while running on a chassis dynamometer at 90 km/h 

 

Fig. 6. The course of cylinder pressure, heat release rate, injector opening 

control signal as a function of engine crankshaft rotation when feeding 

with canola oil with 10% n-hexane with the first pilot injection adjusted 
 by –6˚CA, while driving on a chassis dynamometer at 90 km/h 

 

The value of the average indexed pressure for DF was 

0.816 MPa. For the 70 cycles analyzed, it was characterized 

by a narrow distribution and high consistency of individual 

measurements, indicating their stability. The value of the 

maximum combustion pressure, recorded during diesel fuel 

tests, was 9.58 MPa. The maximum pressure build-up rate 
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(dp/dα) for DF was 0.399 MPa/°CA. The amount of fuel 

burned, was 966.9 kJ/m³. The maximum rate of heat release 

was 90.4 kJ/m³·°CA. 

When fed with canola oil, the value of the average in-

dexed pressure reached 0.805 MPa. For 70 engine cycles, 

this parameter reached the lowest value among all fuels. 

The maximum combustion pressure was 10.58 MPa. The 

maximum pressure build-up rate (dp/dα), for canola oil 

reached 0.540 MPa/°CA. The average burn rate was 1084.3 

kJ/m³. The recorded maximum rate of heat release was 

130.0 kJ/m³·°CA. 

When fed with rapeseed oil with 10% n-hexane addi-

tion, the value of the average indexed pressure was 0.728 

MPa. The value of the average pressure was the smallest 

among all the fuels tested for the 70 cycles analyzed and 

had the least variability. Such a result may be due to the 

variability of the combustion process in the presence of  

a small addition of n-hexane. The maximum combustion 

pressure was 9.00 MPa. The maximum pressure build-up 

rate (dp/dα) was 0.417 MPa/°CA. The value of the average 

burn rate for RO 90%Hex10% was 910.9 kJ/m³. As for the 

maximum rate of heat release – for the RO 90%Hex10% 

mixture it was 92.6 kJ/m³·°CA. 

 

Fig. 7. Average indexed pressure, while running on a chassis dynamometer 

at 90 km/h, for selected fuels and control variant. The results were avera-

 ged from 100 engine cycles 

 

Fig. 8. The course of the average indexed pressure during driving on  

a chassis dynamometer at 90 km/h, for selected fuels and control variant 
 depending on 70 engine cycles 

 

In the case of feeding the engine with a mixture of rape-

seed oil with 10% n-hexane additive and using an adjusted 

pilot injection start angle of –6°CA (Pilot(–6°)RO 90% 

Hex10%), the value of the average indexed pressure was 

0.786 MPa. For the 70 engine cycles analyzed, it was most 

similar to diesel The value of maximum combustion pres-

sure for Pilot(–6°)RO 90%Hex10% was 9.66 MPa. For the 

maximum pressure build-up rate (dp/dα), the measured 

value was 0.375 MPa/°CA. In terms of energy require-

ments, the average fuel burnup for this variant was 966.9 

kJ/m³. The maximum heat rate (Qmax) reached 96.7 

kJ/m³·°CA. 

 

Fig. 9. Box plot showing a comparison of the distributions of mean indi-

 cated pressure measurements for the fuels tested for 70 engine cycles 

 

Fig. 10. Maximum combustion pressure during driving on a chassis dyna-

mometer at 90 km/h, for selected fuels and control variant. The results 
 were averaged from 100 engine cycles 

 

Fig. 11. The maximum speed of combustion pressure build-up, while 

running on a chassis dynamometer at 90 km/h, for selected fuels and 

 control variant. The results were averaged from 100 engine cycles 

 

Fig. 12. The average amount of fuel burned, while running on a chassis 
dynamometer at 90 km/h, for selected fuels and control variant. The results 

 were averaged from 100 engine cycles 
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Fig. 13. The maximum rate of heat release, when running on a chassis 
dynamometer at 90 km/h, for selected fuels and control variant. The results 

 were averaged from 100 engine cycles 

4. Conclusions 

The study shows that the use of an earlier start of pilot 

injection, shifted by –6°CA, when feeding the engine with  

a mixture of rapeseed oil with 10% n-hexane, improved the 

parameters of the combustion process and brought them 

closer, to the reference values obtained when burning die-

sel. It is worth noting that when fed with a mixture of RO 

90%Hex10% without changing the injection angle, the 

average indexed pressure was 0.728 MPa, which is less 

than for diesel (DF = 0.816 MPa). The maximum combus-

tion pressure, on the other hand, reached 9.00 MPa, which 

was the lowest of all the tested power variants. The reduced 

intensity of the combustion process was also confirmed by 

the course of the pressure build-up rate (dp/dα), which was 

0.417 MPa/°CA, noticeably below the level for DF. Intro-

ducing a change in the pilot injection start angle by –6°CA 

brought significant benefits. The average indexed pressure 

increased to 0.805 MPa, reaching a level similar to DF. The 

maximum combustion pressure increased to a value of 9.66 

MPa, which is virtually identical to DF (9.58 MPa). The 

course of pressure build-up: dp/dα was 0.375 MPa/°CA, 

below the level for diesel. The average fuel burn rate in-

creased from 910.9 to 966.9 kJ/m³. Similarly, the maximum 

heat release rate was 96.7 kJ/m³·°CA, close to the value for 

diesel (90.4 kJ/m³·°CA). In conclusion, changing the pilot 

injection onset angle for the RO90%Hex10% mixture was  

a key procedure that made it possible to improve the igni-

tion limits of the mixture used and achieve engine perfor-

mance similar to that of diesel combustion. Improvements 

were achieved not only in combustion parameters but also 

in cyclic stability and combustion uniformity. 

 

Nomenclature 

CA  crank angle 

CI compression ignition 

DF diesel fuel 

dp/dα pressure build-up rate as a function of crankshaft 

rotation angle 

dQ/dα heat release rate as a function of crankshaft rota-

tion angle 

DI direct injection 

EGR exhaust gas recirculation 

NOx nitrogen oxides 

OBD on board diagnostics 

Pc cylinder pressure 

Pc max maximum cylinder pressure 

Qmax maximum heat release rate 

RO rapeseed oil 

SOI start of injection 

TDC top dead center 

WLTP Worldwide Harmonised Light Vehicles Test Pro-

cedure 

α(inj)  injection angle 

αPc max angle of rotation of the crankshaft at which there is 

maximum pressure in the cylinder 
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Cabin heating of electric buses 
 

ARTICLE INFO  The thermal balance of vehicle cabins when only an internal combustion engine was used was an insignificant 

element of the vehicle design. The excess thermal energy on board did not require energy saving. Only the cold 

start was slightly problematic. However, it could still use a combustion heater that quickly warmed up the 
cabin. In purely electric cars, each use of electricity stored in the battery shortens the vehicle's range. Three 

types of heating are used in this case: a) an electric air heater; b) an electric heater for the liquid cooling the 

drive components; c) a heat pump receiving heat from the drive components, also temporarily supported by an 
electric air or liquid heater. The use of a heat pump is the most promising and is also used in cheap city cars 

(e.g. Renault ZOE). The source of thermal energy for a heat pump is: a) vehicle drive engine(s); b) AC/DC 

converters – charger, DC/DC – charger, DC/AC – motor inverter; c) battery. In cheaper vehicles, air cooling 

is partially used; currently, a mixture of antifreeze fluids is used. The article presents a calculation example for 

a city bus cabin. 
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1. Introduction 
People's feelings of thermal comfort are entirely 

subjective. Firstly, it depends on temperature, humidity, 

lighting, noise, and air speed. Other influencing factors. 

Other influencing factors include individual characteristics 

such as emotional state, health, previous experiences, age, 

and gender. 

The interest in vehicle air conditioning systems stems 

from the fact that people spend more and more time in 

vehicles. According to the source [1], this is 9 hours and 35 

minutes per week in their cars. Unfortunately, no 

information on the average time a passenger spends on  

a city bus was found in the literature. 

2. State of the art 
There are many mathematical models for calculating 

thermal comfort in passenger car cabins. There are only  

a few publications on city buses [3, 11]. 
Pala and Oz in 2015 developed mathematical models of 

bus air conditioning by calibrating these models based on 

experimental data [5]. Velt and Daanen in 2017 dealt with 

electric buses in relation to their energy efficiency during 

operation of air conditioning systems. They assumed the 

maximization of driving range on one battery charge at  

a cabin temperature of 22.5°C to 20.9°C [8]. 

Scurtu and Jurco in 2019: modelled air flows in the bus 

cabin with the possibility of using air guides to improve 

thermal comfort [8]. More common are scientific articles 

on energy consumption in passenger cars [4, 6]. Pielecha [6] 

writes in 2020 that there are two control strategies for 

regenerative braking: charging priority and heating priority. 

Mamala [4] has written that limiting the speed in cities to 

30 km/h reduces the number of accidents but increases the 

specific energy consumption. The minimum specific 

energy consumption is in the speed range from 30 to 45 

km/h. 

Vehicle structures allow engineers to create conditions 

that are beneficial for traveling people only to a certain 

extent. There are the following limitations: 

 the vehicle structure must meet safety requirements – 

resistance to operational loads and crash tests, which 

limits the use of materials and the size of window 

openings 

 the cabin must be ergonomic 

 the vehicle must not exceed the recognized 

environmental preservation standard. 

The interest in vehicle air conditioning systems stems 

from the fact that people spend more and more time in 

vehicles. According to the source [1], this is 9 hours and 35 

minutes per week in their cars. 

In a city bus, the most difficult phenomena to model are 

the air exchange when opening multiple doors and changing 

the number of passengers and their position in the cabin. In 

this work, a very simplified heat exchange model based on 

basic criteria numbers from thermodynamics was adopted. 

The object of the research was an electric city bus, the 

technical data of which are presented in the publication [7].  

 

Fig. 1. Model of heat exchange between human body and environment [4] 

 

People sitting in a bus are a source of heat. It is 

assumed that a sitting person emits a heat flux per unit area 

http://orcid.org/0000-0002-6956-2330
http://www.combustion-engines.eu
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of about 58 W/m
2
. A standing person emits 70 W/m

2
. The 

model of heat exchange with the environment is presented 

in Fig. 1. 

In passenger cars designed especially for short city trips, 

the fuzzy logic cabin heating strategy (FLC) can, according 

to the author [5], increase the range by up to 14%. FLC 

regulates the power of the layer heater, which is dependent 

on the battery state and current, as well as the coolant and 

cabin temperature. So there is a priority for charging and 

not heating. In buses, due to the variable number of 

passengers in the cabin, the thermal inertia changes. The 

advantage of the bus operation method is almost 

uninterrupted driving (no cooling cycles while standing for 

a long time) and the possibility of heating from the 

electrical network before starting the trip. Due to their 

utility features, city buses often have an air conditioning 

system placed on the roof, and numerous cabin ventilation 

ducts distribute heated or cooled air inside the cabin. Such 

a construction is shown in Fig. 2. 

 

 Fig. 2. Air conditioning system of a city bus [11] 

 

This drawing shows traditional electric heaters (electric 

resistance) placed in the wall halfway along the body and 

under the rear seats. In the case of electric bus drive, 

electric heaters are used for limited operating time only at 

very low ambient temperatures. 

2.1. Thermal comfort conditions in the vehicle 

People's perception of heat or cold is subjective and 

include individual characteristics such as: emotional state, 

health, previous experiences, age, and gender. 

For technical calculations, average temperatures around 

the passenger must be assumed. The air flow in the bus 

cabin, where there are many obstacles, is uneven. Hence, 

passengers standing in different places will experience 

thermal comfort differently.  

The cabin is cooled more due to the opening of the doors 

and greater heat loss through the door windows. The 

purpose of the calculations is to determine the air inlet 

temperature to the cabin. A large part of the heating air 

circulates in recirculation, and a slightly smaller amount is 

taken from the environment and discharged to the 

environment. In the work [11], optimization calculations 

were performed for 7 passengers in different parts of the 

cabin. The heating air temperature calculated in computer 

simulations is 31ºC. 

 

2.2. Calculations of the heat balance of the bus cabin 

In the publication, the winter operating conditions of  

a heat pump heating system are discussed. The primary heat 

source is the waste heat of the bus drive system. The air is 

heated in the pump evaporator and distributed in the cabin 

through ventilation ducts. The evaporator draws heat mainly 

from the cooling systems: battery, inverter, traction motor. 
To assess the heat demand, it is necessary to calculate 

the heat outflow to the environment during driving, the heat 

loss through air exchange when opening the doors at bus 

stops and the heat inflow from passengers. 

3. Bus thermal balance 

3.1. Load of the powertrain and heat sources 

Heat flows away from the body to the environment 

through the walls and insulated roof, often made of 

composite, windows and chassis. There is practically no 

heat exchange through the rear wall of the body. 
Sources of waste heat that can be used to heat the cabin. 

While driving, many machines and electrical devices 

require heat dissipation for their stable operation at proper 

working temperatures. These components are primarily: 
 battery 
 electric drive motor 
 inverter. 

The heat flux dissipated from these devices is a function 

of the power needed to drive the bus and power its 

accessories. This power is usually tested in real city driving 

conditions or simulated tests. Such tests for city transport 

are SORT (Standardized On Road Test) developed by the 

“Union Internationale des Transport Publics” [10]. 

The test speed profiles are shown in Fig. 3a and Fig. 3b. 

 

 Fig. 3a. SORT urban test speed profile [7] 

 

 Fig. 3b. SORT suburban test speed profile [7] 
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However, the actual load of the drive system resulting 

from city driving usually has greater variability over time. 

Such actual loads recorded during the driving of a public 

transport bus in Lublin are shown in Fig. 4. 

 

Fig. 4. Instantaneous power values at the battery terminals while driving  

a  city bus 

3.2. Battery cooling 

The battery thermal balance is shown by equation (1) 

 CLi

dTc

dt
=Qc+Qs − QB  (1) 

where: Cli – thermal capacity of the battery, Tc – battery 

temperature, Qc – heat flux resulting from current flow, Qs 

– entropy change, QB – heat exchange of the battery with 

the environment. 

The generation of heat related to current flow depends 

on the internal resistance of the battery. Joule's law can be 

used to describe this phenomenon, written as equation (1) 

 Qc = I2R  (2) 

where: I – current, R – internal resistance.  

Heat generation is related to the change in entropy 

described by formula (3) 

 Qs = −TcΔS
I

F
 (3) 

where: ΔS – entropy change in the battery, F – Faraday's 

constant. 

Heat dissipation to the environment is described by 

formula (4) 

 QB=Ak(Tc − Tamb)  (4) 

where: A – heat exchange surface, k – heat transfer 

coefficient through the battery casing, Tamb – battery 

coolant temperature or ambient temperature. 

Due to the large variability of power at the battery 

terminals over time (Fig. 4), the share of heat accumulated 

in the battery mass after it has been heated up is negligible. 

All the heat generated results from the profile of electric 

power flow is proportional to the current flow at a constant 

voltage. The presented graphs (Fig. 4) show that the peak 

power drawn from the battery is 50 kW, but for longer 

periods, the power is much lower. Therefore, the heat flows 

discharged from the battery, inverter and traction motor can 

be used to heat the cabin in the quantities given in Table 1. 

For estimated calculations, the efficiency of heat sources 

was assumed. 

To calculate the amount of heat generated in the battery 

more precisely, it is necessary to know the internal 

resistance of a single cell and the configuration of the cell 

connection, e.g. 0.6 mΩ/cell with a voltage of 3.7 V. With 

these data (velocity profile from Fig. 4), the course of the 

heat flux generated in the battery as a function of time was 

calculated using formula (2) – Fig. 5. 

 
Table 1. Estimation of heat flows for cabin heating 

Device Average power 

supplied [kW] 

Efficiency of 

the unit 

Heat flow of the device 

cooling [kW] 

battery 37 0.98 0.74 

inverter 34 0.90 3.4 

drive motor 30 0.85 4.5 

 

Fig. 5. Heat flux generated in the battery during bus travel according to 

 the speed profile from Fig. 4 

 
This flow flows to the battery cooling liquid in the 

radiator of the shape shown in Fig. 6. 

 

 

 Fig. 6. Shapes of cooling plates and the course of channels made in them [11] 

 

The fact that only one wall of the battery cell is in 

contact with the cooling plate means that this cooling is not 

very effective and some of the heat escapes to the 

environment and not to the cooling liquid. Only part of the 

heat generated during battery load can be used to heat the 

cabin. 

3.3. Motor cooling 

Motors in buses are cooled from the outside by a stream 

of air from a fan. This method is not effective and leads to 

high temperatures, especially of the rotor windings, as 

shown in Fig. 7. 

In passenger cars, a liquid cooling circuit of the engine 

and inverter is used with channels in both the rotor and the 

stator. This method of heat collection is illustrated in Fig. 8. 

A significant amount of heat then passes to the coolant. 

It can therefore be assumed that all of the heat losses of 

these components can be used to heat the cabin. 
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Fig. 7. Temperature inside the bus traction engine without an internal 
 liquid cooling circuit [2] 

 

 Fig. 8. Channels inside a passenger car traction engine [2] 

3.4. Heat removal from the cabin 

Heat flows out of the cabin in two ways 

 by air exchange during cabin ventilation and opening 

doors at bus stops 

 by heat exchange through the walls of the bus body. 

Due to the adopted standards of air supplied to vehicle 

cabins for passengers in the amount of approximately 30 

m
3
 for one person during 1 hour, the ventilation air flow is 

proportional to the number of passengers. 

 

Fig. 9. City bus technical data of the sample bus network voltage 500 V; 

battery 119 cells of 4.2 V, R = 2.28 Ω; inverter; traction motor 170 kW 
 (continuous power) [7] 

 

Heat flow from the body to the environment takes place 

primarily through the side walls, front wall and roof. The 

chassis and rear wall can be omitted due to the low air flow 

velocity and small heat exchange surface. Heat flow 

calculations were performed on the example of a city bus 

(Fig. 9). 

The air flows that remove heat from the external walls 

of the bus, including the side walls, roof and front wall, 

were taken into account, omitting the rear wall and chassis. 

The wall insulation is made of a 50 mm layer of polyvinyl 

chloride. Such insulation results in very low thermal 

transmittance of the walls, especially when compared to the 

transmittance of windows and doors (see Table 2). For this 

reason, manufacturers use multi-layered glass. Between the 

glass layers, there is a PVB (poly-vinyl-butyral) film with  

a thickness of 0.76 mm. 

 
Table 2. Results of heat loss calculations through the bus walls under the 

following conditions: inside temperature 20°C, outside temperature 0°C, 

 different driving speeds 

The speed 

of air 

flowing 
over the 

side walls 

[km/h] 

Insulated 

side 

walls 
and roof 

area of 

the body 
[m2] 

Area of 

glazed 

openings 
on the 

sides of the 

body [m2] 

Heat 

transfer 

coefficie
nt 

through 

walls 
[W/m2K] 

Heat 

transfer 

coefficient 
through 

glass panes 

[W/m2K] 

Heat 

dissipation 

flow 
[W] 

10 75.13 21.38 0.057 40.993 20190 

20   0.057 41.018 20202 

30   0.057 41.022 20204 

40   0.057 41.024 20205 

 

The model of heat exchange with the environment uses 

the Reynolds, Prandtl and Nusselt criteria numbers. 

 
Table 3. Results of heat loss calculations through the bus walls under the 

following conditions: inside temperature 20°C, variable outside tempera-
 ture, driving speed 20 km/h 

Outside temperature [C] Heat dissipation flow [W] 

–5 25,252 

0 20,202 

5 15,151 

10 10,101 

 

The heat flux needed to heat the cabin at a temperature 

lower than –5°Cwould be even greater. In the literature [3], 

the heating power at –10°Cis mentioned as 40 kW. 

3.5. Linde cycle 

The Linde heating cycle is shown in Fig. 10. An 8°C 

temperature difference was assumed between the 

temperature of the fluid used in the evaporator to cool the 

drive components and the temperature of the refrigerant 

(R1234YF). 

It is implemented by a heat pump operating in the 

temperature range resulting from the external and internal 

conditions of the vehicle. In the considered example, the 

evaporation temperature is –13ºC and condensation 20ºC. 

The Linde cycle shown in the graph indicates the required 

compressor compression at the level of 3.35. The heat that 

can be used is delta s·T = (1830 – 1100)·295 = 730 

J/kgK·295 K = 215,350 kJ/kg. To obtain a heat flux of 

25,252 W. The flow rate of the refrigerant in the system 

should be 25,252/215,350 = 0.117 kg/s.  

The five main parameters collected from literature 

papers that are interesting to study their variation effect on 

the heat pump performance of battery electric bus are: the 

compressor speed, the mass flow rate of the air entering the 

condenser, the mass flow rate of the air entering the 
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evaporator, the recirculation rate, and the flow effective 

area of the expansion valve. 

 

 Fig. 10. Linde cycle 

 

Fig. 11. Change of COP coefficient as a response to the change of external 

 conditions [5] 

 

If the outside temperature decreases, the compressor 

must increase its performance. Such changes result in  

a decrease in the COP coefficient, as shown in Fig. 11. 

To ensure low energy consumption, an electric bus must 

be equipped with a complex air conditioning and heating 

system. Its structure is shown in Fig. 12. 

 

 Fig. 12. HVAC – cabin configuration [5] 

4. Conclusions 
The most important thing is to limit heat conduction 

through the windows. Waste heat of machines and drive 

devices is sufficient to heat the cabin when using a heat 

pump to the temperature –5
o
C. Increasing the amount of 

energy for cabin heating is possible by replacing the air 

cooling of the traction motor with liquid cooling. The heat 

pump operates with a COP coefficient of 2.1. The 

compressor in the system should have an adjustable speed. 

The goal of calculating the heating circuit with a heat pump 

for the bus cabin in the form of circuit operating parameters 

was achieved. 
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The impact of traffic intensity on the performance and efficiency of hybrid electric 

vehicles 
 
ARTICLE INFO  This paper investigates the impact of traffic congestion on fuel consumption and CO₂ emissions in hybrid 

electric vehicles (HEVs) operating in urban driving conditions. The analysis encompassed four distinct HEV 
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1. Introduction 
Hybrid electric vehicles (HEVs) have emerged as a piv-

otal component in the global shift towards sustainable 

transportation, striking a balance between energy efficien-

cy, environmental impact, and economic viability. Com-

pared to purely electric vehicles, HEVs offer significantly 

extended range and come at a lower cost. When contrasted 

with conventional internal combustion engine vehicles, they 

exhibit reduced fuel consumption and substantially lower 

emissions. 

Currently, the market offers various types of hybrid 

electric vehicles. HEVs integrate an internal combustion 

engine with an electric powertrain. Plug-in hybrid electric 

vehicles (PHEVs) incorporate a higher-capacity battery, 

facilitating external grid charging. A key advantage of 

PHEVs is their ability to operate solely in electric mode, 

which significantly reduces fuel consumption. Hybrids 

demonstrably enhance fuel efficiency and reduce emissions 

compared to conventional vehicles. This is primarily 

achieved through the recuperation of kinetic energy during 

regenerative braking and the optimized operation of the 

internal combustion engine [5, 8, 10].  

In recent years, advancements in battery technology 

have played a pivotal role in enhancing the energy efficien-

cy of hybrid vehicles. High-performance batteries, charac-

terized by greater energy density and extended lifespans, 

have enabled hybrid vehicles to achieve superior fuel econ-

omy and lower emissions. Moreover, the evolution of lithi-

um-ion batteries has significantly contributed to the overall 

efficiency of hybrid systems [7, 17].  

The efficiency of hybrid vehicles is critically dependent 

on advanced energy management systems. These systems 

are designed to optimally distribute power between the 

internal combustion engine and the electric motor, thereby 

minimizing energy losses. Strategies such as predictive 

energy optimization and adaptive control algorithms have 

been developed to further enhance fuel efficiency and re-

duce emissions [2, 18].  

Hybrid electric vehicles have been the subject of exten-

sive research for years. One of the particularly discussed 

topics is the issue of harmful exhaust emissions[16, 27]. 

Studies consistently indicate that vehicles operating under 

congested traffic conditions can consume up to 30% more 

fuel compared to those in free-flowing traffic. This in-

creased fuel consumption directly correlates with elevated 

emissions of carbon dioxide (CO2), nitrogen oxides (NOₓ), 

and particulate matter (PM) [11, 22, 24]. While studies 

involving real-world vehicle testing with installed meas-

urement equipment have demonstrated that hybrids can 

achieve a CO2 reduction of up to 30% compared to conven-

tional vehicles [14, 19, 21], the environmental benefits of 

HEV are highly dependent on their specific configuration 

and driving conditions. For instance, reference [1] investi-

gated the energy consumption of a PHEV under real-world 

driving conditions over a distance of 12,500 km, analysing 

the interaction between the internal combustion engine and 

the electric motor. Instantaneous energy consumption var-

ied from 0.6 to 1.4 MJ/km, with higher values correlating 

with internal combustion engine operation and consequent-

ly, increased CO2 emissions. Research findings presented in 

[19] demonstrated that during urban driving, a hybrid vehi-

cle operated solely on its electric motor for 67.70% of the 

distance travelled and 75.40% of the driving time, leading 

to a significant reduction in emissions. Furthermore, studies 

in [3, 4, 6] have indicated that the energy characteristics of 

both HEVs and PHEVs are highly dependent on various 

usage conditions, including temperature, trip length, charg-

ing frequency, and battery energy capacity. A study [25] 

analysed vehicle emissions in Toronto and Beijing, demon-

strating that hybrid vehicles significantly reduce exhaust 
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emissions compared to conventional vehicles. In Toronto, 

reductions were observed at 21.6% for CO2, 31.3% for CO, 

and 53.0% for NOx. Beijing showed even greater reduc-

tions: 41.0% for CO2, 28.9% for CO, and 68.5% for NOx. 

The more substantial reduction in CO2 and NOx emissions 

in Beijing was attributed to less dynamic driving condi-

tions. The work [12] investigated the fuel consumption of 

both hybrid and conventional vehicles under real-world 

conditions. Hybrids demonstrated a significant reduction in 

fuel consumption at low and medium speeds. It was ob-

served that as speed increased, the differences in fuel con-

sumption between these vehicle types diminished. Con-

versely, research [15] investigated fuel consumption reduc-

tions achieved by hybrid vehicles relative to conventional 

vehicles under diverse traffic conditions and driving styles 

in Bangkok. The most substantial fuel consumption reduc-

tion for HEVs was noted in urban traffic with smooth driv-

ing (approximately 56%), while smaller reductions were 

observed in suburban and highway driving. Aggressive 

driving considerably increased fuel consumption in both 

vehicle types, with HEVs being more susceptible to this 

driving style in terms of percentage increase in consump-

tion.  

Hybrid vehicles, which integrate an internal combustion 

engine with an electric motor, appear to be a promising 

solution for urban transportation challenges, particularly in 

congested conditions like traffic jams. In large cities, espe-

cially during peak hours, traffic is characterized by frequent 

stops and low speeds. Traffic congestion demonstrably 

leads to increased fuel consumption and elevated emissions 

of pollutants, including CO2, NOx, PMx, and HC (hydrocar-

bons), thereby negatively impacting air quality and public 

health [13, 20]. As evidenced by the previously cited stud-

ies, HEVs exhibit significantly lower fuel consumption and 

emissions in urban environments.  

Despite extensive research on hybrid vehicles, a signifi-

cant gap persists in comprehensive analyses evaluating the 

impact of real-world traffic congestion on diverse hybrid 

configurations. Specifically, there's a deficit of studies 

employing actual road data to compare various hybrid ar-

chitectures in terms of fuel consumption and emissions. 

Previous work has often been limited to general assertions 

about the necessity of urban-centric analyses, without pre-

cisely defining the specific knowledge gaps that could be 

addressed.  

In response to the identified research gap, this study uti-

lizes real-world velocity profiles, derived from actual driv-

ing data, to simulate the operation of four distinct hybrid 

vehicle types under varying urban congestion conditions. 

This methodology enables a more detailed assessment of 

their operational parameters and the optimization of power-

train management strategies in the context of contemporary 

urban challenges. The primary objective of this research is 

to quantitatively evaluate how different levels of traffic 

congestion impact key hybrid vehicle parameters, specifi-

cally fuel consumption and CO₂ emissions. The findings are 

expected to provide valuable insights for both powertrain 

designers and policymakers regarding the improvement of 

urban transportation efficiency.  

This study addresses this gap by providing analyses 

based on real-world velocity profiles from congested urban 

environments. This approach will allow for a more precise 

evaluation of the efficiency of hybrid powertrain vehicles in 

congested urban conditions and enable better adaptation of 

powertrain control strategies to the realities of contempo-

rary cities. This research, therefore, not only aligns with the 

current understanding in the field but also contributes to 

addressing global challenges concerning transportation, 

climate change, and urbanization. 

2. Experimental methods 

2.1. Real-world data acquisition 

Real-world urban driving testing aimed to acquire ve-

locity profiles of a representative vehicle, enabling the 

modeling of typical driving scenarios in highly congested 

areas. A precise Kistler GPS Data Logger was used to rec-

ord motion parameters such as instantaneous velocity, lon-

gitudinal acceleration, time, and geographical coordinates. 

This logger offers high measurement accuracy (10 Hz sam-

pling frequency, GPS position accuracy < 2.5 m), ensuring 

the reliability of the collected data.  

The data acquisition process was conducted along five 

distinct urban routes (T1–T5) situated within an European 

medium-sized city (Kielce, Poland). These routes were 

chosen to encompass a variety of driving conditions, in-

cluding frequent stops at intersections, fluctuating speeds in 

urban traffic, and segments with smoother flow. Each route 

was approximately 5 km in length, which allowed for the 

collection of representative data relevant to typical urban 

commutes. Measurement data were gathered during the 

afternoon rush hour (3:00 PM–5:00 PM), a period charac-

terized by the highest traffic intensity and significant con-

gestion, accurately reflecting the real-world challenges of 

urban transportation. As an example, the velocity (v) and 

longitudinal acceleration (a) profiles as a function of time 

for route T2 are presented in the Fig. 1. 

 
Fig. 1. Velocity (v) and acceleration (a) profiles for route T2 

 

The collected velocity profiles served as input data for 

simulation studies in AVL Cruise M software. The goal of 

these simulations was to estimate fuel consumption and 

CO2 emissions on the selected urban routes, and to compare 

them against the standard WLTC Low cycle. 

2.2. Modelling and simulation studies in AVL Cruise M  

Simulation studies were conducted using AVL Cruise 

M software, an advanced tool designed for the analysis of 

vehicle powertrains. This software allows for detailed mod-

eling of vehicle dynamics, energy consumption, and ex-
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haust emissions based on specified driving cycles. For the 

comparative evaluation of four hybrid vehicle types in this 

study, AVL Cruise M was employed. The following con-

figurations were analyzed: plug-in hybrid electric vehicles 

(PHEV), mild hybrid electric vehicles (MHEV), series-

parallel hybrid (mixed), and split-axle hybrid, where the 

internal combustion engine powers the front axle and the 

electric drive powers the rear axle. Selected technical pa-

rameters of the analyzed vehicles are presented in Table 1.  

 
Table 1. Technical specifications of selected hybrid vehicle types 

Parameter PHEV mixed MHEV split-

axle 
hybrid 

Inernal 

Combus-
tion 

Engine 

Engine dis-

placement, cm3 

1800 1800 1800 2478 

Number of 

cylinders 

4 4 4 4 

Engine inertia, 

kg∙m2 

0.1 0.18 0.18 0.18 

Engine stall 
speed, rpm 

500 500 500 500 

Maximum 

engine speed, 
rpm 

6500 6500 6500 6000 

Battery Minimum 

voltage, V 

123 240 37 37 

Maximum 
voltage, V 

184 360 54 54 

Maximum 

charge, Ah 

20 20 20 20 

Initial state of  
charge, % 

80 50 50 50 

Electric 

motor 

Maximum 

motor torque, 

N∙m 

180 55 63.4 153.6 

Maximum 

motor power, 

kW 

56.55 15 9.25 24.63 

Speed at maxi-

mum motor 

torque, rpm 

0 0 0 0 

Speed at maxi-
mum motor 

power, rpm 

3000 4000 2707 3500 

Maximum 
generator 

torque, N∙m 

172.5 55 60.8 152.96 

Maximum 

generator 
power, kW 

54.64 15 4.62 24.13 

 

The objective of this study is to assess the potential of 

various hybrid vehicle configurations within the context of 

sustainable transportation. To achieve this, four HEV types 

were selected, each characterized by a distinct degree of 

electric powertrain involvement in delivering power to the 

wheels and facilitating vehicle movement. This involve-

ment directly influences fuel consumption and CO₂ emis-

sions. Understanding the efficiency and benefits of these 

configurations under diverse operating conditions is a cru-

cial element of this analysis. The PHEV, equipped with  

a high-capacity battery and external charging capability, 

allows a significant portion of the journey to be completed 

solely in electric mode. This configuration offers the lowest 

fuel consumption, directly translating to reduced emissions. 

In contrast, the MHEV features a minimal degree of electri-

fication, where an electric motor (typically an integrated 

starter-generator, or ISG) primarily assists the internal 

combustion engine (ICE) during start up and acceleration. It 

also enables regenerative braking to recover energy into  

a small-capacity battery. The ICE's contribution remains 

dominant throughout the vehicle's operation, and pure elec-

tric driving is generally not possible or limited to very short 

distances and low speeds. Figure 2 presents the MHEV 

vehicle model in AVL Cruise M. 

 
Fig. 2. MHEV vehicle model in AVL Cruise M 

 

The series-parallel (mixed) configuration, also known as 

a full hybrid, allows for independent or combined operation 

of both the internal combustion engine and the electric 

motor in delivering torque to the powertrain. This enables 

all-electric driving for short distances and at lower speeds. 

Regardless of traction conditions, the internal combustion 

engine operates within its optimal range, assisting the elec-

tric motor during acceleration while continuously charging 

the battery. This configuration facilitates a more significant 

reduction in fuel consumption and emissions through re-

generative braking and electric assistance. 

The split-axle configuration is characterized by a drive-

train separation where one axle (typically the front) is pow-

ered by an internal combustion engine, while the other (the 

rear) is driven by an electric motor. This setup allows for 

single-axle or all-wheel drive operation depending on driv-

ing conditions and power demand, with the internal com-

bustion engine generally playing a dominant role. 

To accurately reflect real-world driving conditions, the 

simulations incorporated velocity profiles collected from 

five distinct routes, designated T1–T5. These profiles were 

derived from actual data gathered in urban and suburban 

environments, allowing for the inclusion of diverse traffic 

conditions such as frequent stops, fluctuating speeds, and 

varying traffic densities. Additionally, to provide a refer-

ence point for standardized testing, the Worldwide Harmo-

nized Light Vehicles Test Cycle (WLTC) Low was includ-

ed as a comparative benchmark. 

Within the AVL Cruise M environment, each vehicle 

type was subjected to simulations across six driving cycles 

(T1–T5 and WLTC Low). These simulations were config-

ured to record key analytical parameters: fuel consumption 

and CO₂ emissions. These parameters are crucial for as-

sessing the environmental impact and operational efficiency 

of the vehicles. The collected data were subsequently ana-
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lysed to evaluate how each hybrid vehicle type performed 

under varying driving conditions. This comprehensive 

approach allowed for a comparative analysis of the four 

HEV types, providing quantitative data on their relative 

operational characteristics and limitations in both real-

world conditions and defined test cycles. 

2.2. Assessing fuel consumption and CO2 emission  

variability using Monte Carlo simulation 

To overcome the limitations of single observations for 

each hybrid powertrain type and route profile combination, 

a Monte Carlo simulation was employed. This method 

enabled the generation of synthetic data based on the origi-

nal measurements. This approach allowed for the assess-

ment of differences in fuel consumption and CO₂ emissions 

among the four HEV types (PHEV, mixed, MHEV, split-

axle hybrid) and the six test routes (T1–T5, WLTC Low).  

Fuel consumption and CO2 emissions for each HEV 

type and route combination were modeled using a gamma 

distribution. This choice is justified by the gamma distribu-

tion's effectiveness in describing non-negative and skewed 

data, which is characteristic of fuel consumption and emis-

sion measurements. The parameters of the gamma distribu-

tion, specifically shape (α) and scale (β), were calculated 

based on the mean (μ), equal to the observed value, and an 

assumed standard deviation (σ), according to the following 

equations: 

 α = (
μ

σ
)
2

  (1) 

 β =
σ2

μ
   (2) 

In instances where μ=0, a minimum standard deviation 

of σ = 0.001 was assumed. This guarantees a positive vari-

ance, enabling sample generation. In the baseline scenario, 

the following assumptions were made: 

 σ = 0.1 ∙ μ (3) 

This approach reflects the typical variability in this type 

of data in the absence of empirical repetitions. To verify the 

impact of this assumption, a sensitivity analysis was con-

ducted for alternative values: 

 σ = 0.05 ∙ μ (4) 

and 

 σ = 0.2 ∙ μ (5) 

For each of the 24 combinations (4 HEV types × 6 

routes), 1000 simulated observations were generated, re-

sulting in a total of 24,000 data points for each variable 

(fuel consumption and CO₂ emissions). This number of 

simulations ensured sufficient data for subsequent statistical 

analyses. 

The Monte Carlo simulation process was conducted us-

ing the R programming language and involved the follow-

ing stages: 

1. For each combination of HEV type and route, 1000 

values for fuel consumption and CO₂ emissions were 

generated from a gamma distribution with parameters α 

and β. 

2. Mean values and 95% confidence intervals were com-

puted for the simulated data, enabling the estimation of 

result variability. 

3. A two-way analysis of variance (ANOVA) was per-

formed, including an interaction term between HEV 

type and route, to assess the statistical significance of 

differences in fuel consumption and CO₂ emissions. 

4. Tukey's post-hoc test was then applied to identify spe-

cific differences among HEV types and individual 

routes. 

Additionally, a sensitivity analysis was conducted to as-

sess the impact of the assumed standard deviation on the 

results. Three values of σ ∈ {0.05 μ, 0.10 μ, 0.20 μ} were 

tested, and the resulting ANOVA outcomes and confidence 

intervals were compared. This analysis allowed for an eval-

uation of the stability of the conclusions based on the as-

sumed level of data variability. The findings presented in 

[9, 22, 25] suggest that the chosen σ values in the Monte 

Carlo simulations are justified to reflect a realistic range of 

variability for fuel consumption and CO₂ emissions. 

3. Results 

3.1. Comparison of real-world route parameters  

and WLTC Low Test 

Data for the analysis were collected from five real-

world driving cycles (T1–T5). These cycles were conducted 

under typical urban conditions, characterized by heavy 

congestion, frequent stops, and variable traffic. Additional-

ly, the WLTC Low phase was included as a standard refer-

ence cycle. The mean and maximum values of velocity and 

acceleration, along with stop times, were estimated.  

A summary of the selected route parameters is presented in 

Table 2. 

 
Table 2. Summary of selected route parameters 

Route/  

Parameter 

T1 T2 T3 T4 T5 WLTC 

Low 

Duration, s 685 1409 780 1135 1022 589 

Stop duration, s 99 594 129 339 138 146 

Share of idling 
in total travel 

time, % 

14% 42% 17% 30% 14% 25% 

Max. velocity, 
km/h 

56 61 61 51.5 54 56.9 

Mean velocity 

w/o stops, 
km/h 

35.17 25.08 29.7 26.78 24.4 25.7 

Mean velocity 

w/ stops, km/h 

30.09 14.51 24.79 18.78 21.11 18.9 

Min. accelera-
tion, m/s2 

–3.61 –2.22 –2.92 –3.06 –2.92 –1.47 

Max. accelera-

tion, m/s2 

3.61 4.03 2.36 2.64 2.78 1.47 

 

In the T1–T5 cycles, maximum velocity range from 

51.5 km/h (T4) to 61 km/h (T2 and T3), whereas the WLTC 

Low cycle exhibits a maximum velocity of 56.9 km/h. 

Average velocity, including stops, varies significantly 

across the urban cycles, from 14.51 km/h (T2) to 30.09 

km/h (T1), compared to 18.9 km/h in WLTC Low. Exclud-

ing stops, these values increase; for instance, T1 rises to 

35.17 km/h and WLTC Low to 25.70 km/h. 
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Fig. 3. Distribution of longitudinal accelerations (a) and velocities (v) in analyzed cycles 

 

Fig. 4. Mean fuel consumption across selected driving phases 
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The velocity profiles as a function of time of selected 

routes show numerous brief accelerations after stops, con-

trasting with the smoother profile of WLTC Low. Figure 3 

illustrates the recorded longitudinal accelerations (a) across 

the analysed cycles, highlighting the considerable diversity 

in the results. Notably, the WLTC Low cycle shows the 

smallest range of longitudinal acceleration values. 

The T1–T5 cycles demonstrate greater variability than 

the WLTC Low: lower average velocity with stops (e.g., 

14.51 km/h in T2 vs. 18.9 km/h in WLTC Low), higher 

maximum accelerations (up to 4.03 m/s² vs. 1.47 m/s²), and 

a larger proportion of idle time (up to 42% in T2 vs. 25% in 

WLTC Low). These discrepancies suggest that standard test 

profiles, such as the WLTC Low, do not fully capture real-

world urban driving conditions. Data from T1–T5 can 

therefore be instrumental in designing vehicles optimized 

for energy consumption, fuel efficiency, and emissions. 

3.2. Analysis of fuel consumption for different HEV 

types in congested conditions 

The initial analysis focused on the fuel consumption 

values obtained by the selected HEV types across each of 

the T1–T5 routes and in the WLTC Low test. Table 3 pre-

sents the fuel consumption (in liters) for four types of hy-

brid powertrains over five highly congested urban drives 

(T1–T5) and in the WLTC Low cycle. 

 
Table 3. Summary of fuel consumption [l] for selected hybrid vehicle 

types 

Route/ 

HEV type 

T1 T2 T3 T4 T5 WLTC 

Low 

PHEV 0.01 0.02 0.02 0.00 0.02 0.00 

mixed 0.12 0.52 0.15 0.32 0.25 0.09 

MHEV 0.33 0.36 0.30 0.44 0.45 0.08 

split-axle 

hybrid 

0.28 0.33 0.28 0.37 0.36 0.07 

 

Plug-in Hybrid Electric Vehicles (PHEV) consistently 

demonstrated the lowest fuel consumption, ranging from 0 

to 0.02 l in urban tests and 0.00 l in the WLTC Low cycle. 

This highlights the predominant use of electric propulsion, 

given an initial battery state of charge (SOC) of 80%. The 

series-parallel (mixed) hybrid consumed between 0.12 l and 

0.52 l in urban traffic and 0.09 l in the WLTC Low cycle. 

Mild Hybrid Electric Vehicles (MHEV), featuring a smaller 

electric motor assisting the internal combustion engine, 

exhibited higher fuel consumption (0.30–0.45 l in urban 

tests). However, they achieved 0.00 l in the WLTC Low 

cycle due to the significant proportion of idle time within 

that cycle and the capability for temporary engine shut-

down. The split-axle hybrid, with an internal combustion 

engine on the front axle and an electric motor on the rear, 

consumed between 0.28 l and 0.37 l on urban routes and 

0.07 l in the WLTC Low cycle. This indicates good recu-

peration efficiency, though its overall fuel efficiency is 

surpassed by PHEVs. Table 4 shows the fuel consumption 

in liters per km for four types of hybrid powertrains over 

five highly congested urban drives (T1–T5) and in the 

WLTC Low cycle. 

Differences in fuel consumption between real-world 

routes and the WLTC Low cycle emphasize the importance 

of accounting for high congestion in testing. PHEVs appear 

to be the most efficient in urban conditions, particularly on 

routes with frequent stops, such as T2. These results une-

quivocally demonstrate that the level of hybridization and 

the drivetrain architecture are pivotal factors influencing 

fuel consumption in highly congested urban driving condi-

tions. 

 
Table 4. Summary of fuel consumption [l/km] for selected hybrid vehicle 

types 

Route/ 
HEV type 

T1 T2 T3 T4 T5 WLTC 
Low 

PHEV 0.002 0.003 0.004 0.000 0.003 0.000 

mixed 0.024 0.104 0.031 0.065 0.051 0.025 

MHEV 0.066 0.073 0.060 0.087 0.091 0.053 

split-axle 
hybrid 

0.056 0.065 0.057 0.073 0.072 0.021 

 

Based on the data presented in Table 4, significant dif-

ferences in fuel consumption were observed across the 

selected hybrid vehicle types. As evidenced by the results, 

the PHEV consistently demonstrated the lowest fuel con-

sumption, with values approaching zero in the T4 and 

WLTC Low routes, highlighting its superior efficiency in 

these specific conditions. In contrast, both MHEV and the 

split-axle hybrid exhibited higher fuel consumption across 

all routes, with the mixed hybrid showing the most varied 

performance, including the highest consumption value of 

0.104 l/km in the T2 route. The data clearly indicates that 

the PHEV's design allows it to achieve substantially lower 

fuel consumption per kilometer compared to the other hy-

brid architectures, particularly under specific driving condi-

tions. 

To analyse fuel consumption across various traffic 

phases, instantaneous data were categorized into three 

groups: acceleration (a > 0), constant speed driving (a ≈ 0), 

and braking (a < 0). Figure 4 presents the mean fuel con-

sumption values (in l/h) during each traffic phase on select-

ed routes. 

During the constant speed driving phase (a = 0, v > 0) 

on routes T4 and WLTC Low, the PHEV does not utilize its 

internal combustion engine. On the remaining routes, low 

mean fuel consumption values, ranging from 0.11 to 0.20 

l/h, were recorded. The other HEV types exhibit fuel con-

sumption during the constant speed phase. The mixed hy-

brid consumes from 0.59 l/h (T1) to as much as 1.31 l/h 

(T2), the MHEV from 0.86 l/h (T2) to 1.75 L/h (T1), and 

the split-axle hybrid from 0.80 l/h (T2) to 1.49 l/h (T1). 

This consumption is attributed to the continuous operation 

of the internal combustion engine during this driving phase. 

During acceleration (a > 0), particularly at high acceler-

ation rates, the PHEV necessitated the cooperation of both 

powertrains. The maximum mean fuel consumption in this 

phase for PHEV was 0.083 l/h on route T3. The other hy-

brid types required the internal combustion engine to oper-

ate during acceleration on all urban routes. It can be ob-

served that the fuel consumption value is dependent on the 

level of hybridization. For the series-parallel (mixed) con-

figuration, the range of mean values on real-world speed 

profiles was from 0.60 l/h (T1) to 1.329 l/h (T2). For 

MHEV, where the electric drive only assists the internal 

combustion engine, mean fuel consumption values ranged 

from 0.91 l/h (T2) to 1.750 l/h (T1). In the case of the split-
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axle hybrid, where the internal combustion engine is the 

primary energy source, this range was from 0.81 l/h to 

1.492 l/h (T1). 

During the deceleration phase (a < 0), the PHEV rec-

orded low fuel consumption values on cycles T3 and T5, 

specifically 0.05 l/h and 0.06 l/h, respectively. The other 

hybrid vehicles exhibited fuel consumption in every ana-

lysed driving cycle. The mixed hybrid maintained mean 

fuel consumption values between 0.63–1.330 l/h, the 

MHEV between 0.87–1.70 l/h, and the split-axle between 

0.80–1.49 l/h.  

During the idle phase, fuel consumption in hybrid vehi-

cles is contingent upon their ability to shut down the inter-

nal combustion engine. Figure 5 illustrates the mean fuel 

consumption values recorded by the analysed HEV types 

while idling. 

 

Fig. 5. Mean fuel consumption at idle (v = 0) 

 

In every urban route and the WLTC Low cycle, the 

PHEV exhibits zero fuel consumption at idle. Its substantial 

battery capacity and full-electric mode capability make it 

the most efficient HEV type for conditions with frequent 

stops, notably in routes like T2 and T4. 

Conversely, the MHEV consumes fuel while idling on 

urban routes. The highest mean idle fuel consumption was 

observed on route T1, reaching 1.66 l/h, while the lowest 

was 0.77 l/h on route T2. This can be attributed to the elec-

tric drive primarily assisting the internal combustion engine 

during periods of high power demand. However, when the 

battery's SOC falls to a predetermined lower limit, the ICE 

additionally provides power to recharge the battery.  

In the WLTC Low cycle, the mean idle fuel consump-

tion was significantly lower than that observed in the real-

world speed profile cycles, amounting to 0.46 l/h. The 

mixed hybrid exhibited fuel consumption at idle across all 

tests. The lowest mean fuel consumption for the mixed 

hybrid was recorded in T1 at 0.55 l/h, while the highest was 

in T2 at 1.32 l/h. Lacking external charging capability, 

series-parallel hybrids power their electrical system exclu-

sively through regenerative braking or the internal combus-

tion engine. Consequently, if the SOC is low, the internal 

combustion engine is activated even at idle to recharge the 

battery. In contrast to series-parallel hybrids, split-axle 

hybrids do not possess the ability to shut down the internal 

combustion engine at idle. In split-axle hybrids, the internal 

combustion engine powers one axle, typically the front, and 

the electric motor drives the other axle, usually the rear. 

Crucially, there is no direct mechanical connection between 

these two drives. The mean fuel consumption for split-axle 

hybrids across the analysed routes ranged from 0.81–1.49 l/h. 

In real-world urban conditions, where idle time ranges 

from 14% to 42%, PHEVs distinguish themselves as the 

most fuel-efficient HEV type during idling periods. Their 

capability for exclusive electric-mode operation eliminates 

fuel consumption in this phase, which is critical in congest-

ed urban areas. MHEVs exhibit variable efficiency, demon-

strating lower effectiveness on urban routes but higher 

efficiency in the WLTC Low cycle. Mixed and split-axle 

hybrids are less effective in reducing fuel consumption at 

idle, underscoring the importance of designing hybrid sys-

tems specifically optimized for electric mode operation 

under such conditions. 

3.3. Investigation of CO2 emissions for different HEV 

types in congested conditions 

This section of the study analyzes CO₂ emissions from 

various hybrid vehicle types across five real-world urban 

routes with high congestion (T1–T5), as well as in the 

standardized WLTC Low cycle. Table 4 presents the total 

CO₂ emissions (in kilograms) for each hybrid type on 

routes T1–T5 and in the WLTC Low cycle. 

 
Table 5. Summary of CO₂ emissions [kg] for selected hybrid vehicle types 

Route/  
HEV type 

T1 T2 T3 T4 T5 
WLTC 
Low 

PHEV 0.02 0.04 0.05 0.00 0.04 0.00 

mixed 0.29 1.25 0.37 0.78 0.61 0.21 

MHEV 0.79 0.87 0.72 1.05 1.09 0.33 

split-axle 

hybrid 

0.67 0.79 0.68 0.88 0.86 0.18 

 

PHEV consistently exhibited the lowest CO₂ emissions 

across all examined scenarios. On urban routes, emissions 

ranged from 0 kg (T4) to 0.05 kg (T3), while in the WLTC 

Low cycle, reaching zero was assumed. These minimal 

values are attributed to the PHEV's capability for all-

electric operation, which is particularly effective for short 

distances and in conditions with frequent stops. On route 

T4, characterized by a high proportion of idle time, the 

electric propulsion entirely eliminated CO₂ emissions, con-

firming the high efficiency of PHEV in congested urban 

environments.  

The mixed hybrid recorded CO₂ emissions ranging from 

0.29 kg (T1) to 1.25 kg (T2) on urban routes, with a value 

of 0.21 kg in the WLTC Low cycle. The highest emission 

on route T2 can be attributed to the longer duration of the 

drive and a significant proportion of idle time, necessitating 

more frequent operation of the internal combustion engine. 

In the WLTC Low cycle, the smoother driving profile re-

sulted in significantly lower emissions, indicating greater 

efficiency for this powertrain type under controlled condi-

tions compared to real-world urban traffic.  

MHEVs exhibited the highest CO₂ emissions on urban 

routes, ranging from 0.72 kg (T3) to 1.09 kg (T5), yet 

demonstrated zero emissions (0.00 kg) in the WLTC Low 

cycle. The elevated values in urban conditions stem from 

their limited electric-mode capability and smaller battery 

capacity, leading to more frequent internal combustion 

engine engagement, particularly during dynamic accelera-

tions. The zero emissions in the WLTC Low cycle suggest 
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the effectiveness of the engine stop-start function under 

stable test conditions, a benefit that does not fully translate 

to real-world urban traffic. 

The split-axle hybrid demonstrated CO₂ emissions rang-

ing from 0.67 kg (T1) to 0.88 kg (T4) on urban routes, and 

0.18 kg in the WLTC Low cycle. This powertrain architec-

ture allows for a degree of flexibility in energy manage-

ment, positioning it between the mixed hybrid and PHEV in 

terms of CO₂ emission levels. The lower emissions ob-

served in the WLTC Low cycle, as compared to urban 

routes, suggest better adaptation to smooth traffic flow 

rather than congested conditions.  

This study revealed that PHEVs are the most environ-

mentally friendly HEV type in urban conditions, generating 

minimal or zero CO₂ emissions due to their electric propul-

sion. Mixed and split-axle hybrids demonstrated moderate 

results, whereas MHEVs, owing to their limited energy 

flexibility, generated the highest CO₂ emissions in urban 

traffic. The discrepancies between the results on urban 

routes and the WLTC Low cycle underscore the significant 

impact of real-world driving conditions on CO₂ emissions. 

This suggests the necessity of developing more realistic 

testing standards for evaluating the environmental perfor-

mance of hybrid vehicles. Table 6 shows the total CO₂ 

emissions per km for each hybrid type on routes T1–T5 and 

in the WLTC Low cycle. 

 
Table 6. Summary of CO₂ emissions [kg/km] for selected hybrid vehicle 

types 

Route/ 
HEV type T1 T2 T3 T4 T5 

WLTC 
Low 

PHEV 0.005 0.008 0.009 0.000 0.008 0.000 

mixed 0.058 0.250 0.074 0.155 0.122 0.059 

MHEV 0.158 0.175 0.145 0.210 0.218 0.125 

split-axle 
hybrid 

0.134 0.157 0.137 0.176 0.173 0.050 

 

Based on the data presented in Table 6, significant dif-

ferences in CO2 emissions were observed across the select-

ed hybrid vehicle types. Consistent with its fuel consump-

tion, the PHEV demonstrated the lowest CO2 emissions, 

with values approaching zero in the T4 and WLTC Low 

routes, highlighting its superior environmental performance 

in these specific conditions. In contrast, both the MHEV 

and the mixed hybrid consistently exhibited the highest 

emission rates, with the MHEV reaching a peak of 0.218 

kg/km on route T5. The data clearly indicate that the 

PHEV's operational mode allows it to achieve substantially 

lower CO2 emissions per kilometer compared to the other 

hybrid configurations. 

Subsequently, the mean CO₂ emissions in kg/h were an-

alysed. These measurements were taken across five real-

world urban routes (T1–T5) and in the standardized WLTC 

Low cycle, considering three distinct driving phases: con-

stant speed (a = 0, v > 0), acceleration (a > 0), and braking 

(a < 0). The average CO₂ emission values for the vehicles 

analysed are presented in Fig. 6. 

During constant speed driving, PHEVs exhibit the low-

est CO₂ emissions, ranging from 0.00–0.20 kg/h, primarily 

due to their electric mode capability. The mixed hybrid 

shows higher emissions, from 1.32–3.15 kg/h, indicating 

more frequent use of the internal combustion engine. 

MHEVs generate the highest emissions, at 1.00–4.22 kg/h, 

attributed to their limited electric support. The split-axle 

hybrid achieves intermediate values, from 0.34–3.14 kg/h, 

reflecting the moderate efficiency of its split powertrain.  

During acceleration, CO₂ emissions generally increase. 

PHEVs continue to emit the least, ranging from 0.00–0.20 

kg/h, which confirms the efficiency of their electric power-

train. The mixed hybrid shows higher values, from 1.36–

3.19 kg/h, due to increased load on the internal combustion 

engine during intense acceleration. MHEVs generate the 

highest mean emissions, at 1.01–4.20 kg/h, indicating lim-

ited electric drive support. The split-axle hybrid exhibits 

intermediate values, from 0.34–3.14 kg/h, with emissions 

tending to rise under more demanding conditions. 

During the deceleration phase, thanks to braking regen-

eration, CO₂ emissions are generally lower than during 

acceleration. PHEV again achieves minimal values, ranging 

from 0.00–0.13 kg/h, which indicates a significant contribu-

tion from the electric mode during driving in each cycle. 

The mixed hybrid shows higher emissions, from 1.26–3.19 

kg/h, with a maximum on T2. MHEVs are characterized by 

the highest values, from 1.05–4.08 kg/h, indicating limited 

emission reduction capabilities in this phase. The split-axle 

hybrid falls in between, at 0.35–3.14 kg/h, offering moder-

ate efficiency. 

 

Fig. 6. Mean CO2 emissions across selected driving phases 
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Idling, a significant aspect of urban traffic, is a crucial 

parameter in assessing the ecological performance of 

HEVs, as different hybrid technologies demonstrate varying 

capacities for emission reduction during this phase. The 

Fig. 7 presents the average CO₂ emission values across five 

cycles with velocity profiles gathered during real-world 

urban driving conditions and in the WLTC Low cycle. 

 

Fig. 7. Mean CO2 emissions at idle (v = 0) 

 

Analysis of CO₂ emissions during idle periods revealed 

significant differences among hybrid types. The PHEV 

consistently emitted 0.00 kg/h across all routes (T1–T5) and 

in the WLTC Low cycle, underscoring the efficiency of its 

electric powertrain and its capacity for complete internal 

combustion engine switch off, which is particularly advan-

tageous in urban driving conditions. The mixed hybrid 

exhibited varied emissions, ranging from 1.31–3.16 kg/h on 

T1–T2, yet 0.00 kg/h in the WLTC Low cycle. This varia-

tion indicates the internal combustion engine's activity in 

real-world urban conditions during idling, likely for battery 

recharging purposes. The MHEV generated the highest 

emissions, from 1.85–3.98 kg/h on T2-T1, and 1.12 kg/h in 

the WLTC Low cycle. This is attributed to its limited abil-

ity to switch off the ICE. 

3.4. Estimating variability in hybrid vehicle fuel  

consumption and CO₂ emissions using Monte Carlo 

simulation  

This subsection presents the results of a study on the 

variability of fuel consumption and CO2 emissions across 

the 4 analyzed hybrid vehicle types. The analysis was con-- 
 

ducted using the Monte Carlo simulation method, which 

allowed for the estimation of these parameters under vari-

ous test routes (T1–T5 and WLTC Low) despite a limited 

number of empirical data points. The results encompass 

mean values, confidence intervals, and statistical analysis, 

enabling the evaluation of differences between vehicle 

types and routes. For each combination of hybrid power-

train and route, 1000 observations were generated, yielding 

a total of 24,000 data points for each variable (fuel con-

sumption and CO₂ emissions). ANOVA results demonstrat-

ed statistically significant effects for both fuel consumption 

and CO₂ emissions across all analyzed scenarios. 

The simulated fuel consumption results, including mean 

values and 95% confidence intervals for selected vehicle 

type and route combinations, are presented in Fig. 8. 

Analysis of variance revealed statistically significant 

differences in fuel consumption between vehicle types and 

routes. For σ = 0.05, the main effect of HEV type was high-

ly significant, as confirmed by an F-value of 613193 (p < 

0.001). This indicates substantial variations in fuel con-

sumption among the different hybrid vehicle types. The 

route effect was also statistically significant, with an F-

value of 211648 (p < 0.001), underscoring the considerable 

impact of driving conditions on fuel consumption. 

The interaction between HEV type and route was also 

statistically significant (F = 48,779, p < 0.001), suggesting 

that the effectiveness of individual HEV types is dependent 

on the specific characteristics of the route. As σ increased to 

0.1, the F-statistics decreased, but the effects remained sig-

nificant: for HEV type, F = 151,279 (p < 0.001); for route, F 

= 52,342 (p < 0.001); and for the interaction between hybrid 

type and route, F = 12076 (p < 0.001). For σ = 0.2, the F-

values were F = 37,950 (p < 0.001) for HEV type, F = 13,084 

(p < 0.001) for route, and F = 3073 (p < 0.001) for the inter-

action between route and hybrid type, respectively. These 

consistent values confirm the stability of the obtained results. 

Table 5 presents the results of Tukey's post-hoc test, 

comparing the mean differences in CO₂ emissions among 

hybrid powertrain types. It includes the mean difference, 

the lower and upper bounds of the 95% confidence interval 

(CI), and the adjusted p-value, where p < 0.05 indicates  

a significant difference. 

 

Fig. 8. Distributions of fuel consumption [l] with 95% confidence intervals for σ = 0.1  
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Table 5. Tukey's post-hoc test results for fuel consumption differences [l] 

among hybrid vehicle types  

Parameter Mean 

difference 

Lower CI Upper CI p-value 

mixed – MHEV –0.071 –0.074 –0.069 < 0.001 

PHEV – MHEV –0.302 –0.304 –0.299 < 0.001 

split-axle hybrid – 

MHEV 
–0.031 –0.034 –0.029 < 0.001 

PHEV – mixed –0.230 –0.233 –0.228 < 0.001 

split-axle hybrid – 
mixed 

0.040 0.037 0.042 < 0.001 

split-axle hybrid – 

PHEV 
0.270 0.268 0.273 < 0.001 

 

Tukey's post-hoc test revealed statistically significant 

differences in fuel consumption between all pairs of HEV 

types (p = 0). The most substantial difference was observed 

between PHEV and MHEV (mean difference: –0.3015 l, 

95% CI: [–0.3041, –0.2990]), indicating that PHEV con-

sumes significantly less fuel than MHEV. PHEV also dif-

fered significantly from mixed hybrid (mean difference: -

0.2304 l, 95% CI: [–0.2329, –0.2278]) and split-axle hybrid 

(mean difference: 0.2701 l, 95% CI: [0.2676, 0.2727]), 

demonstrating the lowest fuel consumption among all 

types. The mixed hybrid consumed less fuel than the 

MHEV (mean difference: –0.0712 l, 95% CI: [–0.0737, –

0.0686]), but more than the split-axle hybrid (mean differ-

ence: 0.0398 l, 95% CI: [0.0372, 0.0423]). The split-axle 

hybrid positioned itself between the MHEV (mean differ-

ence: –0.0314 l, 95% CI: [–0.0340, –0.0289]) and the 

mixed hybrid, indicating intermediate fuel efficiency. These 

results confirm that PHEV are the most fuel-efficient HEV 

type. 

Figure 9 displays the Monte Carlo simulation results for 

CO₂ emissions, showing their distributions, mean values, 

and 95% confidence intervals across various vehicle types 

and route combinations. 

Analysis of CO₂ emissions revealed a significant impact 

of both hybrid vehicle type and route, as well as their inter-

action, on emission levels (p < 0.001 for all effects and 

assumed significance levels of σ). At a significance level of 

σ = 0.05, the ANOVA test showed a highly significant 

effect of HEV type (F = 629,708), route effect (F = 

212,121), and a significant interaction between these factors 

(F = 49,068). Similar, highly significant effects (p < 0.001 

for all) were also observed at significance levels of σ = 0.1 

(F for HEV type = 155,357, F for route = 52,430, F for 

interaction = 12,137) and σ  =0.2 (F for HEV type = 

38,784, F for route = 13,056, F for interaction = 3029). 

In summary, the ANOVA results consistently indicate a 

statistically significant influence of hybrid vehicle type, 

route characteristics, and their interaction on CO₂ emission 

levels, regardless of the assumed significance level (α = 

0.05, 0.1, 0.2). The results of Tukey's post-hoc test for dif-

ferences in CO₂ emission values (kg) between hybrid vehi-

cle types are presented in Table 6. 

 
Table 6. Tukey's post-hoc test results for CO2 emissions differences [kg] 

among hybrid vehicle types  

Parameter Mean 

difference 

Lower CI Upper CI p-value 

mixed – MHEV –0.166 –0.172 –0.160 < 0.001 

PHEV – MHEV –0.725 –0.731 –0.719 < 0.001 

split-axle hybrid – 

MHEV 
–0.073 –0.079 –0.067 < 0.001 

PHEV – mixed –0.559 –0.565 –0.553 < 0.001 

split-axle hybrid – 
mixed 

0.093 0.087 0.099 < 0.001 

split-axle hybrid – 

PHEV 
0.652 0.646 0.658 < 0.001 

 

  

Fig. 9. Distributions of CO2 emissions [kg] with 95% confidence intervals for σ = 0.1  
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Tukey's post-hoc test for CO2 emissions (kg) revealed 

statistically significant differences between all pairs of 

HEV types (p = 0). The largest difference was observed 

between PHEV and MHEV (mean difference: –0.7252 kg, 

95% CI: [–0.7313, –0.7191]), indicating that PHEV emits 

significantly less CO2 than MHEV. PHEV also demonstrat-

ed lower emissions compared to mixed hybrid (mean dif-

ference: –0.5591 kg, 95% CI: [–0.5652, –0.5530]) and split-

axle hybrid (mean difference: 0.6520 kg, 95% CI: [0.6459, 

0.6581]), achieving the lowest emission values among all 

types. The mixed hybrid emitted less CO2 than the MHEV 

(mean difference: –0.1661 kg, 95% CI: [–0.1722, –0.1600]), 

but more than the split-axle hybrid (mean difference: 

0.0929 kg, 95% CI: [0.0868, 0.0990]). The split-axle hybrid 

was positioned between the MHEV (mean difference: –

0.0732 kg, 95% CI: [–0.0793, –0.0671]) and the mixed 

hybrid, indicating an intermediate emission level. These 

results underscore the superior environmental efficiency of 

PHEVs compared to other HEV types. 

The results indicate that both the hybrid vehicle type 

and the test route exert a crucial influence on fuel consump-

tion and CO2 emissions. Furthermore, the interaction be-

tween these factors suggests that the efficiency of specific 

HEV types can be optimized depending on driving condi-

tions. 

4. Discussion 
The findings presented in this study significantly con-

tribute to understanding the impact of traffic congestion on 

fuel consumption and CO2 emissions in hybrid electric 

vehicles operating in urban environments. The simulation 

analysis, performed using AVL Cruise M software with 

real-world speed profiles from five urban routes (T1–T5) 

and the standardized WLTC Low cycle, provided detailed 

data on the efficiency of four HEV types: plug-in hybrid 

electric vehicle (PHEV), series-parallel (mixed) configura-

tion, mild hybrid electric vehicle (MHEV), and split-axle 

hybrid. The application of the Monte Carlo method enabled 

the estimation of result variability, enhancing the reliability 

of the analysis despite limited empirical data. 

This study distinguishes itself from previous work by its 

comprehensive approach, analysing four distinct hybrid 

powertrain configurations under conditions of high traffic 

congestion. Earlier studies often focused on a single hybrid 

type or standardized test cycles, leaving a gap in under-

standing HEV efficiency in diverse, real-world urban con-

ditions. This research fills that gap by offering a thorough 

comparison, making its findings more representative of 

actual transportation challenges. 

The study revealed that fuel consumption and emission 

levels are dependent on the hybrid powertrain configura-

tion. Analysis of the driving and idle phases uncovered 

critical areas for optimizing hybrid powertrain control strat-

egies, particularly during heavy traffic. For example, on 

route T2, where idle time accounted for 42% of the dura-

tion, the mixed hybrid consumed 0.52 l of fuel, whereas the 

PHEV consumed only 0.02 l. Consequently, under condi-

tions of frequent stops and starts, series-parallel (mixed) 

and split-axle hybrids are characterized by continuous in-

ternal combustion engine operation, leading to increased 

fuel consumption and higher CO2 emissions. The data indi-

cate that MHEVs may exhibit lower efficiency in high-

density traffic areas, as evidenced by the higher fuel con-

sumption and emissions observed during acceleration cy-

cles and idle phases. 

A comparison of fuel consumption and CO2 emission 

values from urban routes and the WLTC Low cycle high-

lights the limitations of current testing standards in reflect-

ing real-world driving conditions. In the WLTC Low cycle, 

the PHEV exhibited zero fuel consumption, a result of its 

capability for all-electric operation, facilitated by a large 

battery energy capacity and an initial battery SOC of 80%. 

However, on routes T2 and T4, fuel consumption and emis-

sions were significantly higher for all HEV types except the 

PHEV. It can therefore be concluded that current test cycles 

do not fully capture the challenges associated with conges-

tion, potentially leading to underestimated fuel consump-

tion and emission values in official vehicle specifications. 

Despite certain limitations, such as the absence of em-

pirical tests and the omission of environmental and opera-

tional variables (e.g., driving style or temperature) in the 

AVL Cruise M simulations, as well as the non-inclusion of 

temperature effects on battery efficiency and fuel consump-

tion, this study possesses significant strengths. 

The use of real-world velocity profiles considerably en-

hances the representativeness of the results for urban condi-

tions, thereby increasing their practical value. Additionally, 

the application of the advanced Monte Carlo method to 

estimate result variability constitutes a rigorous approach 

that effectively compensates for the lack of empirical data, 

providing a solid foundation for the conclusions. Conse-

quently, despite the mentioned limitations, this study makes 

a valuable contribution to understanding the impact of con-

gestion on hybrid vehicle efficiency and establishes a ro-

bust basis for further research. 

5. Conclusions 
This research provides crucial insights into the impact 

of varying urban traffic congestion on fuel consumption 

and CO₂ emissions in hybrid electric vehicles. It leveraged 

simulations within the AVL Cruise M environment, utiliz-

ing real-world speed profiles (T1–T5) and the standardized 

WLTC Low cycle. The application of the Monte Carlo 

method enabled a reliable assessment of result variability 

across four distinct HEV types. 

The analysis revealed that PHEV exhibited minimal fuel 

consumption and CO2 emissions, especially in scenarios 

with frequent stops. This is directly linked to their ability to 

operate extensively in electric mode, made possible by its 

high-capacity batteries. Conversely, MHEV demonstrated 

the lowest efficiency in high-traffic conditions, primarily 

because its electric drive serves only a supporting role. The 

split-axle configuration showed better efficiency in smooth 

traffic flow, underscoring the influence of the hybrid 

powertrain type on fuel consumption and CO2 emissions 

depending on operational conditions. Therefore, the degree 

of electrification/hybridization is a crucial determinant of 

the energy and environmental efficiency of hybrid vehicles 

in urban environments, particularly concerning traffic con-

gestion. A higher degree of electrification, as seen in 

PHEVs, enables a significant reduction in fuel consumption 

and CO2 emissions, making such vehicles most suitable for 
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high-traffic conditions where frequent stops and dynamic 

driving phases are dominant. 

The results also highlighted the imperfections of current 

testing standards (e.g., WLTC Low) in reflecting real-world 

urban traffic conditions, potentially leading to an underes-

timation of actual fuel consumption and emissions. This 

suggests a need for optimizing hybrid powertrain control 

strategies, especially in areas characterized by high traffic 

congestion. It is also worth noting the importance of pro-

moting advanced hybrid technologies, such as PHEVs, 

within transportation policies. 

In summary, the study provides crucial quantitative data 

that can support the design of more efficient hybrid vehicles 

and the shaping of urban transportation policies. It empha-

sizes the pivotal role of real-world road conditions in HEV 

assessment and indicates the necessity of adapting testing 

standards to the specifics of urban traffic. 

 

Nomenclature 

ANOVA analysis of variance 

CI  confidence interval 

CO2  carbon dioxide 

GPS  global positioning system 

HC  hydrocarbons 

HEV  hybrid electric vehicle 

ICE  internal combustion engine 

MHEV mild hybrid electric vehicle 

NOx  nitrogen oxide 

PHEV  plug-in hybrid electric vehicle 

PM  particulate matter 

SOC  state of charge 

WLTC Worldwide Harmonized Light Vehicles Test Cycle 
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Analysis of the energy consumption of electric two-wheeled vehicles based  

on the road cycle simulation 
 
ARTICLE INFO  The paper focuses on the development and validation of a simulation model that allows the assessment of the 

influence of the design and operating parameters on the maximum range of an urban electric two-wheeler. The 
performed research included real-world tests under urban conditions, covering a distance of 5.2 km, while 

monitoring the electrical parameters of an electric scooter. The sampling resolution was 0.1 seconds. The results 

of the measurements allowed for estimating the range of the vehicle under real-world conditions to be 60.053 
km, corresponding to an energy consumption of 2.15 kWh/100 km. Based on the experimental data, the authors 

developed an advanced simulation model in the MATLAB environment. The model included dynamic 

acceleration/deceleration cycles, aerodynamic drag, rolling resistance and battery characteristics. The 
simulation of the driving cycle has shown the vehicle range of 60.778 km with the energy consumption of 2.12 

kWh/100 km. The simulation results are characterized by a very high convergence with the results obtained in 

the road cycles. The simulation model enables the analysis of vehicle range variability in relation to various 
design and operating parameters, including gross vehicle weight, aerodynamic drag, drivetrain efficiency, and 

battery characteristics. The investigations described in the paper support the advancement of electromobility, 

thus, adding to the improvement of urban transport. 
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1. Introduction  
Currently manufactured electric urban two-wheelers can 

be divided into three categories: traditional scooters, bicy-

cles and ekick-scooters. Table 1 presents the technical data 

of different electric scooter models fitted with Li-ion batter-

ies and compares their parameters and functionalities. Ve-

hicles fitted with Li-ion batteries are characterized by high-

er energy capacity, which directly translates into improved 

range and better ride dynamics. Models such as the 

Iamelectric IML NCE-S or the Iamelectric T-REX, fitted 

with high-capacity batteries (4896 Wh and 5040 Wh, re-

spectively), have a greater range and higher maximum 

speeds. It can be assumed that the electric vehicle market 

will develop, this applies not only to two-wheelers, but also 

to other categories of vehicles [4, 5]. 

 
Table 1. Technical data of selected electric scooters 

Model 
Battery 
capacity 

[V, Ah] 

Battery 
energy 

[Wh] 

Motor 
power 

[W] 

Maximum 
speed 

[km/h] 

Declared 
maximum 

range [km] 

Iamelectric 

Eagle 
Lithium  

60, 20 1200 1200 45 50 

Iamelectric 

Hawk 
Lithium  

72, 20 1440 1800 45 65 

Iamelectric 

IML  

NCF-S  

2 × 60, 
34 

4080 4310 80 80 

Iamelectric 

IML  

NCE-S  

2 × 72, 
34 

4896 6600 90 130 

Iamelectric 

T-REX  
72, 70 5040 6000 110 100 

 

Energy consumption is a crucial parameter that signifi-

cantly influences the performance and functionality of elec-

tric vehicles (EVs). The energy consumption parameter 

describes the amount of energy (expressed in kilowatt-

hours – kWh) required to cover a certain distance, typically 

100 kilometers (kWh/100 km). Siemionek [13] defines the 

energy consumption of a vehicle in motion, allowing for 

energy loss throughout the entire drivetrain, the vehicle's 

technical condition, and the weight of the passengers. Simi-

lar studies were presented in [7], where the investigation 

objective was to examine the dynamic and energy con-

sumption of an electric scooter by varying key input param-

eters, including rider mass, electric scooter mass, wind 

speed, wheel radius, and slope grade. A simulation model 

of an electric scooter was developed in MATLAB-Simulink 

to simulate the scooter's velocity, required power, battery 

voltage, and powertrain torque. In [3], the authors presented 

the role of battery condition in electric vehicles as a main 

parameter affecting vehicle distance. Boumediene et al. [2] 

developed a control algorithm for energy management to 

maintain the scooter battery and supercapacitor at their opti-

mal states of charge. An electric scooter's powertrain perfor-

mance under varying loads is simulated in MATLAB and 

Simulink to verify the effectiveness of the EMS. The simula-

tion results validate the effectiveness of the proposed ap-

proach and demonstrate the novel EMS as a suitable solution 

for energy management. 

Yuan et al. [15] emphasize the significance of energy 

consumption. “In order to assure standardization, the ECR 

indicator (ECR – Energy-Consumption Rate) is determined 

under certain test conditions – a standard cycle that is 

deemed to be the most representative driving profile.” The 

ECR is the fundamental parameter that allows for an accu-

rate analysis of the energy performance of electric vehicles 

http://orcid.org/0000-0001-9825-7039
http://orcid.org/0000-0001-7882-9837
http://orcid.org/0009-0004-3688-575X
http://orcid.org/0009-0005-2281-6275
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under standard test conditions, ensuring consistency and 

comparability of the results. 

To sum up, the energy consumption of electric vehicles 

is defined as the amount of energy consumed per unit of 

covered distance. The value of this parameter is influenced 

by the vehicle's design (weight, drivetrain efficiency, and 

aerodynamics) and the operating parameters, which include 

the driving style and route profile. Standardized measure-

ment methods, such as driving cycles, allow for comparable 

results and parameter analysis under different scenarios. 

Two-wheeled electric vehicle energy consumption 

modeling is not widely discussed in the literature. In [12], 

the authors focused on modeling the energy performance 

and energy consumption of an e-scooter using the AU-

TONOMIE simulation tool [1]. Literature also describes  

a methodology based on assessing energy consumption 

derived from the scooter motor's power output and road 

data [9]. In [8], the authors propose a model that utilizes the 

MATLAB environment; however, its application requires 

very detailed engine and drivetrain data. A similar solution 

was proposed in [10], where the developed model uses 

MATLAB/Simulink. In [14], a dynamic simulation model 

was proposed that was experimentally validated on a chas-

sis dynamometer. In [16], the authors presented a method 

for developing an electric scooter model to simulate its 

performance, especially its range estimation. The modeling 

method was the use of an electric scooter model developed 

in MATLAB/Simulink. Based on the dimensions and tar-

geted performance, the authors simulated the device to 

determine its power and energy requirements. The research 

results of the simulation were validated in an experimental 

test on a dynamometer and in on-road conditions. 

Selecting the correct battery technology is of vital im-

portance. The technical parameters, such as capacity, 

weight, number of charging cycles, and performance under 

varying operating conditions, have a direct influence on the 

vehicle's range, performance, and useful life. Based on the 

analysis of different types of vehicles (Table 2), we can 

infer that Li-ion (lithium-ion) and Li-Po (lithium polymer) 

batteries are characterized by the highest specific energy 

and energy density, making them the best choice for elec-

tric scooters. 

 
Table 2. Comparison of the battery parameters 

Parameter NiCd NiZn NiMH Li-ion/Li-Po 

Specific energy 

[Wh/kg] 
40–60 100 60–120 100–265 

Energy density 
[Wh/l] 

50–150 280 140–300 250–730 

Specific power 

[W/kg] 
150 > 900 250–1000 250–340 

Charge/discharge 

efficiency [%] 
70–90 80 66 80–90 

Self-discharge 
indicator [%] 

10 13 30 8–5 

Cycle durability 

[cycle] 
2000 400–1000 500–1000 400–1200 

Cell  

voltage [V] 
1.2 1.65 1.2 

NMC 3.6/3.7; 

LiFePo4 3.2 

 

2. Research methodology 
The research object has been presented in Fig. 1. It is  

an electric scooter. It is an urban two-wheeled electric vehi-

cle, known as the Eagle Lithium, made by Iamelectric. The 

basic parameters of the object have been shown in Table 3. 

The vehicle is driven by a 1200 W electric motor that al-

lows a maximum speed of 45 km/h. The unit is powered by 

a 70 V 20 Ah lithium-ion battery. 

 

Fig. 1. Iamelectric Eagle Lithium scooter used for test [11] 

 
Table 3. Basic parameters of the tested object [11] 

Parameter Data 

Homologation Yes 

Equivalent of petrol scooter 50cc 

Battery Lithium-ion 

Battery capacity 70V 20Ah 

Battery charging time 4–6 hours 

Battery weight 10 kg 

Battery lifespan 1000 cycles 

Electric motor power 1200 W 

Maximum range Up to 45 km (1 person, 70 kg) 

Maximum speed 45 km/h 

Tire size (front/rear) 3.50–10" 

Curb weight 63 kg 

Max. Permissible payload 188 kg 

Gross vehicle weight 263 kg 

Dimensions 1810 × 710 × 1100 mm 

 

The planned experiment aimed to determine the energy 

characteristics of the tested object's operation under real-

world operating conditions. The tests were carried out on  

a route of 5.2 km in length (Fig. 2), which the object cov-

ered in 10 minutes. The tests included recording the varia-

tions in voltage (V) and current (mA) in the power supply 

circuit of the electric motor. The tests were conducted using 

real-time measurement equipment. The recorded data were 

also transmitted in real-time to the computing unit located 

at Poznan University of Technology. The data transmission 

was completed through a computer installed in the scooter 

rear trunk (wireless communication, Internet access). 

The Fluke i30s, utilizing the Hall effect, was used to 

measure the current and voltage at the input to the electric 

motor. Using the Advantech Elmatica UNO 137, the data 
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were processed in real-time. The Advantech CR 1601W 

recorded and forwarded data to the Internet. Prior to com-

mencing the tests, the sensors were calibrated to ensure 

measurement accuracy. The measurement equipment rec-

orded the voltage and current values continuously at a sam-

pling frequency of 10 Hz. The data collected during the 

tests enabled a detailed analysis of the voltage (V) and 

current (mA) variations as a function of time. The data were 

used to develop a detailed mathematical model, which con-

stitutes the basis for the simulation. 

 

 

Fig. 2. Test route [google.com/maps] 

3. Results 

Based on the recorded data, the authors calculated the 

instantaneous energy consumption (P) as per the relation: 

 P =
U∙I

1000
[kW] (1) 

The results of the calculations showing the instantane-

ous energy consumption were used to generate a graph, as 

shown in Fig. 3. From the analysis of the graph, it is evident 

that the instantaneous energy consumption is characterized 

by visible fluctuations that reflect the driving dynamics. 

The maximum values of energy consumption, reaching 1.4 

kW, occur during vehicle acceleration. The total energy 

consumption by the motor of the tested object was calculat-

ed as the sum of the instantaneous energy for all recorded 

samples. The calculations were made according to the equa-

tion as shown below: 

 E =
(P∙∆t)

3600
[kWh] (2) 

The results of the calculations show that the accumulat-

ed amount of energy used during the test was the value 

calculated from equation (2): 

 E ≈ 0.112 kWh  

The obtained results also show that the energy con-

sumption was clearly dependent on the driving dynamics. 

The highest energy consumption occurred in the accelera-

tion phase. 

 

Fig. 3. Instantaneous energy consumption as a function of time 
 

The voltage values during the test varied in the range 

from approx. 62 V to the nominal value of 70 V (Fig. 4). 

Instantaneous voltage drops to approx. 60 V occurred dur-

ing heavy battery load, particularly during acceleration. 

This phenomenon is characteristic of the operation of lithi-

um-ion battery cells, where the voltage drops in response to 

high energy demand.  

 

Fig. 4. Voltage changes as a function of time 
 

During the tests, the current reached its maximum value of 

25 A during heavy acceleration (Fig. 5). Low current values, 

close to 0 A, were recorded when the vehicle was stationary or 

when coasting and the electric motor was not engaged. 

 

Fig. 5. Change in the current as a function of time 
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Figure 6 presents the cumulative value of energy con-

sumption, reflecting the total amount of energy drawn from 

the battery during the tests. The greatest increase in energy 

consumption was observed during the acceleration phase, 

indicating a significant load on the battery resulting from 

high power demand. 

 

Fig. 6. Cumulative energy consumption as a function of time 

 

Based on the collected data related to energy consump-

tion and battery parameters, the authors performed an anal-

ysis aimed at assessing the projected range of the tested 

object. The results of the calculations have been presented 

in Table 4. 

 
Table 4. Assessment of the projected range of the tested object 

Description Value 

Total energy consumed [kWh]  

= (Samples · delta t)/3600 
0.112 

Remaining energy [Wh] 1288.472 

Remaining charge percentage [%] 92.034 

Used charge percentage [%] 7.966 

Estimated range at 100% battery efficiency [km] 65.275 

Estimated range at 92% battery efficiency [km] 60.053 

4. Simulation of the scooter range 
The simulation of the driving cycle, based on real-world 

data collected during tests, aimed to reproduce the actual 

driving profile of the test object and estimate its range, 

allowing for dynamic speed changes, accelerations, and 

decelerations. Based on the analysis of the real-time data 

collected during the tests, the authors observed that within  

a 10-minute experiment, 40 acceleration cycles were identi-

fied.  

The simulation served as a tool to validate the compli-

ance of the calculated results with those obtained under 

real-world conditions. Gołębiewski and Prajwowski have 

presented the mathematical formulas used as the basis for 

the simulation in [11]. The input data necessary to carry out 

the simulation were those modeled from the data obtained 

under real-world driving conditions. The input data neces-

sary to carry out the simulation are shown in Table 5. 

In the first step of the simulation, the authors entered the 

most fundamental parameters of the vehicle (Fig. 7). The 

input data may vary, as it is possible to use factory data 

related to specific models of electric scooters. 

Table 5. Simulation input data 

Parameter Value 

Maximum motor power output (Pmax) 1200 W (1.2 kW) 

Maximum speed (Vmax) 45 km/h (12.5 m/s) 

Vehicle weight (m) 160 kg 

Air density (rho) 1.225 kg/m3 

Aerodynamic drag coefficient (Cd) 0.6 

Frontal area of the vehicle (A) 0.6 m2 

Rolling resistance coefficient (f_r) 0.015 

Gravitational acceleration (g) 9.81 m/s2 

Battery capacity (capacity Ah) 20 Ah 

Battery voltage (V_battery) 70 V 

Nominal battery energy (E_battery) 1400 Wh (5.040.000 J) 

Battery efficiency (eta_battery) 92% (0.92) 

Drivetrain efficiency (eta_drive) 95% (0.95) 

Acceleration/deceleration cycles (n_cycles) 40 cycles 

Acceleration (a_acc) 1.5 m/s2 

Deceleration (a_dec) –1.5 m/s2 

Total test time (t_test) 600 s (10 min) 

 

Fig. 7. Parameters of the vehicle 

 
where:  

P_max – maximum motor power output; P_max = 1200 W 

V_max – maximum speed of the vehicle; V_max = 45/3.6 m/s 

m – vehicle weight including the driver, the vehicle equipment 

and measurement devices m = 160 kg 

rho – air density under standard conditions, used to calculate 

aerodynamic drag rho = 1.225 kg/m3 

C_d – drag coefficient, determining the aerodynamic performance 

of the vehicle C_d = 0.6  

A – frontal area influencing the aerodynamic drag; A = 0.6 m2 

f_r – rolling resistance coefficient, allowing for loss resulting from 

the contact of the tires with the road; f_r = 0.015 

(g) – gravitational acceleration, used for calculating the mass 

forces g = 9.81 m/s2. 

 

The input data presented in Fig. 8 describe the parame-

ters of the battery that were vital for the correct perfor-

mance of the vehicle range simulation. 

 

Fig. 8. Parameters of the battery 

 
where:  

capacity_Ah – battery capacity capacity_Ah = 20 Ah 

voltage_V –  rated battery voltage voltage_V = 70 V 

E_battery_Wh – nominal energy of the battery  expressed in watt-

hours E_battery_Wh = 1400 Wh 
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E_battery_J – nominal energy of the battery converted into joules 

E_battery_J = 1400 × 3600 = 5040000 J 

battery_efficiency – battery efficiency; battery_efficiency = 92% 

= 0.92 

E_battery_Jr – effective energy available at the battery terminals, 

calculated as the product of nominal energy and battery ef-

ficiency; E_battery_Jr = 5040000 × 0.92 = 4636800 J. 

 

The formulas presented in Fig. 9 describe the efficiency 

of the drivetrain and calculations of the motion resistance. 

 

Fig. 9. Efficiency of the drivetrain and calculations of the motion re-

sistance 

 
where:  

drivetrain_efficiency – drive_train_efficiency = 95% = 0.95 

F_drag – aerodynamic drag, described as F_drag = 0.5 × rho × 

C_d × A × V^2 [N] 

rho – air density [kg/m3], (C_d) – drag coefficient [-] 

A – vehicle frontal area [m2] 

V – vehicle speed squared [m/s] 

F_roll – rolling resistance force described with the formula F_roll 

= m × g × f_r [N] 

m –vehicle weight including the weight of the driver and the 

equipment [kg], (g) – gravitational constant [m/s2] 

f_r – rolling resistance coefficient [-]. 

 

The parameters presented in Fig. 10 define the accelera-

tion/deceleration cycles. 

 

Fig. 10. Parameters of the acceleration/deceleration cycles 

 
where: 

n_cycles – number of full cycles of acceleration and deceleration 

per each 10 minutes of test n_cycles = 40 

a_acc – vehicle acceleration a_acc = 1.5 m/s² 

a_dec – vehicle deceleration a_dec = –1.5 m/s² 

time_acc – acceleration time, calculated as the quotient of the 

maximum speed and acceleration; time_acc = V_max / 

a_acc [s] 

time_dec – deceleration time calculated as the quotient of the 

maximum speed and the absolute value of deceleration 

time_dec = V_max / abs(a_dec) [s] 

t_test – total time of the simulation covering all driving cycles, 

t_test = 600 [s]. 

 

The fragment of code presented in Fig. 11 pertains to 

the analysis of vehicle operating conditions at a constant 

maximum speed. 

 

Fig. 11. Calculating the active time of the vehicle and when stationary 

 
where: 

active_time – active time equal to the total time of the test ac-

tive_time = 600 s 

V – vehicle speed assumed as constant and equal to the maximum 

vehicle speed V = V_max [m/s] 

F_drag – aerodynamic drag calculated as F_drag = 0.5 × rho × 

C_d × A × V² [N] 

F_roll – rolling resistance determined from the formula F_roll = m 

× g × f_r [N] 

F_total – total resistance force being the sum of aerodynamic drag 

and rolling resistance; F_total = F_drag + F_roll [N] 

P_required – power required to overcome the  total resistance at  

a constant speed, calculated as P_required = F_total × 

V/drive_train_efficiency [W] 

P_max – maximum power output of the motor used to verify the 

possibility of the vehicle to maintain the maximum speed 

[W]. 

 

The fragment of a code presented in Fig. 12 pertains to 

the simulation of 40 cycles of acceleration and deceleration 

that were recorded during a 10-minute test under real-world 

conditions. 

 

Fig. 12. Simulation of 40 cycles of acceleration/deceleration per each 10-

minute portion of the test 

 
where: 

E_total_J – total energy used by the vehicle during the simulation, 

initially 0 and updated after each cycle [J] 

i – index of an iterative loop, in which subsequent accelera-

tion/deceleration cycles are carried out i=: n_cycles [-] 

F_acc – acceleration force F_acc = m × a_acc + F_total [N] 

P_acc – power used during acceleration P_acc = min(F_acc × 

V_max, P_max) [W] 

E_acc – energy used during acceleration E_acc = P_acc × 

time_acc [J] 

F_dec – deceleration force F_dec = m · abs(a_dec) [N], 

P_dec – power used during deceleration P_dec = F_dec × (V_max 

/ 2)/drive_train_efficiency [W], 

E_dec – energy used during deceleration E_dec = P_dec × 

time_dec [J]. 

 

The fragment of code presented in Fig. 13 pertains to 

the analysis of the energy remaining in the battery, taking 
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into account the energy used during the 40 accelera-

tion/deceleration cycles. 

 

Fig. 13. Summing up the energy used during the cycles 

 
where:  

E_battery_remaining_J – remaining battery energy after comple-

tion of the cycles E_battery_remaining_J = E_battery_J – 

E_total_J [J] 

E_total_J – total energy used during vehicle operation in cycles [J] 

if E_battery_remaining_J  <= 0 – logical condition validating if 

the battery is discharged, which would result in ending of 

the simulation, 

return – a command to stop the software operation if the battery is 

discharged 

E_battery_remaining_J > 0 – condition indicating that the vehicle 

still has energy resources and the simulation can be con-

tinued. 

 

The fragment of code presented in Fig. 14 pertains to 

calculations of the battery operation time and the projected 

vehicle range, making allowances for energy use during 

acceleration and deceleration cycles.  

The results of the simulations related to the vehicle's 

maximum range and battery energy consumption indicate 

compliance with the results obtained during tests performed 

under real-world conditions. The obtained results confirm 

the correctness of the simulation model and its compatibil-

ity with real-world operating conditions.  

Under actual operating conditions, with the assumed 

battery efficiency of 92%, the projected vehicle range (as 

declared by the manufacturer) reaches 60.053 km. In the 

MATLAB simulation, the vehicle's range is estimated to be 

60.778 km. The difference between these results is merely 

0.725 km, which corresponds to a relative error of 1.2%. It  
 

should be acknowledged that such a difference is miniscule 

and the simulation model successfully reproduces the real-

world operating conditions of the vehicle.  

 

Fig. 14. Calculation of the battery operating time 

 

where: 

t_max_sec – battery operating time after finishing the acceleration 

and deceleration cycles t_max_sec = E_battery_remai-

ning_J / P_required [s] 

t_max_h – battery operating time expressed in hours t_max_h = 

t_max_sec / 3600 [h] 

range_km – vehicle range after the cycles range_km = (V × 

t_max_sec) / 1000 [km]. 

5. Conclusions  
The results of the investigations indicate that the devel-

oped simulation tool can be used to estimate energy con-

sumption by two-wheeled electric vehicles. The accuracy of 

the tool is fully satisfactory, as confirmed by experimental 

investigations conducted under real-world operating condi-

tions in urban traffic. The proposed model can be used to 

assess the influence of design parameters, such as vehicle 

weight, rolling resistance coefficient, and aerodynamic 

drag, on the vehicle's energy performance and range. An-

other potential application of the model is assessing energy 

consumption based on traffic conditions. In further stages 

of the research, the authors plan to expand the simulation 

tool to other applications, such as two-wheeled vehicles 

with higher power output, operated in conditions other than 

urban. Additionally, the authors consider adapting the tool 

to simulate the energy consumption of other road vehicles, 

particularly passenger cars (PCs).  
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Biogas-fuelled internal combustion engines for micro-scale energy generation: 

a review of technologies and configurations for systems below 50 kW 
 

ARTICLE INFORMATION  The growing demand for sustainable and decentralised energy solutions drives the development of micro-scale 

biogas power generation systems using internal combustion engines (ICEs) as prime movers. This paper reviews 
the technological advances and structural configurations of ICEs designed to burn biogas in generator systems 

with power outputs of up to 50 kW. The study investigates the adaptation of spark-ignition and dual-fuel engines, 

optimisation of compression ratios, fuel delivery systems, and ignition strategies to increase efficiency and 

reliability. Furthermore, the impact of biogas composition on engine performance and emissions is investigated, 

addressing the challenges of changes in methane and pollutant content. The review provides information on 

recent innovations, including engine modifications to run lean and integration of advanced control systems to 
increase efficiency and durability. By synthesising current research and practical applications, this paper aims 

to guide the selection and development of optimised ICE solutions for distributed microgas power generation. 
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1. Introduction 
The growing power of decarbonisation, securing access 

to energy in rural areas, and strengthening the energy sup-

ply, through decentralised systems of renewable energy 

sources. One of the main leads is micro biogas installations 

(< 50 kW), used in cogeneration and island systems [7, 67]. 

Biogas, produced by anaerobic digestion of organic 

waste, produces net GHG emissions and waste from pro-

duction and storage, which uses electricity [25, 57]. The 

drive of these installations consists of internal combustion 

engines (ICE) – scalable systems and economic units. 

Operational challenges result from the heterogeneous 

composition of biogas, corresponding to CH₄ (40–70%), 

which is responsible for the calorific value, while CO₂, H₂S, 

and water vapour reduce the occurrence and acceleration of 

material degradation [12, 70, 71]. This requires, among 

others, CR modification, ignition calibration, modernisation 

of the intake/exhaust applications, and the use of pilot fuel 

dosing in DF engines [16]. 

With the advancement of gas cleaning and control tech-

nologies (e.g., ECU), it is possible to achieve unavailability 

levels of 35–46% and control above 80% [33, 42]. Lean-

burn variants and H₂ enrichment further reduce NOₓ, CO, 

and CH₄ emissions [51, 53]. 

Biogas-fuelled ICE systems are increasingly vulnerable 

to combustion and off-grid impacts, increasing their im-

portance in low-emission and waste management strategies 

[35, 55]. 

The article presents an overview of biogas micro-

installations' technology, properties, and operating parame-

ters ≤ 50 kW. Component types (SI, DF), design adapta-

tions, the impact of fuel composition on performance and 

emissions, and key challenges and research perspectives are 

analysed for the benefit of the engineering community and 

decision-makers in implementing biogas energy systems. 

The scientific literature was searched in Scopus, Web of 

Science, ScienceDirect, and Google Scholar databases to 

conduct the study. Publications from 2010–2024, reviewed 

peer-reviewed articles, conference papers, and thematic 

reviews on biogas engines with a power of ≤ 50 kW were 

reported. Extreme emphasis on complexity in works on: 

 adaptation of SI and DF to biogas 

 the impact of biogas composition on operating and 

emission parameters 

 micro-CHP efficiency systems 

 micro-installation implementation studies. 

There are over 120 literature items, resulting in the final 

version including over 100 publications that meet the crite-

ria for additional and up-to-date information. Legal acts and 

technical standards (e.g., EU MCPD, Stage V, Tier 4) were 

also checked, as well as data from manufacturers of utility 

and prototype devices. 

2. Characteristics of biogas and its impact  

on engine operation 

2.1. Characteristics of engine fuels 

Biogas is a renewable fuel of growing importance in the 

context of energy sources. Produced in the process of an-

aerobic fermentation of organic waste, it consists mainly of 

methane (CH₄) and supplied carbon (CO₂), usually auto-

matically in 50–70% and 30–50% [46, 47, 72, 73]. The 

additive may contain hydrogen sulphide (H₂S), water va-

pour, nitrogen, oxygen, and trace amounts of silicon, e.g., 

siloxanes [18, 44]. The composition of biogas is essential 

for its calorific value and directly affects the emissions and 

durability of the propulsion system. To illustrate the electri-

cal disconnect between biogas and other gaseous fuels, 

Table 1 provides the source calorific value of selected ener-

gy sources in small-scale engine installations. 
 

http://orcid.org/0000-0002-2364-4533
http://orcid.org/0000-0003-4270-1860
http://orcid.org/0000-0003-2491-4432
http://orcid.org/0000-0001-9193-1473
http://orcid.org/0000-0002-7147-4903
http://www.combustion-engines.eu
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Table 1. Comparison of the calorific value of selected gas fuels [2, 9, 22, 42] 

Fuel Main compo-
sition 

Calorific 
value 

[MJ/m³] 

Comments 

Biogas 
(raw) 

CH₄ (50–
70%), CO₂ 

18–25 Variable value 
depending on com-

position 

Biomethane CH₄ > 96% 35–39 After purification, it 

is comparable to 
natural gas 

Natural gas 

(CNG) 

CH₄ ~95–98% 35–39 Stable properties, 

high-pressure 

LPG (pro-
pane-

butane) 

C₃H₈/C₄H₁₀ 
(mixture) 

46–50 Liquefied, very high 
energy density 

Hydrogen 
(H₂) 

100% H₂ 10–13 Low calorific value 
but high gravimetric 

energy density 

 

As can be seen from the table, raw biogas has a higher 

calorific value than other natural gases, LPG, or purified 

biomethane, which directly impacts lower engine power, 

the need for additional use, or the use of dual fuel. Addi-

tionally, biogas composition indicates that the calorific 

value can be activated over time, making it difficult to op-

erate the drive units stably without advanced control sys-

tems. 

2.2. The influence of biogas composition on the engine  

operation 

The calorific value of biogas, typically in the range of 

18–25 MJ/m
3
 (Table 1), depends on the leading share of 

methane, which determines the power contained in the fuel. 

The share of CH4 promotes efficient and fuel-efficient 

combustion [31], while CO2 acts as a dissolved agent, re-

ducing combustion temperature, flame propagation veloci-

ty, and cylinder pressure [2, 43]. The results of the research 

by Kovacs et al. [45] show that higher CO2 content in bio-

gas leads to lower combustion temperature and longer igni-

tion time, which can affect combustion knock and engine 

starting, but at the cost of reducing usable power 

 
Table 2. The influence of selected biogas components on engine operation 

 and emissions [10, 11, 16, 19, 22, 29, 30, 35, 41, 49, 58, 61] 

Component Impact on engine  

operation 

Impact on emissions 

CH4 enrich-
ment 

Increased power, ignition 
triggering. Higher relia-

bility and power 

Loss of CO and HC 

High CO₂ 

content 

Lower combustion 

pressure and tempera-

ture. Lower power, larger 

ignition sizes 

NOx reduction, CO, and 

HC coefficient 

Water en-
richment 

Improved failure stabil-
ity, increased efficiency. 

Better performance, 

ignition result 

Decrease in CO, HC, 
(sometimes NOx in-

crease) 

H2S Corrosion, oil degrada-
tion 

SO2 emission 

Siloxane SiO2 deposits, abrasive 

wear 

No agreement 

For water Intake system erosion No data 

Lowering the 

intake tem-

perature 

Better fuel efficiency 

with available CH₄ 

Lower CO, more stable 

mileage 

Injection 
optimisation 

Reduced knock, more 
power 

Lower NOₓ, more stable 
combustion 

 

H2S and siloxanes are as follows: H2S causes engine oil 

corrosion and degradation [11], and siloxanes lead to the 

formation of SiO2 deposits on engine mechanical compo-

nents [44]. Water vapour can be erosive to the intake sys-

tem [34]. The detailed impact of CH₄ enrichment, CO₂ 

dilution, H₂S content, siloxanes, and water vapour on both 

combustion dynamics and emissions is summarised in Ta-

ble 2. 

Table 2 summarises the effects of key biogas compo-

nents – such as methane, carbon dioxide, hydrogen sul-

phide, and siloxanes – on engine performance and exhaust 

emissions. These properties influence combustion quality, 

ignition behaviour, engine wear, and the emission profile of 

biogas-fuelled systems. 

2.3. Impact on secondary emissions 

Biogas as a fuel, discharged to NOx emissions and used 

(PM), and its use in cogeneration systems allows for 

achieving thermal efficiency (Brake Thermal Efficiency, 

BTE – defined as (1) at the level of 17–30% [10]. However, 

the CO2 content can increase CO and HC emissions [32, 

66]. 

 BTE =
P∙103

mf∙LHVf∙10
3  (1) 

where: P – brake output power [W], LHVf – Fuel calorific 

value [MJ/kg], mf – fuel mass flow (kg/s). 

Adding H2 improves combustion efficiency, ignition ac-

celeration, and CO, HC, and NOx emissions [16, 17, 22, 

23]. However, too much H2 can increase NOx [41]. 

Table 3 shows the emission intensity of biogas com-

pared to other fuels. 

 
Table 3. Functional and emission intensity energy of biogas from other 

fuels [6, 16, 21, 21, 36, 43, 76] 

Fuel BTE 

[%] 

NOₓ CO slip 

CH₄ 

Comments 

Biogas 

(raw) 

17–22 ↓ 30–90% ↑ 1.5–

3% 

High CO with 

lean mixtures 

Biome-

me-

thane 

22–28 ~ natural 

gas 

~ 

natural 

gas 

<1% Comparable 

to natural gas 

Biogas 
+ H₂ 

25–30 ↑ (at 
>20% H₂) 

↓ ↓ NOₓ boosted 
but improves 

performance 
and load 

Diesel 

oil 

27–33 Tall Short Lack High NOₓ and 

PM emissions 

Lique-
fied 

petrole-

um gas 

25–30 Moderate Short Lack Lower emis-
sions than 

diesel oil, 

higher than 
biomethane 

Legend: ↓ – lower than diesel oil; ↑ – higher than reference; ~ – compa-

rable value 

 

The emission value in Table 3 is qualitative and is 

marked with symbols: ↓ – use than the reference value (e.g., 

diesel oil), ↑ – higher, ~ – comparable. The data comes 

from many literary sources and is adapted. The individual 

numerical values are presented in Table 7. 

Requirements (e.g., EU Stage V, MCPD) often do not 

consider the specification of units < 50 kW and fuel or 

variable composition. In practice, this means difficulties 

meeting the NOₓ standard (e.g., < 100 mg/Nm
3
 in MCPD) 

https://www.sciencedirect.com/topics/engineering/mass-flowrate
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and CH₄ emission limits, especially without using catalytic 

technologies or fuel refilling systems. 

2.4. Biogas purification and standardisation 

Efficient removal of H2S (e.g., by adsorption on carbon 

monoxide or activated carbon), siloxanes (zeolites, phase-

related), and moisture (condensation) is essential for engine 

protection [18, 68]. 

Dynamic gas composition [69] and biogas enrichment 

with hydrogen (up to 20%) support stable engine operation 

even with variable fuel composition [53]. Increasing atten-

tion should also be paid to optimising energy consumption 

in fermentation processes, including control algorithms and 

time series analysis [65], which can control the electricity 

of the entire biogas system. 

Effective application methods and fuel quality control 

are essential to achieve long-term efficiency and perfor-

mance fuelled by biogas. Raw biogas contains content, 

primarily hydrogen sulphide (H₂S), water vapour, and si-

loxanes, which occur due to engine operation, catalytic 

converters, and exhaust gas start-up systems. 

2.5. Technical modifications and operating parameters 

Effective use of biogas in combustion engines requires 

design adaptations and optimisation of operating parame-

ters. Precise compression ratio application, high-energy 

ignition application, biogas, and pilot fuel dosage (in dual-

fuel mode), and control of ignition occurrence and compo-

sition of the assembly [10]. Bieniek et al. [13] conducted an 

experimental adaptation of a high-load Diesel engine to 

biogas fuelling, determining efficiency and extreme CO and 

NOₓ emissions reductions – the first with a pilot ignition 

switch.  

Electrical time control, necessary for data from the 

drives and solutions such as ECU, ANN, or fuzzy logic, 

allows the unit operations to be adjusted to fluctuations in 

fuel composition and environmental conditions. A compre-

hensive overview of how selected technical interventions 

influence both operational and environmental performance 

is provided in Table 4. 

 
Table 4. The influence of selected technical parameters on operating and 

emission parameters [2, 15, 20, 26, 37, 60, 69, 77] 

Modification Technical effect Emission effect 

CR optimisation 

(12–18) 

Increased peak 

pressure and tem-

perature, risk of 
knock 

Decrease in CO/HC, 

possible increase in NOx 

High energy 

ignition 

Stability of the 

debris 

The fall of HC 

Injection optimisa-
tion (DF) 

Increase in power, 
decrease in knock-

ing noise 

NOx reduction 

Monitoring the 

composition of 
biogas 

Real-time parameter 

adjustments 

Stability, fuel residue 

 

Table 4 provides a summary of how selected technical 

modifications, such as compression ratio adjustment, high-

energy ignition systems, and biogas composition monitor-

ing, affect engine performance and emissions. These inter-

ventions play a key role in maintaining combustion stability 

and minimising pollutants in variable-fuel micro-biogas 

engines. 

3. Types and configurations that include  

micro-installations 

3.1. Spark ignition (SI) engines 

In biogas micro-installations (< 50 kW), the most com-

monly used are spark-ignition (SI) piston engines, dual-fuel 

systems of compression-ignition engines, and micro-gas 

turbines. The choice of technology depends on the expected 

efficiency, quality of available biogas, and availability. 

SI engines are the most commonly used energy sources 

in micro biogas plants due to their effects and good perfor-

mance when working with a fuel source. They operate on 

the principle of releasing a biogas solution from the air 

initiated by spark ignition. 

Thermal efficiency is 22–28%, with modern designs us-

ing two-spark ignition and an output frequency pre-

chamber [38, 64]. The disadvantage is their sensitivity to 

changes in biogas composition, including the first CH₄ 

content. 

3.2. Dual-fuel compression ignition engines 

In a dual-fuel compression ignition engine, diesel (pilot 

fuel) and biogas are used simultaneously. There is a higher 

thermal efficiency (25–32%) and the possibility of operat-

ing with biogas quality [6]. This system works well in rural 

and industrial environments where substrate availability 

may change. 

The disadvantage is the highest NOₓ emissions and its 

use for ignition and fuel proportioning control [28]. 

3.3. Micro gas turbines 

Microturbines are compact, emitting, and quiet, making 

them ideal for municipal devices and installations with 

environmental requirements. They are characterised by 25–

30% thermal efficiency and reveal NOₓ [50]. 

Their main disadvantage is the high investment cost and 

limited availability of services, especially in developing 

countries. 

The drive unit selection in biogas micro-installations 

should include operation, emissions, fuel quality, substrate, 

service, and integration possibilities. 

Spark ignition (SI) engines and dual fuel (DF) systems 

are used due to their simplicity, availability, and opening up 

of the biogas packaging. However, low-emission and com-

pact microturbines are characterised by high costs and lim-

ited availability. 

The engine selection should be correlated with the sys-

tem operation profile and its connection to cogeneration 

and energy storage. 

4. Performance, emissions, and adaptation  

challenges of biogas-powered engines 
Using biogas as a fuel in high-power combustion en-

gines requires several construction units and supporting 

technologies. The results are side effects of calorific value, 

occurrence (H₂S, CO₂, siloxanes), and the presence of com-

position over time. Effective adaptation of the engine to 

start biogas allows its operation and emission, and extends 

the durability of the drive unit and the entire system. 

Biogas is an alternative to diesel oil, LPG, and natural 

gas in micro-scale applications. Once appropriately adapted 

through dedicated engine configurations, it can offer func-
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tional performance (expressed by brake thermal efficiency, 

BTE) and reduced emissions of pollutants such as NOₓ, 

CO, CH₄, and PM. 

Compared to traditional fuels, biogas-powered engines 

operate under different thermodynamic conditions due to 

their lower calorific value and the presence of non-

combustible CO₂. These factors generally result in lower 

engine power and BTE values. However, the addition of 

hydrogen, syngas, or water injection has increased BTE by 

2–4%, depending on the combustion strategy and engine 

type [22, 23, 59]. 

Regarding biogas emissions, the following are decreas-

ing: lower NOx and PM levels compared to diesel oil, but 

CO and CH4 emissions, especially in spark-ignition engines 

(Table 5). 

 
Table 5. Thermal efficiency and emissions of selected service functions 

Configu-

rable 

BTE 

[%] 

NOx 

[g/kWh] 

CO2 

[g/kWh] 

CH4 

[g/kWh] 

Comments 

Diesel oil 
(on) 

30–40 6–10 0.5–1.0 < 0.1 High 
efficiency, 

high NOx 
emissions 

Dual fuel 

(biogas) 

25–32 3–6 2–5 1.5–3.5 High DF 

substitu-

tion, but 
CH₄ emis-

sions 

SI on 
biogas 

22–28 1–3 3–6 4–10 Low NOx, 
high me-

thane loss 

SI + H₂ 

(20%) 

24–30 2–4 1-3 2-6 Higher 

efficiency 
requires 

ignition 

control 

Liquefied 

petroleum 

gas 

28–35 2–5 0.3–0.6 <0.1 Low emis-

sions, good 

combustion 
parameters 

Natural 

gas 

32–38 2–4 0.5–1.0 0.5–2.0 Better 

emission 

control than 
biogas 

 

Emission values (in g/kWh) refer to steady-state engine 

operation, as reported in the cited literature. Specific test 

conditions (engine load, speed, and fuel quality) may vary 

between sources. 

While biogas engines offer environmental benefits in 

terms of lower particulate emissions and potential CO₂ 

neutrality, their performance must still comply with nation-

al and international emission standards, which are often 

designed for larger or continuously operating systems. 

In the micro-generation (< 50 kW) context, meeting the 

requirements of EU Stage V, MCPD, or EPA Tier 4 regula-

tions is particularly challenging. These standards rarely 

account for small-scale, intermittently operating units with 

variable fuel quality. As a result, biogas micro-installations 

often face difficulties in meeting stringent limits on CH₄ 

and NOₓ emissions. Table 5 summarises reported emission 

levels for biogas-fuelled engines and highlights the variabil-

ity between system configurations. 

 

Table 6. Example emission limits for engines <50 kW (EU/MCPD) 

Sources: EU Regulation 2016/1628; EU Directive 2015/2193 (MCPD); US 

Environmental Protection Agency (EPA) Tier 4; WHO Guidelines (2021) 

Standard Engine 

power 

NOₓ 

[mg/Nm³] 

CO2 

[mg/Nm³] 

CH₄ 

[mg/Nm³] 

Comments 

EU Stage 

V 

(NRMM) 

19–37 

kW 

400 500 – No CH₄ limit 

applies to 

mobile app 

EU MCPD 1–50 
MW 

(for 

gas) 

100 100 20–50 Applies to 
stationary, 

biogas is 

subject to 
exceptions 

Level 4 

Final 
(USA) 

< 56 

kW 

400–600 500–600 – Brake ad-

justment CH₄; 
only NOₓ and 

CO 

UNDP/W

HO (rec-

ommenda-

tions) 

– < 200 < 500 < 30 For off-grid 

installations 

in developing 

countries 

 

As Table 6 shows, setting emission limits for biogas-

fired micro-installations can be problematic, especially for 

methane (CH₄), which is not always regulated but has  

a high greenhouse gas potential (GWP = 28–34). Additional 

problems arise with intermittent operation and variable 

biogas composition, which affects combustion and uncon-

trolled emissions. 

In the application, compensatory measures are used: 

 local emission compensation through cogeneration 

 units with cleaning agents (oxidation catalysts, SCR) 

 adaptive control systems depending on the biogas com-

position. 

The emission-related limitations in micro-biogas sys-

tems highlight the need for targeted technological strategies 

and regulatory adjustments. In most cases, achieving com-

pliance requires a combination of combustion control tech-

niques, fuel quality optimisation, and selective aftertreat-

ment methods – all of which increase system complexity 

and cost. 

Furthermore, current emission regulations often lack 

dedicated testing procedures for systems operating under 

variable loads or hybrid fuel conditions (e.g., dual-fuel with 

pilot ignition). This creates uncertainty in design and certi-

fication, making it difficult for small-scale producers to 

introduce innovative systems into the market without costly 

homologation procedures. 

To ensure the successful deployment of biogas micro-

installations, especially in off-grid and rural areas, it is 

necessary to promote standardised protocols for low-power 

systems and offer regulatory flexibility for modular and 

hybridised units. Support mechanisms, both technical and 

legal, should reflect the unique operating conditions and 

environmental benefits of decentralised biogas utilisation. 

Numerous technological adaptations have been pro-

posed and tested in micro-biogas systems in response to 

these challenges. These include advanced ignition control 

(e.g., high-energy ignition systems, variable ignition tim-

ing), hydrogen or water enrichment, and real-time gas com-

position monitoring. Some setups employ dual-fuel strate-

gies with diesel pilot injection to improve cold-start per-

formance and combustion stability. 
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Table 7 presents selected examples of such modifica-

tions and their effects on thermal efficiency, pollutant emis-

sions, and engine stability. Although most of these solu-

tions improve operational parameters, they also increase 

system complexity and cost, which must be considered in 

small-scale applications. 

 
Table 7. Overview of technical biogas adaptations [1, 15, 27, 37, 48, 54, 

60, 62, 77] 

Adaptation 

area 

Solution description Technical effects 

Compression 
ratio 

CR = 12–13 (SI), CR = 
16–18 (DF) 

Enhanced regulation, 
CO/HC reduction, NOx 

emission increase 

Ignition 

systems 

Twin spark plug, digital, 

high-energy ignition 

Improved ignition per-

formance 

Injection 

system (DF) 

Optimisation of injection 

angle and pressure (250 

bar, 26–30° BTDC) 

Greater efficiency and 

cleaner combustion 

Biogas purifi-
cation 

Membranes (MMMs), 
ILs, biomethanation with 

H₂ 

Higher purity CH₄, 
elimination of corrosion 

Cogeneration 
and integra-

tion 

Micro-CHP, PV hybrid, 
H₂ production 

Overall efficiency  
> 75%; large-scale 

system 

 
Design and electrical adaptations are key to the efficient 

use of biogas in microgeneration. Limited importance: 

appropriate compression ratio, injection and ignition opti-

misation, and application of biogas regulation. Integration 

with cogeneration systems and production of AC for waste, 

decarbonised, and flexible electricity. An overview of the 

procedure is in Table 7. 

5. Supply and emissions of residues 
The use of biogas in micro-scale combustion engines is 

an alternative to fossil fuels due to its renewable nature, the 

possibility of starting production, and its relatively low 

carbon footprint. However, the effectiveness of such an 

operation is strongly dependent on several factors, includ-

ing the quality of the biogas, the type of leakage from the 

engines, and fuel economy and emission control systems. 

The high content of methane (CH₄) affects the engine's 

efficiency. It is then supplied from coal (CO₂) as a compo-

nent to reduce the pressure and flame propagation rate, 

affecting efficiency [43, 72]. Typical thermal functionality 

(BTE) in such systems ranges from 17% to 24% [8, 14]. 

However, in the case of dual fuel, a BTE of 25–28% is 

possible with diesel oil substitution of up to 90% [6]. Addi-

tional biogas supplementation with hydrogen enables fur-

ther efficiency increases to about 30% while reducing fossil 

fuel consumption by more than 70% [16, 40, 41]. To fully 

exploit the potential of biogas as a low-emission fuel, it is 

necessary to implement alternative adaptive technologies 

such as control systems, advanced technologies, and ad-

vanced gas composition strategies. 

Performance values and emissions reported in the literature 

(Table 5) may vary depending on fuel quality, system type, 

and operational failures. 

All emission values in units of [g/kWh], as a typical 

range for everyday use. In case of divergence of literature 

data, average or representative values are used. Available 

tables (e.g., Table 3) may include qualitative notations (↑/↓) 

to illustrate trends in terms of the reference design (e.g. 

Diesel oil). 

The presented list allows for determining the available 

practical applications, thermal, emitted, and fuel type, 

which is a key element in selecting the optimal configura-

tion of a biogas micro-installation, both under the condition 

of use and when used. 

6. Examples of applications in studies 

6.1. Introduction 

Biogas micro-installations are important as decentral-

ised energy sources on farms and municipal installations. 

They come in many forms – from simplified power reactors 

of spark-ignition engines to connected CHP systems coop-

erating with PV and energy storage. 

Another interesting development direction is the use of 

biogas in hybrid drive systems. Kovacs et al. [45] (2023) 

discussed the reasons for the use of a combustion engine 

powered by biogas in a series set: the power supply was 

started, and the operational appearance occurred, which 

caused it to be connected to microgrids and off-grid appli-

cations.  

The study identified occurrence, key importance, and 

implementation barriers, including substrate, power sources 

from other energy sources, and operational and economic 

system power supply. 

Biogas micro-installations are becoming increasingly 

common as independent energy sources in farms, homes, 

and municipal installations. Their operation depends on the 

substrate's quality, the system's scale, the connection with 

other energy sources, and storage possibilities. Selected 

practical implementations from various countries and con-

texts are presented in Table 9, illustrating the diversity of 

scale, substrates, and integration strategies. 

 
Table 9. Examples of micro-scale biogas installations in various utility 

contexts [24, 27, 52, 75] 

Location/Context System Type Effects/Observations 

Slovenia – life CHP, ICE Profitability depends on 

scale and substrate addi-
tives 

Poland – farm 8.1 kW combus-

tion engine 

Self-sufficiency, surplus 

commercial energy to the 
grid 

Vietnam – home 

life 

Bioreactor < 2 m³ Stable, gas quality, spare 

parts demand 

India – Local 
Installation 

DF + substrate 
zoo 

Good performance, prob-
lems with substrate quality, 

and service 

Argentina – Micro-

CHP with PV 

CHP + PV + 

energy 

Highly available energy, 

low net CO2 emissions 

 

Based on the analysed case studies presented in Table 9, 

several patterns can be identified: 

First, both the scale and substrate quality have a direct 

impact on the profitability of micro-scale biogas systems. 

Installations using high-quality feedstocks in appropriately 

scaled configurations demonstrate better energy and eco-

nomic performance. 

Second, while integration with PV panels or storage 

units may increase system autonomy, it also introduces 

complexity and a higher risk of operational failures, par-

ticularly in low-resource settings. 
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Moreover, simple systems, such as domestic bioreac-

tors, are commonly employed where electricity demand is 

modest and grid access is limited. 

Finally, key operational challenges such as automation, 

component wear, and maintenance remain manageable, 

provided that appropriate control mechanisms and user 

training are in place. 

6.2. Commercial unit and research prototypes 

To illustrate the differences between commercially im-

plemented units and research-prototype solutions, selected 

examples of biogas micro-installations are presented in 

characteristic tables. Available systems on the market and 

experimental systems are studied through research stud-

ies—comparison of additional types of systems, their costs, 

and technological status. 

 
Table 10. Examples of commercial and experimental micro-scale biogas 

systems [3, 27, 52] 

Producer/Design Type/Scale Status Comments 

Sistema.bio 
(Mexico) 

Bioreactor < 
10 m³ 

Commercial Solution for the 
household 

HomepageBiogas 

(Israel) 

Installation 

1–2 m³ 

Commercial Easy to use, low 

heat output 

ECN (Nether-

lands) 

Cogeneration 

1–10 kW 

Prototype Integrated with 

PV and battery 

IIT Delhi (India) DF, 5–7 kW Prototype Configured on an 

animal substrate 

PV-BIOGEN 

(Argentina) 

Cogeneration 

+ PV + H₂ 

Prototype Hybrid, low net 

emissions 

 

Table 10 presents an overview of selected micro-scale 

biogas systems, classifying them as commercial or proto-

type. Commercial systems (e.g., Sistema.bio, HomeBiogas) 

are characterised by simplicity of operation and investment 

costs but generally provide limited power and functionality. 

In contrast, prototype solutions often integrate advanced 

technologies (CHP, PV, H₂), increasing their efficiency and 

reliability but also increasing implementation costs and 

complexity. 

Table 11 summarises the technical and economic pa-

rameters for three typical configurations of biogas micro-

installations. Home systems have the shortest payback time 

but no electricity supply. CHP units achieve higher effi-

ciency but require biogas and automation – hybrid systems 

(CHP+PV) discharge energy at the cost of capital and out-

put costs. 

These data indicate that electrical decisions in biogas 

micro-installations require technical parameters, local eco-

nomic conditions, access to batteries, and the potential for 

connection to other energy sources. The future of this ser-

vice lies in solutions that can be applied to specific end-user 

needs. 

The presented data shows that the system selection 

should be available each time for applications, energy pur-

poses, resources, and institutional support. There is no 

universal solution – micro-installation success depends on 

considering the technological and economic configuration. 

Research prototypes with higher scope and accessibility, 

but often at the cost of investment and technical expenses. 

Commercial solutions with the frequency of risk, but at the 

cost of efficiency and scalability. 

 

Table 11. Efficiency and profitability of selected micro-installations 

System 
Type 

BTE 
[%] 

Investment cost 
[EUR/kW] 

Insurance 
period 

[years] 

Comments 

Homemade 
bioreactor 

– 300–800 1.5–3 No genera-
tion 

Cogenera-

tion 3–10 

kW 

25–32 1200–2000 4–7 Automation 

requirement 

and burden 

CHP+PV 

hybrid 

28–35 1800–3000 6–10 High 

remaining 

independ-
ence 

 

Analysis of case studies from different regions of the 

world confirms that biogas micro-installations are a real, 

technological solution and a solution for decentralised re-

newable energy. Their key advantages: 

 providing power in rural and off-grid conditions 

 possibility of use with renewable energy sources (e.g., 

PV, storage) 

 waste utilisation and exhaust gas disposal 

 competitive investment profitability, especially in public 

services. 

However, the success of these systems depends on the 

conscious operation of technology, scale, and parameters 

defined by the user. Key measures determining and main-

taining installations in: 

 appropriate selection of technology (SI, DF engines, 

microturbines) 

 optimisation of the substrate and use of the user profile 

 possibility of integration with the power grid or energy 

storage facilities 

 access to technical and financial support (e.g., subsidies, 

green savings). 

Conclusions from the general analysis are as follows: 

biogas micro-installations – general in the case of CHP and 

DF applications – are technologically developed, are  

a solution, and are economically feasible. Alternative solu-

tion – there is no one universal model of success. 

7. Prospects and directions of development 
Micro-scale biogas technologies are the result of exper-

iments to be applied. Their nearest future is: 

 Standardisation and simplification of installation – 

through prefabricated CHP modules, plug-and-play 

turnkey systems, and gas-integrated units. This solution 

creates cost risk and eases implementation, especially in 

rural regions [4, 5, 39]. 

 Integration with RES microgrids – biogas acts as a dis-

patchable source, unstable PV-wind + storage systems. 

The effects of such applications have been confirmed, 

among others, in Bolivia, India, and Cameroon [74, 78]. 

 AI and predictive systems – machine learning (ANN, 

LSTM, fuzzy logic) allow for predicting biogas quality, 

automating combustion, and reducing emissions [56, 

69]. 

 Link to the circular economy – digestate as fertiliser, 

heat recovery for heating, use of residues as algal sub-

strates, and biogas as a precursor for H₂ production [27, 

63]. 
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Micro-scale biogas installations have the potential to 

become decentralised energy links. Their development 

depends on eliminating technological and financial barriers, 

providing support, and using automation and prediction 

tools. This is not the future – it is already a built foundation 

for the energy of the 21st century. 

In the years, however, the synergy of biogas use with 

hydrogen technology, photovoltaics, and artificial intelli-

gence may cause the risk of a classic breakthrough. Such 

hybrid, intelligent micro-installations will become electrici-

ty and an active, adaptive participant in micro-networks – 

algorithmically controlled, functional in terms of losses, 

and related to variable operating conditions. 

8. Conclusions 
Biogas, a renewable and locally available energy 

source, is a real alternative to fossil fuels in micro-energy 

installations using devices with a capacity of up to 50 kW. 

The conducted review of literature and studies allows for 

the following conclusions: 

1. Spark ignition (SI) engines and dual-fuel systems are 

most commonly used in biogas applications. Controlled 

modifications (compression ratio, ignition system, dos-

ing) can achieve 22–30% thermal efficiencies with lim-

ited NOₓ and CO emissions. 

2. The composition of biogas, which contains methane and 

CO₂, significantly impacts the combustion process, 

emission residues, and engine operation residues: poor 

control and ignition control. 

3. Pollutants such as H₂S and siloxanes are used in the 

engine; therefore, effective methods are used, e.g., ad-

sorption on activated carbon or membrane techniques. 

4. Modern control strategies, available on AI and adaptive 

(ANN, fuzzy logic), enable adjustment of engine operat-

ing parameters to the variable biogas composition re-

quired and reduce CH₄ and CO emissions. 

5. Research shows that micro biogas installations can be 

available and economically viable, especially in CHP 

systems and when integrated with energy storage sys-

tems and fertiliser management, in the open with other 

biofuels, labels such as biodiesel, bioethanol or pellets, 

biogas distinguished by electrical waste production from 

waste, characteristic for applications (heat, electricity, 

motor fuel) and net carbon footprint. Its calorific value 

is lower, and in terms of environmental and functional 

balance, biogas presents itself as one of the most univer-

sal and sustainable energy sources. 

6. The challenge includes high operating costs, the need 

for durability, and the lack of fuel standardisation. Re-

sponsibilities may include developing materials resistant 

to, taking on the role of prosumers, and complying with 

energy policy. 

From an application perspective, the most likely appli-

cations for the development directions include: 

 the miniaturisation of the CHP switch, biogas switch, 

 enrichment of biogas with water. 

Moreover, integrating large-scale generators with 

broadband-connected microgrids and the Internet of Things 

(IoT) supports energy optimisation. 

 

Nomenclature 

ANN  artificial neural network 

BTE  brake thermal efficiency 

CH₄  methane 

CHP  combined heat and power 

CI  compression ignition 

CNG  compressed natural gas 

CO  carbon monoxide 

CO₂  carbon dioxide 

CR  compression ratio 

DF  dual fuel 

ECU  electronic control unit 

GHG  greenhouse gases 

H₂  hydrogen 

H₂S  hydrogen sulphide 

ICE  internal combustion engine 

IL  ionic liquid 

LPG  liquefied petroleum gas 

LSTM  long short-term memory 

MCPD  Medium Combustion Plant Directive 

MMMs  mixed matrix membranes 

NOₓ  nitrogen oxides 

PCA  principal component analysis 

PM  particulate matter 

RES  renewable energy sources 

SCR  selective catalytic reduction 

SI  spark ignition 
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The use of hydrogen to supply combustion engines – part 2 
 
ARTICLE INFO  The present study reviews the state-of-art regarding the application of H2 in the automotive industry. This part 

focuses on dual-fuel (DF) internal combustion engines (ICEs) supplied with fuel and H2. This is a continuation 

of the earlier part, which focused on out-of-engine studies on the effect of H2 combustion processes, ICEs 

supplied with H2, and vehicles powered by fuel cells (FCs). Using H2 in diesel engines via the DF strategy 

enables a decrease in diesel fuel consumption and a reduction in harmful exhaust emissions. Using H2 in diesel 

engines powered by diesel/biodiesel mixtures also allows for reducing reliance on fossil fuels. Also, incorporat-
ing nanomaterials or oxygen-containing compounds into diesel fuel formulations may enhance the combustion 

efficiency of H2-powered diesel engines, thereby increasing thermal efficiency and reducing fuel consumption. 

However, additional studies are required on this subject. 
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1. Introduction 
Nowadays, hydrogen (H₂) is increasingly used to power 

internal combustion engines (ICEs) in both mobile and 

stationary applications. Developments in the transport and 

energy sectors have heightened interest in using fuels de-

rived from renewable sources rather than fossil ones.  

The present study reviews the state-of-art in the applica-

tion of H₂ in the automotive industry. This part focuses on 

dual-fuel (DF) ICEs supplied with conventional fuel and H2 

and continues the earlier part that examined out-of-engine 

H2 combustion studies, ICEs operating solely on H2, and 

vehicles powered by fuel cells (FCs). 

2. Dual-fuel combustion engines supplied  

with conventional fuel and hydrogen 
According to [8], in case of a gas shortage, DF ICEs can 

operate on gaseous fuel with a diesel pilot or solely on 

diesel. Converting an existing diesel ICE to dual-fuel opera-

tion is relatively straightforward and requires only minor 

modifications. Because of the excellent anti-knock proper-

ties of H2, the original cylinder geometry can be retained 

and the compression ratio (CR) preserved. 

According to [17], DF ICEs are recommended when us-

ing H₂-enriched compressed natural gas (HCNG) with an 

H₂ mass fraction of 0–50%; when NH3 or pure H2 is used, 

compression-ignition (CI) ICEs are preferable for environ-

mental reasons.  

Several studies have confirmed the positive role of ex-

haust-gas recirculation (EGR) in DF ICEs fueled with con-

ventional fuel and H2. 

Purayil et al. [70] observed that H2–gasoline DF ICEs 

use H2 as the main fuel and gasoline as the auxiliary fuel. 

Such engines exhibit high thermal efficiency at low and 

partial loads, but their power output declines at high loads. 

The optimal configuration combines H2 direct injection 

with gasoline port-fuel injection (PFI), which mitigates 

abnormal combustion but increases emissions. Using EGR 

reduced emissions by up to 77.8% at an EGR rate of 18%; 

higher rates, however, induced combustion instability. 

Alrazen et al. [3] reported that the air–fuel (A/F) ratio, 

engine speed and load significantly influence the perfor-

mance and emissions of diesel ICEs enriched with H₂. 

Brake thermal efficiency (BTE), brake power (BP), brake 

mean effective pressure (BMEP), and specific energy con-

sumption (SEC) all depend on operating conditions when 

H₂ is introduced. Increasing the H₂ fraction decreases un-

burned hydrocarbons (UHCs), CO, CO2, particulate matter 

(PM), and smoke, whereas NOₓ rises; this increase can be 

controlled through injection strategies, EGR, water injec-

tion, or exhaust after-treatment. 

Banerjee et al. [9] reported that initiating H2 dual-fuel 

combustion with a diesel pilot improves conventional diesel 

performance while reducing regulated emissions, even 

though H₂ enrichment tends to raise NOₓ. Because H2 has  

a wide flammability range, high diffusivity, and low igni-

tion energy, DF combustion tolerates higher EGR rates than 

conventional diesel. Extensive EGR alleviates NOₓ–PM 

trade-offs without compromising performance and can 

obviate complex NOₓ after-treatment. 

Dimitriou and Tsujimura [27] demonstrated that the use 

of H2 in compression ignition (CI) engines markedly reduc-

es HC, CO, CO2, and smoke – often by more than 50% 

under optimal conditions. Higher H2 fractions raise the 

heat-release rate and BTE but also elevate in-cylinder tem-

perature, sharply increasing NOₓ, especially at high loads. 

EGR reduces NOₓ in proportion to the EGR rate but may 

raise smoke, CO, and HC owing to lower O2. Combining 

H2 with optimized EGR simultaneously cuts all emissions 

relative to pure diesel operation, yet NOₓ remains the prin-

cipal challenge. 

http://orcid.org/0009-0003-2646-7098
http://orcid.org/0000-0001-7313-3398
http://orcid.org/0000-0003-3255-9485
http://orcid.org/0000-0002-4430-2794
http://orcid.org/0000-0003-2232-7947
http://orcid.org/0000-0001-8007-6942
http://orcid.org/0000-0003-0766-4371
http://orcid.org/0000-0001-9204-4024
http://orcid.org/0000-0003-2216-3452
http://www.combustion-engines.eu


 

The use of hydrogen to supply combustion engines – part 2 

COMBUSTION ENGINES, 2026;206(3) 45 

Rosha et al. [74] reviewed many studies on H₂ addition 

to diesel or biodiesel (BD) pilots in DF CI ICEs and con-

cluded that: 

– H2’s higher laminar flame speed, shorter ignition delay, 

and lower minimum ignition energy accelerate flame 

propagation and kernel development 

– BTE and BP generally improve with greater H₂ energy 

share owing to shorter combustion duration, higher 

heat-release rate, and higher peak pressure; however, 

knocking increases, BMEP falls in fuel-rich mode, and 

rises modestly under lean burn 

– Because H₂ is carbon-free, CO, CO2, and HC emissions 

fall at all loads, whereas NOx increases due to higher 

temperature. 

Arjun et al. [7] reported that the addition of Brown 

(HHO) gas, a mixture of H2 and O2 produced by electroly-

sis, to ICEs raised BP by 2–5.7% and BTE by 10.3–34.9%, 

reduced brake-specific fuel consumption (BSFC) by 20–

30%, and cut CO and HC by 18% and 14%, respectively. 

NOₓ responses varied among studies. 

Thiyagarajan et al. [96] investigated H₂ addition to vari-

ous BD/vegetable oils on CI ICE performance. BTE, BSFC, 

in-cylinder pressure and heat release rate, as well as UHCs, 

CO, NOx, and smoke emissions, were thoroughly assessed. 

H2 inclusion generally enhances ICE performance compared 

to BD/vegetable oil, though it remains comparable to or 

lower than diesel. H2 addition improved BTE and fuel effi-

ciency in CI ICEs, regardless of the fuel type utilized. This 

results from the higher heating value and faster combustion 

characteristics of H2. H2 combustion enhances burning effi-

ciency, leading to higher heat release rates and maximum 

pressures. The high auto-ignition temperature of H2 limits its 

exclusive use in CI ICEs. H2 can serve as fuel in CI ICEs 

alongside pilot fuel, with the knock limitation for H2 being 

approximately 20%. All emissions, except NOₓ, exhibited  

a downward trend with H₂ inclusion. H₂ significantly reduces 

CO2 emissions based on the carbon content in the molecular 

structure of BD or vegetable oil. Since H2 is carbon-free, 

emissions of HC, CO, and smoke are consequently reduced. 

However, the decrease depends solely on the quantity of H₂ 

introduced and the type of fuel used. H₂ combustion increas-

es NOₓ emissions regardless of the fuel type used. To miti-

gate this effect, various after-treatment systems, such as 

selective catalytic reduction (SCR), exhaust gas recirculation 

(EGR), selective non-catalytic reduction (SNCR), and non-

selective catalytic reduction (NSCR), have been suggested. 

Following an extensive analysis of HHO production 

through various generators and its application in heating 

and power contexts, Paparao and Murugan [68] found that 

HHO can serve as an alternative fuel in SI ICEs either in-

dependently or in combination with gasoline or similar 

fuels. Thermal efficiency increased while BSFC decreased 

with HHO use in SI ICEs. CO, HC, and CO2 emissions 

decreased in SI ICEs powered by HHO fuel throughout the 

entire operating range. Furthermore, gaseous HHO can be 

utilized in CI ICEs operating in dual-fuel (DF) configura-

tion. When HHO was employed in CI ICEs in DF mode, 

BTE improved and BSFC decreased. CO, HC, and smoke 

emissions decreased, while NOₓ increased throughout the 

entire ICE operating range. 

When examining various efficiency reports and emis-

sion characteristics of CI ICEs powered by HHO, Ridhuan 

et al. [4] discovered that HHO gas enhanced brake power 

(BP) and torque. In all cases, an improvement in brake 

thermal efficiency was observed. This was because HHO 

gas contains H₂, which has a higher calorific value than 

fossil fuels. Simultaneously, BSFC was reduced, and the 

combined effects of H2 and oxygen facilitated complete 

combustion, enhancing combustion efficiency when HHO 

gas was introduced. HHO gas inclusion improved BP, 

brake torque (BT), and BTE while reducing BSFC and 

lowering CO and HC emissions. The increase in CO2 emis-

sions indicated complete combustion. Consequently, utiliz-

ing HHO gas in CI ICEs improved ICE efficiency and re-

duced exhaust emissions. 

Hosseini et al. [38] reported that HHO enrichment 

serves as a practical solution to enhance diesel ICE perfor-

mance while minimizing exhaust emissions. HHO also 

addresses storage and safety concerns associated with H2 

use in diesel ICEs. HHO can boost BTE of diesel ICEs and 

reduce BSFC by increasing the calorific value of air-fuel 

(A/F) mixtures and improving combustion efficiency. HHO 

addition can enhance heat release rates and in-cylinder 

pressure of diesel ICEs due to increased flame speed and 

diffusivity of monoatomic H2. HHO inclusion in diesel fuel 

may reduce ignition delays by creating a uniform air-fuel 

mixture. HHO incorporation may lead to notable decreases 

in CO, CO2, UHC, smoke, and particulate matter (PM) 

emissions from diesel ICEs. This effect may be attributed to 

the presence of H2 and oxygen in carbon-free HHO, which 

accelerates fuel oxidation processes and ensures complete 

combustion. HHO gas may successfully address the nega-

tive impacts of adding gaseous fuel to diesel fuel, such as 

reduced efficiency metrics and increased CO and UHC 

emissions. 

Akal et al. [2] evaluated H2 application as a fuel for ve-

hicles and as an additional fuel source. They discovered 

that due to the elevated self-ignition temperature of H2 fuel, 

it is better suited for use in gasoline ICEs. Incorporating H2 

into gasoline in specific ratios can further increase com-

pression ratios (CRs), enhancing ICE efficiency and per-

formance. In numerous studies, depending on the quantity 

of H2 incorporated into fuel, ICEs have demonstrated im-

provements in both performance and fuel efficiency. More-

over, due to the structural characteristics of ICEs, gasoline 

ICEs are better positioned to utilize H2 enrichment in terms 

of emissions and BSFC levels. When H2 fuel was added to 

the LPG ICEs, there was a slight decrease in torque and 

power. When the quantity of H2 supplied to the LPG system 

was increased, the BSFC and harmful emissions from these 

ICEs decreased. However, gaseous fuels and H2 fuel reduce 

volumetric efficiency since they occupy more space in the 

ICE cylinder compared to gasoline. This can be addressed 

by designing various combustion chambers, increasing the 

cylinder capacities of ICEs that will utilize H2 fuel, and 

incorporating variable valve timing and different valve 

designs. In diesel ICEs, different outcomes were noted 

based on the quantity of H2 added to the fuel and the ICE 

speed. Although the torque and power outputs of certain 

ICEs increased with H2 utilization, other ICEs experienced 
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a decline in torque and power values as speeds increased. 

Due to H2's elevated ignition temperature, it is unsuitable 

for direct application in diesel ICEs. Consequently, in nu-

merous studies, various techniques were employed to inject 

H2 into the cylinder. In various studies where H2 fuel was 

added to diesel ICEs, a reduction in CO2 emissions and soot 

production in exhaust emissions was noted, although an 

enhancement in NOx emissions was also recorded. Many 

ICEs utilizing H2 achieved reduced BSFC and harmful 

exhaust emissions. 

Wang et al. [104] noted that H2 fuel is beneficial as  

a fuel for automotive ICEs due to its advantages of wide 

flammability limits and high flame speed. Its introduction 

can significantly enhance the combustion and emission 

properties of ICEs. Regardless of ICE type, efficiency can 

be enhanced through targeted H2 doping methods and spe-

cific H2 doping ratios. Nevertheless, the optimal mode and 

proportion vary based on operating conditions. The perfor-

mance of H2 ICEs and H2 blended ICEs is highly influenced 

by H₂ injector positions and H₂ injection control strategies. 

Deheri et al. [22] noted that H2, as a fuel with higher 

flame speed and lower ignition energy, enhances peak cyl-

inder pressure and heat release rate. H2 use as a fuel cause 

knocking in CI ICEs and increases NOₓ emissions due to its 

rapid flame propagation. Combustion parameters like max-

imum in-cylinder pressure and heat release rate can be 

enhanced by up to 30%, while combustion duration and 

ignition delay can be reduced by 4 to 5%, by introducing 

biogas (BG) and H2 into the cylinder alongside advanced 

injection timing and increased CRs. Diethyl Ether (DEE) 

serves as a beneficial additive alongside these alternative 

fuels to enhance combustion properties. DF mode reduced 

NOₓ and smoke emissions by up to 60%, while HC and CO 

emissions may increase by up to 30%. However, these emis-

sions can be controlled by employing control techniques and 

adding additional components with the pilot fuel. 

Das et al. [19] also reported that H2 in producer gas 

(PG) is the key element affecting ICE performance.  

A higher percentage of H₂ in producer gas enhances com-

bustion efficiency and peak cylinder pressure (PCP). Nev-

ertheless, a higher amount of inert gases, such as CO₂ and 

N₂, in PG inhibits pre-flame development that leads to 

knocking. Incomplete combustion during DF mode led to 

increased emissions of HC and CO compared to diesel 

mode. Utilizing BD as a pilot fuel enhances combustion 

efficiency of both gaseous and liquid fuels by supplying 

adequate O2, leading to decreased levels of HC and CO. 

Moreover, H2 incorporation in PG decreases the amount of 

carbon particles in the fuel and increases the average gas 

temperature, thereby reducing CO. Regarding producer gas 

use, a higher quantity of H₂ increases NOₓ emissions. 

H2 use in diesel ICEs does not necessarily require sig-

nificant modifications to the internal combustion engine 

(ICE). In their comprehensive review, Hosseini et al. [38] 

explained that H2 can be utilized in existing CI diesel ICEs 

in DF configurations with minor adjustments. The specific 

physicochemical traits of H2, including its higher calorific 

value, flame speed, and diffusivity, can significantly en-

hance the efficiency and combustion properties of diesel 

ICEs. Being a carbon-free fuel, H2 can also reduce harmful 

emissions from diesel ICEs, such as CO, UHC, PM, soot, 

and smoke. Nevertheless, diesel ICEs running on H2 expe-

rience knocking combustion and elevated NOx emissions. 

This review thoroughly examines the impact of H2 or gase-

ous fuels containing H2 (such as syngas (SG) and HHO gas) 

on the performance of DF diesel ICEs. H2 can effectively 

decrease all carbonaceous emissions from diesel ICEs. 

Real-time H₂ injection control can eliminate its disad-

vantages in diesel ICEs. H2 cannot enhance all performance 

metrics and exhaust emissions of diesel ICEs simultaneous-

ly. Nevertheless, modifying pilot fuel through additives, 

mixing H₂ with other gaseous fuels, changing ICE settings, 

improving operational conditions, adapting ICE design, 

utilizing HHO gas, and implementing exhaust gas catalysts 

may facilitate the development of safe, efficient, and cost-

effective H2-powered diesel ICEs. 

H2 inclusion in diesel fuel may enhance the BTE of die-

sel ICEs and reduce the BSFC rates. This may result from 

the increased heating value and faster burning of gaseous 

H2. H2 might also offset the reduced calorific value of BD 

while addressing its primary limitations, such as decreased 

BTE and increased BSFC. Increased H2 addition levels may 

enable more uniform charge combustion, resulting in im-

proved combustion characteristics. However, introducing 

H2 above a specific threshold, especially under high ICE 

loads, could lead to knocking issues. The H2 inclusion rate 

that results in knocking varies among ICEs, fuels, and oper-

ating conditions. Thus, a definitive guideline for the opti-

mal H2 inclusion rate cannot be established  [38]. 

Selected characteristics of DF ICEs powered by diesel fuel, 

reviewed by Hosseini et al. [38], are shown in Fig. 1. The 

studied ICEs operated at speeds with a mean value of 1724 

rpm and a standard deviation (SD) of 528. The displacement of 

such ICEs had a mean value of 1674 cm
3
 and a high SD of 

2325 cm
3
. ICE minimum loads reached the mean value of 

27.3% and SD of 34%, while maximum loads reached the 

mean value of 82% and SD of 32%. ICE load can vary be-

tween 0 and 100%. The ICE’s minimum CR reached a mean 

value of 16.41 and SD of 4.72, while the maximum CR 

reached a mean value of 16.49 and SD of 4.78. 

The effect of load, EGR and H2 supply on BTE and 

BSFC for DF ICEs ignited by diesel fuel is shown in Fig. 2. 

For the data presented in Fig. 2a, 16% and approximately 

65% of the analyzed cases exhibited missing data for BTE 

and BSFC, respectively. 13.5% showed reductions, approx-

imately 3% and none showed no effect, and about 68% and 

21.6%, respectively, showed increases. For the data pre-

sented in Fig. 2b, 28.5% and 71.4% of the analyzed cases 

exhibited missing data for BTE and BSFC, respectively. No 

cases showed reductions or no effects, and approximately 

71.5% and 58.6%, respectively, showed increases. For data 

in Fig. 2c, 25% and 87.5% of analyzed cases exhibited 

missing data for BTE and BSFC, respectively; 12.5% and 

none showed reductions, no cases showed no effect; and 

about 62.5% and 12.5%, respectively, showed increases. 

Integrating H2 into pure diesel fuel may enhance the 

BTE of diesel ICEs [37, 46, 71, 72]. Incorporating H2 into 

pure diesel fuel can result in a more complete combustion 

process due to its higher flame temperature and faster flame 

speed compared to conventional diesel [35, 47, 62, 112]. 
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Fig. 1. Selected characteristics of DF ICEs ignited by diesel fuel speed 

(negative values correspond to missing data); a) displacement versus ICE 

speed, b) ICE power from 1-cylinder versus ICE, c) ICE load versus ICE 

 speed, d) ICE CR versus ICE speed based on data from [38] 

 

H2 can improve the combustion of diesel fuel because its 

premixed flames possess wider flammability limits than 

hydrocarbon fuels, thereby enhancing the BTE of diesel 

ICEs [78]. H2 can also shift the peak heat release closer to 

the injection (TDC) point, resulting in improved cycle effi-

ciency of diesel ICEs [78]. Nonetheless, utilizing H2 in  

a diesel ICE does not always guarantee an improvement in 

BTE. Although H2 has higher energy content per unit mass 

compared to diesel fuel, factors such as the air-fuel (A/F) 

ratio and ICE design can significantly affect BTE. A factor 

a) 

 

b) 

 

c) 

 

Fig. 2. The effect of load, EGR and H2 supply on BTE and BSFC for DF 
ICEs ignited by diesel fuel; a) for ICE load [%], EGR [%], and H2 supply 

[%], b) for ICE load [%], EGR [%], and H2 supply [lpm] approximately 

converted to [%], c) for ICE load [×0.1 bar BMEP], EGR [%], and H2 
supply [%], based on data from [38]. There are shown minimal and maxi-

mal limits for load (Load min and Load max, respectively), EGR 

(EGRmin and EGRmax, respectively) and H2 supply (H2 min and H2 max, 
 respectively) in the Figure 

 

that can enhance the BTE of diesel ICEs is the high energy 

content of H2. This effect arises from H2’s elevated calorific 

value, which drives the H2-diesel combustion process to-

ward completion, resulting in better ICE efficiency [47, 

112]. Although higher calorific fuels generate more heat 

during combustion, this does not necessarily ensure com-

plete combustion.  

The completeness of the combustion process depends 

on the A/F ratio and the mixing of fuel and air within the 

combustion chamber. Moreover, incorporating H2 into 

diesel fuel can improve A/F mixture homogeneity due to its 

gaseous state [23, 47], resulting in rapid energy release and 

enhanced combustion [79]. 

Incorporating H2 into diesel fuel can enhance diesel ICE 

BTE through various mechanisms. One approach is to 

achieve a leaner equivalence ratio and reduce combustion 
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duration [55]. However, the effect of H2 addition on the 

equivalence ratio may vary depending on specific ICE 

operating conditions and the amount of H2 introduced. 

Although injecting H2 via the inlet port may slightly reduce 

airflow, leading to a leaner mixture equivalence ratio, in-

creasing H2 percentage can also result in a richer mixture. 

Nevertheless, with increased H2 addition rates, the overall 

A/F ratio can be maintained at or near stoichiometric to 

avoid efficiency reduction caused by higher H2 levels. Also, 

the heat capacity ratio (adiabatic index) of H2 exceeds that 

of hydrocarbon fuels, potentially enhancing diesel ICE 

BTE. Additionally, the rapid combustion rate of H2 may 

reduce heat loss to the surroundings, further improving 

BTE [108]. However, increasing H₂ beyond a certain 

threshold may cause knocking [80]. The short quenching 

distance of the H₂ flame increases the likelihood of flame 

contact with combustion chamber walls, resulting in in-

creased convective heat transfer and reduced BTE at high 

H2 content [112]. Therefore, the precise influence of H2 

addition on BTE depends on specific ICE configuration and 

operating conditions. 

While some studies indicate that H₂ addition to diesel 

fuel improves combustion efficiency, others suggest the 

opposite [28, 87], Varde and Frame [100] proposed that 

incorrect piston positioning relative to peak in-cylinder 

pressure due to H₂-diesel mixing may reduce diesel ICE 

BTE. This issue may be resolved by adjusting diesel fuel 

injection timing, either advancing or retarding it, to opti-

mize combustion timing and mitigate negative impacts on 

ICE performance. Although H2 addition into the intake air 

increases heat absorption by H2 molecules, it does not nec-

essarily reduce flame temperature. H2 addition may lower 

oxygen availability for combustion, potentially reducing 

combustion efficiency [67]. It is essential to note that H2 

has a higher molar heat capacity than nitrogen, which can 

increase the overall heat capacity of the mixture. Nonethe-

less, H2 addition often leads to an increased overall equiva-

lence ratio, raising combustion temperature. Conversely, 

low BTE in H2-diesel dual-fuel operation can be attributed 

to heat losses resulting from the short flame quenching 

distance and the high thermal conductivity of H2, which 

increases convective heat losses and reduces overall effi-

ciency [26]. Heat loss rates also rise when H₂ is mixed with 

diesel due to increased wall heat flux, lowering BTE [65]. 

H₂ addition to diesel under varying ICE loads may result 

in differing efficiency trends [21, 102]. 

H2 addition can reduce BTE under low loads because 

diesel injection rates decrease, possibly resulting in insuffi-

cient pilot fuel to fully combust added H2. At higher ICE 

loads, BTE improvements are observed due to increased 

pilot diesel injection, providing adequate ignition energy 

for gaseous fuel combustion [57]. H2 may enhance diesel 

combustion at higher loads due to the broader flammability 

limits of its premixed flames, resulting in improved A/F 

mixture combustion. Additionally, increasing H2 supple-

mentation at higher loads can increase in-cylinder pressure 

thanks to its rapid combustion and wide flammability limits 

[25]. These factors, when combined, can improve BTE in 

H₂-diesel dual-fuel operation at high loads. In dual-fuel 

ICEs, H2 and diesel fuel are injected separately. 

The H2 inclusion rate is typically independent of ICE 

load and speed, regardless of the injection method, allowing 

the adjustment of the H2-to-diesel ratio to ensure consistent 

combustion and improved efficiency.  

The comparative BSFC metric represents fuel consump-

tion per unit brake power (BP) output [109]. Two ap-

proaches determine BSFC in diesel ICEs running on H2 

fuel. The first divides the combined mass flow rates of H2 

and diesel by generated power [21, 45, 66]. The second 

converts the H₂ mass flow into an equivalent diesel amount 

based on lower heating values, then sums the diesel and 

converted H₂ mass flows before dividing by the power 

output [42, 43]. Both express BSFC in g/kWh or kg/kWh. 

The second method is considered more practical and relia-

ble, as the first may be misleading for fuels with different 

densities and energy contents [75]. 

Many studies [14, 46] demonstrated that H₂ addition to 

intake air reduces BSFC due to its high diffusivity and flame 

speed, facilitating uniform mixing and improved combustion, 

increasing BP while reducing BSFC [23, 45, 47, 90]. How-

ever, excessive H2 introduction may increase BSFC due to 

oxygen limitation, causing incomplete combustion [45]. 

Although some studies show H₂ improves diesel ICE ef-

ficiency, others dispute this [42, 87], This can occur be-

cause H₂ addition reduces available oxygen in the combus-

tion chamber, impairing combustion [45]. Mismatches 

between diesel injection timing and H2 addition can cause 

suboptimal combustion timing and insufficient combustion 

duration, lowering BP and raising BSFC. Brake Specific 

Energy Consumption (BSEC) is a more reliable efficiency 

metric, as it is unaffected by fuel characteristics [33]. H2 

addition may improve BSEC by accelerating combustion 

reactions and enhancing mixture homogeneity [20, 23, 46, 

95]. However, excessive H2 can reduce local oxidant con-

centration and combustion efficiency [29]. Some studies 

report BSEC increase due to the mismatch between diesel 

ICE combustion and gaseous H2 [48], and increased H₂ 

mass flow may exacerbate this [108].  

The elevated flame temperature of H2 can increase peak 

in-cylinder pressure and heat release rates in diesel ICEs. 

H2 addition can shorten combustion duration owing to rapid 

flame speed and faster A/F mixing. However, H₂ inclusion 

may lengthen ignition delay due to low cetane number and 

higher auto-ignition temperature. Due to its carbon-free 

nature and enhanced mixture uniformity, H2 can signifi-

cantly reduce emissions of CO, CO2, HC, PM, smoke, and 

soot. Nonetheless, H2 may increase NOₓ emissions due to 

higher in-cylinder peak pressure and temperature [38]. 

The effect of load, EGR, and H₂ supply on particulate 

matter (PM), hydrocarbons (HC), NOₓ, CO, and CO2 emis-

sions for DF ICEs excited by diesel fuel is shown in Figure 

3. For data in Fig. 3a, 10.1%, 5.4%, 2.7%, 1.1%, and 30% 

of analyzed cases exhibited missing data for PM, HC, NOₓ, 

CO, and CO2 emissions, respectively; 8.1%, 21.6%, 43.2%, 

8.1%, and 2.7%, respectively, showed reductions; 2.7%, 

1.1%, 8.1%, none, and none, respectively, showed no ef-

fect; and 78.3%, 62.1%, 45.9%, 81%, and 67.5%, respec-

tively, showed increases. For Fig. 3b, 14.2% of cases had 

missing data for PM, HC, NOₓ, CO, and 28.5% for CO2 

emissions; 14.2% showed reductions for PM, HC, NOₓ, and 
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c) 

 

Fig. 3. The effect of load, EGR and H2 supply on PM, HC, NOx, CO and 

CO2 emissions for DF ICEs ignited by diesel fuel; a) for ICE load [%], 

EGR [%], and H2 supply [%], b) for ICE load [%], EGR [%], and H2 

supply [lpm] converted approximately to [%], c) for ICE load [×0.1 bar 

BMEP], EGR [%], and H2 supply [%], based on data from [38]. There are 

shown minimal and maximal limits for load (Load min and Load max, 
respectively), EGR (EGRmin and EGRmax, respectively) and H2 supply 

 (H2 min and H2 max, respectively) in Figure 

 

CO, none for CO2; none showed no effects; and 71.4%, 

71.4%, 57.1%, 57.1%, and 71.4% showed increases. For 

Figure 3c, 25%, 12.5%, none, 12.5%, and 37.5% had miss-

ing data for PM, HC, NOₓ, CO, and CO2; 12.5%, 25%, 

25%, 12.5%, and 12.5% showed reductions; 12.5%, 12.5%, 

37.5%, none, and none showed no effect; and 50%, 50%, 

37.5%, 75%, and 50% showed increases. 

The amount of soot released from the diesel ICE de-

pends on the equilibrium between soot production and its 

oxidation [105]. H2 addition to diesel fuel may reduce soot 

emissions [1, 5]. H2 can effectively unify the A/F mixture, 

enhancing combustion efficiency and reducing soot emis-

sions [46]. Incorporating H2 into diesel fuel may lower 

carbon levels or increase the H/C ratio of the fuel, thereby 

reducing soot emissions [61]. By decreasing the proportion 

of diesel fuel in the mixture, soot oxidation may be en-

hanced while initial soot formation is reduced [94]. Smoke 

is an apparent byproduct of incomplete combustion. H2 

addition to diesel fuel may reduce smoke emissions due to 

the carbon-free nature of gaseous H₂ or an increased H/C 

ratio in the A/F mixture [81, 83]. The combustion of H₂ 

generates water and does not produce smoke emissions 

[80]. The high diffusivity of H₂ may improve A/F mixture 

uniformity and increase O2 availability, further reducing 

smoke emissions [66]. The intense flame produced during 

H2 combustion can oxidize carbon particles arising from 

diesel combustion [82]. The formation of a premixed H2-air 

charge during DF operation may eliminate the source of 

smoke emissions from diesel ICEs [101]. However, exces-

sive H₂ induction may increase smoke emissions by creat-

ing an overly rich A/F mixture [78]. 

PM consists of carbon-based substances resulting from 

the incomplete combustion of hydrocarbon fuels [80]. PM 

is a complex pollutant that includes both soluble and insol-

uble fractions, as well as dry components [98, 106]. Soot, 

classified as an insoluble fraction, constitutes a significant 

portion of PM (slightly over 50%) [98]. The remainder of 

PM (~50%) comprises unburned hydrocarbons (UHCs), 

partially oxidized hydrocarbons, unburned or partially 

burned lubricating oil, wear particles, and sulfates (SO₄²⁻) 

derived from the fuel [60, 98]. The majority of soot consists 

of elemental carbon, which adsorbs organic compounds 

such as polycyclic aromatic hydrocarbons and their deriva-

tives, sulfates, nitrates (NO₃⁻), metals, and various trace 

elements [13]. PM particles exist in both liquid and ag-

glomerated solid forms. Primary particles in the liquid 

phase are typically volatile organic compounds and sul-

fates, ranging in size from 5 to 50 nm. Agglomerated parti-

cles mainly consist of soot, volatile and nonvolatile organic 

fractions, metallic residues, and sulfates, with sizes ranging 

from 50 to 500 nm [36]. Soot aggregates primarily from 

inside the combustion chamber, while PM is generated 

outside it [36]. PM may decrease with H₂ enrichment due to 

the absence of carbon in H2 and a reduced diesel fuel injec-

tion rate [57]. Adding H2 to diesel fuel may increase flame 

temperature and improve hydrocarbon combustion, reduc-

ing PM generation [67]. Replacing diesel fuel with H2 can 

create a more uniform A/F mixture, reducing fuel-rich 

zones and lowering PM emissions. Incomplete combustion 

in fuel-rich zones near injector sprays can result in PM 

formation [58]. Adding H2 may decrease both particle size 

and concentration due to its inhibitory effect on hydrogen 

abstraction and acetylene (C2H2) addition processes [114]. 

Furthermore, it appears that the agglomeration of addi-

tional particles into larger clusters can be reduced by incor-

porating H₂ into ultra-low-sulfur diesel [115]. H2 addition 

may also alter the nanostructure of primary particles emit-

ted from the diesel ICE. A shift from a “turbostratic inter-

layer” to an “onion-like” structure was observed with H2 
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addition at 1200 and 1800 rpm under 30% load. Moreover, 

the "shell-core" structure can transition to a “shell-amor-

phous” structure with H2 addition at 1200 and 1800 rpm 

under 70% load. Compression ignition (CI) diesel ICEs 

generate PM mainly due to non-uniform combustion result-

ing from localized fuel-rich zones within the combustion 

chamber [15]. H2 can promote a more uniform A/F mixture, 

reducing PM emissions. H2 addition may also lower PM 

emissions from ICEs running on biodiesel (BD) due to  

a reduced proportion of carbon-containing BD in the A/F 

mixture [12, 63, 113]. The product of H₂ combustion is 

water, not PM [15]. The main factors influencing PM oxi-

dation in CI ICEs are the O2 concentration and temperature 

inside the cylinder.  

UHC compounds are typically found in low-temperature 

regions of the combustion chamber, such as near cylinder 

walls, where the temperature is insufficient for complete 

combustion of the A/F mixture [22]. Incorporating H₂ may 

reduce UHC emissions from diesel ICEs due to the absence 

of carbon in H2 fuel [10]. Introducing H2 into the intake air 

may extend the ignition delay, allowing for better A/F mix-

ing prior to ignition [58]. Gaseous H2 can fully homogenize 

the A/F mixture due to its high diffusivity [46], improving 

combustion efficiency and reducing UHC emissions. The 

wide flammability range and short quenching distance of 

H2 may also improve the combustion of A/F mixtures 

[108]. The rapid burning rate of H₂ can enhance diesel 

combustion, leading to lower UHC emissions [82]. H₂ addi-

tion may increase in-cylinder temperature, enhancing UHC 

oxidation after combustion [47]. 

However, H2 incorporation into diesel fuel may also in-

crease UHC emissions [20, 42]. This may occur if the pilot 

fuel supply is insufficient to fully ignite the gaseous fuel [26], 

or if H2 reduces the O₂ concentration in the A/F mixture, 

resulting in incomplete diesel fuel combustion [66]. Rapid H₂ 

combustion may consume most of the available O₂, leading 

to incomplete oxidation of diesel injected late in the cycle 

[100]. The high burning speed of H2 may also increase UHC 

emissions due to flame quenching [81]. Extending the igni-

tion delay under fuel-lean conditions with H2 addition may 

also result in incomplete combustion [114].  

The formation rate of NOₓ in diesel ICEs largely de-

pends on O₂ concentration, A/F mixture residence time, and 

in-cylinder temperature. Atmospheric N2 and O2 can under-

go various chemical reactions, forming NOₓ in high-

temperature regions [39]. Conventional diesel combustion 

produces high levels of NOₓ and soot due to diffusive flame 

characteristics [48]. Low-temperature combustion can re-

duce both NOₓ and soot emissions from diesel ICEs [51], 

[76]. Various low-temperature combustion strategies, such 

as homogeneous charge compression ignition (HCCI), 

premixed charge compression ignition (PCCI), and reactivi-

ty-controlled compression ignition (RCCI), have been de-

veloped and studied [51]. RCCI can operate over a wide 

load range, achieving near-zero NOₓ and soot emissions by 

adjusting fuel blends and injection strategies [49, 50, 111]. 

RCCI ICEs control in-cylinder reactivity to manage the 

combustion phase [51]. In this dual-fuel process, at least 

two fuels with different reactivities are used [30, 49]. A/F 

homogeneity is achieved by introducing low-reactivity 

fuels (e.g., methanol, natural gas, gasoline, ethanol) through 

the intake port, while ignition is initiated by direct injection 

of a high-reactivity fuel (e.g., diesel, biodiesel, dimethyl 

ether) [11, 34]. 

In RCCI diesel combustion, combustion chamber regions 

are cooler compared to conventional diesel, significantly 

reducing heat transfer from the piston bowl and improving 

BTE [44]. While RCCI offers attractive features, its CO and 

UHC emissions are typically higher than in standard diesel 

combustion [34]. When H2 is added to low-reactivity fuels, 

RCCI ICEs produce much lower CO and UHC emissions, as 

shown by Kakoee and Gharehghani [41]. However, H2 addi-

tion beyond a certain threshold may increase NOₓ and soot 

emissions by raising in-cylinder temperature. 

H₂ addition to diesel fuel may increase NOₓ emissions 

[20], [107]. The high calorific value of H2 can elevate peak 

in-cylinder pressure and temperature, leading to higher NOₓ 

emissions [77]. The rapid flame speed of H2 can promote 

complete combustion, further increasing pressure and tem-

perature [85]. H₂ addition may also raise local temperatures 

earlier in the expansion phase, accelerating NOₓ formation 

[100]. The increased ignition delay due to H2 addition can 

create a more homogeneous A/F mixture before ignition, 

raising in-cylinder temperature and contributing to higher 

NOₓ emissions [58]. NOₓ emissions from H2 port injection 

can exceed those from H₂ induction [101]. Port injection 

can improve combustion and volumetric efficiency while 

increasing combustion temperature [101]. 

However, H₂ incorporation into diesel fuel may also re-

duce NOₓ emissions if the engine operates with a leaner 

mixture [83]. A very lean equivalence ratio can lower peak 

combustion temperature, reducing NOₓ emissions [81]. H2 

can promote a more uniform A/F mixture, eliminating fuel-

rich zones and allowing temperature to rise more gradually, 

thus reducing NOₓ production [1]. NOₓ reduction may also 

occur at high H2 supplementation rates if combustion dura-

tion increases, lowering the heat release rate [28]. Water 

vapor (H₂O) generated from H2 oxidation may lower in-

cylinder temperature and further reduce NOₓ emissions 

[108]. H2 addition may reduce the amount of diesel fuel 

consumed during the diffusive combustion phase, which is 

a major source of NOₓ [108]. 

H₂ introduction into the intake air can reduce CO emis-

sions [20, 112] due to a lower C/H ratio in the fuel mixture 

[32]. The high diffusivity of H2 promotes a homogeneous 

combustible mixture, enhancing combustion and reducing 

CO emissions [42, 77]. The rapid flame speed of H₂ en-

hances combustion and increases in-cylinder temperature, 

thereby further reducing CO emissions [66, 77]. This reduc-

tion may also be linked to the ability of H₂ to operate at 

lean equivalence ratios [84], [112]. However, H2 addition to 

diesel fuel under certain conditions may increase CO emis-

sions. This can occur if H₂ reduces O2 availability, leading 

to incomplete oxidation [26]. Elevated in-cylinder tempera-

ture from H₂ addition may promote CO2 dissociation into 

CO and O [56]. The rapid H₂ reaction rate may deplete O2 

in the combustion chamber, leaving less for CO oxidation. 

O2 may be consumed in H2 oxidation and radical formation 

[10]. H2O from H2 oxidation may also participate in the 

steam reforming of diesel hydrocarbons, increasing CO 
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emissions [10]. H2 addition may increase CO production 

under high engine loads due to reduced O₂ and shorter reac-

tion times [82]. However, CO emissions may decrease 

when H2 is blended with diesel under low loads, due to 

ample O2 in leaner A/F mixtures [82]. 

H2 incorporation into diesel fuel may lower CO2 emis-

sions [52, 112], due to the carbon-free nature of H2 [66]. 

Furthermore, increasing the overall H/C ratio of the fuel 

blend by adding H2 can shorten combustion duration and 

improve combustion efficiency [61, 77]. The high diffusivi-

ty of H₂ may also create a more uniform premixed combus-

tible mixture [20], driving combustion toward completion 

[77]. The rapid flame speed of H2 can improve fuel blend 

combustion efficiency, potentially reducing CO2 emissions 

[20]. However, under high engine loads, H2 addition may 

reduce CO2 emissions due to combustion instability and O2 

deficiency [80]. 

Sutkowski and Mareczek [93] examined the MUZG and 

WUZG systems designed for managing the combustion of 

H2-based fuels. These systems enable operation even with 

pure H₂ while effectively controlling combustion parame-

ters, such as preventing knock, regulating combustion tem-

perature, and controlling flame speed, among others. This is 

achieved by early detection of knock or misfire signals, 

monitoring exhaust temperature, and implementing correc-

tive actions in the next engine cycle if deviations are de-

tected. The WUZG system also enables independent moni-

toring of each cylinder with its individual mixture composi-

tion, or temporary deactivation of a cylinder if combustion 

becomes unstable, thereby potentially preventing cylinder 

failure. The system logs engine operation and can detect 

even minor deviations from target performance, enabling 

preventive measures to be taken before damage occurs. 

This prevents scenarios where engine power is limited or 

the engine must be shut down due to operational faults. The 

integrated MUZG/WUZG system offers enhanced opera-

tional flexibility, allowing transitions between different fuel 

supply systems. MUZG is prioritized for fuels with low 

pressure and low H2 content, while WUZG is preferred for 

higher-pressure or higher-H2 fuels. The system can be ex-

panded to accommodate additional hydrocarbon gases 

blended with H2. MUZG is applicable to bi-fuel engines 

operating on both liquid and gaseous fuels (e.g., biodiesel 

and biomethane), whereas WUZG can be used in dual-fuel 

engines that combine biodiesel with H2 or alcohols. 

Longwic et al. [54] examined the acceleration of a die-

sel ICE fueled by both diesel and H2 on a test bench 

equipped with a 1.3 Multijet diesel, H2 storage, and meas-

urement instruments (Table 1). Empirical tests included 

ICE assessment at idle and at specific speeds using a chas-

sis dynamometer, as well as vehicle acceleration in selected 

gears from predefined engine speeds. They found that sup-

plying both diesel and H2 to the intake manifold increased 

the mean indicated pressure at idle by approximately 144% 

compared to diesel-only operation. The amount of heat 

release, peak combustion pressure, and maximum rate of 

pressure rise also increased. However, for engine operating 

conditions other than idle, there was a decrease in heat 

output, heat release rate, combustion chamber pressure, and 

mean indicated pressure. In these tests, the H2 flow was 

controlled to ensure no gas accumulation and prevent pos-

sible explosions in the intake manifold under any operating 

condition. Stock diesel fuel injection timing maps were not 

modified. Currently, it appears that H₂ supplied to the in-

take manifold can improve engine performance at idle. 

However, to achieve safe and noticeable improvements 

under other conditions, both the H2 amount and diesel fuel 

quantity must be adjusted according to the engine's operat-

ing parameters. 

Longwic et al. [53] tested a diesel engine powered by 

various fuels using a specialized H2 injection system with 

dedicated control software. Control parameters included H2 

injection pressures of 1.5, 1.8, and 2.0 MPa and injector 

opening durations of 2.5, 3.0, and 3.5 ms. 

Analysis of the engine operating in diesel-H2 dual-fuel 

mode demonstrates that rapidly changing in-cylinder com-

bustion parameters can be effectively monitored. As H2 

injection duration and pressure increase, the amount of air 

required for proper combustion also rises. The control sys-

tem responded by reducing the amount of diesel fuel inject-

ed per cycle as additional H2 was provided. However, the 

range of H2 pressure and injection duration was limited, so 

the reduction in diesel fuel quantity was nearly the same 

across the tested range. Proper regulation of the diesel-H2 

ratio is essential for stable engine operation under load. 

Research on a diesel engine operated with H₂ enabled 

the identification of control parameters for integrating re-

newable fuel to reduce fossil fuel consumption, specifically 

diesel. Operating the test vehicle on a dynamometer in 4th 

gear at 2600 rpm, optimal fast-variable cylinder parameters 

were achieved with an injector activation time of 3.5 ms at 

0.20 MPa. Modified control strategies resulted in an aver-

age 21.5% reduction in diesel consumption. 

Noga and Moskal [64] examined the suitability of  

a pressure-sensing glow plug (PSG) for monitoring com-

bustion in an H2-powered engine (Table 1). The combustion 

characteristics of H₂ in spark-ignition (SI) engines differ 

significantly from those of conventional fuels, making 

cylinder pressure monitoring essential for optimizing pow-

er, efficiency, and minimizing NOₓ emissions, which are 

the primary pollutants in H₂ engines. A PSG was selected 

for its cost-effectiveness, availability, and durability. Initial 

tests were conducted on a small single-cylinder SI engine 

coupled to a 48 V generator. Tests were run at various 

speeds and generator loads using gasoline with a research 

octane number (RON) of 95. To simulate H₂ combustion 

and achieve faster pressure rise, tests were also performed 

with unaltered light gasoline (lower RON). Comparing the 

PSG signal with that of a reference pressure transducer 

installed in the cylinder allowed characterization of PSG 

behavior under different conditions. Pressure waveforms 

from both sensors varied according to engine speed and 

load. The developed transfer functions from the PSG signal 

to actual in-cylinder pressure may be applied to other en-

gines, allowing cost-effective combustion monitoring in H2 

SI engines after appropriate calibration. 

Cupiał and Szwaja [18] studied producer gas combus-

tion in SI and DF CI engines using a diesel pilot (15% of 

nominal amount), with compression ratios (CR) of 8, 12 (SI 

engine), and 17 (CI engine) (Table 1). The study focused on 
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combustion instabilities, including cycle-to-cycle variability 

and knock phenomena. H2 combustion was also investigat-

ed for comparison. The authors found that producer gas is 

knock-resistant, even with 16% H2 content. However, sig-

nificant cycle-to-cycle variability was observed when pro-

ducer gas was burned in the SI engine. The DF CI engine 

could operate more efficiently and stably with producer gas, 

with no misfires or knock. On the other hand, H₂ combus-

tion in the DF engine resulted in heavy knock, making it 

unsuitable as a primary fuel. Conversely, gases with high 

H2 content are generally not prone to knock, especially 

when CO2 is present in quantities similar to H2, as this 

greatly increases resistance to knocking. 

Tira et al. [97] examined the performance of diesel ICEs 

fueled with biogas (BG) and H2 (Table 1). In these experi-

ments, simulated BG (60% CH4 and 40% CO2 by volume) 

and H2 (2% by volume) were introduced into the intake 

manifold, while diesel fuel was injected into the cylinder as 

a pilot ignition source. The results showed that BG and H2 

reduced PM levels compared to pure diesel combustion. 

Specifically, total PM decreased by up to 39% and smoke 

by 33%. A slight increase in particle count was observed, 

with particle size distribution shifting toward the nucleation 

mode, which is advantageous for after-treatment systems. 

However, BTE decreased with the addition of gaseous fuel. 

Siadkowska and Barański [89] investigated (direct H2 

injection) in a four-cylinder, four-stroke DF ADCR ICE 

(Table 1). Analyzed parameters included mean effective 

pressure, peak pressure, crank angle at peak pressure, and 

heat release. Both early and late direct H2 injection timing 

strategies were tested. The authors found that: 

– Significant statistical differences were observed in burn-

ing process parameters between early and late injection, 

based on the Student’s t-test (α = 0.05): for IMEP 

(56%), peak pressure (88%), heat released (56%), and 

crank angle at peak pressure (56%) 

– In 94% of measurement points, the coefficient of varia-

tion for IMEP remained below 5%, indicating stable 

combustion progression 

– Changing direct H2 injection timing from early to late 

affects only the combustion process; the degree of this in-

fluence depends on H2 dosage and initial torque. At the 

highest H2 dosages, the maximum load threshold of the 

test setup was nearly reached, resulting in engine knock-

ing, which may account for the observed instabilities. 

Depczyński et al. [24] examined the effects of H2 as an 

additive to gasoline in ICEs within a hybrid powertrain, 

focusing on efficiency and environmental sustainability 

(Table 1). Their study centered on evaluating fuel consump-

tion and CO₂ emissions during the NEDC driving cycle.  

A mathematical model was developed incorporating H2 

addition and hybrid powertrain operation during the NEDC 

cycle. They found that a 2% increase in H2 content in gaso-

line reduced BSFC by 2.8–3.5%, depending on engine 

speed. The hybrid system enabled effective energy recovery 

during braking, enhancing overall system efficiency. 

Shadidi et al. [86] investigated the effects of using H2 as 

an auxiliary fuel in both SI and CI ICEs on engine efficien-

cy and emissions.  Utilizing H2 as a fuel reduces torque, 

power, and brake thermal efficiency (BTE), while simulta-

neously increasing brake specific fuel consumption 

(BSFC). H2 use significantly lowers CO, UHC, CO2, and 

soot emissions; however, NOₓ emissions increase.  

Stępień [92] reviewed the unique physical, chemical, 

and operational properties of H₂ used as an ICE fuel, focus-

ing on H2 port fuel injection (PFI) and direct injection (DI) 

technologies. The author compared various fuel injection 

and ignition strategies, highlighting the benefits of combin-

ing selected solutions. Potential risks of improper H2 com-

bustion – such as pre-ignition, delayed ignition, knocking, 

and backfiring – were analyzed. Special attention was given 

to optimizing the air-fuel ratio for combustion quality, NOₓ 

emissions, and engine efficiency, as well as exhaust gas 

treatment. Required modifications to adapt conventional 

ICEs for H2 operation were also discussed. It was found 

that H2 represents a promising alternative fuel for SI ICEs, 

significantly improving efficiency and reducing emissions 

to a fraction of the levels of conventional fuels. However, 

its use has notable drawbacks, including elevated NOₓ 

emissions, reduced durability, and reliability concerns. 

Fabiś et al. [29] studied the relationship between com-

bustion noise and operational parameters of an ICE pow-

ered by LPG, CNG, and CNG-H2 mixtures in comparison 

to a gasoline-fueled ICE. Indicators of various resonances 

within the combustion chamber and related vibration sig-

nals from the engine’s cylinder block were examined for  

a single combustion cycle. A four-cylinder, 1.6 dm
3
 SI ICE 

modified to operate on LPG, CNG, and CNG-H2 mixtures 

with H₂ volumetric fractions of 5, 10, 15, 20% to 30% was 

evaluated. For comparison, gasoline was used as the refer-

ence fuel. The authors found that fluctuations in in-cylinder 

pressure significantly affect the vibration signal from the 

engine block. For CNG-H₂ mixtures of 20% and 30% H2,  

a distinct reduction in combustion noise was observed 

compared to the other fuels studied. 

Sharma and Dhar [88] investigated how different com-

pression ratios (CRs) influence the maximum possible H₂ 

energy share in a DF ICE. A numerical model was used to 

examine combustion and emission characteristics with H₂ 

introduced via port fuel injection (PFI). They found a trade-

off between maximum H₂ energy share and CR. The knock-

limited maximum H₂ energy share increased from 20% to 

45% as the CR was reduced from 19.5 to 14.5. With in-

creasing H2 energy share, emissions – except for NOₓ – 

typically decreased across all tested CRs. 

Jamrozik et al. [40] reported that investigating DF combus-

tion with diesel and H2 (0–30%) showed that adding up to 

30% H2 increased peak combustion pressure by 13%, in-

creased heat release rate by 46%, and raised the maximum 

rate of pressure rise by 35% under full load conditions. 

Although efficiency improved with H2 concentrations up to 

25%, engine stability decreased at higher H2 levels, and 

NOₓ and HC emissions increased. Therefore, careful opti-

mization of H2-diesel mixtures is essential to enhance effi-

ciency while managing emissions [91]. 

Pham et al. [69] examined the efficiency, combustion, 

and emission characteristics of ICEs using alternative fuels 

(H2, NG, BD) in DF CI ICEs. Due to differing fuel proper-

ties, DF operation typically improved brake specific energy 

consumption (BSEC) compared to standard diesel operation. 
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Table 1. The characteristics of selected dual-fuel internal combustion engines powered by H₂ 

Ref

s 

Model 

ICE type 

Combustion 

system 

H2 supply  

method 

Bore × 

stroke 

[mm] 

Displace-

ment [dm3] 

CR 

[-] 

 

Max power 

[kW]/ 

Speed 
[rpm] 

Max torque 

[Nm]/ 

speed [rpm] 

[54] Fiat Qubo 

1.3 MultiJet 
4-cylinders, 

vertical  

4-stroke forced 
air cooled 

diesel  

Multipoint 

injection system 

H2 is supplied from the 

cylinder to the inlet channel 
via tubing. Pressure con-

trolled by a valve and 

measured with a manome-
ter. Flow rate measured by  

a Vogtlin mass flow meter 

in the line supplying H₂ to 
the system 

69.6 × 82 1.248 16.8:1 55/4000 190/1500 

[18] Deutz F2L511 

2-cylinders,  
4-stroke, air 

cooled, diesel 

6-hole injector 

for adjustable 
diesel fuel 

dosing. One 

cylinder modi-

fied to operate in 

SI mode 

H2 or producer gas supplied 

via an injection system 
mounted on the inlet mani-

fold or via  

a mixer 

100 × 105 1.650 

(unmodi-
fied), 

0.825 

(modified) 

8:1; 12:1 (1 

cylinder 
modified to 

operate at 

SI mode); 

17:1 (die-

sel) 

  

[97] Lister-Petter 

TR1 
1-cylinder, 

Bowl-in-

piston, air 
cooled diesel 

3-hole direct 

injection. Pilot 
liquid fuel 

injected near the 

end of the 
compression 

phase 

Bottled H₂ supplied via the 

intake manifold (~2% of air 
intake). H₂ premixed before 

entering the combustion 

chamber 

98.4 × 

101.6 

0.773 15.45:1 8.6/2500 39.2/1800 

[89] Andoria-Mot 
ADCR ICE 

4-cylinder,  

4-stroke DF 
diesel ICE 

 The glow plugs replaced by 
injectors for of compressed 

H2 

 2.636 17.5:1   

[64] WEIMA 

168FA 

4-stroke, SI,  
1-cylinder, air 

cooled 

 Unmodified light gasoline 

as a solvent to simulate H2 

supply 

 0.163  3.8/3600  

[24] VAZ-21081 
ICE, 4-stroke, 

4-cylinder, 

gasoline 

distributed FI 
system 

H2 supplied as a part of 
hybrid system 

76 × 60.6 1.1 9:1 39.7/5600 77.9/3600 

[8] 1-cylinder, air-

cooled, (DI), 
4-stroke 

HATZ D-

series DI 
diesel ICE 

 H2 fed into the mixer in the 

intake manifold. Diesel fuel 
flow rate controlled by a 

modified original diesel FI 

system 

     

 

However, the overall efficiency of DF ICEs – measured 

by BTE and volumetric efficiency – remained considerably 

lower. DF operation significantly increased in-cylinder pres-

sure and heat release rate while prolonging the ignition delay. 

Emission characteristics revealed a trade-off between NOₓ 

and HC emissions: NOₓ, PM, and smoke decreased, depend-

ing on engine load, blend ratio, and injection timing. Howev-

er, HC and CO emissions in DF ICEs were several times 

higher than in conventional diesel engines. 

Tutak et al. [99] studied a DF ICE running on diesel and 

NG, with H2 enrichment to improve the NG component. 

They found that increasing H₂ levels improved combustion 

efficiency, reducing combustion duration by 30% and halv-

ing the time to 50% mass fraction burned. The maximum 

H₂ energy share was determined to be 19%; beyond this, 

engine stability declined due to increased cycle-to-cycle 

variability and knocking. 

Rorimpandey et al. [73] emphasized the role of injection 

sequence, timing, and ambient temperature on combustion. 

Injecting the pilot diesel before H2 cooled and delayed H2 

ignition. In contrast, injecting H2 first improved air–gas 

mixing, but lean combustion occurred if H2 was injected 

later, especially at low ambient temperatures. 

Bakar et al. [8] explored the effects of varying H2 flow 

rates on combustion, efficiency, and emissions in a DF 

diesel ICE. Tests conducted at various engine speeds and 

H2 flow rates revealed that specific flow rates had a signifi-

cant impact on engine efficiency and emissions. In particu-

lar, BTE increased at lower flow rates due to shorter com-

bustion duration and improved phasing, while higher flow 

rates increased CO, CO₂, and smoke emissions. 

Numerous studies indicate that increasing the H2 pro-

portion in DF ICEs improves combustion efficiency and 

reduces emissions, but requires careful management to 

prevent engine instability and increased NOₓ emissions. 

These studies highlight the influence of CR, injection 

timing, and H2 flow rate on efficiency, demonstrating that 

while H2 enhances fuel efficiency and reduces emissions, 

careful integration is essential to ensure engine stability and 

prevent combustion-related issues. 
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Wagemakers and Leermakers [103] reported that using 

H2 or SG in DF combustion generally increases NOx emis-

sions, likely due to higher fire temperatures and burning 

speeds. HC and CO emissions also tend to increase in DF 

combustion, primarily due to incomplete combustion of 

mixtures trapped in crevices. Efficiencies of various gase-

ous fuels are similar, with minor gains observed for H2 and 

LPG, and slight reductions for NG and SG. 

Hosseini et al. [38] explained that although SG is low in 

carbon, its use in diesel ICEs may reduce thermal efficiency 

and increase BSFC, mainly due to the low volumetric calo-

rific value and high CO₂ content of SG. Nanoparticles and 

oxygenated additives may help compensate for this by 

promoting complete combustion, though further research is 

needed. Adding less energetic SG reduces peak heat release 

rate and in-cylinder pressure in diesel ICEs. The high spe-

cific heat capacity and CO₂ content of SG may also extend 

ignition delay. Reduced burning rates and adiabatic flame 

temperature may result in longer combustion duration.  

Adding SG to diesel/BD fuel may increase CO, CO2, 

and UHC emissions from diesel ICEs. CO in SG and high 

charge dilution can lead to incomplete combustion. Oxy-

genated additives to diesel/BD may raise CO2 emissions 

due to enhanced oxidation. These additives may also in-

crease UHC emissions, as higher heat of vaporization can 

lower in-cylinder temperature. Adding nanoparticles to 

diesel/BD could reduce UHC emissions by promoting oxi-

dation, but further research is required [38]. 

Integrating SG into diesel/BD fuel may reduce NOₓ 

emissions from diesel ICEs. SG may lower concentrations 

of N2 and O2 in the intake air, decreasing the likelihood of 

thermal NOₓ formation. SG may reduce PM emissions by 

decreasing the liquid fuel injection rate, which is more 

prone to sooting. However, adding SG may also increase 

soot/smoke emissions by lowering in-cylinder O2 concen-

tration and causing incomplete combustion. Conversely, 

some studies suggest that SG can lead to more homogene-

ous fuel mixtures and lower local air-fuel equivalence rati-

os, thus reducing soot/smoke emissions [38].  

Ando et al. [6] evaluated the performance of low-

heating-value gases from gasification and two-stage pyroly-

sis/reforming in a naturally aspirated single-cylinder SI ICE 

with CRs of 9.4 and 11.9. The gas from gasification was 

rich in H2 (lower heating value of 3.83 MJ/Nm³), while the 

two-stage pyrolysis gas was rich in CH4 (lower heating 

value of 4.2 MJ/Nm³). A gas mixer replaced the carburetor 

to control the air–fuel ratio. Both fuels achieved similar 

BTE to CNG. The H2-rich gas enabled stable engine opera-

tion at λ up to 2.00. Compared to both CNG and CH4-rich 

pyrolysis gas, NOₓ and HC emissions were significantly 

lower for the H2-rich gas. The CH4-rich gas also exhibited 

very low NOₓ levels. 

Chintala and Subramanian [16] reported that PM emis-

sions can be notably reduced while improving thermal 

efficiency by using H2 in DF ICEs (diesel-H₂). In H2 DF 

ICEs, HC, CO, and smoke emissions approach zero, while 

CO2 and CH4 emissions from CI ICEs are substantially 

reduced. However, the maximum H₂ energy share in DF 

ICEs at rated load is limited to 6–25% due to elevated peak 

cylinder pressures and pressure rise rates, which can cause 

knocking and autoignition of the H2-air mixture. In addi-

tion, NOₓ emissions in DF mode are 29–58% higher than in 

conventional diesel mode due to high localized in-cylinder 

temperatures. Appropriate optimization strategies can in-

crease the maximum H2 energy share to 79% while reduc-

ing NOₓ emissions to levels comparable to those of conven-

tional diesel operation. 

Mehra et al. [59] observed that incorporating H2 into 

CNG (HCNG) ICEs enhances BTE and significantly reduc-

es cycle-to-cycle variations (CCV) and BSFC due to H2’s 

combustion characteristics. HCNG is safer than pure H2 due 

to its lower energy content. Under certain conditions, the 

thermal efficiency of HCNG ICEs is notably higher than 

that of CNG ICEs, without increasing harmful emissions. 

However, adding H2 to natural gas increases NOₓ emissions 

due to higher combustion temperatures. This can be miti-

gated by lean combustion or three-way catalyst (TWC) 

systems. Using EGR with TWC reduces combustion tem-

perature, directly lowering NOₓ emissions. THC, CO, CO2, 

and CH4 emissions decrease notably with H2 addition. 

However, H2 also increases the engine’s tendency to knock 

due to peak cylinder temperatures and high ignitability. H2 

enables higher CRs without combustion instability com-

pared to CNG, further enhancing BTE. For SI ICEs, opti-

mal performance is achieved with 20–30% H2 enrichment. 

HCNG ICEs offer better fuel efficiency than conventional 

CNG ICEs, and direct fuel injection (DFI) systems further 

reduce BSFC compared to PFI. 

According to [110], blending H2 with natural gas in SI 

ICEs shifts the lean limit toward a leaner mixture, increas-

ing combustion speed and temperature. Even a small addi-

tion of H2 by volume catalytically improves hydrocarbon 

ignition, and in pure CNG, the required spark advance can 

be reduced due to H₂’s high flame speed. HCNG mixtures 

improve engine efficiency, especially at low loads, but with 

increasing H2 content from 10% to 30%, NOₓ emissions 

rise by 4–20% due to higher in-cylinder temperatures. Im-

plementing about 10% EGR for HCNG blends can signifi-

cantly reduce NOₓ emissions and BSFC compared to natu-

ral gas. Maximum brake torque can be achieved under 

leaner combustion conditions by increasing H2 content.  

Hosseini et al. [38] explained that H₂ can address issues 

associated with using gaseous fuels (e.g., biogas, methane, 

CNG, NG, LPG) in diesel ICEs, including extended igni-

tion delay, reduced engine efficiency, slower burning rates, 

and increased CO and UHC emissions. H2 can improve 

efficiency metrics of diesel ICEs running on biogas by 

offsetting the low calorific value of CO2-rich biogas and 

optimizing its combustion. Similarly, increasing H₂ levels 

can enhance efficiency in diesel ICEs running on CH4 by 

accelerating combustion. Notably, CH4 can compensate for 

some limitations of H2 combustion (e.g., short quenching 

distance). H2 can offset the low flame speed of CNG and 

NG, enhancing their combustion in diesel ICEs. H2 can 

improve the BTE of LPG-fueled diesel ICEs by stabilizing 

the LPG flame in lean mixtures. H₂ enrichment can raise 

the heat release rate and in-cylinder pressure in ICEs with 

biogas, methane, CNG, and NG by increasing mixture 

calorific value and laminar flame speed. Adding H2 may 

extend the combustion duration of diesel ICEs powered by 
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natural gas and methane by widening flammability limits. 

Enriching CNG and LPG with H₂ shortens combustion 

duration by accelerating the burning rate. 

Significantly, methane (CH4) can mitigate certain limi-

tations of hydrogen (H2) combustion, such as its minimal 

quenching distance. H2 can effectively offset the low flame 

speed of compressed natural gas (CNG) and natural gas 

(NG), thereby enhancing their combustion in diesel internal 

combustion engines (ICEs). H2 has the potential to improve 

the brake thermal efficiency (BTE) of diesel ICEs fueled by 

liquefied petroleum gas (LPG) by stabilizing the LPG flame 

in lean gaseous air-fuel (A/F) mixtures. H2 enrichment can 

increase the heat release rate and in-cylinder pressure of 

diesel ICEs fueled by biogas (BG), methane, CNG, and NG 

by raising the calorific value and laminar flame speed of the 

A/F mixture. Adding H₂ may extend the combustion dura-

tion of diesel ICEs powered by natural gas and methane by 

broadening the flammable limits of the A/F mixture. En-

riching CNG and LPG with H₂ shortens the combustion 

duration of diesel ICEs by accelerating the burning rate of 

the A/F blend [38]. 

The use of H2 can reduce combustion duration in diesel 

ICEs by increasing the burning rate of the A/F mixture [38].  

The inclusion of H2 in BG extends the ignition delay in 

diesel ICEs due to a decrease in the oxygen content of the 

intake mixture. Conversely, the addition of H2 to CH4, 

CNG, and LPG may reduce the ignition delay in diesel 

ICEs due to enhanced combustion kinetics [38]. 

Emissions of CO and unburned hydrocarbons (UHC) 

from diesel ICEs can be significantly reduced by enriching 

BG, CH4, CNG, NG, and LPG with H2. This reduction is 

largely attributed to the partial substitution of carbon-rich 

fuels with H2, which accelerates the combustion rate of the 

gaseous fuel. Incorporating H2 into BG, CH4, CNG, and 

NG may lower CO2 emissions from diesel ICEs by reduc-

ing the carbon-to-hydrogen (C/H) ratio of the gas mixtures. 

However, H₂ may increase NOₓ emissions from ICEs using 

BG, CH4, CNG, or NG-diesel blends due to a rise in peak 

in-cylinder pressure and temperature. Introducing H2 to 

LPG may positively reduce NOₓ emissions from diesel 

ICEs by decreasing the extent of high-temperature zones 

around the diesel flame. Incorporating carbon-free H2 into 

BG, CH4, and CNG can reduce smoke and soot emissions 

from diesel ICEs. The high diffusivity of H₂ promotes thor-

ough homogenization of the combustible mixture, improving 

combustion efficiency and reducing smoke emissions [38].  

Emerging Indirect Regenerative Evaporative Technology 

(IRET), also known as the Maisotsenko cycle (M-cycle), 

may offer complementary benefits for H2- and diesel-

powered combustion engines [116]. When applied to the 

engine inlet system, this technology can significantly lower 

inlet air temperature and enhance charge cooling, potentially 

mitigating knocking, improving power density, and further 

reducing NOₓ emissions [31] – even at high H2 enrichment 

rates. The IRET’s unique ability for both sensible and latent 

cooling with minimal water usage is particularly promising 

for high-efficiency, low-emission engine applications, espe-

cially under demanding or transient operating conditions. 

Recent R&D on Maisotsenko-powered cycles [116] suggests 

that when integrated with advanced engine management 

systems, these cooling techniques could enable more aggres-

sive optimization of H₂ supply, EGR rates, and injection 

strategies, while maintaining combustion stability and mini-

mizing particulate formation. Their adaptability to variable 

engine loads and ambient conditions makes them a viable 

candidate for next-generation engine architectures aiming to 

maximize renewable fuel utilization (e.g., H2, biodiesel) and 

minimize environmental impact. Further experimental and 

numerical research is encouraged to evaluate the real-world 

performance and durability of such integrated systems, espe-

cially in scenarios with high combustion temperatures and 

aggressive emission control demands. 

3. Summary 
The present review enabled the current state-of-the-art 

to be obtained relative to dual-fuel (DF) internal combus-

tion engines (ICEs) supplied with fuel and hydrogen (H2). 

The benefits and challenges of using such engines were 

discussed. 

The reviewed ICEs operated within a relatively narrow 

speed range, 1724 ±528 rpm. The displacement of such ICEs 

was in a wide range of 1674 ±2325 cm
3
. Additionally, ICE 

minimal loads spanned a wide range of values, from 27.3% 

±34%, and similarly, maximum loads reached values in the 

range of 50–100%. Of course, the ICE load could vary be-

tween 0 and 100%. The ICE’s CR did not vary too much. The 

minimum CR reached values varied in the range of 16.41 

±4.72, while the maximum CR values varied in the range of 

16.49 ±4.78; thus, variations in CR values are significant. 

It should be noted in particular that for many of the ana-

lyzed engine cases, there is a lack of data regarding the 

effect (especially the combined one) of load, EGR, and H2 

supply on BTE and BSFC. For a slightly smaller number of 

such engine cases, there was a lack of data regarding the 

effect (especially the combined one) of load, EGR, and H2 

supply on PM, HC, NOx, CO, and CO2. Furthermore, com-

paring data for these engines was difficult because engine 

load was reported in either percent or bars, and H2 supply in 

percent or L/min, necessitating categorization of the data 

into three different groups. This necessitates the develop-

ment of a standard for collecting and presenting data from 

the tested DF ICEs. 

For analyzed cases of common effect of varying load, 

EGR and H2 supply on BTE and on BSFC, respectively it 

was found that up to 13.5% of the cases related to their 

lowering, almost no cases related to no effect on them, as 

well about 62.5–71.5% and 12.5–58.6% of the cases, re-

spectively, related to their enhancing. 

For analyzed cases of common effect of varying load, 

EGR and H2 supply on PM, HC, NOx, CO and CO2 emis-

sions, respectively it was found that below: 14.2%, 25%, 

43.2%, 28.5% and 12.5% of the cases, respectively related 

to their lowering, while below 12.5%, 12.5%, 37.5%, none 

and none of the cases, respectively related to no effect on 

them, and similarly related to their enhancing. Especially 

positive is the role of EGR in DF ICEs. 

The application of H₂ in diesel engines via the dual-fuel 

(DF) strategy represents a promising pathway to reduce 

diesel consumption, lower carbonaceous emissions, and 

decrease dependence on fossil fuels. The review highlights 

that H₂-DF combustion can significantly reduce CO, CO2, 



 

The use of hydrogen to supply combustion engines – part 2 

56 COMBUSTION ENGINES, 2026;206(3) 

HC, and PM emissions, while maintaining or improving 

brake thermal efficiency (BTE) under optimized conditions. 

However, the technology faces two major technical chal-

lenges: elevated NOₓ emissions and increased susceptibility 

to knocking, both of which are strongly influenced by H2 

concentration, engine load, and pilot fuel properties. 

To address NOₓ emissions, a range of strategies –

including exhaust gas recirculation (EGR), selective cata-

lytic reduction (SCR), water injection, urea dosing, external 

cylinder cooling, and Lean-NOₓ traps – have proven effec-

tive, with EGR offering a particularly attractive solution 

due to H₂’s tolerance for high dilution rates. Combustion 

stability and knock resistance can be managed by carefully 

adjusting the maximum H₂ inclusion rate for each engine 

configuration and operating scenario, though further re-

search is needed to establish universal guidelines. 

The use of H2 in combination with biodiesel (BD) fur-

ther reduces reliance on fossil fuels, but the optimal BD/H2 

blend ratio and injection strategy remain to be systematical-

ly defined. While H2 drastically reduces total particulate 

matter (PM), it may increase the number of ultrafine parti-

cles, posing potential health and environmental risks that 

warrant further investigation. 

Incorporating nanomaterials and oxygenated compounds 

into diesel fuel formulations has the potential to further en-

hance combustion efficiency and reduce emissions. Howev-

er, the long-term impacts of these additives on engine dura-

bility, emissions, and aftertreatment systems require a com-

prehensive study. Lifecycle assessments (LCA) are also 

necessary to evaluate the full environmental benefits and 

trade-offs of H2-DF engines, including resource use and end-

of-life considerations for advanced materials. 

Ultimately, integrating H2-DF engines with hybrid elec-

tric systems may provide additional efficiency gains and 

enhanced transient performance. Future research should 

focus on system optimization, health impacts of ultrafine 

particles, durability of novel materials, evaluation of the 

viability of advanced evaporative technologies (IRET) 

[116] and the development of robust, adaptive control strat-

egies for a wide range of applications. 

 

Nomenclature 

A/F air-fuel 

BD biodiesel 

BG biogas 

BSFC brake specific fuel consumption 

BP brake power 

BT brake torque 

BTE brake thermal efficiency 

CI compression ignition 

CNG compressed natural gas 

CR compression ratio 

DF dual fuel 

DI direct injection 

EGR exhaust gas recirculation 

FI fuel injection 

ICE internal combustion engine 

LPG liquefied petroleum gas 

PFI port fuel injection 

SG syngas 

SI spark ignition 

UHC unburned hydrocarbons 
 

Bibliography 

[1] Ahmadi R, Hosseini SM. Numerical investigation on add-

ing/substituting hydrogen in the CDC and RCCI combustion 

in a heavy duty engine. Appl Energy. 2018;213:450-468.  

 https://doi.org/10.1016/j.apenergy.2018.01.048 

[2] Akal D, Öztuna S, Büyükakın MK. A review of hydrogen 

usage in internal combustion engines (gasoline-Lpg-diesel) 

from combustion performance aspect. Int J Hydrog Energy. 

2020;45:35257-35268.  

 https://doi.org/10.1016/j.ijhydene.2020.02.001 

[3] Alrazen HA, Abu Talib AR, Adnan R, Ahmad KA. A re-

view of the effect of hydrogen addition on the performance 

and emissions of the compression – Ignition engine. Renew 

Sustain Energy Rev. 2016;54:785-796.  

 https://doi.org/10.1016/j.rser.2015.10.088 

[4] Amir Ridhuan, Shahrul Azmir Osman, Mas Fawzi, Ahmad 

Jais Alimin, Saliza Azlina Osman. A review of comparative 

study on the effect of hydroxyl gas in internal combustion 

engine (ICE) on engine performance and exhaust emission. J 

Adv Res Fluid Mech Therm Sci. 2021;87:1-16.  

 https://doi.org/10.37934/arfmts.87.2.116 

[5] An H, Yang WM, Maghbouli A, Li J, Chou SK, Chua KJ. A 

numerical study on a hydrogen assisted diesel engine. Int J 

Hydrog Energy. 2013;38:2919-2928.  

 https://doi.org/10.1016/j.ijhydene.2012.12.062 

[6] Ando Y, Yoshikawa K, Beck M, Endo H. Research and 

development of a low-BTU gas-driven engine for waste gas-

ification and power generation. Energy. 2005;30:2206-2218.  

 https://doi.org/10.1016/j.energy.2004.08.024 

[7] Arjun TB, Atul KP, Muraleedharan AP, Walton PA, Bijinraj 

PB, Raj AA. A review on analysis of HHO gas in IC en-

gines. Mater Today Proc. 2019;11:1117-1129.  

 https://doi.org/10.1016/j.matpr.2018.12.046 

[8] Bakar RA, Widudo K, Ramasamy D, Yusaf T, Kamarul-

zaman MK et al. Experimental analysis on the performance, 

combustion/emission characteristics of a DI diesel engine us-

ing hydrogen in dual fuel mode. Int J Hydrog Energy. 2024; 

52:843-860. https://doi.org/10.1016/j.ijhydene.2022.04.129 

[9] Banerjee R, Roy S, Bose PK. Hydrogen-EGR synergy as a 

promising pathway to meet the PM–NOx–BSFC trade-off 

contingencies of the diesel engine: A comprehensive review. 

Int J Hydrog Energy. 2015;40:12824-12847.  

 https://doi.org/10.1016/j.ijhydene.2015.07.098 

[10] Barrios CC, Domínguez-Sáez A, Hormigo D. Influence of 

hydrogen addition on combustion characteristics and particle 

number and size distribution emissions of a TDI diesel en-

gine. Fuel. 2017;199:162-168.  

 https://doi.org/10.1016/j.fuel.2017.02.089 

[11] Bazrafshan J, Jazayeri SA, Salarian H, Ebrahimi M, 

Khaleghinia J. The effect of hydrogen addition on a RCCI 

engine performance fueled with  natural gas\diesel fuel at 

low load range. J Engine Res. 2022;65:60-74.  

 https://doi.org/10.22034/er.2022.697906 

[12] Bika AS, Franklin LM, Kittelson DB. Emissions effects of 

hydrogen as a supplemental fuel with diesel and biodiesel. 

SAE Int J Fuels Lubr. 2008;1:283-292.  

 https://doi.org/10.4271/2008-01-0648 



 

The use of hydrogen to supply combustion engines – part 2 

COMBUSTION ENGINES, 2026;206(3) 57 

[13] Burtscher H. Physical characterization of particulate emis-

sions from diesel engines: a review. J Aerosol Sci. 2005;36: 

896-932. https://doi.org/10.1016/j.jaerosci.2004.12.001 

[14] Castro N, Toledo M, Amador G. An experimental investiga-

tion of the performance and emissions of a hydrogen-diesel 

dual fuel compression ignition internal combustion engine. 

Appl Therm Eng. 2019;156:660-667.  

 https://doi.org/10.1016/j.applthermaleng.2019.04.078 

[15] Chaichan MT. Performance and emission characteristics of 

CIE using hydrogen, biodiesel, and massive EGR. Int J Hy-

drog Energy. 2018;43:5415-5435.  

 https://doi.org/10.1016/j.ijhydene.2017.09.072 

[16] Chintala V, Subramanian KA. A comprehensive review on 

utilization of hydrogen in a compression ignition engine un-

der dual fuel mode. Renew Sustain Energy Rev. 2017;70: 

472-491. https://doi.org/10.1016/j.rser.2016.11.247 

[17] Chojnowski J, Karczewski M, Szamrej GA. Dual-fuel en-

gines using hydrogen-enriched fuels as an ecological source 

of energy for transport, industry and power engineering. 

Combustion Engines. 2024;198:3-12.  

 https://doi.org/10.19206/CE-176800 

[18] Cupiał K, Szwaja S. Producer gas combustion in the internal 

combustion engine. Combustion Engines. 2010;141:27-32.  

 https://doi.org/10.19206/CE-117143 

[19] Das S, Kashyap D, Kalita P, Kulkarni V, Itaya Y. Clean 

gaseous fuel application in diesel engine: a sustainable op-

tion for rural electrification in India. Renew Sustain Energy 

Rev. 2020;117:109485.  

 https://doi.org/10.1016/j.rser.2019.109485 

[20] Deb M, Sastry GRK, Bose PK, Banerjee R. An experimental 

study on combustion, performance and emission analysis of 

a single cylinder, 4-stroke DI-diesel engine using hydrogen 

in dual fuel mode of operation. Int J Hydrog Energy. 2015; 

40:8586-8598.  

 https://doi.org/10.1016/j.ijhydene.2015.04.125 

[21] Debnath BK, Saha UK, Sahoo N. Effect of hydrogen-diesel 

quantity variation on brake thermal efficiency of a dual 

fuelled diesel engine. J Power Technol. 2012;92:55-67. 

[22] Deheri C, Acharya SK, Thatoi DN, Mohanty AP. A review 

on performance of biogas and hydrogen on diesel engine in 

dual fuel mode. Fuel. 2020;260:116337.  

 https://doi.org/10.1016/j.fuel.2019.116337 

[23] Demirci A, Koten H, Gumus M. The effects of small 

amount of hydrogen addition on performance and emissions 

of a direct injection compression ignition engine. Therm Sci. 

2018;22:1395-1404. 

https://doi.org/10.2298/TSCI170802004D 

[24] Depczyński WP, Marchenko A, Mishchenko S, Mishchenko 

M. The effect of hydrogen addition to traditional petrol en-

gine fuel in a hybrid power plant on its environmental per-

formance and fuel efficiency. Combustion Engines. 2025; 

200(1):87-94. https://doi.org/10.19206/CE-199735 

[25] Dhole AE, Yarasu RB, Lata DB, Baraskar SS. Mathematical 

modeling for the performance and emission parameters of 

dual fuel diesel engine using hydrogen as secondary fuel. Int 

J Hydrog Energy. 2014;39:12991-13001.  

 https://doi.org/10.1016/j.ijhydene.2014.06.084 

[26] Dhole AE, Yarasu RB, Lata DB, Priyam A. Effect on per-

formance and emissions of a dual fuel diesel engine using 

hydrogen and producer gas as secondary fuels. Int J Hydrog 

Energy. 2014;39:8087-8097.  

 https://doi.org/10.1016/j.ijhydene.2014.03.085 

[27] Dimitriou P, Tsujimura T. A review of hydrogen as a com-

pression ignition engine fuel. Int J Hydrog Energy. 2017;42: 

24470-24486.  

 https://doi.org/10.1016/j.ijhydene.2017.07.232 

[28] Dimitriou P, Tsujimura T, Suzuki Y. Low-load hydrogen-

diesel dual-fuel engine operation – a combustion efficiency 

improvement approach. Int J Hydrog Energy. 2019;44: 

17048-17060. 

https://doi.org/10.1016/j.ijhydene.2019.04.203 

[29] Fabiś P, Flekiewicz B, Flekiewicz M. On board recognition 

of different fuels in SI engines with the use of dimensional 

and non-dimensional vibration signal parameters. Combus-

tion Engines. 2009;136:69-75.  

 https://doi.org/10.19206/CE-117222 

[30] Firmansyah, Aziz ARA, Heikal MR, Abidin EZZ, Pan-

chatcharam N. Reactivity controlled compression ignition 

(RCCI) of gasoline-CNG mixtures. Ceper BA, Yldz M, ed. 

Improv. Trends Intern. Combust. Engines, InTech; 2018.  

 https://doi.org/10.5772/intechopen.72880 

[31] Foss K, Brunet M, Todd J, Ramirez C, Karakra M, Beyer C. 

Diesel NOx reduction using the Maisotsenko cycle. College 

of Engineering Department of Mechanical & Aerospace En-

gineering: California State University, Long Beach; 2013. 

[32] Ghazal OH. Performance and combustion characteristic of 

CI engine fueled with hydrogen enriched diesel. Int J Hy-

drog Energy. 2013;38:15469-15476.  

 https://doi.org/10.1016/j.ijhydene.2013.09.037 

[33] Godiganur S, Suryanarayana Murthy CH, Reddy RP. 6BTA 

5.9 G2-1 Cummins engine performance and emission tests 

using methyl ester mahua (Madhuca indica) oil/diesel 

blends. Renew Energy. 2009;34:2172-2177.  

 https://doi.org/10.1016/j.renene.2008.12.035 

[34] Gürbüz H, Sandalcı T. Numerical analysis of diesel injection 

strategies on emissions and performance in CH4/diesel 

powered RCCI diesel engine with high ratio EGR. Alex Eng 

J. 2023;64:517-526.  

 https://doi.org/10.1016/j.aej.2022.09.012 

[35] Hamdan MO, Selim MYE, Al-Omari S-AB, Elnajjar E. 

Hydrogen supplement co-combustion with diesel in com-

pression ignition engine. Renew Energy. 2015;82:54-60.  

 https://doi.org/10.1016/j.renene.2014.08.019 

[36] Han W, Lu Y, Jin C, Tian X, Peng Y, Pan S et al. Study on 

influencing factors of particle emissions from a RCCI en-

gine with variation of premixing ratio and total cycle energy. 

Energy. 2020;202:117707.  

 https://doi.org/10.1016/j.energy.2020.117707 

[37] Hoang AT, Pham VV. A study on a solution to reduce emis-

sions by using hydrogen as an alternative fuel for a diesel 

engine integrated exhaust gas recirculation, Namakkal, In-

dia: 2020:020035. https://doi.org/10.1063/5.0007492 

[38] Hosseini SH, Tsolakis A, Alagumalai A, Mahian O, Lam 

SS, Pan J et al. Use of hydrogen in dual-fuel diesel engines. 

Prog Energy Combust Sci. 2023;98:101100.  

 https://doi.org/10.1016/j.pecs.2023.101100 

[39] Hosseinzadeh-Bandbafha H, Khalife E, Tabatabaei M, 

Aghbashlo M, Khanali M, Mohammadi P et al. Effects of 

aqueous carbon nanoparticles as a novel nanoadditive in wa-

ter-emulsified diesel/biodiesel blends on performance and 

emissions parameters of a diesel engine. Energy Convers 

Manag. 2019;196:1153-1166.  

 https://doi.org/10.1016/j.enconman.2019.06.077 

[40] Jamrozik A, Grab-Rogaliński K, Tutak W. Hydrogen effects 

on combustion stability, performance and emission of diesel 

engine. Int J Hydrog Energy. 2020;45:19936-19947.  

 https://doi.org/10.1016/j.ijhydene.2020.05.049 

[41] Kakoee A, Gharehghani A. Comparative study of hydrogen 

addition effects on the natural-gas/diesel and natural-

gas/dimethyl-ether reactivity controlled compression igni-

tion mode of operation. Energy Convers Manag. 2019;196: 

92-104. https://doi.org/10.1016/j.enconman.2019.05.113 



 

The use of hydrogen to supply combustion engines – part 2 

58 COMBUSTION ENGINES, 2026;206(3) 

[42] Karagöz Y, Güler İ, Sandalcı T, Yüksek L, Dalkılıç AS. 

Effect of hydrogen enrichment on combustion characteris-

tics, emissions and performance of a diesel engine. Int J Hy-

drog Energy. 2016;41:656-665.  

 https://doi.org/10.1016/j.ijhydene.2015.09.064 

[43] Karagöz Y, Sandalcı T, Yüksek L, Dalkılıç AS. Engine 

performance and emission effects of diesel burns enriched 

by hydrogen on different engine loads. Int J Hydrog Energy. 

2015;40:6702-6713.  

 https://doi.org/10.1016/j.ijhydene.2015.03.141 

[44] Kokjohn SL, Hanson RM, Splitter DA, Reitz RD. Fuel 

reactivity controlled compression ignition (RCCI): a path-

way to controlled high-efficiency clean combustion. Int J 

Engine Res. 2011;12:209-226.  

 https://doi.org/10.1177/1468087411401548 

[45] Köse H, Ciniviz M. An experimental investigation of effect 

on diesel engine performance and exhaust emissions of addi-

tion at dual fuel mode of hydrogen. Fuel Process Technol. 

2013;114:26-34. 

https://doi.org/10.1016/j.fuproc.2013.03.023 

[46] Koten H. Hydrogen effects on the diesel engine performance 

and emissions. Int J Hydrog Energy. 2018;43:10511-10519.  

 https://doi.org/10.1016/j.ijhydene.2018.04.146 

[47] Kumar RS, Loganathan M, Gunasekaran EJ. Performance, 

emission and combustion characteristics of CI engine 

fuelled with diesel and hydrogen. Front Energy. 2015;9:486-

494. https://doi.org/10.1007/s11708-015-0368-4 

[48] Li J, Ling X, Liu D, Yang W, Zhou D. Numerical study on 

double injection techniques in a gasoline and biodiesel 

fueled RCCI (reactivity controlled compression ignition) 

engine. Appl Energy. 2018;211:382-392.  

 https://doi.org/10.1016/j.apenergy.2017.11.062 

[49] Li J, Yang W, Zhou D. Review on the management of RCCI 

engines. Renew Sustain Energy Rev. 2017;69:65-79.  

 https://doi.org/10.1016/j.rser.2016.11.159 

[50] Li J, Yang WM, An H, Zhao D. Effects of fuel ratio and 

injection timing on gasoline/biodiesel fueled RCCI engine: a 

modeling study. Appl Energy. 2015;155:59-67.  

 https://doi.org/10.1016/j.apenergy.2015.05.114 

[51] Li J, Yang WM, Goh TN, An H, Maghbouli A. Study on 

RCCI (reactivity controlled compression ignition) engine by 

means of statistical experimental design. Energy. 2014;78: 

777-787. https://doi.org/10.1016/j.energy.2014.10.071 

[52] Lilik GK, Zhang H, Herreros JM, Haworth DC, Boehman 

AL. Hydrogen assisted diesel combustion. Int J Hydrog En-

ergy. 2010;35:4382-4398.  

 https://doi.org/10.1016/j.ijhydene.2010.01.105 

[53] Longwic R, Tatarynow D, Kuszneruk M, Wozniak-Bora-

wska G. Preliminary tests of a Diesel engine powered by 

diesel and hydrogen. Combustion Engines. 2023;195(4): 35-

39. https://doi.org/10.19206/CE-169485 

[54] Longwic R, Woźniak G, Sander P. Compression-ignition 

engine fuelled with diesel and hydrogen engine acceleration 

process. Combustion Engines. 2020;180:47-51.  

 https://doi.org/10.19206/CE-2020-108 

[55] Luo Q, Hu J-B, Sun B, Liu F, Wang X, Li C et al. Experi-

mental investigation of combustion characteristics and NOx 

emission of a turbocharged hydrogen internal combustion 

engine. Int J Hydrog Energy. 2019;44:5573-5584.  

 https://doi.org/10.1016/j.ijhydene.2018.08.184 

[56] Masood M, Ishrat MM. Computer simulation of hydrogen–

diesel dual fuel exhaust gas emissions with experimental 

verification. Fuel. 2008;87:1372-1378.  

 https://doi.org/10.1016/j.fuel.2007.07.001 

[57] Masood M, Mehdi SN, Ram Reddy P. Experimental investi-

gations on a hydrogen-diesel dual fuel engine at different 

compression ratios. J Eng Gas Turbines Power. 2007;129: 

572-578. https://doi.org/10.1115/1.2227418 

[58] McWilliam L, Megaritis A. Experimental investigation of 

the effect of combined hydrogen and diesel combustion on 

the particulate size distribution from a high speed direct in-

jection diesel engine. Int J Veh Des. 2009;50:107.  

 https://doi.org/10.1504/IJVD.2009.024970 

[59] Mehra RK, Duan H, Juknelevičius R, Ma F, Li J. Progress in 

hydrogen enriched compressed natural gas (HCNG) internal 

combustion engines – a comprehensive review. Renew Sus-

tain Energy Rev. 2017;80:1458-1498.  

 https://doi.org/10.1016/j.rser.2017.05.061 

[60] Mohankumar S, Senthilkumar P. Particulate matter for-

mation and its control methodologies for diesel engine: A 

comprehensive review. Renew Sustain Energy Rev. 2017; 

80:1227-1238. https://doi.org/10.1016/j.rser.2017.05.133 

[61] Monemian E, Cairns A, Gilmore M, Newman D, Scott K. 

Evaluation of intake charge hydrogen enrichment in a 

heavy-duty diesel engine. Proc Inst Mech Eng Part J Auto-

mob Eng. 2018;232:139-147.  

 https://doi.org/10.1177/0954407017738375 

[62] Naber J. Hydrogen combustion under diesel engine condi-

tions. Int J Hydrog Energy. 1998;23:363-371.  

 https://doi.org/10.1016/S0360-3199(97)00083-9 

[63] Nag S, Sharma P, Gupta A, Dhar A. Experimental study of 

engine performance and emissions for hydrogen diesel dual 

fuel engine with exhaust gas recirculation. Int J Hydrog En-

ergy. 2019;44:12163-12175.  

 https://doi.org/10.1016/j.ijhydene.2019.03.120 

[64] Noga M, Moskal T. Evaluation of a pressure sensing glow 

plug in terms of its application possibility to control the 

combustion process of a hydrogen-powered spark-ignition 

engine. Combustion Engines. 2024;196:140-145.  

 https://doi.org/10.19206/CE-172820 

[65] Owston R, Magi V, Abraham J. Wall interactions of hydro-

gen flames compared with hydrocarbon flames. SAE Tech-

nical Paper 2007-01-1466. 2007.  

 https://doi.org/10.4271/2007-01-1466 

[66] Ozgur T, Tosun E, Ozgur C, Tuccar G, Aydın K. Numerical 

studies of engine performance, emission and combustion 

characteristics of a diesel engine fuelled with hydrogen 

blends. Adv Mater Res. 2014;1016:582-586.  

 https://doi.org/10.4028/www.scientific.net/AMR.1016.582 

[67] Pan H, Pournazeri S, Princevac M, Miller JW, Mahalingam 

S, Khan MY, et al. Effect of hydrogen addition on criteria 

and greenhouse gas emissions for a marine diesel engine. Int 

J Hydrog Energy. 2014;39:11336-11345.  

 https://doi.org/10.1016/j.ijhydene.2014.05.010 

[68] Paparao J, Murugan S. Oxy-hydrogen gas as an alternative 

fuel for heat and power generation applications – a review. 

Int J Hydrog Energy. 2021;46:37705-37735.  

 https://doi.org/10.1016/j.ijhydene.2021.09.069 

[69] Pham Q, Park S, Agarwal AK, Park S. Review of dual-fuel 

combustion in the compression-ignition engine: Spray, 

combustion, and emission. Energy. 2022;250:123778.  

 https://doi.org/10.1016/j.energy.2022.123778 

[70] Purayil STP, Hamdan MO, Al-Omari SAB, Selim MYE, 

Elnajjar E. Review of hydrogen–gasoline SI dual fuel en-

gines: engine performance and emission. Energy Rep. 2023; 

9:4547-4573. https://doi.org/10.1016/j.egyr.2023.03.054 

[71] Putrasari Y, Praptijanto A, Nur A, Santoso WB, Pratama M, 

Dimyani A et al. Thermal efficiency and emission character-

istics of a diesel-hydrogen dual fuel CI engine at various 

loads condition. J Mechatron Electr Power Veh Technol. 

2018;9:49-56. https://doi.org/10.14203/j.mev.2018.v9.49-56 



 

The use of hydrogen to supply combustion engines – part 2 

COMBUSTION ENGINES, 2026;206(3) 59 

[72] Qin Z, Yang Z, Jia C, Duan J, Wang L. Experimental study 

on combustion characteristics of diesel–hydrogen dual-fuel 

engine. J Therm Anal Calorim. 2020;142:1483-1491.  

 https://doi.org/10.1007/s10973-019-09147-y 

[73] Rorimpandey P, Yip HL, Srna A, Zhai G, Wehrfritz A, 

Kook S et al. Hydrogen-diesel dual-fuel direct-injection 

(H2DDI) combustion under compression-ignition engine 

conditions. Int J Hydrog Energy. 2023;48:766-783.  

https://doi.org/10.1016/j.ijhydene.2022.09.241 

[74] Rosha P, Dhir A, Mohapatra SK. Influence of gaseous fuel 

induction on the various engine characteristics of a dual fuel 

compression ignition engine: A review. Renew Sustain En-

ergy Rev. 2018;82:3333-3349.  

https://doi.org/10.1016/j.rser.2017.10.055 

[75] Sahoo PK, Das LM, Babu MKG, Naik SN. Biodiesel devel-

opment from high acid value polanga seed oil and perfor-

mance evaluation in a CI engine. Fuel. 2007;86:448-454.  

https://doi.org/10.1016/j.fuel.2006.07.025 

[76] Salahi MM, Esfahanian V, Gharehghani A, Mirsalim M. 

Investigating the reactivity controlled compression ignition 

(RCCI) combustion strategy in a natural gas/diesel fueled 

engine with a pre-chamber. Energy Convers Manag. 2017; 

132:40-53. https://doi.org/10.1016/j.enconman.2016.11.019 

[77] Sandalcı T, Karagöz Y. Experimental investigation of the 

combustion characteristics, emissions and performance of 

hydrogen port fuel injection in a diesel engine. Int J Hydrog 

Energy. 2014;39:18480-18489.  

 https://doi.org/10.1016/j.ijhydene.2014.09.044 

[78] Saravanan N, Nagarajan G. Performance and emission 

studies on port injection of hydrogen with varied flow rates 

with Diesel as an ignition source. Appl Energy. 2010;87: 

2218-2229. https://doi.org/10.1016/j.apenergy.2010.01.014 

[79] Saravanan N, Nagarajan G. Hydrogen-diesel dual fuel com-

bustion in a direct injection diesel engine. Int J Renew Ener-

gy Technol. 2011;2:259.  

 https://doi.org/10.1504/IJRET.2011.040863 

[80] Saravanan N, Nagarajan G. An experimental investigation 

of hydrogen-enriched air induction in a diesel engine sys-

tem. Int J Hydrog Energy. 2008;33:1769-1775.  

 https://doi.org/10.1016/j.ijhydene.2007.12.065 

[81] Saravanan N, Nagarajan G. An experimental investigation 

on optimized manifold injection in a direct-injection diesel 

engine with various hydrogen flowrates. Proc Inst Mech Eng 

Part J Automob Eng. 2007;221:1575-1584.  

 https://doi.org/10.1243/09544070JAUTO609 

[82] Saravanan N, Nagarajan G. Performance and emission study 

in manifold hydrogen injection with diesel as an ignition 

source for different start of injection. Renew Energy. 

2009;34:328-334. 

https://doi.org/10.1016/j.renene.2008.04.023 

[83] Saravanan N, Nagarajan G, Dhanasekaran C, Kalaiselvan 

KM. Experimental investigation of hydrogen fuel injection 

in DI dual fuel diesel engine. SAE Technical Paper 2007-01-

1465. 2007. https://doi.org/10.4271/2007-01-1465 

[84] Saravanan N, Nagarajan G, Kalaiselvan KM, Dhanasekaran 

C. An experimental investigation on hydrogen as a dual fuel 

for diesel engine system with exhaust gas recirculation tech-

nique. Renew Energy. 2008;33:422-427.  

 https://doi.org/10.1016/j.renene.2007.03.015 

[85] Saravanan N, Nagarajan G, Sanjay G, Dhanasekaran C, 

Kalaiselvan KM. Combustion analysis on a DI diesel engine 

with hydrogen in dual fuel mode. Fuel. 2008;87:3591-3599.  

 https://doi.org/10.1016/j.fuel.2008.07.011 

[86] Shadidi B, Najafi G, Yusaf T. A Review of hydrogen as a 

fuel in internal combustion engines. Energies. 2021;14: 

6209. https://doi.org/10.3390/en14196209 

[87] Sharma P, Dhar A. Effect of hydrogen supplementation on 

engine performance and emissions. Int J Hydrog Energy. 

2018;43:7570-7580.  

 https://doi.org/10.1016/j.ijhydene.2018.02.181 

[88] Sharma P, Dhar A. Compression ratio influence on combus-

tion and emissions characteristic of hydrogen diesel dual 

fuel CI engine: Numerical Study. Fuel. 2018;222:852-858.  

https://doi.org/10.1016/j.fuel.2018.02.108 

[89] Siadkowska K, Barański G. Combustion stability for early 

and late direct hydrogen injection in a dual fuel diesel en-

gine. Combustion Engines. 2024;196:89-98.  

https://doi.org/10.19206/CE-171390 

[90] SinghYadav V, Soni SL, Sharma D. Performance and emis-

sion studies of direct injection C.I. engine in duel fuel mode 

(hydrogen-diesel) with EGR. Int J Hydrog Energy. 2012;37: 

3807-3817. https://doi.org/10.1016/j.ijhydene.2011.04.163 

[91] Skobiej K. A review of hydrogen combustion and its impact 

on engine performance and emissions. Combustion Engines. 

2025;200(1):64-70. https://doi.org/10.19206/CE-195470 

[92] Stępień Z. Analysis of the prospects for hydrogen-fuelled 

internal combustion engines. Combustion Engines. 2024; 

197(2):32-41. https://doi.org/10.19206/CE-174794 

[93] Sutkowski M, Mareczek M. Operational experience and new 

developments for industrial gas engines fuelled with hydro-

gen fuels. Combustion Engines. 2024;197(2):146-151.  

https://doi.org/10.19206/CE-183185 

[94] Talibi M, Hellier P, Balachandran R, Ladommatos N. Effect 

of hydrogen-diesel fuel co-combustion on exhaust emissions 

with verification using an in–cylinder gas sampling tech-

nique. Int J Hydrog Energy. 2014;39:15088-15102.  

https://doi.org/10.1016/j.ijhydene.2014.07.039 

[95] Thiyagarajan S, Sonthalia A, Edwin Geo V, Chokkalingam 

B. Effect of waste exhaust heat on hydrogen production and 

its utilization in CI engine. Int J Hydrog Energy. 2020;45: 

5987-5996. https://doi.org/10.1016/j.ijhydene.2019.06.032 

[96] Thiyagarajan S, Varuvel E, Karthickeyan V, Sonthalia A, 

Kumar G, Saravanan CG et al. Effect of hydrogen on com-

pression-ignition (CI) engine fueled with vegetable 

oil/biodiesel from various feedstocks: A review. Int J Hy-

drog Energy. 2022;47:37648-37667.  

https://doi.org/10.1016/j.ijhydene.2021.12.147 

[97] Tira HS, Gill SS, Theinnoi K, Shenker J, Lau CS, Tsolakis 

A et al. The study of simulated biogas on combustion and 

emission characteristics in compression ignition engines. 

Combustion Engines. 2010;141:47-55.  

 https://doi.org/10.19206/CE-117146 

[98] Tripathi G, Dhar A, Sadiki A. Recent advancements in after-

treatment technology for internal combustion engines – an 

overview. Srivastava DK, Agarwal AK, Datta A, Maurya 

RK, ed. Adv. Intern. Combust. Engine Res., Singapore: 

Springer Singapore; 2018:159-179.  

 https://doi.org/10.1007/978-981-10-7575-9_8 

[99] Tutak W, Jamrozik A, Grab-Rogaliński K. Effect of natural 

gas enrichment with hydrogen on combustion process and 

emission characteristic of a dual fuel diesel engine. Int J 

Hydrog Energy. 2020;45:9088-9097.  

 https://doi.org/10.1016/j.ijhydene.2020.01.080 

[100] Varde K, Frame G. Hydrogen aspiration in a direct injection 

type diesel engine-its effects on smoke and other engine per-

formance parameters. Int J Hydrog Energy. 1983;8:549-555.  

 https://doi.org/10.1016/0360-3199(83)90007-1 

[101] Verma S, Kumar K, Das LM, Kaushik SC, Tyagi SK. Ex-

perimental analysis on the effect of hydrogen supply sys-

tems in a diesel dual fuel engine. J Energy Env Sustain. 

2019;7:59-62. 

[102] Verma S, Suman A, Das LM, Kaushik SC, Tyagi SK. A 

renewable pathway towards increased utilization of hydro-



 

The use of hydrogen to supply combustion engines – part 2 

60 COMBUSTION ENGINES, 2026;206(3) 

gen in diesel engines. Int J Hydrog Energy. 2020;45:5577-

5587. https://doi.org/10.1016/j.ijhydene.2019.05.213 

[103] Wagemakers AMLM, Leermakers CAJ. Review on the 

effects of dual-fuel operation, using diesel and gaseous 

fuels, on emissions and performance. SAE Technical Paper 

2012-01-0869. 2012. https://doi.org/10.4271/2012-01-0869 

[104] Wang L, Hong C, Li X, Yang Z, Guo S, Li Q. Review on 

blended hydrogen-fuel internal combustion engines: A case 

study for China. Energy Rep. 2022;8:6480-6498.  

https://doi.org/10.1016/j.egyr.2022.04.079 

[105] Wang Z, Li L, Wang J, Reitz RD. Effect of biodiesel satura-

tion on soot formation in diesel engines. Fuel. 2016;175: 

240-248. https://doi.org/10.1016/j.fuel.2016.02.048 

[106] Wei Y, Wang K, Wang W, Liu S, Chen X, Yang Y et al. 

Comparison study on the emission characteristics of diesel- 

and dimethyl ether-originated particulate matters. Appl En-

ergy. 2014;130:357-369.  

https://doi.org/10.1016/j.apenergy.2014.05.058 

[107] Yang Z, Chu C, Wang L, Huang Y. Effects of H2 addition 

on combustion and exhaust emissions in a diesel engine. 

Fuel. 2015;139:190-197.  

https://doi.org/10.1016/j.fuel.2014.08.057 

[108] Yilmaz IT, Gumus M. Effects of hydrogen addition to the 

intake air on performance and emissions of common rail 

diesel engine. Energy. 2018;142:1104-1113.  

https://doi.org/10.1016/j.energy.2017.10.018 

[109] Zare A, Nabi MN, Bodisco TA, Hossain FM, Rahman MM, 

Ristovski ZD et al. The effect of triacetin as a fuel additive 

to waste cooking biodiesel on engine performance and ex-

haust emissions. Fuel. 2016;182:640-649.  

https://doi.org/10.1016/j.fuel.2016.06.039 

[110] Zareei J. A Review on numerical and experimental results of 

hydrogen addition to natural gas in internal combustion en-

gines. Int J Renew Sustain Energy. 2014;3:6.  

https://doi.org/10.11648/j.ijrse.20140301.12 

[111] Zhou DZ, Yang WM, An H, Li J. Application of CFD-

chemical kinetics approach in detecting RCCI engine knock-

ing fuelled with biodiesel/methanol. Appl Energy. 2015;145: 

255-264. https://doi.org/10.1016/j.apenergy.2015.02.058 

[112] Zhou JH, Cheung CS, Leung CW. Combustion, perfor-

mance, regulated and unregulated emissions of a diesel en-

gine with hydrogen addition. Appl Energy. 2014;126:1-12.  

https://doi.org/10.1016/j.apenergy.2014.03.089 

[113] Zhou JH, Cheung CS, Leung CW. Combustion, perfor-

mance and emissions of ULSD, PME and B50 fueled multi-

cylinder diesel engine with naturally aspirated hydrogen. Int 

J Hydrog Energy. 2013;38:14837-14848.  

https://doi.org/10.1016/j.ijhydene.2013.08.128 

[114] Zhou JH, Cheung CS, Zhao WZ, Leung CW. Diesel–

hydrogen dual-fuel combustion and its impact on unregulat-

ed gaseous emissions and particulate emissions under differ-

ent engine loads and engine speeds. Energy. 2016;94:110-

123. https://doi.org/10.1016/j.energy.2015.10.105 

[115] Zhou JH, Cheung CS, Zhao WZ, Ning Z, Leung CW. Im-

pact of intake hydrogen enrichment on morphology, struc-

ture and oxidation reactivity of diesel particulate. Appl En-

ergy. 2015;160:442-455.  

https://doi.org/10.1016/j.apenergy.2015.09.036 

[116] Zhu G, Chow T-T, Maisotsenko VS, Wen T. Maisotsenko 

power cycle technologies: Research, development and future 

needs. Appl Therm Eng. 2023;223:120023.  

https://doi.org/10.1016/j.applthermaleng.2023.120023 
 

Mariusz J. Nieścioruk, MEng. – mjniescioruk AEI, 

Poland. 

e-mail: mariusz.j@niescioruk.eu 

 

  

Prof. Andrei-Alexandru Boroiu, DSc., DEng. – 
Faculty of Mechanics and Technology, National 

University of Science and Technology, Politehnica 
Bucharest, Romania. 

e-mail: andrei.boroiu@upb.ro 
 

  

Przemyslaw Kubiak, DSc., DEng. – Institute of 

Vehicles and Construction Machinery Engineering, 
Warsaw University of Technology, Poland. 

e-mail: przemyslaw.kubiak@pw.edu.pl 

 

  

Dmytro Levchenko, DEng. – Division of Ecotech-
nics, Lodz University of Technology, Poland. 

e-mail: dmytro.levchenko@p.lodz.pl 

 

  

Constantin Onescu, DEng. – Department of Manu-

facturing and Industrial Management, University of 
Pitesti, Romania. 

e-mail: constantin.onescu@gmail.com 

 

  

Prof. Gustavo Ozuna – Department of Industrial 

Engineering and Systems, Hermosillo 83000, Uni-
versity of Sonora, Mexico. 

e-mail: gozuna@industrial.uson.mx 

 

  

Prof. Agustín Brau Ávila, DSc., DEng. – Department 
of Industrial Engineering and Systems, Hermosillo 

83000, University of Sonora, Mexico. 

e-mail: agustin.brau@unison.mx 

 

  

Marek Wozniak, DSc., DEng. – Department of 

Vehicles and Fundamentals of Machine Design, 
Lodz University of Technology, Poland. 

e-mail: marek.wozniak.1@p.lodz.pl 

 

  

Krzysztof Siczek, DSc., DEng. – Department of 
Vehicles and Fundamentals of Machine Design, 

Lodz University of Technology, Poland. 

e-mail: ks670907@p.lodz.pl 

 

  

  

 

 



 
Article citation info:  

Sitnik L, Andrych-Zalewska M, Mielinska A. Method of assessing the fuel consumption of a car engine in its long-term natural  

operation. Combustion Engines. 2026;206(3):61-67. https://doi.org/10.19206/CE-216340 

COMBUSTION ENGINES, 2026;206(3) 61  

Lech SITNIK   
Monika ANDRYCH-ZALEWSKA  

Anna MIELINSKA  

 

 
Polish Scientific Society of Combustion Engines 

 

 

Method of assessing the fuel consumption of a car engine in its long-term natural 

operation 
 
ARTICLE INFO  The article presents a method based on the theory of cumulative fuel consumption. The outline of the method is 

presented using data from long-term (many years), natural operation of a middle-class passenger car covering  

a mileage of over 320,000 km and 647 refuelings. The results of the research and analyses turned out to be 
extremely adequate for the operational data. The correlation coefficient of the mathematical model describing 

CFC (cumulative fuel consumption) as a function of mileage (km) was R2 > 0.9999. Such an analysis result can 

be the basis for determining the ICFC (intensity of cumulative fuel consumption) and SCFC (specifically 
cumulative fuel consumption) courses as a function of mileage curves (irrespective of other parameters, such as 

ambient temperature). The three models mentioned collectively constitute the vehicle's energy footprint. It has 

been shown that the assessment of vehicle fuel consumption created solely on the basis of known indicators, such 
as FE (average fuel consumption between cycles or its average value (AFE) may not be adequate for assessing 

the fuel consumption of the car engine, and that is a new finding in the literature on this topic.  
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1. Introduction 
The fuel consumption is a critical parameter for as-

sessing the performance of combustion engine vehicles 

(ICEVs) in real-world conditions. Fuel consumption de-

pends on many factors, including driver behavior, traffic 

conditions, vehicle load, vehicle technical condition, as 

well as terrain and climate. 

The multitude of these factors influencing fuel con-

sumption is not reflected in laboratory tests conducted un-

der standardized driving cycles such as the "old" NEDC 

(New European Driving Cycle) or the "new" WLTP 

(Worldwide Harmonized Light Vehicles Test Procedure). 

The discrepancies between fuel consumption values de-

termined in laboratory tests and real-world fuel consump-

tion are widely documented, often showing that real-world 

fuel consumption is significantly higher than the official 

values. 

The problem, however, is how the fuel consumption is 

determined in real-world driving conditions. The issues 

related to this are addressed in this article, which presents 

an original method for assessing fuel consumption in the 

long-term natural operation of vehicles. 

The accurate assessment of long-term fuel consumption 

in natural operation (i.e., real-life vehicle use over an ex-

tended period) is essential for multiple stakeholders, includ-

ing: 

1) Vehicle manufacturers, who must design more fuel-

efficient vehicles while complying with emissions regu-

lations 

For vehicle manufacturers, real-world fuel consumption 

is a crucial design parameter that influences consumer 

choices and compliance with regulations. The growing 

emphasis on corporate average fuel economy (CAFE) 

standards [5] and CO2 emission targets compels manufac-

turers to: 

 

 develop lighter, more aerodynamic vehicle structures 

 improve engine efficiency and integrate hybridization 

technologies 

 optimize powertrain management systems for better fuel 

economy in variable driving conditions. 

Failure to meet regulatory requirements can result in 

heavy fines and loss of market competitiveness. 

2) Individual consumers, who seek fuel-efficient vehicles 

to reduce operating costs 

For individual (private) vehicle users, fuel costs consti-

tute a significant portion of total vehicle ownership expens-

es. Real-world fuel consumption data allow consumers to: 

 make informed decisions when purchasing vehicles 

 adapt eco-driving techniques to minimize fuel use 

 optimize vehicle maintenance to prevent excessive fuel 

consumption. 

A discrepancy between laboratory and real-world fuel 

consumption [2] can lead to dissatisfaction, as many con-

sumers base their purchase decisions on official fuel effi-

ciency ratings.  

3) Fleet operators, who rely on precise fuel data for cost-

effective transportation management 

For businesses operating large vehicle fleets, fuel ex-

penses have a direct impact on operational costs and profit-

ability. Logistics and transportation companies use fuel 

consumption data for: 

 fleet optimization, including route planning and load 

management 

 driver training programs to enhance fuel efficiency 

through better driving practices 

 monitoring and reducing carbon footprints to meet sus-

tainability targets. 

Studies indicate that fuel-efficient fleet management can 

reduce fuel costs by up to 20% through data-driven deci-

sion-making [8]. 
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4) Policy makers, who need realistic data to shape regula-

tions, taxation policies, and environmental strategies at 

local, national, and global levels. 

At local, national, and global levels, policymakers rely 

on real-world fuel consumption data to: 

 implement realistic fuel economy and emissions stand-

ards 

 design policies that promote alternative fuels and elec-

tric mobility 

 develop urban planning solutions that optimize public 

transportation and traffic flow. 

As cities and governments strive for the decarbonization 

of transportation, accurately assessing fuel consumption is 

crucial to ensure effective environmental policies and sus-

tainable transportation planning [1, 16].  

Given the rising fuel costs and stringent environmental 

policies aimed at reducing carbon emissions and urban air 

pollution, assessing real-world fuel consumption is crucial 

for improving economic efficiency and environmental sus-

tainability in the transportation sector. 

The multifaceted relationship between fuel consumption 

and human health [4] is also important, as the combustion 

of fossil fuels in transportation causes the emission of 

harmful pollutants that have a significant impact on public 

health and contribute to external costs borne not directly by 

vehicle users, but by society as a whole. 

We know that the primary pollutants generated from 

fuel combustion in ICEV-s include particulate matter 

(PM2.5 and PM10), nitrogen oxides (NOₓ), carbon monoxide 

(CO), volatile organic compounds (VOCs), sulphur dioxide 

(SOx), and greenhouse gases (GHGs) such as carbon diox-

ide (CO2). These emissions contribute to climate change 

and associated health risks. Studies by the World Health 

Organization (WHO) and the European Environment 

Agency (EEA) indicate that air pollution from vehicle 

emissions is responsible for millions of premature deaths 

annually, with urban areas being particularly affected due to 

high traffic density.  

The external costs [6] of these health impacts are sub-

stantial. The OECD estimates that the economic burden of 

air pollution-related diseases, encompassing healthcare 

expenditures, lost productivity, and reduced life expectan-

cy, amounts to over 5% of global GDP. 

In conclusion, the adverse health effects of fuel con-

sumption extend far beyond individual vehicle users, im-

posing significant social, economic, and environmental 

burdens. Urgent action is needed to reduce transport-related 

fuel consumption and emissions [9], improve air quality, 

and mitigate climate-related health risks through technolog-

ical advancements, behavioural changes, and regulatory 

measures. However, this cannot be achieved without ade-

quate methods to assess the actual fuel consumption of 

vehicles in their long-term (over many years) natural opera-

tion. 

2. Objectives of this study 
This article aims to present a method tool that will be 

helpful in further studies on the assessment of fuel con-

sumption (and more broadly, energy carriers) in: 

 review existing methodologies for measuring fuel con-

sumption in real-world conditions 

 analyze the discrepancies between laboratory and real-

world fuel efficiency results 

 discuss best practices for improving fuel economy in 

vehicle design, fleet management, and driving behavior 

 evaluate the policy implications of real-world fuel con-

sumption data. 

By addressing these topics, this study provides a com-

prehensive framework for assessing long-term fuel con-

sumption in natural vehicle operation, offering insights for 

manufacturers, consumers, fleet operators, and policymak-

ers.  

The main methods used so far to evaluate fuel consump-

tion [7], in real-world conditions [3], are: 

• Full Tank Method ("Tank-to-Tank") 

This is a simple and fairly accurate method used by 

drivers and fleet operators. Pros: Simple, reliable for long-

distance (great mileage) assessments. Cons: Does not pro-

vide real-time consumption changes. 

• On-Board Computer Readings 

Most modern vehicles have an onboard computer that 

displays both average and real-time fuel consumption. 

Pros: Instant results, useful for adjusting driving habits. 

Provides both average and instantaneous fuel consumption. 

Cons: There can be a 5–10% error margin. Older vehicles 

may lack this feature. 

• OBD-II Diagnostics + Mobile Apps 

If the vehicle has an OBD-II (On-Board Diagnostics) 

port, you can use a Bluetooth scanner (such as the 

ELM327) with apps like Torque or Car Scanner to monitor 

fuel consumption in real-time. 

Pros: Provides precise real-time fuel data from the en-

gine control unit. Allows tracking additional metrics (e.g., 

engine load, temperature, throttle position). Cons: Requires 

additional hardware and setup. Accuracy depends on sensor 

calibration. 

• Long-Term Statistical Analysis (Fleet Management) 

For commercial fleets, fuel consumption is analyzed 

over long periods using: Fuel purchase records (e.g., re-

ceipts, invoices). Odometer readings (from GPS or tacho-

graph). Driving conditions (urban, highway, cargo load). 

Pros: Best for fleet management, helps detect inefficiencies. 

Cons: Requires consistent data collection. 

• Real Driving Emissions (RDE) Testing with Portable 

Emission Measurement Systems (PEMS) 

Used in regulatory and scientific studies, this method 

involves: Installing a portable emissions analyzer (PEMS) 

on the vehicle. Measuring real-time fuel consumption under 

real-world driving conditions. Pros: Most accurate real-

world method. Cons: Expensive, used mainly in profession-

al research. 

Among the above-mentioned methods for assessing the 

fuel consumption of engines in long-term, natural vehicle 

use, the most frequently used method is the "full tank" 

method, also known as "Tank to Tank". However, there are 

two basic varieties of this method: in one of them, fuel 

consumption is given in units of the volume of fuel used 

related to the distance covered (usually in dm
3
 per 100 km), 

in the other, the distance covered on a specific amount of 

fuel is given (usually in miles per gallon of fuel).  
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In the EU, the most commonly used factor for assessing 

the fuel consumption of car engines is fuel economy (FE) 

expressed in dm
3
/100 km. This method is also presented in 

this publication. It is illustrated with the results of long-

term studies of ICEV operation in natural use, conducted at 

the PROEKO Foundation. 

A mid-range passenger car with a six-cylinder naturally 

aspirated V spark-ignition engine with a displacement of 

3.5 dm
3
 was tested. 

By the assumptions that Fi – i-th refueling, tdi – mileage 

to Fi, then the fuel economy (FE) can be expressed as: 

 FEi = 100Fi/(tdi − tdi−1)  (1) 

After 647 refuelings (during the operational car investi-

gations), it was achieving the results of fuel economy (FE) 

illustrated in Fig. 1. 

 

Fig. 1. Fuel economy after 647 refuelings of the investigated car 

 

As can be seen, it is possible to conduct a comprehen-

sive statistical analysis of the obtained results. Such an 

analysis was conducted, and the selected results are pre-

sented in Table 1. 

 
Table 1. Fuel economy 

Mean 11.54041 

Standard error 0.05568 

Median Nov.81 

Mode Oct.99 

Standard deviation 1.416291 

Sample variance 2.005879 

Kurtosis 0.380084 

Skewness 0.423088 

Range 9.879941 

Minimum 7.76880 

Maximum 17.64874 

Sum 7466.642 

Number 647 

Largest (1) 17.64874 

Least (1) Jul.88 

Confidence level (95.0%) 0.109336 

 

The presented data yield interesting observations. The 

average of 11.5 dm
3
/100 km does not differ from the values 

obtained in the operation of mid-range cars. It is interesting 

that the confidence interval for the average is relatively 

narrow. 

However, the relatively large dispersion of the FEi value 

from the AFE is worth noting. This is confirmed by the data 

concerning the hypothetical distribution of FEi values. The 

kurtosis of this distribution (0.38 – Table 1) indicates that it 

is relatively "flat", while the skewness value (0.42 – Table 

1) indicates that there are relatively many values signifi-

cantly smaller than the AFE achieved in presented calcula-

tions. 

The i value changed from 1 to n. By n refueling the av-

erage fuel economy (AFEn) is as  

 AFEn =
1

n
∑ FEi
n
i=1   (2) 

Figure 1 shows the values for i = n = 647. It is possible 

to calculate AFEi for each i (from 1 to 647). After each 

refueling, there is AFEi, and these values do not have to be 

constant – which is observed in reality. An example of the 

FEi and AFEi values calculated in the presented studies, is 

given in Fig. 2. 

 

Fig. 2. FE and AFE by 647 refuelings (i = 1 to n = 647) 

 

There are clearly visible large changes in AFE as the 

vehicle mileage increases. It is characteristic that in the 

initial period of operation, the changes in AFE are relative-

ly large. After a longer period of operation, the AFE values 

stabilize. This happens despite the fact that the FE values 

are still characterized by relatively large value dispersions. 

Of course, in the existing situation, the assessment of opera-

tional fuel consumption in long-term, natural operation may 

not be adequate to reality. See the value of mode equate 

10.98 dm
3
/100 km – Table 1. Hence, another fuel consump-

tion assessment method was introduced based on the theory 

of cumulative fuel consumption. 

The assessment of the fuel (energy carrier) consumption 

and energy efficiency of vehicles during their natural opera-

tion is crucial for understanding the impact on people and 

the environment and is essential for the development and 

implementation of sustainable transport policies. One sig-

nificant contribution to this field can be the cumulative fuel 

consumption theory [11], which offers a comprehensive 

framework for assessing fuel consumption under long-term, 

real-world conditions. 

Furthermore, the resulting concept of the energy foot-

print of a vehicle provides insight into the total energy 

consumed over its entire life cycle, from production to 

disposal. 
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3. Theory of cumulative fuel consumption  
Cumulative fuel consumption theory focuses on quanti-

fying the total fuel consumed by a vehicle over its entire 

operational life, considering various real-world factors that 

influence fuel efficiency. This approach contrasts with 

standardized laboratory tests, which may not accurately 

reflect actual driving conditions. 

The theory introduces several critical components: 

 Cumulative Fuel Consumption (CFC): This metric rep-

resents the total amount of fuel (energy carrier) con-

sumed by a vehicle over a specific period or distance. It 

encompasses all operational phases, offering a compre-

hensive view of fuel usage. 

 Intensity of Cumulative Fuel Consumption (ICFC): This 

parameter measures the rate of fuel consumption over 

time, reflecting how efficiently a vehicle uses fuel dur-

ing its operation. 

 Specific cumulative fuel consumption (SCFC) – value 

similar to the AFE. 

The cumulative fuel consumption over time td (practi-

cally mileage) after many transformations, described in 

detail in [11–13, 15] can be expressed as: 

 CFC(td) = ctd
a+1 (3) 

where: CFC – cumulative fuel consumption, c, a – con-

stants, td – the mileage. 

Derivative of the (3) is the intensity of the cumulative 

fuel consumption. 

ICFC(td) =
dCFC(td)

dtd
= c(a + 1)td

a  (4) 

where: ICFC – intensity of the cumulative fuel consump-

tion; by td = 0 the ICFC not exist.  

Specific cumulative fuel consumption (SCFC) 

 SCFC(td) =
CFC(td)

td
= ctd

a  (5) 

SCFC is similar to the AFE but the SCFC(td) is ex-

pressed in dm
3
/km.  

The usefulness of the cumulative fuel consumption the-

ory will be demonstrated here using data from the long-

term operation of 3.5 ICEV test, mentioned earlier. 

After each i-th refueling of the car, two main parameters 

can be noted, i.e. the tdi mileage and the amount of fuel 

filled into the car tank Fi. 

After k-refuelings (i ≤ k ≤ n) existing two parameters 

 tdk,   Fis = ∑ Fi
i
1   for  1 ≤ i ≤ n (6) 

Selected values from the initial and final period of oper-

ational testing are presented in Table 2. Full operational 

data are the responsibility of the authors of this publication. 

 
Table 2. Selected results from 3.5 ICEV long-term natural operational tests 

 
Datum 

Distance Refueling Sum of refueling 
CFCm [dm3] CFC [dm3] DCFC [%] 

tdk [km] Fi [dm3] Fis [dm3] 

1 30.04.2010 47 198.41 36.660 36.66 4 837.84 4 803.47 –0.72 

2 02.05.2010 47 658.58 48.149 84.81 4 885.99 4 852.85 –0.68 

3 03.05.2010 48 192.77 45.740 130.55 4 931.73 4 910.21 –0.44 

4 09.05.2010 48 754.31 55.360 185.91 4 987.09 4 970.53 –0.33 

5 14.05.2010 49 233.79 55.950 241.86 5 043.04 5 022.08 –0.42 

6 18.05.2010 49 730.97 52.830 294.69 5 095.87 5 075.55 –0.40 

7 24.05.2010 50 242.63 55.930 350.62 5 151.80 5 130.61 –0.41 

8 28.05.2010 50 706.03 52.860 403.48 5 204.66 5 180.50 –0.47 

9 30.05.2010 51 277.22 55.970 459.45 5 260.63 5 242.03 –0.35 

10 09.06.2010 51 737.40 52.100 511.55 5 312.73 5 291.63 –0.40 

11 12.06.2010 52 200.79 52.640 564.19 5 365.37 5 341.60 –0.44 

12 13.06.2010 52 694.75 45.770 609.96 5 411.14 5 394.90 –0.30 

13 15.06.2010 53 253.07 52.770 662.73 5 463.91 5 455.17 –0.16 

14 20.06.2010 53 692.33 49.820 712.55 5 513.73 5 502.61 –0.20 

15 21.06.2010 54 052.75 40.120 752.67 5 553.85 5 541.55 –0.22 

16 25.06.2010 54 601.42 49.970 802.64 5 603.82 5 600.86 –0.05 

17 28.06.2010 55 021.36 42.000 844.64 5 645.82 5 646.28 0.01 

18 29.06.2010 55 590.95 56.490 901.13 5 702.31 5 707.91 0.10 

19 01.07.2010 56 123.53 51.420 952.55 5 753.73 5 765.56 0.21 

20 05.07.2010 56 652.89 55.800 1 008.35 5 809.53 5 822.90 0.23 

21 14.07.2010 57 013.31 44.700 1 053.05 5 854.23 5 861.95 0.13 

22 16.07.2010 57 405.90 42.330 1 095.38 5 896.56 5 904.51 0.13 

23 18.07.2010 57 724.48 28.440 1 123.82 5 925.00 5 939.06 0.24 
        

71 07.02.2011 79 679.29 67.440 3 557.22 7 920.32 7 906.93 –0.17 
        

644 16.01.2025 327 227.16 53.340 31 919.78 36 333.66 36 581.42 0.68 

645 02.02.2025 327 577.92 45.510 31 965.29 36 386.75 36 637.74 0.69 

646 17.02.2025 328 020.39 54.800 32 020.09 36 431.88 36 678.93 0.67 

647 22.02.2025 328 395.29 33.830 32 053.92 36 481.46 36 734.11 0.69 
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An illustration of the operating data from all 647 refuel-

lings is shown in Fig. 3. 

 

Fig. 3. A typical picture of data after any refueling (647 in this case) the 

 car 

 

The tests were conducted using the full tank ("Tank to 

Tank") method. The fuel tank capacity of a 3.5 ICEV is 65 

dm
3
. However, Fig. 3 shows that there are refuellings with  

a volume exceeding this capacity – see row 71 in Table 2. 

This is not an error. This is the result of multiple refuel-

lings, of which only the last (of this mini cycle) is a refuel-

ling to a full tank. 

The analysis of the volume of refueled fuel reveals that 

the vast majority of the volume falls within the range of 50–

55 dm³. 

The Fis course is quasi-linear. Fis is an element of the 

cumulative fuel consumption CFC, because CFC is calcu-

lated from the moment the vehicle is put into service (by  

td = 0). 

The situation presented in Fig. 3, where there is no data 

from the beginning of the vehicle's operation, occurs fre-

quently, in fact, most often. The "missing" fuel consump-

tion from the mileage "zero" to the beginning of the operat-

ing data recording (here, 47,198.41 km – Table 2) can be 

determined using advanced mathematical methods. This 

was also done in relation to the tested 3.5 ICEV vehicle.  

By assuming that: 

 CFCm = F0s + Fis  (7) 

this where: Fis –measurement amount of fuel consumed to 

the tdn in the investigated period of car operation, F0s – 

estimated amount fuel consumed from the tdn = 0 (begin-

ning of the car operation) to the tdi (mileage of the first 

registered refueling by the investigated car operation i = 1), 

CFCm – estimated plus measurement consumed fuel to the 

tdi, CFC – cumulative fuel consumption from beginning the 

vehicle operation – equation (3), DCFC – deviation of the 

CFCm data from CFC data. 

The relevant data are given in Table 2 and illustrated 

here in Fig. 4. 

It is worth noting the good prediction of CFC values de-

termined based on CFCm. The percentage deviation of both 

values (DCFC), throughout the entire study period, does not 

exceed 1.00% – Fig. 4. 

The statistics of model (3) are given in Table 3. 

 

 

Fig. 4. Cumulative fuel consumption: CFCm – determined based on opera-

tional test data, CFC – determined based on the model (3), DCFC devia-

 tion of measured values from those determined from the model (3) 

 
Table 3. Statistics of model (3) 

Regression statistics 
Multiple R 0.999984 

R squared 0.999968 

Fitted R-squared 0.999968 

Standard error 0.003000 

Observation 647 

Coefficients 
"c" 0.056862 

"a" 0.054089 

 

Having constants "c" and "a" relative to the perfor-

mance of a specific vehicle, we can present the energy 

footprint of the vehicle [10, 14]. The energy footprint of the 

vehicle in the whole operating period in driving status is 

represented by three quantities, i.e. CFC(td), ICFC(td) and 

SCFC(td).  

These quantities were calculated (for 3.5 ICEV), and 

their curves are shown in Fig. 5. 

 

Fig. 5. The energy footprint of a car during its long natural life cycle 

 regarding the use phase 

 

The course of the curves is interesting. The intensity of 

the cumulative fuel consumption increases from the mo-

ment the car is put into service. The specific cumulative 

fuel consumption behaves similarly. The reasons for this 

state of affairs can, of course, be manifold. One of the main 

reasons may be, for example, a change in the operating 

environment. It is also interesting that the SCFC values, 
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when multiplied by 100, seem to yield similar results to 

those of AFE. The result of calculations and comparisons is 

shown in Fig. 6. 

 

Fig. 6. The result of calculations for comparison of 100SCFC and AFE 

 

The value of 100SCFC over the full mileage range is 

slightly lower than that of AFE. But 100SCFC may be 

closer to reality than AFE. In Table 1, we present the skew-

ness value as 0.42, noting that the maximum of the FE 

statistical distribution falls within the range of fuel con-

sumption smaller than the final AFE value after 647 refuel-

ings, corresponding to a 100SCFC. For this reason, the 

parameters of the statistical distribution are likely a more 

effective tool for assessing fuel consumption as AFE. Ob-

viously, it seems best to make fuel consumption assess-

ments using SCFC. 

4. Conclusions 
Cumulative fuel consumption theory provides a valua-

ble framework for understanding and quantifying fuel con-

sumption in real-world, long-term vehicle operations, offer-

ing insights that standardized tests may miss. 

The concept of a vehicle's energy footprint is intro-

duced, based on cumulative fuel consumption theory, to 

more accurately assess a vehicle’s energy consumption over 

its entire operational life. 

By analyzing real-world operating data such as fuel 

consumption records and distances traveled, this methodol-

ogy provides a comprehensive understanding of a vehicle’s 

energy requirements under natural, long-term operating 

conditions. The vehicle's energy footprint is visualized 

using cumulative fuel consumption, cumulative fuel con-

sumption intensity, and specific cumulative fuel consump-

tion curves, offering insight into how fuel efficiency 

evolves over the vehicle's life. 

The presented method of energy carrier consumption 

assessment has practical implications for: 

 Vehicle performance assessment: By analyzing CFCs, 

ICFCs, and SCFCs, manufacturers and researchers can 

assess how vehicles perform under a variety of real-

world conditions as a function of vehicle mileage (re-

gardless of specific conditions that vary randomly over 

long periods of operation), leading to improvements in 

design and fuel efficiency. 

 Policy development: Understanding cumulative fuel 

economy helps policymakers develop policies that pro-

mote energy efficiency and reduce environmental im-

pact, as well as forecast energy demand, such as for e-

mobility. 

 Consumer awareness: Providing consumers with infor-

mation about a vehicle’s cumulative fuel economy can 

influence purchasing decisions toward more fuel-

efficient options. 

Combined with vehicle energy footprint analysis, these 

concepts are crucial for promoting sustainable transporta-

tion, informing policy decisions, and guiding consumer 

choices toward minimizing costs, including external 

transport costs and environmentally friendly options. 

A separate issue is the possibility of using cumulative 

fuel consumption theory, and more broadly, energy foot-

print, as a method for multi-aspect comparisons of different 

vehicle powertrains, including comparisons of vehicle fleets 

with conventional (ICEV), hybrid (HEV and PHEV), hy-

drogen (H2EV), and electric (BEV) powertrains. 

Based on the assumption that the presented method can 

be beneficial for producers, decision-makers, and consum-

ers seeking to improve fuel efficiency and reduce environ-

mental impact, further work utilizing it is planned. It seems 

important to explain the phenomenon of large dispersion in 

the CFC curves recorded in vehicle fleets. Since model (3) 

will then become a multidimensional model, artificial neu-

ral networks are planned to be used in this context. 

 

Nomenclature 

AFE average fuel economy 

CAFÉ corporate average fuel economy 

CFC cumulative fuel consumption 

FE fuel economy 

ICFC intensity of cumulative fuel consumption 

ICEV combustion engine vehicle 

NEDC New European Driving Cycle 

PEMS portable emission measurement systems 

RDE real driving emission 

SCFC specifically cumulative fuel consumption  

WLTP Worldwide Harmonized Light Vehicles Test 

Procedure 

 

Bibliography  

[1] Dobranskyte-Niskota, A, Perujo A, Pregl M. Indicators to 

assess sustainability of transport activities. 2007. 

[2] Fan P, Yin H, Lu H, Wu Y, Zhai Z, Yu L et al. Which factor 

contributes more to the fuel consumption gap between in-

laboratory vs. real-world driving conditions? An independ-

ent component analysis. Energy Policy. 2023;182:113739.  

https://doi.org/10.1016/j.enpol.2023.113739 

[3] Heni H, Diop SA, Coelho LC, Renaud J. Measuring fuel 

consumption in vehicle routing: new estimation models us-



 

Method of assessing the fuel consumption of a car engine in its long-term natural operation 

COMBUSTION ENGINES, 2026;206(3) 67 

ing supervised learning measuring fuel consumption in ve-

hicle routing: new estimation models using supervised learn-

ing. 2019.  

https://www.cirrelt.ca/documentstravail/cirrelt-2019-08.pdf 

[4] Huang Y, Unger N, Harper K, Heyes C. Global climate and 

human health effects of the gasoline and diesel vehicle 

fleets. GeoHealth. 2020;4:1-13.  

https://doi.org/10.1029/2019GH000240 

[5] Kolb RW. Corporate Average Fuel Economy (CAFE) 

Standards. Encycl Bus Ethics Soc. 2008;5:456.  

https://doi.org/10.4135/9781412956260.n193 

[6] Lemp JD, Kockelman KM. Quantifying the external costs of 

vehicle use: evidence from America’s top-selling light-duty 

models. Transp Res Part D Transp Environ. 2008;13:491-

504. https://doi.org/10.1016/j.trd.2008.09.005 

[7] Mahlia TMI, Tohno S, Tezuka T. A review on fuel economy 

test procedure for automobiles: implementation possibilities 

in Malaysia and lessons for other countries. Renew Sustain 

Energy Rev. 2012;16:4029-4046.  

https://doi.org/10.1016/j.rser.2012.03.032 

[8] Reduce Fuel Costs with Fleet Management Software Strate-

gies_MoldStud.  

https://moldstud.com/articles/p-how-fleet-management-

software-can-help-reduce-fuel-costs 

[9] Romero CA, Correa P, Ariza Echeverri EA, Vergara D. 

Strategies for reducing automobile fuel consumption. Appl 

Sci. 2024;14:1-27. https://doi.org/10.3390/app14020910 

[10] Sitnik L. Operational energy footprint of vehicle. Combus-

tion Engines. 2021;186(3):37-40.  

https://doi.org/10.19206/ce-140245 

[11] Sitnik L. Theory of cumulative fuel consumption and exam-

ple for its application. Proceedings of the XXII International 

Scientific-Technical Conference TRANS&MOTAUTO ’14. 

Scientific-technical Union of Mechanical Engineering. Var-

na. 2014:17-20. 

[12] Sitnik L. Energy demand assessment for long term operation 

of vehicles. SAE Technical Paper 2020-01-2165. 2020.  

https://doi.org/10.4271/2020-01-2165 

[13] Sitnik L. Theory of cumulative fuel consumption by LPG 

powered cars. J Kones Powertrain Transp. 2015;22:275-280.  

https://doi.org/10.5604/12314005.1168489 

[14] Sitnik L, Andrych-Zalewska M, Dimitrov R, Mihaylov V, 

Mielińska A. Assessment of energy footprint of pure hydro-

gen-supplied vehicles in real conditions of long-term opera-

tion. Energies. 2024;17. https://doi.org/10.3390/en17143532 

[15] Sitnik L, Ivanov ZD, Sroka ZJ. Energy demand assessment 

for long term operation of hybrid electric vehicles. 2020 IOP 

Conf Ser: Mater Sci Eng. 2020;1002:012026.  

https://doi.org/10.1088/1757-899X/1002/1/012026 

[16] Zhou M, Jin H, Wang W. A review of vehicle fuel consump-

tion models to evaluate eco-driving and eco-routing. Transp 

Res Part D Transp Environ. 2016;49:203-218.  
https://doi.org/10.1016/j.trd.2016.09.008 

 

Prof. Lech Sitnik, DSc., DEng. – Faculty of Mechan-

ical Engineering, Wroclaw University of Science and 
Technology, Poland. 

e-mail: lech.sitnik@pwr.edu.pl 

 

  

Prof. Monika Andrych-Zalewska, DSc., DEng. – 

Faculty of Mechanical Engineering, Wroclaw Uni-
versity of Science and Technology, Poland. 

e-mail: monika.andrych@pwr.edu.pl 

 

  

Anna Mielińska – PROEKO Foundation, Poland. 

e-mail: anna.mielinska@pwr.edu.pl 

 

 

 

 

 



 
Article citation info:  

Wiśniowski P, Zimakowska-Laskowska M, Taubert S, Kozłowski E, Ślęzak M, Żbik K. Comparison of pollutant concentrations  

and engine operating parameters during cold start with petrol and LPG. Combustion Engines. 2026;206(3):68-78. 

https://doi.org/10.19206/CE-216339 

68 COMBUSTION ENGINES, 2026;206(3) 

Piotr WIŚNIOWSKI   

Magdalena ZIMAKOWSKA-LASKOWSKA  

Sławomir TAUBERT  

Edward KOZŁOWSKI  

Marcin ŚLĘZAK  

Ksawery ŻBIK  

 

 
Polish Scientific Society of Combustion Engines 

 

 

Comparison of pollutant concentrations and engine operating parameters during 

cold start with petrol and LPG 
 

ARTICLE INFO  The cold start of an ICE generates conditions conducive to intensive pollutant emission and reduced thermal 

efficiency. This study compared the concentrations of selected exhaust components and engine operating 

parameters during the cold start phase of a dual-fuel vehicle powered by petrol and LPG. The tests were 
conducted on a chassis dynamometer under identical ambient and load conditions, utilizing a repeatable 

homologation test. The analysis included HC, CH₄, and NOx concentrations, which were recorded simultaneous-

ly with the internal combustion engine's operating parameters: rotational speed, coolant temperature, throttle 
position, and load. The collected data enabled the development of mathematical models representing the 

relationships between the dynamics of the start process and pollutant concentrations. The results indicate 

significant differences in the start characteristics for individual fuels; in particular, LPG exhibits a distinct 
emission profile during the early phase of engine operation. Conclusions can serve as the basis for designing 

start control strategies in dual-fuel vehicles, considering environmental requirements and the further develop-

ment of emission control systems. 
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1. Introduction 
The cold start of the combustion engine remains one of 

the key challenges for engineers seeking to reduce emis-

sions of pollutants. In the initial phase of engine operation, 

the catalytic converter is not yet sufficiently heated, and the 

combustion process takes place in conditions that are not 

optimal, which results in a rapid increase in the emission of 

harmful exhaust components – including hydrocarbons 

(HC), methane (CH₄), carbon monoxide (CO) and nitrogen 

oxides (NOₓ) [14, 15, 48]. 

The literature indicates that alternative fuels, such as 

LPG, may exhibit a more favorable emission profile during 

the cold start phase compared to gasoline – especially in 

terms of lower HC and CO emissions [4, 14, 43]. The com-

bustion efficiency of LPG, along with its physicochemical 

properties, favors faster catalyst heating and stabilization of 

the combustion process [21, 33]. 

At the same time, an increasing number of studies indi-

cate a significant influence of ambient and engine tempera-

tures on emission levels during this phase of the driving 

cycle [2, 28, 45]. Low temperatures worsen fuel evapora-

tion, delay reaching the ignition temperature, and catalyst 

activation, resulting in a significantly higher emission level 

than during steady-state engine operation [6, 51]. 

In light of the above, the aim of this work is to conduct 

a quantitative analysis of the effect of fuel type (petrol vs 

LPG) and engine operating temperature on the emission of 

selected pollutants during the cold start phase. The tests 

were conducted on a chassis dynamometer using the re-

peatable WLTC test in fixed environmental conditions. The 

dependence of pollutant concentrations on key operating 

parameters, such as engine load, coolant temperature and 

crankshaft rotational speed, was also assessed. The con-

ducted analyses enable the identification of differences in 

exhaust emission characteristics depending on the fuel type, 

which may have significant implications for the further 

development of start-up control strategies and emission 

control systems in dual-fuel vehicles. 

2. Literature review 
The cold start of an internal combustion engine refers to 

starting the drive unit, whose temperature–including that of 

the coolant and exhaust system components – is significant-

ly lower than the operating temperature. This phenomenon 

occurs most frequently after a prolonged standstill of the 

vehicle, especially in low ambient temperature conditions, 

and is associated with several unfavorable effects, including 

deterioration of the ignition process, incomplete fuel com-

bustion, and delayed activation of exhaust gas after-

treatment systems [28, 51]. During the cold start phase,  

a sharp increase in HC and CO emissions is observed, re-

sulting from insufficient catalyst heating and instability in 

the combustion process. According to [28], the definition of 

cold start should refer not only to the moment of starting 

the engine, but also to the time needed to achieve full effi-

ciency of the emission reduction system. Specific limit 

values are provided in the technical and regulatory litera-

ture for recognizing that the engine has completed the cold 

start phase. According to research and engineering practic-

es, the end of the cold start phase is considered to be the 

moment when the coolant temperature reaches 70–80°C, 

and the catalyst temperature exceeds the so-called light-off 

threshold, usually in the range of 250–300°C. In urban 

driving conditions, these values are reached on average 

after 180–500 seconds [29, 52]. In the WLTC procedure, 

the duration of the cold start phase is estimated at about 

http://orcid.org/0000-0003-2491-4432
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140–300 s, while in the FTP-75 procedure, it is assumed 

that the cold start lasts until the catalyst temperature reaches 

250°C. However, the length of this phase can be signifi-

cantly extended at negative ambient temperatures. 

Studies show that in this phase of the driving cycle, the 

vehicle can emit up to 60% of the total HC and CO emis-

sions [3, 48]. This phenomenon concerns not only older 

vehicles, but also those meeting Euro 6 standards [15]. The 

increase in emissions during cold start conditions is strong-

ly correlated with engine operating parameters, such as 

coolant temperature and catalyst activation time [8, 16, 32, 

54]. Emissions also depend on the injection and ignition 

control strategy [11, 19], as well as the fuel atomization 

properties at low temperatures [30]. Furthermore, particu-

late matter (PM) emissions from gas direct injection (GDI) 

engines are significantly higher than those from port fuel 

injection (PFI) engines [40]. 

LPG, as an alternative fuel, exhibits a more favorable 

emission profile during the cold start phase. Comparative 

studies have shown that LPG-fueled engines emit less HC, 

CO, and PM compared to gasoline units [21, 26, 36, 44]. 

These effects are also supported by recent studies involving 

innovative LPG hardware/software configurations in low-

emission vehicle prototypes [35]. The effects result from 

improved LPG combustion properties and a more homoge-

neous fuel-air mixture [42]. The reduction of particulate 

matter emissions in LPG vehicles can reach up to 99% 

compared to gasoline, especially in urban conditions and at 

low ambient temperatures [22, 24, 37]. The literature also 

highlights the lower sensitivity of LPG to temperature 

changes, which improves its operational predictability [2, 

20, 33]. 

Ambient temperature plays a key role in shaping the 

level of pollutant emissions. At temperatures below 0°C, 

HC and CO emissions can increase by as much as tenfold 

[3, 5, 16, 34]. Low temperatures extend the catalyst warm-

up time and reduce the efficiency of exhaust gas treatment 

systems [48, 53]. This phenomenon also applies to fugitive 

emissions and organic gases [53]. LPG maintains a more 

stable emission profile at low temperatures, which is related 

to its physicochemical properties and injection strategy 

[31]. Modern combustion management strategies can effec-

tively reduce the negative impact of temperature on emis-

sions, especially through precise control of ignition and 

mixture composition [30, 45]. Modeling studies and meta-

analyses suggest a complex, nonlinear relationship between 

temperature and emissions [27–29]. 

Several technical and operational approaches have been 

described in the literature to reduce cold start emissions. [9, 

10]suggested the use of phase change materials (PCM) for 

heating the evaporator and pressure regulator in LPG sys-

tems, which allows for shortening the transition time to 

gaseous fuel and reducing CO and HC emissions. Kwak 

[26] and Gong [8] demonstrated that ignition delay and lean 

mixtures improve combustion stability and reduce catalyst 

activation time. Gong et al. [8] suggest that changing the 

injection strategy and fuel ratio in dual-fuel (metha-

nol/LPG) systems can significantly improve cold start 

emissions. Modern approaches include the use of split-

injection strategies and first-cycle ignition control [11, 19]. 

The use of electric catalyst heaters, as demonstrated by Gao 

et al. [7], enables faster attainment of the “light-off” tem-

perature, which significantly reduces pollutant emissions. 

Hao et al. [12] described a start-up strategy for dual-fuel 

engines (gasoline/hydrogen), indicating the possibility of 

reducing HC and CO emissions using special ignition maps. 

In turn, Teymoori et al. [46] proposed trapping HC emis-

sions using selective sorbents. An alternative direction is 

the development of filter materials and catalytic coatings 

dedicated to the cold start phase [6, 53] provided evidence 

that appropriate fiscal policies, such as carbon pricing, can 

effectively reduce the number of cold starts in urban envi-

ronments. 

Unburned hydrocarbons (HC) and methane (CH₄) are 

key pollutant components emitted during the cold start 

phase. Their presence is mainly due to the low temperature 

of the combustion chamber and insufficient catalyst activity 

in the initial seconds of engine operation [14, 40]. CH₄, as  

a persistent greenhouse gas, has high global warming and 

tropospheric ozone potential, which makes it particularly 

problematic in the context of modern emission standards [1, 

54]. Studies have shown that gasoline direct injection (GDI) 

engines emit significantly higher concentrations of CH₄ and 

HC compared to indirect injection engines, especially in 

low ambient temperature conditions [31, 40, 53]. In the 

case of LPG fuelling, methane emissions are usually lower, 

but still significant – especially in converted engines, where 

the optimization of combustion parameters is not adapted to 

the fuel characteristics [20, 41]. Various methods for reduc-

ing HC and CH₄ emissions have been suggested in the liter-

ature, including the use of adsorption coatings in catalysts 

[54], trapping HC molecules in porous materials [41, 46] 

and the adaptation of a multiphase injection strategy that 

improves mixture homogeneity [8]. 

2. Methodology 

2.1. Vehicle specification and test procedure 

The tests were performed using a Ford Focus vehicle 

with a spark-ignition engine, displacing 1798 cm³ in the 

Flexifuel version. The vehicle was fitted with an LPG injec-

tion system designed for vehicles with indirect fuel injec-

tion. A chassis dynamometer was used during the tests to 

simulate the resistance to motion of the vehicle that covered 

the WLTC cycle route (Fig. 1). The course of the full 

WLTC cycle and the engine temperature during the test are 

shown in the figures below (Fig. 2). 

 

Fig. 1. The complete WLTC cycle on the chassis dynamometer  
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Fig. 2. Engine temperature changes during the WLTC cycle throughout the 
emissions test 

 

The corresponding distance covered by the vehicle dur-

ing the WLTC cycle is illustrated in Fig. 3. This plot also 

shows the division of the test into Cold, Medium, and Nor-

mal states, depending on the engine coolant temperature. 

 

Fig. 3. Distance covered by the vehicle during the WLTC cycle according 

 to the testing procedure on the chassis dynamometer 

 

Engine start at 25°C. The following states were assumed 

with respect to the engine temperature (T): 

 T < 60°C – Cold 

 60°C ≤ T < 87°C – Medium 

 T ≥ 87°C – Normal. 

In order to compare the results (similar number of con-

centration readings), the initial 13 min of the test was used 

for analysis. 

2.2. Research tools 

The nonparametric Kruskal-Wallis test was used to 

compare pollution by condition, while the Kolmogorov-

Smirnov test was used to compare pollution by fuel type for 

each condition of the combustion engine. To verify the 

effect of temperature on the amount of pollution, an analy-

sis of the structural parameters of the nonlinear model de-

scribing the effect of engine load, temperature and engine 

speed on the amount of pollution was performed A similar 

methodology, combining chassis dynamometer testing with 

computational modelling, was proposed by Zimakowska-

Laskowska et al. [55], confirming the validity of hybrid 

approaches in vehicle emission research. 

2.2.1. Kruskal-Wallis rank sum test 

The Kruskal-Wallis test [13, 18] was used to analyze the 

existence of differences due to the engine operating state 

depending on the temperature. The Kruskal-Wallis test is 

used to detect differences between groups when the as-

sumption of normality of distribution in groups is not met. 

In the considered case, the engine operating state with re-

spect to temperature was selected as the differentiating 

variable. Let {yi
k}

1≤i≤nk
denote a sequence representing the 

concentrations of pollutant readings, where k ∈
{Cold, Medium, Normal} denotes the belonging to the state 

according to engine temperature. 

To verify the effect of engine condition on pollutant 

concentrations, α ∈ (0,1) we create a null hypothesis at the 

significance level: 

H0: FCold(x) = FMedium(x) = FNormal(x) for x > 0 (dis-

tributions of pollutant concentrations are equal and inde-

pendent of engine operating temperature) 

 

and the alternative hypothesis 

 

H1: ∃i, j ∈ {Cold,Medium,Normal} Fi(x) ≠ Fj(x)(engine 

operating temperature/condition has a significant influence 

on distribution of pollutant concentration). 

Ranking was performed for the entire sample 

{yi
k}

1≤i≤nk
,  k ∈ {Cold,Medium,Normal}. Let Rki denote the 

rank in the sample of ithe -th element from kthe -th group. 

The test statistic is given by: 

 T =
12

n(n+1)
∑ (Rk −

n+1

2
)

2

k∈{Cold,Medium,Normal} nk  (1) 

where n = nCold + nMedium + nNormal and Rk =
1

nk
∑ Rki

nk
i=1  

The test statistic (1) is a measure of the departure of the 

sample rank means from the mean value of all ranks, which 

is (n + 1)/2. The statistic T has a distribution χ2with 2 

degrees of freedom. 

2.2.2. Kolmogorov-Smirnov test 

For each engine operating state, the pollutants generated 

by the type of fuel supplied were also compared. The Kol-

mogorov-Smirnov test was used to compare (verify the 

differences) the distributions of two features Xand Y(pollu-

tant distributions by fuel type). For each feature (group), 

based on the observation of the realization {x1, x2, … , xn1
}, 

{y1, y2, … , yn2
} we create empirical distributions 

FX(t) =
#{xi: xi ≤ t, 1 ≤ i ≤ n1}

n
,

FY(t) =
#{yi: yi ≤ t, 1 ≤ i ≤ n2}

n

 

where #denotes the power of the set. For the Kolmogorov-

Smirnov test at the significance level α ∈ (0,1) we create 

the null hypothesis: 

H0:∀t ∈ (−∞,∞) FX(t) = FY(t) (the distribution func-

tions are identical), 

 

and the alternative hypothesis: 

 

H1: ∃t ∈ (−∞,∞), that FX(t) ≠ FY(t)(the distribution 

functions of the distributions are significantly different). 

The test statistic is given by the formula 

 DKS = sup
t≥0

|FX(t) − FY(t)|   (2) 

The statistic D has a Kolmogorov distribution. At the sig-

nificance level α from the Kolmogorov distribution tables, 
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we determine the critical value Kα. If √
n1+n2

n1n2
DKS > Kα, 

where n1 and n2 denote the sample numbers, then we reject 

the null hypothesis H0 in favor of the alternative hypothesis 

H1. 

2.2.3. Dependence of pollutant concentration on load, 

temperature and speed 

Let {(Pt
k, Lt

k, Tt
k, RPMt

k)}1≤t≤nk
 denote a data frame, 

where Pt
k denotes the concentration of pollutants within 1 s 

during measurements (ppm), Lt
k – engine load (% of maxi-

mum power output of the engine), Tt
k – current engine 

temperature C, RPMt
k – engine speed during fuel supply 

k ∈ {Gasoline,LPG}. During engine operation, the concen-

tration of pollutants Pt
k > 0 for each t, 1 ≤ t ≤ nk. For the 

analyzed data set, delays (lags) in AVL readings were taken 

into account due to the time of exhaust gas flow from the 

engine exhaust manifold to the measuring device. The aver-

age delay time of readings is about 6 s. The relationship  

 log(Pt
k) = θ0

k + θ1
kLt

k + θ2
kTt

k + θ3
kRPMt

k + εt   (3) 

was considered, for k ∈ {Gasoline,LPG}, while the influ-

ence of external factors is described using a random varia-

ble with a normal distribution N(0, σ2). 

Let 

X =

[
 
 
 
 
 
1 L1

k T1
k RPM1

k

1 L2
k T2

k RPM2
k

⋮ ⋮ ⋮ ⋮
1 Lnk

k Tnk
k RPMnk

k

]
 
 
 
 
 

, Y =

[
 
 
 
 
log(P1

k)

log(P2
k)

⋮
log(Pnk

k )]
 
 
 
 

,  

ε = [

ε1

ε2

⋮
εnk

] , Θ =

[
 
 
 
 
θ0

k

θ1
k

θ2
k

θ3
k]
 
 
 
 

 

Based on the observations, the relationship (3) can be 

presented in the form 

 Y = XΘk + ε   (4) 

Using the least squares method, we estimate the un-

known parameters of the model (3). If (XTX) ≠ 0 then the 

best linear estimator of unknown parameters is given as 

follows 

 Θ̂k = (XTX)−1XTY   (5) 

The variance estimator of residuals is equal 

σ̂2 =
1

nk − 3 − 1
∑εj

2

n

j=1

 

where residual ε = Y − XΘ̂ ∈ ℝn. The values of the vari-

ance of the structural parameters are determined as 

(S0
k, S1

k, S2
k, S3

k) = diag(σ̂2(XTX)−1). Therefore, each of the 

structural parameters θj
k has a normal distribution N(θ̂j

k, Sj
2) 

for 0 ≤ j ≤ 3. 

For equation (3) we examine the significance of the pa-

rameter θj
k, j = 0,1,2,3 namely the influence of the respec-

tive factor on the pollutant concentration. In order to assess 

the influence of individual predictors [14, 18, 37] at the 

significance level 0 < α < 1 for each structural parameter 

we create a null hypothesis 

 H0:θj
k = 0 

and the alternative hypothesis 

 H0: θj
k ≠ 0 

Test statistic 

 tj =
θ̂j

k

√Sj
k
   (6) 

has t – distribution with n − 3 − 1 degrees of freedom. The 

test probability is equal 

 pj = 2 ∙ P(T > |tj|)  (7) 

where T is a random variable with a t-Student distribution 

with n − 3 − 1 degrees of freedom. If pj < α, then for the 

parameter θj
k we reject the working hypothesis H0 in favor 

of the alternative hypothesis H1, therefore the appropriate 

component significantly affects the concentration of pollu-

tants defined by means of (3). If pj ≥ α then at the signifi-

cance level αthere are no grounds to reject the hypothesis 

H0, then the structural parameter is not significantly differ-

ent from zero and the predictor has a non-significant effect 

on explaining the variability of the pollutant concentration 

during the operation of the engine fueled with fuel k ∈
{Gasoline, LPG}. 

A prediction value of the logarithm of the pollutant con-

centration is equal 

 log(P̂t
k) = θ̂0

k + θ̂1
kLt

k + θ̂2
kTt

k + θ̂3
kRPMt

k 

For the analysis of the model fit [14, 18, 24] the coeffi-

cient of determination was estimated 

 R2 = 1 −
∑ εj

2n
j=1

∑ (log(Pj
k)−P‾k)

2
n
j=1

  (8) 

where P‾ k =
1

n
∑ log

nk
j=1 (Pj

k). The coefficient of determina-

tion R2shows what part of the variability of the dependent 

variable is explained by the model. The significance test of 

the multiple correlation coefficient [13, 23] was used to 

verify the fit of the model to the empirical data. At the sig-

nificance level 0 < α < 1 we create a null hypothesis 

H0: R = 0 (multiple correlation coefficient is equal to 

zero or not significantly different from zero) 

 

and the alternative hypothesis 

 

H0: R ≠ 0 (the multiple correlation coefficient is signif-

icantly different from zero). 

For the model (3) for fuel, k ∈ {Gasoline,LPG} the test 

statistic 

 f =
R2

1−R2

nk−3−1

3
   (9) 
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has a Fischer-Snedecor distribution with (3, nk − 3 − 1) 

degrees of freedom. The test probability is  

 pk = P(F > 𝑓)   (10) 

where Fis a random variable with a Fischer-Snedecor dis-

tribution (3, nk − 3 − 1) degrees of freedom. If pk ≥ α 

then at the significance level α there is no basis for reject-

ing the hypothesis H0, therefore the multiple correlation 

coefficient is not significantly different from zero and the 

fitfing of the model describing the concentration of pollu-

tants generated by the fuel-fueled engine 

k ∈ {Gasoline, LPG} to the data is too weak. If the test 

probability pk < α then the null hypothesis H0 should be 

rejected in favor of H1, then the fitfing of the model to the 

data is sufficiently high. 

2.2.4. Analysis of differences in the impact of load,  

engine operating temperature, rpm, on pollutant 

concentration for different fuels 

Based on the data {(Pt
k, Lt

k, Tt
k, rpmt

k)}1≤t≤nk
 for the es-

tablished pollutant type, we estimate the parameters of the 

model (3) using the OLS for each of the fuels k ∈
{Gasoline, LPG}. In order to verify the differences and 

similarities in the effects of engine load, temperature and 

rpm on the emission of pollutant concentrations due to the 

use of different fuel types at the significance level 0 < α <

1for each of the structural parameters θj
Gasolineand θj

LPGfor 

j ∈ {1,2,3}, we create a null hypothesis 

H0: θj
Gasoline = θj

LPG(no significant differences in the ef-

fect of the j-th factor when fueled with petrol and LPG) 

 

and the alternative hypothesis 

 

H1: θj
Gasoline ≠ θj

LPG(significant difference in the impact 

of the j-th factor when fueled with petrol and LPG) 

Test statistic 

 Tj =
θj

Gasoline−θj
LPG

√
Sj

Gasoline

nGasoline−4
+

Sj
LPG

nLPG−4

    (11) 

has a normal distribution N(0,1). The test probability is 

equal 

pj = 2 ∙ P(U > |Tj|) 

where U is a random variable with a distribution N(0,1). If 

pj < α, then we reject the null hypothesis H0in favor of H1, 

then the influence of j-th factor on the pollution significant-

ly depends on the type of fuel. 

3. Results 
Basic statistics for the logarithm of pollutant concentra-

tions for various conditions with respect to the engine oper-

ating temperature range and for various types of fuel used 

to power the combustion engine are presented below (Table 

1 and Table 2). 

Tables 1 and 2 present basic statistics for pollutant con-

centrations (CH₄, HC, NOₓ) generated by the petrol- and 

LPG-fuelled engine in different engine operating states 

(cold, medium, and operational). Comparison of the results 

reveals clear differences in emission profiles between the 

fuels, with LPG exhibiting more stable pollutant concentra-

tions, particularly during the cold start phase. 

To compare the effects of engine operating temperature 

and fuel type on pollutant emissions, the following graphs 

present logarithmic concentrations of gases: methane 

(CH₄), hydrocarbons (HC), and nitrogen oxides (NOₓ), 

varying with engine operating temperature and fuel type 

(gasoline and LPG). The results indicate significant differ-

ences in the emission profiles of these gases under different 

temperature conditions, with particular emphasis on the 
 

 
Table 1. Basic statistics of pollution generated by combustion engine powered by gasoline 

State Pollution minutes q0.25 Mean Median q0.75 max Std.dev Skewnes Kurtosis 

Cold log(CH4) 2.13 2.84 3.57 3.32 4.43 6.01 0.94 0.42 –0.83 

Cold log(HC) 4.57 5.18 6.10 5.66 7.25 8.59 1.20 0.75 –0.84 

Cold log(NOx) 1.19 2.48 4.15 3.94 5.49 7.49 1.72 0.33 –1.10 

Medium log(CH4) –0.20 1.52 2.01 2.23 2.58 4.42 0.85 –0.54 0.34 

Medium log(HC) 3.24 3.77 4.13 4.08 4.43 5.47 0.51 0.41 –0.35 

Medium log(NOx) 0.35 2.11 3.18 2.75 4.28 7.49 1.46 0.60 –0.33 

Normal log(CH4) –1.10 0.86 1.60 1.86 2.49 4.16 1.26 -0.53 –0.55 

Normal log(HC) 2.79 3.18 3.69 3.57 4.13 5.61 0.59 0.70 –0.19 

Normal log(NOx) –0.10 1.13 2.56 2.44 3.77 7.02 1.75 0.42 –0.65 

 
Table 2. Basic statistics of pollution generated by combustion engine powered by LPG 

State Pollution minutes 𝑞0.25 Mean Median 𝑞0.75 max Std.dev Skewnes Kurtosis 

Cold log(CH4) 2.66 3.74 4.15 3.96 4.64 5.83 0.70 0.19 –0.21 

Cold log(HC) 5.11 6.02 6.71 6.54 7.62 8.77 1.01 0.19 –1.08 

Cold log(NOx) 0.59 2.65 4.16 4.18 5.33 7.53 1.68 0.20 –0.93 

Medium log(CH4) 0.06 2.01 2.60 2.76 3.17 4.66 0.83 –0.34 0.31 

Medium log(HC) 3.24 4.11 4.61 4.56 5.08 6.97 0.72 0.39 –0.14 

Medium log(NOx) 0.33 2.30 3.38 2.96 4.36 7.27 1.58 0.52 –0.40 

Normal log(CH4) –0.75 1.73 2.20 2.39 2.90 4.52 1.06 -0.84 0.54 

Normal log(HC) 2.75 3.50 4.23 4.11 4.96 6.18 0.90 0.23 –0.95 

Normal log(NOx) 0.08 1.74 3.30 2.97 4.93 7.65 2.02 0.32 –0.90 
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differences between fuels during the cold start phase. Fig-

ures 4–6 illustrate how the concentrations of individual 

pollutants vary with temperature and fuel type, confirming 

earlier observations reported in the literature. 

 

Fig. 4. Comparison of HC concentrations in logarithmic scale depending 
 on engine operating temperature and fuel type 

 

Figure 4 shows a comparison of hydrocarbon (HC) con-

centrations on a logarithmic scale, plotted against engine 

operating temperature and fuel type. There is a clear differ-

ence in the emission profiles between petrol and LPG, es-

pecially during the cold start phase. The dots in the box-

plots represent statistical outliers, defined as values lying 

more than 1.5 times the interquartile range from the nearest 

quartile. 

 

Fig. 5. Comparison of NOx concentrations in logarithmic scale depending 

 on engine operating temperature and fuel type 

 

Figure 5 shows a comparison of nitrogen oxides concen-

trations on a logarithmic scale for different engine operat-

ing temperatures and fuels. We observe that the differences 

in NOₓ emissions are more pronounced at lower tempera-

tures, where LPG shows a more stable emission profile than 

gasoline. 

 

Fig. 6. Comparison of CH4 concentrations in logarithmic scale depending 

 on engine operating temperature and fuel type 

 

Figure 6 shows methane (CH₄) concentrations on a log-

arithmic scale, varying with temperature and fuel type. 

Methane emissions are clearly lower for LPG, especially at 

higher engine operating temperatures, confirming the more 

favorable emission profile of this fuel. 

Tables 1 and 2, and Fig. 4–6, demonstrate that the 

Kruskal-Wallis test was employed to investigate the pres-

ence of differences in the distribution of pollutant concen-

trations on a logarithmic scale across engine operating 

states. The table below presents the values of the test statis-

tics T and the corresponding test probabilities Table 3 

shows that for each fuel and for each type of pollutant, the 

test probability is below the level α = 0.05. Therefore, for 

both Gasoline fuel and LPG, the engine operating tempera-

ture significantly affects the value of pollutant concentra-

tions NOx, CH4, HC. 

 
Table 3. The result of the Kruskal-Wallis test regarding the differences in 
the distribution of pollutant concentrations due to the operating tempera-

 ture range of the combustion engine 

Fuel Pollution T p.value 

Gasoline NOx 78.96 7.144 × 10−18 

Gasoline HC 511.41 8.901 × 10−112 

Gasoline CH4 297.36 2.685 × 10−65 

LPG NOx 19.10 7.104 × 10−5 

LPG HC 604.57 5.239 × 10−132 

LPG CH4 484.45 6.3659 × 10−106 

 

The Kolmogorov-Smirnov test was used to compare the 

distributions of pollutant concentration differences on  

a logarithmic scale by fuel type. Empirical distribution 

functions are presented in Fig. 4–6. Table 4 presents the 

values of the test statistics D and the test probability values. 

For the 'Cold' state and NOx pollution, for the 'Medium' 

state and NOx pollution, the test probability is above 0.05, 

so for these cases , there is no basis for rejecting the work-

ing hypothesis; the pollutant concentration distributions are 

equal or differ insignificantly. For the remaining states and 

pollutants, the test probability is below the value 0.05, so 

the pollutant distributions differ significantly. 
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Table 4. The result of the Kolmogorov-Smirnov test regarding the differ-

 ences in the distribution of pollutant concentrations due to fuel type 

State Pollution D p.value 

Cold NOx 0.062 0.8475 

Cold HC 0.391 3.781 × 10−13 

Cold CH4 0.469 9.533 × 10−19 

Medium NOx 0.112 0.07777 

Medium HC 0.344 1.045 × 10−13 

Medium CH4 0.382 7.355 × 10−17 

Normal NOx 0.153 4.381 × 10−4 

Normal HC 0.304 8.476 × 10−15 

Normal CH4 0.240 2.259 × 10−9 

 

According to formula (3), the effects of engine load, en-

gine operating temperature, and rpm on the concentration of 

pollutants were identified. The values of structural parame-

ters, standard deviation of these parameters, test statistic 

values (6) and test probability (7) for both Gasoline and 

LPG fueled engines are presented in Tables 5–9. 
 

Table 5. Structural parameter values, standard deviations, test statistic 

 values and test probabilities for contamination HC 

 Value Std.Error t p.value 

θ0
Gasoline 7.54 0.12 61.46 7.76 × 10−305 

θ1
Gasoline 0.01 0.001 9.66 5.82 × 10−21 

θ2
Gasoline –0.05 0.001 –49.77 6.7 × 10−247 

θ3
Gasoline 0.0002 0.0001 6.49 1.51 × 10−10 

θ0
LPG 7.99 0.17 46.69 1.99 × 10−230 

θ1
LPG 0.01 0.002 5.87 6.36 × 10−9 

θ2
LPG –0.05 0.002 –35.26 6.25 × 10−165 

θ3
LPG 0.0004 0.0001 5.95 4.09 × 10−9 

 

From Table 5 we can see that for both Gasoline and 

LPG at the significance level 0.05 for each of the structural 

parameters should be rejected in favor of the alternative 

hypothesis, each of the factors (engine load, engine temper-

ature, rpm) significantly affects the value of concentration 

HC. The values of structural parameters θ2
Gasolineand 

θ2
LPGare negative, which assumes that with the increase of 

engine temperature, the concentration decreases HC. It 

should be noted that the extremely small p-values reported 

in Table 5 do not carry a physical meaning in themselves 

but only confirm that the corresponding parameters are 

highly statistically significant. 
 

Table 6. Structural parameter values, standard deviations, test statistic 

 values and test probabilities for contamination CH4 

 Value Std.Error t p.value 

θ0
Gasoline 4.13 0.22 19.18 1.02 × 10−67 

θ1
Gasoline 0.01 0.002 3.81 0.0002 

θ2
Gasoline –0.04 0.002 –21.61 6.77 × 10−82 

θ3
Gasoline 0.001 0.00008 7.16 1.85 × 10−12 

θ0
LPG 4.99 0.19 25.95 4.12 × 10−108 

θ1
LPG 0.002 0.002 1.16 0.25 

θ2
LPG –0.04 0.002 –23.38 1.61 × 10−92 

θ3
LPG 0.0005 0.00007 6.71 3.66 × 10−11 

 

From Table 6 we can see that for LPG at the signifi-

cance level 0.05 there is no basis for rejecting the null hy-

pothesis for the parameter θ1
LPG(engine load), while for the 

remaining parameters, both for Gasoline and LPG, the 

working hypothesis should be rejected in favor of the alter-

native hypothesis, therefore each of the factors (engine 

load, engine temperature, rpm) significantly affects the 

concentration value CH4. The values of the structural pa-

rameters θ2
Gasolineand θ2

LPGare negative, which means that 

with the increase in engine temperature, the concentration 

decreases CH4. 

 
Table 7. Structural parameter values, standard deviations, test statistic 

 values and test probabilities for contamination NOₓ 

 Value Std.Error t p.value 

θ0
Gasoline 2.028 0.308 6.589 8.007 × 10−11 

θ1
Gasoline 0.03169 0.003 9.606 9.505 × 10−21 

θ2
Gasoline –0.029 0.0033 –10.769 2.4104 × 10−25 

θ3
Gasoline 0.00156 0.0001 13.169 5.533 × 10−36 

θ0
LPG 0.596 0.324 1.839 0.0663 

θ1
LPG 0.037 0.003 10.725 3.652 × 10−25 

θ2
LPG –0.014 0.003 –4.973 8.0813 × 10−7 

θ3
LPG 0.0018 0.0001 15.334 1.0557 × 10−46 

 

Table 7 shows that for LPG, at the 0.05 significance 

level, there is no basis to reject the working hypothesis for 

the parameter θ0
LPG, while for the remaining parameters, 

both gasoline and LPG, the working hypothesis should be 

rejected in favor of the alternative hypothesis, therefore 

each of the factors (engine load, engine temperature, rpm) 

significantly affects the NOx concentration. 

Table 8 presents the values of the standard deviations of 

the residuals in the model (3), the values of the coefficient 

of determination R2, the values of the test statistic (9) and 

the test probability (10) regarding the significance of the 

multiple correlation coefficient for each pollutant and each 

fuel type. 

 
Table 8. Values of the standard deviation σ, coefficient of determination 

 R2, test statistic F and test probability values 

Fuel Pollution σ R2 F p.val 

Gasoline NOx 1.39 0.38 162.83 2.45 × 10−82 

Gasoline HC 0.56 0.78 966.86 3.56 × 10−265 

Gasoline CH4 0.98 0.44 207.42 1.89 × 10−99 

LPG NOx 1.47 0.37 152.98 2.57 × 10−78 

LPG HC 0.78 0.65 488.41 4.19 × 10−180 

LPG CH4 0.87 0.46 223.40 3.43 × 10−105 

 

Table 9 presents the results regarding the significance of 

differences in structural parameters for model (3) for each 

of the different fuels. 

For pollution, HC there is no basis to reject the null hy-

pothesis for the coefficients with the variables engine load, 

engine temperature and rpm (differences between parame-

ters in equation (3) for Gasoline and LPG are not signifi-

cant), whereas for the intercept the null hypothesis is reject-

ed in favor of the alternative hypothesis (significant differ-

ence in the effect of fuel type on the concentration value 

HC). 
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Table 9. Statistics values of structural parameters and test probability 

 values 

Pollution j Tj pj 

NOx 0 50.89 0.00 

NOx 1 –1.94 0.026 

NOx 2 –5.69 0.00 

NOx 3 –0.62 0.27 

HC 0 –23.82 0.00 

HC 1 0.96 0.17 

HC 2 –0.30 0.38 

HC 3 –0.22 0.41 

CH4 0 –37.99 0.00 

CH4 1 2.72 0.003 

CH4 2 –0.64 0.26 

CH4 3 0.21 0.42 

 

For pollution CH4 there is no basis to reject the null hy-

pothesis for the coefficients with the variables engine tem-

perature and rpm, whereas for the intercept and engine load, 

the null hypothesis is rejected in favor of the alternative 

hypothesis (significant difference in the effect of fuel type 

and engine load for various fuels on the concentration value 

CH4). 

For NOx pollution, there is no basis to reject the null 

hypothesis for the coefficient at rpm (rpm has a similar 

effect on the NOx concentration values for different fuels), 

whereas for the intercept, engine load and engine tempera-

ture, the null hypothesis is rejected in favour of the alterna-

tive hypothesis (significant difference in the effect of fuel 

type and engine load and temperature when fuelled with 

different fuels on the NOx concentration value). 

4. Conclusions and discussion of results 
The laboratory measurements carried out and the statis-

tical analysis of the obtained results allowed the formula-

tion of the following conclusions: 

1. The increase in engine load has a significant impact on 

the increase in the level of hydrocarbon, methane and 

nitrogen oxide emissions, both when fuelled with gaso-

line and LPG (the exception is the lack of a significant 

increase in methane emissions for gas fuelling). Alt-

hough the increase in engine load and crankshaft speed 

in LPG engines has a smaller impact on emissions com-

pared to gasoline engines, this is due to the unique com-

bustion characteristics of LPG. Thanks to a more homo-

geneous fuel-air mixture and higher combustion effi-

ciency, the LPG engine is able to maintain a more stable 

combustion process, even at higher loads and rotational 

speeds, which limits the increase in emissions. 

2. The increase in engine coolant temperature, represent-

ing the increase in catalytic converter temperature, has  

a significant impact on reducing hydrocarbon, methane 

and nitrogen oxides emissions when fueled with gaso-

line and LPG. Although both LPG and gasoline have  

a significant impact on pollutant emissions during the 

cold start phase, the differences in their emission pro-

files result from different combustion dynamics. LPG, 

due to its superior physicochemical properties, promotes 

faster catalyst heating, which in turn leads to a more 

rapid reduction in HC and CO emissions compared to 

gasoline. At the same time, its lower sensitivity to am-

bient temperature changes makes LPG emissions more 

stable in winter conditions, which is confirmed by the 

results of literature studies [21, 44]. 

3. The increase in the engine crankshaft speed is associat-

ed with a significant increase in the emission of hydro-

carbons, methane and nitrogen oxides. There were no 

significant differences between the fuels considered. 

4. In the WLTC cycle, the highest emission level occurs at 

the beginning of the test, when the catalytic converter 

has not yet reached its starting temperature. 

5. Frequent cold starts and short distances covered by the 

vehicle contribute to increased emissions of harmful ex-

haust gas components. 

The laboratory tests and analysis of the results indicate  

a relationship between selected engine operating parameters 

(load, temperature and rotational speed) and the emission of 

hydrocarbons, methane and nitrogen oxides for gasoline 

and LPG fuelling. The issue of the relationship between 

engine load and emission of harmful substances was raised, 

among others, in the article by Hashem et al. The authors 

performed an experimental and numerical analysis using 

simulation software and showed that with increasing load 

(and constant engine speed) the emission of selected ex-

haust components increases, including nitrogen oxides. 

According to the authors, the increase is greater during 

operation on LPG, which may be due to the faster combus-

tion process when fueled with gas. The data presented in 

our article also show that increasing load leads to an in-

crease in NOₓ for both test fuels. The same authors also 

examined the issue of the effect of increasing the rotational 

speed of the engine shaft at constant load. They measured 

the concentration of nitrogen oxides, among others, which 

increased with the increase in the shaft rotational speed. 

They emphasized that this is related to the increase in tem-

perature in the combustion chamber, and this effect was 

noticeable for gasoline and, to a greater extent, for LPG. 

These observations are consistent with those presented in 

the paper. 

The results of this study indicate the need for further 

development of catalyst temperature management strate-

gies, particularly under low ambient temperature condi-

tions, which can significantly enhance the efficiency of 

pollutant emission reduction in dual-fuel engines. Another 

area that requires in-depth research is the optimization of 

ignition and injection strategies in LPG engines, especially 

in the context of different temperature conditions. 

The research presented in the study revealed a signifi-

cant impact of engine coolant temperature on the emission 

of hydrocarbons, nitrogen oxides, and methane from the 

engine. The coolant temperature represents the engine op-

erating conditions, but also the catalytic converter heating 

process. This effect may be further enhanced by interac-

tions between injected fuel and residual exhaust gases, as 

demonstrated in HCCI engine studies [17]. This is con-

firmed by the research conducted by Worsztynowicz and 

Uhryński [50], who measured, among other things, the 

temperatures of the coolant and the reactor during their 

study. The topic of increased emission of harmful substanc-

es in exhaust gases right after a cold start is discussed from 

different perspectives. Woo Jeong et al. [49] investigated 
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the relationship between the content of ammonia and nitro-

gen oxides in exhaust gases, varying the temperature. One 

of their observations was a significantly increased NOx 

emission after a cold start, which gradually decreased as the 

catalytic converter temperature increased. The simulations 

conducted by Reiter et al. [39] are another confirmation of 

the problem of methane and nitrogen oxides emissions by 

LDVs during a cold start. Te authors, among others, drew 

attention to the variability of emissions depending on the 

season, additionally emphasizing the effect of temperature 

on emissions. In winter, the catalytic converter needs even 

more time to reach the light-off temperature. Usman et al. 

[47], During their studies on emissions depending on the 

fuel used, they presented, among others, a graph showing 

the emissions of hydrocarbons and nitrogen oxides as  

a function of the crankshaft's rotational speed. With the 

increase in rotational speed, the emission of nitrogen oxides 

increased, and that of hydrocarbons decreased. The reduc-

tion of hydrocarbon emissions did not occur in our studies. 

 

Nomenclature 

CI compression ignition 

CNG compressed natural gas 

DI direct injection 

LPG liquefied petroleum gas 

SI spark ignition 
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1. Introduction 
The growing need to reduce fuel consumption and the 

resulting CO2 emissions in transport means that alternative 

solutions are sought to achieve this goal. The requirements 

for reducing energy intensity result from, among others: 

– the levels and stability of prices of fuels and raw materi-

als necessary for the production of vehicles and their 

components 

– the access to fuels and raw materials, which is an ele-

ment of energy independence and security 

– the state of the infrastructure for fuel and energy pro-

duction, its storage, transmission and distribution and 

the need to maintain its stability. 

The solution may be alternative drives, which not only 

reduce fuel consumption but also offer diversification and 

reduce the risk of becoming dependent on one technology. 

The market offers combustion engines powered by alterna-

tive fuels (CNG – Compressed Natural Gas, LNG – Liqui-

fied Natural Gas, biogas, ethanol, HVO – Hydrotreated 

Vegetable Oil, etc.), hybrid drives in various versions 

(MHEV – Mild Hybrid Electric Vehicle, HEV – Hybrid 

Electric Vehicle, PHEV – Plug-in Hybrid Electric Vehicle), 

battery-powered electric drive systems (BEV – Battery 

Electric Vehicle), and recently also hydrogen-powered 

vehicles. The latter can use hydrogen as a fuel for combus-

tion engines (H2ICE – Hydrogen Internal Combustion 

Engine) or for direct electricity generation in fuel cells 

(FCEV – Fuel Cell Electric Vehicle) [7, 17]. In the future, 

we can expect further development of synthetic fuel pro-

duction technology, based on the chemical binding of hy-

drogen and carbon captured from the atmosphere and bio-

mass [11]. 

With such a wide range of possibilities, choosing one 

specific solution can be difficult, especially since most of 

these technologies are still in development and it is often 

difficult to estimate target functionalities, parameters, or 

costs of use [20]. 

Basically, the choice for each case should be made indi-

vidually and be preceded by a detailed analysis of the 

needs, where the main selection criterion, apart from price, 

should be the level of access to infrastructure and ease of 

use, related to the available driving range, time and fre-

quency of refuelling/charging. 

The task of selecting the right technology for a given 

user will become even more difficult when hybrid energy 

storage technologies appear on a large scale, e.g. BEV 

charging stations supported by battery energy storage units 

and hydrogen-powered energy generators. From the per-

spective of heavy transport, a sufficiently large driving 

range, short refueling/charging times and access to infra-

structure are key criteria for selecting technologies, apart 

from price [23]. 

One of the previously mentioned technologies that 

meets or may meet the above requirements in the future is 

hydrogen fuel cell electric vehicle (FCEV) technology. This 

is basically a hybrid drive in which a hydrogen-powered 

PEM fuel cell acts as the primary energy source responsible 

for the driving range. The secondary energy source that 

drives dynamics is electrochemical batteries. Their role is to 

stabilize the operation of the hydrogen fuel cell, which 

increases its efficiency and allows for energy storage, e.g. 

during regenerative braking [3]. Electrochemical batteries 

also power the drive during low-load operation, allowing 

periodic shutdown of the fuel cell. 

Among the various types of fuel cells, PEM (Proton Ex-

change Membrane) fuel cells are mainly used in means of 

transport due to their ability to operate at ambient tempera-

tures, short start-up and shut-down times, resistance to 

shocks and vibrations, and the ability to be powered by 

oxygen taken from the air [5]. In addition to oxygen, fuel 

cells require fuel – hydrogen, which has a very high gravi-

metric energy density of 120 MJ/kg (LHV – Lower Heating 

Value). Unfortunately, high gravimetric density does not go 

hand in hand with volumetric density, which is very low in 

ambient conditions (approx. 10.8 MJ/m
3
). This requires 

transporting hydrogen in high-pressure tanks, stored as  

a gas at 35–70 MPa [4]. Such high pressures require special 
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refueling infrastructure and affect the time and energy costs 

of refueling. 

The problems and energy costs result from the laws of 

thermodynamics, which cause hydrogen to be compressed 

during filling and thus heated, which further increases its 

pressure. As a result, after the gas temperature has equal-

ized with the ambient temperature, the pressure in the tanks 

is lower than it was in the final phase of filling. This can 

result in incomplete use of the tanks and a limited range 

[24]. An alternative is to extend the refueling time and/or 

cool the supplied hydrogen, which requires additional ener-

gy [12]. 

2. The analysis of the city buses market 
The share of the hydrogen buses is still not big and in 

2020, there were 5648 fuel cell buses all over the world 

(93.7% in China) [26]. In Europe on 1st January 2023, there 

were 370 fuel cell buses in operation. Registrations of these 

kinds of buses in Europe remain marginal, with numbers 

such as 207 in 2023 and 378 in 2024 [30]. In 2023, the fuel 

cell buses had only a 4.6% share in the zero-emission bus 

market in Europe, where the rest of the market belongs to 

battery electric buses [30]. Despite many manufacturers of 

fuel cell buses, actually, the fuel cells are used, manufactured 

mainly by Ballard Power Systems or Toyota [2, 26, 30]. 

The hydrogen city bus demonstrators were developed in 

the 1990s. The first fuel cell buses were rather the smaller 

versions (approx. 9–10 m long), which probably resulted 

from the low power output of the initial fuel cells and prob-

lems with hydrogen storage (limited range) [25]. Toyota 

and Hino cooperated from 2000 onward in the field of hy-

drogen city bus development. This cooperation resulted in 

Toyota FCHV-BUS, which was equipped with two 90 kW 

PEFC fuel cells and two 80 kW traction motors (Fig. 1) [25]. 

Nowadays, despite over 30 years of fuel cell bus devel-

opment, this propulsion system still has an economic disad-

vantage compared to battery-electric and diesel buses [14, 

21, 30]. A study from September 2023 by Eurac Research, 

which compared the operating costs of battery electric bus-

es with those of fuel cell electric buses, revealed that battery 

electric buses are 2.3 times cheaper to run per kilometer than 

fuel cell electric buses (0.55 Euro vs 1.27 Euro) [8, 30]. 

According to manufacturers, the fuel cell electric buses 

should combine the advantages of diesel and electric buses. 

Because the charging time for an electric bus is about 4–5 

hours, it is not possible to replace a diesel bus with an elec-

tric bus [14, 30]. Hydrogen tanks refueling takes less time 

than electric battery charging (approx. 15 minutes), which is 

very similar to diesel refueling [14], and the fuel cell bus 

does not emit any toxic compounds into the air. Additionally, 

thanks to a smaller traction battery, the fuel cell bus can be 

up to 5000 kg lighter than a battery electric bus [25, 26, 31]. 

The main component of the fuel cell bus drive system is 

the fuel cell, which produces the electric energy for the 

electric motors to drive the wheels or charge the batteries. 

The fuel cell buses are also equipped with an electric bat-

tery with much less capacity than in electric buses. In So-

laris Urbino Hydrogen, the battery capacity is 29 kWh [30], 

whereas in Solaris Urbino Electric, it can exceed 520 kWh. 

In the fuel cell buses, the battery is used only for accelera-

tion and energy recuperation during braking. Very im-

portant in fuel cell buses are the hydrogen tanks, which in 

the past were mainly made of metal (steel and aluminum 

alloys). The metal technology tanks were cheap, but also 

heavy. The maximum pressure was about 20 MPa. Current-

ly, the tanks are made of composites. Modern technology 

enables pressure up to 35 MPa (in some cases, up to 50–70 

MPa), increasing vehicle range at a lower mass [19]. 

 

Fig. 1. The propulsion system components of Toyota FCHV-BUS [25] 

 
Table 1. Technical data of Solaris buses with different drive [26, 30] 

 Solaris Urbino 12 
Electric 

Solaris Urbino 12 
Hydrogen 

Fuel cell power 

[kW] 

– 70 

Traction motors 
power [kW] 

200  
(option: 2×125) 

2×125  
(option: 220) 

Traction battery 

capacity [kWh] 

200–600 Lithium-ion 29.2 

 

Most solutions use a small traction battery (approx. 30 

kW in Solaris Urbino 12 Hydrogen) and a large fuel cell 

(70 kW in Urbino 12 Hydrogen) – Table 1. It should be 

mentioned that there are also concepts that use a small fuel 

cell and a large traction battery. One example is Safra, with 

a 132 kWh traction battery and a 30 kW fuel cell [30]. Ac-

cording to measurements taken in real driving conditions 

across three routes, a Solaris Urbino 12 Hydrogen con-

sumes 8.78–9.11 kg of H2 per 100 km [16]. 

Another concept presented by Mercedes-Benz is the 

eCitaro REX, where the battery electric bus (392 kWh 

batteries) uses a 60 kW fuel cell as a range extender. This 

vehicle is equipped with hydrogen tanks that store 30 kg of 

hydrogen. According to the manufacturer, the range ex-

ceeds 300 km [26, 30, 31]. 

3. The railway market analysis 
The chapter presents the status quo of selected commer-

cial or R&D projects undertaken by leading entities in the 

rail vehicle manufacturing industry. It should be noted that 

among them, well-known Polish companies – rolling stock 

manufacturers – have experience with hydrogen drives. 

The most advanced work on the use of hydrogen in rail 

transport in Poland (passenger and freight) can be proud of 

PESA Bydgoszcz S.A. For years, PESA's Hydrogen Ready 

strategy has been communicated, primarily regarding pas-

senger vehicles (hydrogen multiple units based on the Re-

gio 160 platform). Nevertheless, the first solution with  
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a hydrogen drive was the design of the SM42-6Dn Hydro-

gen shunting locomotive. It was created as a result of  

a thorough modernization and redesign of the SM42 loco-

motive, commonly used in Poland. There are numerous 

press reports and publications related to this vehicle [10]. 

Currently, PESA Bydgoszcz, after a long period of attempts 

to acquire a partner for longer tests of the vehicle (talks 

were held with, among others, Orlen) and a hydrogen drive 

solution (fuel cells), has concluded a cooperation agreement 

with the operator/carrier Pol-Miedź Trans from the KGHM 

Polska Miedź S.A. Group. 

The field tests at Pol-Miedź Trans are certainly an im-

portant stage in the commercialization of hydrogen tech-

nology in the Polish railway industry, moving it from the 

research and development phase to practical operation un-

der difficult industrial conditions. 

At H. Cegielski FPS, recent months have culminated in 

the completion of a multi-year R&D project at the Poznań 

factory, which operates in the field of modernization and 

the production of new rail vehicles, mainly passenger cars. 

In the summer of 2024, the PLUS 227M vehicle (a 2-unit 

dual-drive multiple unit) obtained homologation, while at 

the beginning of 2025, the PLUS 228M vehicle (a 3-unit 

dual-drive multiple unit) was approved for operation on 

Polish railway lines. Importantly, the H. Cegielski FPS 

company recently signed a contract to deliver 6 electric 

multiple units based on the PLUS platform for the Lubuskie 

province (where the 227M and 228M vehicles were also 

delivered). This is proof that the family of vehicles from the 

PLUS platform will be developed. 

In 2022, a letter of intent was signed with Łukasiewicz 

– Poznań Institute of Technology (design work) and Impact 

Clean Power Technology (supplier of the drive, including 

the hydrogen component) regarding work on the develop-

ment of the PLUS vehicle for a hydrogen version (fuel cells 

or hydrogen combustion in a conventional piston engine). 

So far, a feasibility study for the project has been conducted 

in cooperation with the leading design office in the country. 

An important platform for the exchange of knowledge 

and operational experience in the country is the cyclical 

conference Hydrogen4rail – Future of Transport, initiated 

by the then Łukasiewicz – Rail Vehicles Institute  

"TABOR", organized in cooperation with the Polish Cham-

ber of Railways. The main substantive content of the past 

5th edition on 16–17.06.2025 was as follows: Hydrogen as 

an energy carrier in transport - science and practice, Pro-

spects and conditions for the development of hydrogen 

transport, Strategic planning: hydrogen, diesel or electrifi-

cation, The process of admitting systems and parts of com-

pressed hydrogen storage systems for hydrogen-powered 

vehicles in Poland, Introduction of hydrogen technology on 

the railway in Poland – safety aspects at a railway hydrogen 

refueling station. 

By the way, this event is an example of an evolution 

towards the potential dissemination of hydrogen fuel in the 

rail sector and of practitioners' approach to vehicle mainte-

nance (for example, P1–P5 reviews in Poland). After quite 

optimistic voices in 2021–2022, statements took on a sub-

dued tone in the face of market realities, even from precur-

sors in the implementation of the first homologated vehicles 

in Europe (Alstom Coradia iLint). This is primarily the 

result of the market debuts of more vehicles in Germany. 

After a period of several months of operation (mainly 

2023–2024), the efficiency of operation and maintenance of 

hydrogen-powered EMUs (Electric Multiple Units). The 

main barriers to development include the high cost of hy-

drogen fuel, problems with its current supply, and ensuring 

the absolutely required high quality of the fuel (there are 

known cases of contaminated hydrogen being supplied to 

power mass transport vehicles) [13, 22]. In addition, there 

were technical problems with the traction unit drive sys-

tems (high failure rate). Currently, unexpectedly, transport 

organizers in German states that purchased hydrogen vehi-

cles have to put vehicles with Compressed Ignition engines 

(Diesel) into operation as a substitute transport, often as  

a result of long-term rental from rolling stock pools, i.e. 

companies such as ROSCO (Rolling Stock Company). 

Siemens Mobility is also one of the manufacturers that 

has placed its hydrogen vehicles on the global market. Its 

Mireo Plus H has undergone tests, among others, on Ger-

man rail routes in regional traffic. Siemens recently won  

a contract to supply its solutions. By the end of 2026, three 

Siemens Mireo Plus H (Fig. 2) trainsets will start operating 

on the Südostbayernbahn network in Bavaria [28, 29]. 

 

Fig. 2. Mireo Plus H by Siemens in two drive versions [29] 

 

The RS ZERO is Stadler’s latest regional train offering, 

designed to replace the popular Regio-Shuttle RS1, which 

has been the backbone of German and Czech regional rail 

transport for almost three decades [27]. The RS ZERO’s 

main feature is its low emissions, achieved through modern 

drive technologies. The RS ZERO is available with two 

eco-friendly drive systems (Fig. 3): 

Hydrogen (Hydrogen-hybrid Electric Multiple Unit – 

HEMU): uses fuel cells that convert hydrogen into electrici-

ty to power the engines. This is a good solution for non-

electrified or partially electrified lines, where traditional 

electric trains cannot be used, and investments in full elec-

trification are unprofitable. 

Battery (Battery Electric Multiple Unit – BEMU): oper-

ates entirely on batteries, making it suitable for shorter, 

partially electrified routes and for charging at stations or 

under the catenary. 

The market debut of the RS ZERO prototype with hy-

drogen drive took place at the InnoTrans 2024 trade fair in 

Berlin. Stadler also signed an agreement with the Thuringi-

an authorities and the operator Erfurter Bahn to launch  

a pilot project using the RS ZERO with a hydrogen engine, 

with passenger test runs planned for mid-2026. 
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Fig. 3. RS ZERO vehicle produced by Stadler 

4. Hydrogen in the light of vehicle maintenance 
According to the Office of Rail Transport (UTK) and 

other National Security Authorities (NSA): the Mainte-

nance Management System (MMS) includes a set of proce-

dures and instructions aimed at minimizing the risk associ-

ated with maintaining a railway vehicle and, as a result, 

ensuring that the maintained vehicles are able to move 

safely on the railway network [32]. 

In order to improve the efficiency of the processes of 

maintaining rail vehicles in a state of fitness for use, spe-

cialist software (based on database systems) has been used. 

There are tailor-made solutions (depending on the specifics 

of the fleet of vehicles) and so-called boxed solutions (with 

no possibility of modifying the software or its functionali-

ty). 

Systematizing detailed issues concerning maintenance 

management systems is included in Regulation 2019/779. It 

specifies the requirements that a maintenance management 

system must meet. It also indicates the criteria used in the 

certification process to assess it (due to the security of sen-

sitive data). The main feature of a maintenance manage-

ment system is its division into 4 component functions [32]: 

– a management function, which enables supervision over 

the three so-called maintenance functions (defined be-

low) and their coordination; it also enables ensuring the 

safe condition of a railway vehicle in the railway system 

– a maintenance development function; its task is to shape 

the vehicle maintenance documentation (DSU – mainte-

nance system documentation) based on the vehicle de-

sign documentation and experience from its operation 

– a rolling stock maintenance management function; its 

task is to manage the withdrawal of a vehicle from op-

eration and its subsequent reintroduction into it 

– a maintenance performance function; enables the re-

quired maintenance of a vehicle or its parts to be carried 

out. 

In summary, the system should ensure that vehicles are 

maintained in accordance with the vehicle's maintenance 

documentation and the applicable regulations, including 

TSIs, and the guidelines and provisions resulting from those 

regulations. All entities responsible for maintenance are 

required to develop and implement a maintenance man-

agement system. 

Digital maintenance management systems will also be 

needed for hydrogen-powered vehicles. The operation of 

hydrogen-powered rail vehicles requires special attention 

due to the unique properties of hydrogen and the technol-

ogies used. The key aspects to look out for are listed be-

low [22]. 

Leak detection: Advanced hydrogen detection systems 

that can quickly detect even small leaks should be used. 

Hydrogen is odourless and colourless, making it difficult to 

detect without specialist sensors. 

Ventilation: Vehicles must be equipped with effective 

ventilation systems to prevent hydrogen accumulation in 

enclosed spaces, especially in the event of a leak. 

Location of tanks and fuel cells: Hydrogen is lighter 

than air and rises quickly. For this reason, hydrogen tanks 

and fuel cells are often mounted on the roof of the train so 

that in the event of a leak, the hydrogen is released into the 

atmosphere, minimizing the risk of fire or explosion. 

Impact resistance: Hydrogen tanks must be designed to 

withstand extreme loads in the event of a collision or acci-

dent, minimizing the risk of hydrogen release. Composite 

tanks reinforced with carbon fiber are often used. 

Emergency procedures: Detailed procedures for han-

dling hydrogen leaks, fires or other incidents must be de-

veloped and regularly trained. Emergency services (fire 

brigades) must also be trained in the specifics of interven-

tions on hydrogen vehicles. 

Grounding and protection against electrostatic dis-

charge: Hydrogen is flammable, so proper grounding and 

measures to prevent electrostatic sparks must be provided, 

especially during refuelling. 

Specialized training: Service personnel must be properly 

trained in the operation and maintenance of hydrogen sys-

tems (fuel cells, tanks, gas systems), as well as traction 

batteries (if they are part of a hybrid system). 

Fuel cell monitoring: Fuel cells have a finite lifespan 

and require regular monitoring of their performance and 

condition. 

Hydrogen tank condition: The integrity of hydrogen 

tanks must be regularly checked for mechanical damage, 

corrosion or leaks. 

Cooling systems: Fuel cells generate heat, so cooling 

systems must be efficient and effective. 

System integration: Hydrogen vehicles are often com-

plex hybrid systems (fuel cell + battery). Care must be 

taken to ensure that all components are properly integrated 

and interact. 

5. Potential to increase driving range 
The vehicle's driving range depends almost proportion-

ally on the amount of fuel that can be stored in the tanks. In 

the case of hydrogen, in addition to tank volume, its amount 

is also affected by pressure, temperature, and state of mat-

ter. 

Currently, three hydrogen storage technologies are be-

ing considered for use in transport. These are hydrogen 

storage technologies in the form of: 

– gas compressed to a pressure of 35–70 MPa, stored at 

ambient temperatures in type IV composite tanks, with  

a density of 20–40 kg/m
3
 

– liquid, stored at temperatures below –253°C, at a pres-

sure of 0.1–0.4 MPa, in type I cryogenic steel tanks, 

with a density of 62–65 kg/m
3
 

– gas compressed to pressures of 50–100 MPa and simul-

taneously cooled to temperatures from –200 to –240°C, 
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so-called cryogenic gas, stored in type III steel tanks, re-

inforced with carbon fiber, with a gas density of 72–90 

kg/m
3
. 

The first of the mentioned technologies (storing hydro-

gen as a gas compressed to 35–70 MPa at ambient tempera-

ture) is already widely used commercially. For passenger 

cars, the standard of 70 MPa is used, and for trucks, 35 

MPa, although work is already underway to introduce the 

70 MPa standard in heavy transport, which will extend 

driving ranges by up to around 67% (by increasing the 

density from approx. 24 kg/m³ to approx. 40 kg/m³ in 

standard temperature). This will require adapting the tanks' 

design and modifying the communication protocols be-

tween the refuelling station and the vehicle. Communica-

tion between the hydrogen refuelling station and the vehicle 

is the responsibility of standards developed by SAE Inter-

national, in particular: 

– SAE J2601 – a standard that specifies hydrogen refuel-

ing protocols for fuel cell vehicles. It defines parameters 

such as pressure, temperature and refueling time to en-

sure safe and efficient filling of hydrogen tanks 

– SAE J2799 – a standard that describes the communica-

tion interface between a vehicle and a hydrogen refuel-

ing station. It enables the exchange of information such 

as vehicle identification, tank status, and refueling pref-

erences, allowing the optimization of the refueling pro-

cess. 

The technology for storing hydrogen in liquid form is 

still in development, although the first public liquid hydro-

gen refuelling station using sLH₂ (subcooled Liquid Hydro-

gen) technology, developed jointly by Daimler Truck and 

Linde Engineering, has been launched in Wörth am Rhein, 

Germany. This station enables trucks to be refuelled quick-

ly and safely in 10 to 15 minutes, providing a range of over 

1000 km for vehicles such as the Mercedes-Benz GenH₂ 

Truck [15]. 

The technology of storing hydrogen in the form of  

a compressed and simultaneously cooled gas, the so-called 

cryogenic gas, is the most complicated, which is why it is 

also at the earliest stage of development. However, it offers 

the greatest possibilities, which is why its progress should 

be monitored. It is being developed, among others, by the 

German company Cryomotive as part of the CryoTRUCK 

project [6]. 

Looking further ahead, rail transport could explore the 

use of alternative hydrogen-bearing chemical compounds 

that would enable direct utilization in fuel cells – particular-

ly MCFC units – thus eliminating the need for upstream 

reforming processes. In all of the above cases, the operation 

of fuel cells in transport applications must be supported by 

batteries or supercapacitors [18]. 

In the context of the above technologies, the simplest 

way to increase range is to optimize the compressed gas 

refueling process.  

When refueling a pressure tank, the first law of thermo-

dynamics applies in the form [24]: 

 ∆U = ∆Q + ∆Hin  (1) 

where: ∆U – change in internal energy of the gas in the 

tank, ∆Q – heat supplied (+ sign) or given off to the envi-

ronment (–sign), ∆Hin – enthalpy of the gas supplied to the 

tank. 

In the above equation, ∆Q defines the heat delivered or 

released to the environment. Since the temperature of the 

gas in the tank increases during refueling and is usually 

much higher than the ambient temperature, it can be as-

sumed that this is heat released to the environment by con-

vection and described by the relationship: 

 ∆Q =  ∫ Q̇dt = ∫ α ∙ A ∙ (T − Tamb) ∙ dt  (2) 

where: α – heat convection coefficient [W/(m
2⋅K)], A – heat 

exchange surface (tank) [m
2
], T − Tamb– temperature dif-

ference of gas in tank T and environment Tamb [K]. 

The enthalpy of the gas supplied to the tank 

∆Hin(Pin, Tin) depends on its thermodynamic parameters, 

i.e. pressure Pin, but most of all temperature Tin. In order to 

limit the temperature increase of the gas collected in the 

tank, i.e. ∆U(T), it is possible to minimize the enthalpy of 

the gas supplied to the tank ∆Hin(Pin, Tin) on the one hand 

by cooling the supplied hydrogen (low values of Tin) and/or 

by effectively releasing heat ∆Q to the environment through 

convection. 

In the case of convection, the parameter that determines 

its effectiveness is, among other things, time, which is why 

slow, long-term filling of tanks is preferred. Unfortunately, 

this often contradicts the requirements of users who expect 

the shortest possible refueling times, which is why in such 

cases a more expensive solution is used, consisting in cool-

ing the refueled gas (low Tinvalues). Cooling the supplied 

hydrogen to a specific temperature Tinbefore refueling 

requires appropriate energy. 

The amount of energy required to cool hydrogen is in-

creased by the Joule–Thomson effect, which for hydrogen 

in refueling conditions takes on negative values. The Joule–

Thomson coefficient ηJT is defined by the relationship: 

 ηJT = ∂T/ ∂P  (3) 

and determines how the temperature ∂T changes when the 

pressure ∂P changes, occurring at constant enthalpy. 

Negative values of the Joule–Thomson coefficient ηJT 

indicate that hydrogen heats up by a certain amount after 

expansion. During refuelling, hydrogen flows from the 

buffer tank of the refuelling station (higher pressure) to the 

vehicle tank (lower pressure) – these results from the fact 

that after the pressure reducer of the buffer tank, hydrogen 

has a reduced pressure (adapted to the pressure in the vehi-

cle tank), but a higher temperature than in the buffer tank. 

In extreme cases, temperature increases can reach 50 de-

grees and significantly affect the energy balance of the 

refuelling process [24]. 

Figure 4 shows a comparison of hydrogen tank refueling 

processes, initiated at an ambient temperature of 273 K, 

from a mass of 0.2 kg (point 1) to 5 kg (black continuous 

line). 

For refuelling in adiabatic conditions (i.e., without heat 

exchange with the environment), the process occurs along 

the red curve from point 1 to point 2. The lack of heat ex-

change with the environment, in simplified terms, corre-

sponds to the conditions of very fast refuelling, when the 

refuelling time tends to zero. Such rapid refuelling, even 
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when the supplied gas is cooled, can raise the tank tempera-

ture by several dozen degrees. The increase in temperature, 

in turn, causes an additional rise in gas pressure in the tank 

and creates additional stresses in the tank structure. Leaving 

the tank refuelled in this way for a longer period allows it to 

cool to ambient conditions through convective heat transfer. 

During heat exchange with the environment, the gas pres-

sure decreases by several to several dozen MPa, moving 

from point 2 to point 3, along the black continuous line of 

constant mass. 

 

Fig. 4. The comparison of hydrogen tank refueling processes: adiabatic 

(red curve 1–2), adiabatic with strong cooling (blue curve 1–2'') and 
 isothermal (black line 1–3) 

 

Therefore, during quick refuelling, a decision should be 

made whether to refuel "to the full", but with excess pres-

sure at the end of filling (point 2), or whether it is better to 

end the refuelling at point 2' not exceeding the nominal gas 

pressure at the end of refuelling (approx. 70 MPa), but at 

the cost of a smaller fill after the tank cools down (point 3' 

at the end of the black dashed line of constant mass). 

The adiabatic refueling situation shown in Fig. 4 (along 

the red curve) is extreme and theoretical, because in reality, 

even a short 3–5 minute refueling allows some heat to be 

dissipated to the environment. In reality, the increases in 

temperature and pressure will be slightly lower, but the 

problem will still be significant. 

An alternative solution presented in Fig. 4 is isothermal 

refueling, i.e., maximizing heat exchange with the envi-

ronment, e.g., by extending the refueling process as far as 

possible (vertical black line from point 1 to point 3). With 

such refueling, the tank will be filled to full capacity (point 

3) without any excess, unnecessary increases in temperature 

and pressure, but at the cost of a very long filling time. 

The next, most efficient, but most complicated and un-

fortunately the most expensive method is the option of fast 

refueling in adiabatic conditions, to full and without signifi-

cant excess temperature and pressure increases (blue curve 

from point 1 to point 2’’ in Fig. 4). Such refueling is theo-

retically possible, but requires cooling the supplied gas to 

very low temperatures of even from –100°C to –120°C. In 

this case, all the benefits are achieved, i.e. short refueling 

time, to full and without unnecessary temperature and pres-

sure increases, but at a very high price of energy invested in 

strong cooling of the supplied gas. 

Mixed variants are also possible, combining the above-

mentioned solutions, e.g. refueling extended in time to  

a dozen or so or several dozen minutes, allowing for the 

release of more heat to the environment, while cooling the 

supplied hydrogen to a temperature of around –40°C (a 

standard commonly used in refueling passenger cars). In 

such a case, a compromise will be reached among refueling 

time, excess temperature and pressure, and hydrogen-

cooling costs. The exact parameters of the refueling process 

can be selected for a specific case using simulation research 

methods. 

6. Summary 
Hydrogen technologies in heavy-duty transport – in-

cluding city buses, rail vehicles and trucks – are shaped by 

a set of common requirements. These types of vehicles 

must achieve long driving ranges, maintain high operational 

availability, and allow refuelling times similar to diesel 

solutions, all while keeping the associated energy and eco-

nomic costs at acceptable levels. As the article shows, these 

factors strongly influence the choice of hydrogen storage 

and refuelling strategies in each transport segment, even 

though the specific vehicle architectures differ. Despite this 

diversity, the fundamental challenges remain shared across 

the sector. 

Meeting these requirements is not straightforward. 

Achieving long ranges depends not only on tank capacity 

but also on hydrogen density, system pressure, refuelling 

temperature and the thermodynamic behaviour of the gas 

during filling. Transport operators demand rapid refuelling, 

while designers face the laws of thermodynamics, which 

result in significant increases in temperature and pressure 

during rapid hydrogen transfer. These effects directly influ-

ence tank durability, safety margins and the amount of fuel 

that can be stored after cooling. Therefore, selecting an 

appropriate refuelling strategy involves a compromise be-

tween refuelling time, system pressure, cooling of the sup-

plied hydrogen, and the economic and energy costs associ-

ated with each option. 

The theoretical considerations presented in the article, 

including the formulation based on the first law of thermo-

dynamics and the influence of the Joule–Thomson effect, 

provide important tools for evaluating these trade-offs. 

They demonstrate how the shape of the refuelling process – 

adiabatic, isothermal, or mixed – affects the final mass of 

hydrogen in the tank, the required infrastructure, and opera-

tional costs. Such modelling can support the selection of 

optimal strategies for different categories of heavy-duty 

transport, where the balance between time, cost and achiev-

able range is essential. 

In addition to compressed hydrogen storage (35–70 

MPa), which currently dominates vehicle applications, the 

article also highlights emerging technologies with signifi-

cantly higher volumetric energy density. Liquid hydrogen 

(LH₂) and cryogenic compressed hydrogen (CcH₂) offer the 

potential for even greater driving ranges and may play  

a key role in long-haul heavy transport in the future. Their 

development could substantially reshape the technical and 

economic landscape of hydrogen refuelling systems. 

Many facts, as well as strategies and plans (including 

the EU and individual vehicle manufacturers), indicate that 
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efforts to improve the efficiency of hydrogen fuel use will 

not cease [3, 7]. The time horizon will depend on the pace 

of development of individual technologies in the so-called 

entire value chain. Starting with fuel production, compo-

nents used to build vehicles, and finally, the technology 

used to manufacture end products. 

Local environmental effects or ecological benefits in ar-

eas where people live, resulting from the use of hydrogen-

fueled vehicles, should be considered alongside all issues 

related to the construction and operation of rolling stock. 

As shown by the first experiences of carriers and the com-

mercial use of vehicles, mostly on regional lines, engineers 

still have a lot of work to do to improve the efficiency of 

H2-powered mass transport vehicles. The rolling stock 

availability indicators required by contracts are also im-

portant. The reliability of the solutions is expected to be at 

the highest possible level. Despite the challenges in improv-

ing the properties of fuel cell vehicles, H2 as a fuel is, in 

many respects, a better choice for energy storage, for ex-

ample, in electrochemical energy storage systems [1]. 

Without a doubt, it is necessary to remember the educa-

tion and training of specialists who will be able to provide 

the appropriate scope of vehicle maintenance. The homolo-

gation requirements (TSI) and maintenance requirements 

(MMS/ECM – Entity in Charge of Maintenance) for hydro-

gen vehicles are greater. For safety reasons, great attention 

must also be paid to procedures, especially in emergency or 

crisis situations. 

Overall, the article demonstrates that while hydrogen-

powered buses, rail vehicles and trucks operate in different 

environments and serve different transport roles, they share 

remarkably similar technological challenges. Their effec-

tiveness ultimately depends on the same set of factors: 

hydrogen storage density, safe and fast refuelling, energy 

efficiency of the process, infrastructure readiness and long-

term operating costs. This shared foundation enables the 

development of common engineering principles and analyt-

ical tools – as presented in the paper – that support in-

formed decision-making and guide the future development 

of hydrogen technologies for heavy-duty transport. 

 

Nomenclature 

BEV  battery electric vehicle 

CNG compressed natural gas 

DSU maintenance system documentation 

ECM entity in charge of maintenance 

EMU electric multiple units 

FCEV fuel cell electric vehicles 

HDV heavy-duty vehicles 

HEV hybrid electric vehicles 

HVO hydrotreated vegetable oil 

LHV lower heating value 

LNG liquefied natural gas 

MMS maintenance management system 

NRMM non-road mobile machinery 

NSA National Security Authority 

PEM proton exchange membrane 

ROSCO rolling stock company 

TSI technical specifications of interoperability 

UTK Office of Rail Transport 
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An analytical study on the performance of spark-ignition engines operating  

with ammonia fuel 
 
ARTICLE INFO  Ammonia is a promising fuel due to its low cost, carbon-free energy carrier, renewable hydrogen carrier, 

scalability and flexibility, global availability, and long-term energy storage. It can be synthesized from 

renewable energy sources and used as a carbon-free fuel in internal combustion engines. When ammonia is 
completely burned, due to the relatively low combustion temperature of the ammonia-air mixture and the 

absence of carbon in the molecule, the only toxic emissions are nitrogen oxides. These nitrogen oxide emissions 

can be effectively reduced by the selective catalytic reduction technology, in which ammonia acts as a reductant 
in the selective catalytic reduction system. This study presents the characteristics of a spark-ignition internal 

combustion engine 4CH 7.6/7 powered by ammonia fuel. The results show that the maximum brake torque on the 

wide-open throttle operating characteristics increases by 6.1%, while the maximum brake power decreases by 
30%, and the brake-specific ammonia fuel consumption is almost 2 times higher than that of gasoline at the 

same engine power. Moreover, with a research octane number of ammonia up to 110, it will help improve anti-

knock properties. Along with that, increasing the compression ratio and using turbochargers can be considered 
to improve engine performance. 
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1. Introduction 
Climate change resulting from greenhouse gas emis-

sions has become an increasingly pressing global issue.  

A substantial portion of these emissions – including green-

house gases and other harmful pollutants – originates from 

human activities, particularly from internal combustion 

engine vehicles. As most automobiles still operate on fossil 

fuels, the transportation sector is a major contributor to 

global greenhouse gas emissions and environmental pollu-

tion. In response to international and national commitments 

to achieving net-zero emissions, researchers and automotive 

manufacturers are actively seeking solutions to reduce both 

greenhouse gas emissions and toxic pollutants released into 

the environment. The solutions being studied and applied 

are improving the mixing quality of the fuel-air mixture, 

utilizing high-pressure turbocharging, employing exhaust 

gas recirculation, and utilizing exhaust gas treatment units 

[5, 9, 13]. Among the solutions that have been researched 

and implemented to address emissions are the adoption of 

alternative fuels and the utilization of renewable energy 

sources. Environmentally friendly alternative fuels derived 

from biomass – renewable within the carbon cycle – have 

garnered significant attention. However, recent research has 

increasingly focused on fuels that do not emit greenhouse 

gases during combustion and can serve as substitutes for 

gasoline in spark-ignition engines. Notably, hydrogen and 

ammonia have emerged as promising candidates for use in 

future vehicle applications. 

Ammonia is a naturally occurring inorganic chemical 

compound that is lighter than air and liquefies easily. The 

boiling point of ammonia is –33.43°C at 1.013 atm and 

solidifies into colorless crystals at –77.7°C [3]. It is widely 

used in agriculture and is typically produced from hydrogen 

derived from fossil fuels, which means it is not considered  

a "green" product. However, green ammonia can be pro-

duced if the hydrogen is generated by alternative methods 

such as water electrolysis using wind or solar energy. Green 

ammonia could become a cheaper fuel for the shipping 

industry compared to hydrogen produced from renewable 

energy, as it is easier to store and can be combusted in 

standard internal combustion engines. Ammonia's low 

viscosity promotes better spray and mixing with air com-

pared to gasoline. Green ammonia is also being researched 

as a fuel for aircraft, by exposing ammonia to a catalyst to 

split it into nitrogen and hydrogen, which is then burned in 

an aircraft engine [14]. 

The properties of different fuels are compared, as shown 

in Table 1. It can be observed that the lower heating value 

of gasoline is twice as high as that of ammonia, and the 

flame speed of gasoline is up to 39 times greater than that 

of ammonia. Additionally, the energy density of gasoline is 

nearly three times higher than that of ammonia [2, 10, 11].  

The adoption of alternative fuels such as NH₃ and H₂ 

plays a pivotal role in efforts to reduce carbon dioxide 

emissions in the transportation sector, while also driving the 

transition toward a sustainable energy ecosystem. Some 

countries have actively incorporated NH₃ into their energy 

strategies as a low-carbon fuel. Notably, in January 2020, 

the U.S. House of Representatives introduced a draft bill 

recognizing NH₃ as a “low-carbon fuel”. At the same time, 

the Royal Society in the United Kingdom released a policy 

report titled “Ammonia: zero-carbon fertiliser, fuel and 

energy store”, providing scientific foundations and policy 

analysis to support the integration of NH₃ into clean energy 

technologies [4]. However, research has shown that com-

pared to other fuels, ammonia fuel has certain drawbacks, 

including a high auto-ignition temperature and a slow flame 

speed, which are among the most significant challenges 

faced by ammonia-fueled engines [2, 3, 8, 14]. 
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Table 1. Compare the properties of gasoline with hydrogen and ammonia [2, 3, 10–12]. 

Property Gasoline Gaseous H2 Liquid H2 Ammonia 

Molecular C8H8 H2 H2 NH3 

Fuel density [kg/m3] 698.3 17.5 71.1 602.8 

Lower heating value [MJ/kg] 44.5 120.1 120.1 18.8 

Energy density [MJ/m3] 31,074 2101 8539 11,333 

Volumetric energy density at 0.1 MPa and 293 K [MJ/L] 34 0.010–0.011 – 11.5 

Laminar burn velocity [m/s] 0.58 3.51 3.51 0.15 

Auto-ignition temperature [K] 573 844 844 930 

Research octane number (RON) 90–98 > 130 > 130 110 

Mass carbon content [%] 85.5 – – – 

Flammability limits [vol%] 1.4–7.6 4–75 4–75 16–25 

Absolute minimum ignition energy [mJ] 0.14 0.018 – 8.0 

Latent heat of vaporazation [kJ/kg] 305 – 445.6 1370 

Quench distance [mm]  0.64 – 7 

 

Ammonia (NH₃) can be used as an alternative fuel for 

internal combustion engines (ICEs). With the explosion of 

fuel cell research, ammonia has also been studied as a fuel 

source for proton exchange membrane fuel cells (PEM-

FCs), alkaline fuel cells (AFCs), and solid oxide fuel cells 

(SOFCs). SOFCs are the most efficient when compared to 

ammonia fuel cells and ICEs. However, their disadvantages 

are power density, load adaptability, and relatively high 

battery manufacturing costs. When operating at near maxi-

mum power, the efficiency of internal combustion engines 

has been shown to be higher than both ICEs and AFCs. In 

addition, internal combustion engines have great ad-

vantages in terms of manufacturing costs, maintenance 

costs, global repair teams, long durability, acceptable power 

density, and operating characteristics [1, 6]. 

ICEs using NH3 as an alternative fuel have performance 

parameters quite comparable to conventional ICEs at both 

full load and partial load modes. However, conventional 

ICEs typically produce significantly higher levels of toxic 

emissions, including hydrocarbons (HC), nitrogen oxides 

(NOx) and particulate matter (PM). Most importantly, CO₂ 

emissions from fossil fuel combustion in ICEs are one of 

the main contributors to greenhouse gas emissions, thereby 

aggravating climate change [3, 14]. Therefore, research on 

carbon-free fuels such as hydrogen and ammonia has re-

ceived widespread attention both in the automotive industry 

and in research institutes. 

Although H₂ is emerging as a key element in the transi-

tion to a carbon-neutral economy, widespread adoption still 

faces challenges related to safety, vehicle placement to 

ensure mileage comparable to conventional fuel engines, 

storage capacity, and distribution infrastructure for hydro-

gen. Finally, a very important factor to consider is its rela-

tively low volumetric energy density (2.9 MJ/L at 70 MPa), 

rapid combustion rate, and high exhaust gas temperature 

[14]. In contrast, NH₃ offers a higher volumetric energy 

density (7.1 MJ/L) along with an existing transportation 

infrastructure, providing clear advantages in terms of flexi-

bility and efficiency. These characteristics position NH₃ as 

a practical choice for future energy systems involving stor-

age, transportation, and power generation. These character-

istics position NH₃ as a practical option for future energy 

systems involving storage, transport. With easier storage 

than hydrogen, it can take advantage of existing liquefied 

petroleum gas or compressed natural gas infrastructures for 

use in converted internal combustion engines [3]. This is  

a factor that helps reduce fuel costs and makes it more ac-

cessible to the market. NH₃ helps create many realizable 

solutions to address the sustainability challenge in the ener-

gy sector. 

The use of ammonia as an alternative fuel also faces 

several obstacles, such as: 

 The rate of chemical reaction occurring in the combus-

tion chamber is lower than with traditional fuels due to 

the high ignition temperature and low flame propagation 

speed when burning ammonia. This slow chemical reac-

tion rate results in some unburned ammonia being re-

leased with the exhaust gases. As a result, ammonia 

combustion mainly produces NO emissions, with small 

amounts of NO2 and nitrogen oxides N2O, but also un-

burned ammonia emissions [12]. In this case, a solution 

for handling unburned NH3 in the exhaust treatment 

needs to be considered and studied. 

 Ammonia has a high latent heat of vaporization of 1370 

kJ/kg. For example, ethanol, liquid hydrogen, and gaso-

line have latent heats of vaporization of 840, 445.6, and 

305 kJ/kg, respectively. This means that if ammonia is 

injected into the engine combustion chambers, the com-

bustion temperature can drop dramatically, causing in-

complete combustion and reducing engine efficiency. 

The flame extinction distance for a stoichiometric mix-

ture of air and ammonia is 7 mm (Table 1), which is 

about 10 times more than in the case of hydrogen. This 

means that heat loss through the walls of the combus-

tion chamber will be lower in the case of ammonia. 

 The use of ammonia in SI engines is limited by narrow 

flammability limits and low flame speed, causing in-

complete combustion. 

 The effects of ammonia on lubricating oil and engine 

lifespan have not been fully studied [12]. 

It can be observed that ammonia is a promising fuel 

with scalability, flexibility, global availability, and long-

term energy storage capability. This study presents the 

simulation results of a gasoline engine operating on ammo-

nia under the Miller cycle. The findings serve as a founda-

tion for converting conventional engines to operate on 

green ammonia fuel [7]. 



 

An analytical study on the performance of spark-ignition engines operating with ammonia fuel 

COMBUSTION ENGINES, 2026;206(3) 89 

2. Research subject and research model 
The engine used for this study is a four-cylinder, four-

stroke 4CH 7.6/7 engine. Gasoline is injected into the in-

take manifold, the engine is naturally aspirated and ignited 

by spark plugs. The main specifications of the 4CH 7.6/7 

engine are presented in Table 2. 

 
Table 2. The main specifications of the 4CH 7.6/7 engine 

Parameters [unit] Value 

Piston stroke/cylinder diameter [mm/mm] 71/76 

Number of cylinders [–] 4 

Stroke number [–] 4 

Compression ratio [–] 10.5 

Engine displacement [cm3] 1289 

Maximum power [kW] 60 

Speed at maximum power [min−1] 5000 

Maximum torque [Nm] 100 

Speed at maximum torque [min−1] 2000 

Environmental standards Euro 4 

Inlet valve: 

     Diameter [mm] 

     Valve lift [mm] 
     Open [deg. CA bTDC] 

     Duration opening [deg. CA] 

 

36 

8.8 
33 

292 

Exhaust valve: 
     Diameter [mm] 

     Valve lift [mm] 

     Open [deg. CA bTDC] 
     Duration opening [deg. CA] 

 
31 

8.65 

47 
244 

 

To establish the simulation model of the above-

mentioned engine, the following assumptions and consider-

ations are made: 

1. The intake gases inside the cylinder are considered 

ideal and are assumed to remain nearly in thermodynamic 

equilibrium. During the gas exchange process, the cylinder 

space is an open thermodynamic system with a changing 

volume. When this process is completed, the cylinder be-

comes a closed system. 

2. The in-cylinder processes are described using the dif-

ferential form of the law of conservation of energy, states. 

The mass of the gases exchanged during the intake process 

is conserved. In addition, the law of conservation of energy 

is applied to the flow of the medium through the intake 

ports. To describe the state of the gas mixture in the com-

bustion chamber, the Clapeyron equation is used.  

3. The temperature and composition of the gas mixture 

determine its internal energy. The heat transfer equations 

and the quasi-static flow model represent the boundary 

conditions, heat exchange and mass exchange between the 

system and the surrounding environment. Heat transfer to 

the cylinder wall is calculated using Newton's law of cool-

ing. 

4. The heat transfer coefficients are determined by the 

Woschni model. These coefficients are determined sepa-

rately for the intake, compression and expansion processes. 

The heat transfer through the wall and the heat exchange of 

the system are calculated taking into account the tempera-

ture distribution along the cylinder and the change in con-

tact area when the volume changes due to the piston 

movement. 

5. The gas dynamic boundary conditions are analyzed in 

the region adjacent to the cylinder. During gas exchange, 

the pressure in the intake and exhaust manifolds is assumed 

to be constant. The gas flow through the valve orifice, 

which has a time-varying area, is calculated using a one-

dimensional, quasi-steady flow model. Additionally, the 

processes of exhaust gas expulsion and fresh charge intake 

are also considered. 

6. The software supports the simulation of the super-

charging system’s operation through two main modules: 

one for simulating the working cycle of a spark-ignition 

(SI) engine, and another for simulating the integration of 

the SI engine with a turbocharging system. The schematic 

diagram of the SI engine model integrated with a turbo-

charger, following the sequence of the two modules, is 

shown in Fig. 1. 

 

Fig. 1. Mathematical model of 4CH 7.6/7 engine using turbocharger 

 

The boundary condition parameters used for the simula-

tion model are presented in Table 3. 

 
Table 3. Boundary condition parameters 

Inlet temperature 298 K 

Inlet pressure 0.1 MPa 

Exhaust pressure 0.102 MPa 

Exhaust temperature 843 K 

Piston surface temperature 548 K 

Piston tail temperature 573 K 

Cylinder wall temperature 518 K 

 

In this study, Wiebe's calculation method is used to cal-

culate the heat release in the combustion chamber of the 

engine. The Wiebe formula is written as (1). 

 x(φ) = 1 − e
−W(

φ−φb
φd

)
(m+1)

 (1) 
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where: m, W – coefficient of determination of the heat 

dissipation curve, φ – current time of the combustion pro-

cess, φb is the crankshaft angle position where the com-
bustion process begins, φd – is the combustion duration 

which is determined by the crankshaft angle. 

Depending on the type of fuel used and the operating 

conditions of the engine, the values of m, W and φd need to 

be determined appropriately to obtain accurate model re-

sults. 

With the value of the coefficient m, a series of calcula-

tions are performed and compared with the experimental 

values for different model internal combustion engines. The 

value of m for the model is chosen so that the simulation 

results obtained (maximum pressure in the combustion 

chamber and maximum pressure increase rate of the en-

gine) are close to the experimental values. 

The thermal efficiency of the SI engine can be improved 

by achieving an optimal combustion phase and a higher 

compression ratio. However, this can lead to engine knock-

ing. The phenomenon of engine knocking in an SI engine is 

one of the main causes of typical damage to the engine’s 

cylinder-piston system. Figure 2 illustrates the knock com-

bustion process of fuel in an SI engine when running on 

gasoline. 

 

Fig. 2. Knock combustion process in the SI engine 4CH 7.6/7 when using 
gasoline (n = 4000 rpm; α = 1; IT = 20° bTDC) 

 

For the numerical solution to this problem, a specific 

index (y) has been chosen, and the calculation is performed 

using the formula of Daud and Eise [4], which is essentially 

the Livengood-Wu integral: 

 y =
1

19.75
(

ON

100
)

−3.4107

∫ (10.2p)1.7e
−3800

T dτ
τ

0
 (2) 

where ON is the octane rating of the fuel; τ is the current 

time since the beginning of compression (seconds); p and T 

are the corresponding pressure (MPa) and temperature (K) 

in the engine cylinder; e is the base of the natural logarithm 

(e = 2.7183). 

3. Model accuracy evaluation 
To assess the accuracy of the established model, it is 

necessary to compare the pressure results obtained from the 

model with the experimental results.  

The simulation results are compared with the test results 

of the 4CH 7.6/7 engine running on gasoline at a crankshaft 

speed of n = 3000 rpm, with an air-fuel ratio α = 1 and an 

ignition timing (IT) angle of 15° before top dead center 

(bTDC). The heat release duration is φz = 70°. The results 

are shown in Fig. 3. It can be seen that the pressure varia-

tion in the combustion chamber during simulation closely 

follows the results measured on the actual engine. The 

pressure value of the model is broken at the TDC and is 

larger in the expansion stage. 

 

Fig. 3. Simulation and experimental results of SI 4CH 7.6/7 gasoline 

 engine (n = 3000 min–1; α = 1; IT = 15о bTDC; m = 1.7; φ
z
 = 70о) 

 

Continuing with another engine, the study also evaluat-

ed the simulation results performed with an SI 4CH 

11.5/7.7 engine using ammonia, with the parameters pre-

sented in Table 4. The test engine was placed in the labora-

tory and converted to operate using ammonia. Figure 4 

shows the comparison between the model calculations and 

experimental data at the engine speed operating mode n = 

1000 rpm; excess air coefficient of α = 1, IT = 15° bTDC, 

φz = 52°. In this case, it can be seen that the peak pressure 

value of the model result and the experimental result coin-

cide at 15 degrees after TDC. However, the pressure value 

in the combustion chamber of the model is smaller than the 

experimental value but the deviation is still within the ac-

ceptable range. 

 
Table 4. Parameters of the 4CH 11.5/7.7 converter engine using ammonia 

Parameter Meaning 

Number of cylinders [–] 4 

Stroke number [–] 4 

Cylinder diameter [mm] 115 

Piston stroke [mm] 77 

Connecting rod length [mm] 177 

Compression ratio [–] 11.75 

Number of valves per cylinder [–] 4 

Power [HP] 120 

Torque [Nm] 160 

Environmental standards Euro 4 

Number of valves [–] 16 

 

It can be observed that, in both test cases, the model 

yields results that are relatively close to the experimental 

data. The deviation in value is clearly observed at the TDC, 

the point where the pressure reaches its maximum, and  

a part of the expansion phase. However, the error value is 

within an acceptable range. Therefore, the model can be 

used for the subsequent stages of research. 
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Fig. 4. Comparison of experimental and calculated indicator diagrams of 

SI engine 4CH 11.5/7.7 when operating on ammonia (n = 1000 min-1; α = 

 1; IT = 15о bTDC; m = 1.2; φz = 52°) 

4. Results and discussion 

4.1. Engine external characteristics 
The external characteristics of the engine are the first 

focus when converting the engine to run on ammonia. Fig-

ures 5a and 5b show the external characteristic results of 

the engine before and after the conversion. The characteris-

tics are determined when the engine operates at the maxi-

mum throttle opening, and the ignition timing is adjusted to 

achieve the maximum power output. 

From the results, it can be seen that when the engine 

switches from gasoline to ammonia as fuel, the maximum 

brake torque (Mₑmax) increases by 6.1%, while the maxi-

mum brake power (Nₑmax) decreases by 30% when meas-

ured under external characteristic conditions. Due to am-

monia's lower volumetric energy density and calorific value 

compared to gasoline, the specific fuel consumption when 

using ammonia is nearly twice as high as gasoline for the 

same engine power output. This issue needs to be addressed 

in maintaining engine power during the transition, as the 

amount of fuel required per cycle must be recalculated. 

Additionally, the fuel tank volume may need to be larger to 

ensure that the vehicle’s range remains unchanged. 

In addition, another issue that needs to be recalculated is 

the air/fuel ratio when converting the engine to use ammo-

nia. The theoretical air/fuel ratio when using ammonia is 

determined through the reaction of ammonia with oxygen 

in the air through reaction equation 3:  

 4NH3 + 3O2 = 2N2 + 6H2O + heat (3) 

The air/fuel ratio when using NH3 can be calculated as 

follows: 

 αNH3
=

ma

mf
 (4) 

where: ma is mass of air. If air is considered to consist of 

two components, nitrogen mN2
and oxygen mO2

, then ma 

can be calculated as follows: 

  ma = mO2
+ mN2

= 32 × 3 + 3 × 79/21 × 28 = 415.72 g 

It should be noted that nitrogen makes up approximately 

79% and oxygen makes up 21% by mass of air. 

mf is the mass of fuel. 

 mf = 4 × 17 = 68 g 

αNH3
=

ma

mf

=
415.72

68
=  6.11 

  

a) b) 

  

c) d) 

  

Fig. 5. External speed characteristics and knocking probability of the SI engine 4CH 7.6/7: a, c) engine using ammonia; b, d) engine using gasoline 
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If we calculate the A/F ratio by volume, we can deter-

mine as follows: 

 αV
NH3

=
Va

Vf
=

na

nf
 (5) 

where Va, na respectively the volume or moles of air, Vf, nf 

respectively the volume or moles of fuel. 

αV
NH3

=
3 +  3 x 79/21

4
= 3.57 

Percentage of ammonia occupying in the combustion 

chamber: 

 %NH3 =
VNH3

Vtotal
 (6) 

where VNH3
is volume of NH3 in the mixture and Vtotal is 

mixture volume. 

Vtotal = VNH3
+ Va 

Therefore, we get the following result: 

%NH3 =
4

3 +
3 × 79

21
+ 4

= 0.22 

Thus, the A/F ratio of the engine using ammonia has  

a big change from 14.7 to 6.11. The injection process needs 

to ensure the amount of air/fuel according to the calculation 

results. 

For SI engines, another critical factor is evaluating the 

stability of the engine's operation. This factor is the octane 

rating, used to assess the engine’s knocking resistance. 

Since ammonia has a higher octane rating than gasoline, the 

probability of knocking in the forced ignition engine when 

using ammonia decreases. The results are shown in Figures  
 

5c and 5d. It can be observed that for the same engine 

speed, the probability of knocking occurrence when using 

ammonia decreases by a factor of 100 to 150 times. 

4.2. Effect of compression ratio 
The compression ratio is defined as the ratio of the vol-

ume of the combustion chamber when the piston is at bot-

tom dead center to the volume when it is at top dead center. 

The compression ratio significantly affects the efficiency of 

the engine. The effect of the compression ratio on the en-

gine efficiency of the ideal cycle is shown in the following 

expression as follows: 

 ηt = 1 −
1

εk−1 (7) 

where: ε is compression ratio; k is the ratio of specific heats 

and it is defined as follows: 

 k = cp/cv (8) 

where: cp is the specific heat at constant pressure 

(J⋅kg
−1⋅K−1

), cv is the specific heat at constant volume 

(J⋅kg
−1⋅K−1

). 

Thus, as the compression ratio increases, the efficiency 

of the cycle also increases. 

  
a) b) 

  

c) d) 

  

Fig. 6. Variation of engine parameters when using ammonia fuel with different compression ratios: a) brake efficiency; b) brake power; c) brake  specific 
 fuel consumption; d) probability of knocking occurrence 
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Due to the higher octane rating, engines using ammonia 

can achieve a higher compression ratio. With a high octane 

number, engines using ammonia can increase the compres-

sion ratio. In the calculation model, the engine using am-

monia was simulated with compression ratios ranging from 

9.9 to 12.5 under full load. The ignition timing was opti-

mized for each speed mode and compression ratio, and the 

fuel-air mixture was adjusted according to the prescribed 

ratio for ammonia. The results of the engine are shown in 

Fig. 6. 

It can be seen that, when operating at speeds ranging 

from 1500 to 6000 rpm, with the throttle fully open and 

without turbocharging, the probability of knocking combus-

tion when using ammonia fuel decreases as the engine 

speed increases, and this value increases as the compression 

ratio of the engine increases (Fig. 6d). 

The engine's efficiency and brake power increase as the 

compression ratio increases. The brake efficiency reaches 

its maximum at n = 3000 rpm (Fig. 6a), while the brake 

power reaches its maximum at n = 5000 rpm (Fig. 6b). 

After reaching the maximum, these values decrease as the 

engine speed increases. In addition, the minimum BSFC 

was found in the speed range from 2000 to 3000 rpm (Fig. 

6c). The results obtained are a solution to improve the per-

formance of gasoline engines when converting fuel. We can 

increase the compression ratio for gasoline engines or  

a further solution is to convert diesel engines to be able to 

use ammonia.  

4.3. Effect of boost pressure 

When considering forced ignition engines, an improved 

cycle of interest is the Miller cycle. The Miller cycle is  

a variation of the Otto cycle developed to improve thermal 

efficiency and reduce emissions in internal combustion 

engines. This cycle was invented by Ralph Miller in 1947 

and is often applied to turbocharged gasoline or diesel en-

gines.  

The Miller cycle changes the intake valve closing tim-

ing to control the compression process, thereby reducing 

the work consumed during compression and increasing 

overall efficiency. There are two methods for adjusting the 

intake valve closing timing: early intake valve closing and 

late intake valve closing. Gasoline engines using the Miller 

cycle help reduce the work consumed during compression, 

increase thermal efficiency, reduce the risk of knocking, 

and reduce NOx emissions due to the lower combustion 

temperature. 

In the model, the intake valve closing timing is adjusted 

to enable the engine to operate according to the Miller cy-

cle. The effect of boost pressure on the forced ignition en-

gine operating under the Miller cycle is considered at an 

engine speed of 2000 rpm, with the throttle fully open, and 

the ignition timing optimized for the corresponding boost 

values. The variation of the cycle parameters is shown in 

Fig. 7. 

The probability of knocking increases as the intake 

manifold pressure increases and decreases as the intake 

valve closing angle increases, since it depends on the 

amount of new fuel-air mixture supplied to the engine. The 

conversion to ammonia helps the engine have better knock 

resistance compared to gasoline engines (Fig. 7a, b). The 

maximum brake torque and brake power are achieved at 

maximum boost pressure and minimum intake valve clos-

ing angle, and these values are higher when the engine runs 

on ammonia compared to gasoline. As the intake valve 

closing angle increases, brake specific torque increases 

(Fig. 7c, d).  

The brake efficiency of the engine improves by increas-

ing the intake manifold pressure and intake valve closing 

angle. In this case, there is no significant difference in 

brake efficiency when comparing ammonia fuel with gaso-

line fuel (Fig. 7g, h). 

BSFC decreases as the boost pressure increases in both 

modelling cases (with ammonia and gasoline). This is con-

sistent with the conclusions reached when applying turbo-

chargers to internal combustion engines. Under naturally 

aspirated engine conditions, the BSFC of an ammonia en-

gine (746 g/kWh) is more than twice that of a gasoline 

engine (325 g/kWh) at 120 °CA bTDC (Fig. 7e, f). The 

main reason for the increase in fuel consumption is the 

large difference in the lower calorific value between the 

two types of fuel and the same intake valve closing angle. 

5. Conclusion 
It can be seen that ammonia is an environmentally 

friendly fuel and also has a renewable nature. Because NH3 

has no carbon in its molecular composition, the combustion 

products do not contain greenhouse gases. In addition, the 

advantages of storage, transportation and supply to vehicles 

make ammonia a fuel with great potential. 

When switching from gasoline to ammonia at the en-

gine's external characteristics, the maximum brake torque 

on the external characteristics increases by 6.1%, while the 

maximum brake power decreases by 30%. Along with that, 

with the calorific value and volumetric energy density of 

NH3 being lower than that of gasoline, the brake specific 

fuel consumption of the engine when using NH3 increases 

by almost two times. This is the problem that needs to be 

solved for the engine's fuel system when converting. 

Moreover, with a higher octane value than gasoline, it 

allows for an increase in the compression ratio of the con-

verted engine. This helps to improve the performance of the 

NH3 engine operating on the Miller cycle. 

Finally, the research results also show that it is possible 

to apply the solution of increasing the boost pressure to 

improve the engine's working parameters. When increasing 

the initial pressure, the engine's performance and torque 

increase while the engine's brake-specific fuel consumption 

decreases. When the boost pressure increases up to 3 bar, 

the engine's detonation ability is equivalent to that of a 

gasoline engine without turbocharging. 

Based on the results obtained, corresponding solutions 

will be proposed to improve the engine's working process 

when converting. 
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Nomenclature 

AFCs alkaline fuel cells 

bBDC  before bottom dead center 

BP boost pressure 

BSFC brake specific fuel consumption  

bTDC before top dead center 

H2 hydrogen 

HC hydrocarbons 

ICEs internal combustion engines 

IT ignition timing 

NH3 ammonia 

NOx nitrogen oxides 

PM particulate matter 

PEMFCs  proton exchange membrane fuel cells 

SI spark ignition 

SOFCs  solid oxide fuel cells 

 
 

 

a) b) 

  
c) d) 

 
 

e) f) 

  
g) h) 

  

Fig. 7. The operating parameters of the SI 4CH 7.6/7 engine working in the Miller cycle with a variable intake valve closing angle. a, b) probability of 

knocking occurrence; c,d) brake torque ; e,f) brake specific fuel consumption; g,h) brake efficiency 
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Investigation of the effect of engine running time on the material characteristics  

of a piston  
 
ARTICLE INFO  Regardless of the class of passenger car, manufacturer, or type of internal combustion engine, vehicle owners 

strive to ensure the longest possible period of reliable engine operation. The reliability and performance of an 
internal combustion engine are key indicators of its quality and prestige. Numerous research and development 

studies have focused on optimizing piston design and identifying the causes of piston failure. However, to better 

understand degradation mechanisms and trends in modern piston design, it is necessary to investigate the 
phenomena affecting the piston during typical engine service life. Thermomechanical stresses, friction, elevated 

and fluctuating temperatures, and contaminants all contribute to piston wear and reduce its service life. In this 

study, a new aluminum piston was compared with a piston extracted from an engine after approximately 200,000 

kilometers of operation. The influence of engine operating time on piston surface condition, hardness, micro-

structure, and surface quality was analyzed. These parameters provide insight into the impact of friction and 
thermal loads on piston wear. Based on the investigations, the influence of piston operating time on surface 

degradation and changes in the mechanical properties of the piston material was determined. Furthermore, 

areas most susceptible to long-term loads and exhibiting the highest wear were identified. The results enable 
identification of piston regions requiring reinforcement or design optimization to minimize the risk of damage 

from prolonged engine operation. 
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1. Introduction 
In internal combustion engines and compressors, the 

piston's movement with sealing rings in the cylinder liner 

plays a key role in energy consumption, primarily due to 

elevated friction and component wear. The effect of friction 

is not limited to energy losses; it also poses a risk of com-

ponent failure and engine power reduction [2, 14]. The 

wear intensity of the piston assembly depends on numerous 

factors, including operating pressure and temperature, en-

gine rotational speed, surface roughness, engine load, mate-

rial quality, the performance of the cooling system, the type 

of lubricating oil used, and potential manufacturing defects 

[4, 7, 14, 25–27]. 

A significant mismatch in thermal expansion between 

the aluminum piston and the cast iron cylinder liner can 

reduce the working clearance and impair the formation of 

the lubricating oil film. Inadequate lubrication of the pis-

ton–liner contact surfaces increases friction-generated heat, 

further intensifying thermal expansion and potentially lead-

ing to seizure of the interacting components [26]. Several 

strategies exist to mitigate these risks, such as surface 

roughness optimization, application of protective coatings, 

chemical composition modifications, and the use of compo-

site materials [3, 6]. Equally important is the proper selec-

tion of engine oil and ensuring effective delivery to all 

critical contact zones [23]. The highest frictional forces in 

the piston assembly occur during cold start-up. According 

to the literature, the system initially operates under bounda-

ry or mixed lubrication conditions and gradually transitions 

to hydrodynamic lubrication. Poor oil selection or improper 

maintenance may initiate accelerated wear processes or 

even lead to piston failure [15].  

During its operating cycle, the piston undergoes defor-

mation due to gas pressure and contact forces acting along 

its working plane. The lateral and angular movement of the 

piston causes impacts between the piston skirt and the cyl-

inder liner, leading to dynamic fluctuations in hydrodynam-

ic forces. The maximum impact force occurs in diesel en-

gines during the compression stroke and is concentrated at 

the upper ends of the piston skirt. An increase in clearance 

between the piston skirt and the cylinder liner results in 

greater lateral displacement and a larger tilt angle, which, in 

turn, increases the piston's lateral acceleration and intensi-

fies impact forces [9]. An example of engine block damage 

caused by this phenomenon is shown in Fig. 1. 

 

 Fig. 1. Photograph of a four-cylinder passenger car engine block [16] 
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The wide variety of piston damage types and their un-

derlying causes compels engine designers to consider the 

effects of design changes on piston durability from the 

earliest development stages. Therefore, numerous studies 

are conducted to analyze piston wear mechanisms, such as 

the one presented in this article, as well as attempts to de-

velop algorithms capable of predicting the influence of 

design modifications on service life – e.g., through thermal 

exchange modeling [8, 12]. 

2. Literature review 
Accurate identification of piston damage requires 

knowledge not only of metallurgy and piston design but 

also of the operational principles of internal combustion 

engines. The diagnostic process is challenging, as the root 

cause is often not immediately visible [20]. When analyzing 

piston failures, they can be classified according to the loca-

tion of the damage [21]: 

 damage to the piston crown 

 damage to the piston pin boss or skirt 

 damage to the piston rings 

 damage to the cylinder liner. 

However, a more functional and diagnostically useful 

classification is based on the underlying cause of the fail-

ure. One of the most common and severe types is piston 

seizure due to overheating, as illustrated in Fig. 2. There are 

four primary causes of such failures: delayed combustion-

induced overheating, incorrect piston installation (wrong 

piston type), blocked oil injection, and cooling system mal-

function [21]. 

 

Fig. 2. Photograph of a piston damaged by seizure [21] 

 

Another common type of piston failure in internal com-

bustion engines is damage to the piston crown. This type of 

failure may have multiple causes, including: incorrect valve 

recess depth, excessive piston protrusion above the cylinder 

deck, carbon deposits on the piston crown, excessive ma-

chining of the cylinder head sealing surfaces, improper 

cylinder head sealing, insufficient valve clearance, and 

incorrect valve timing [21]. An example of piston crown 

damage is shown in Fig. 3. 

 

Fig. 3. Photograph of a piston with a damaged crown [21] 

 

A more dramatic form of piston failure in internal com-

bustion engines is piston material melting. An example of 

a piston exhibiting material melting is shown in Fig. 4. 

According to the literature, there are six primary causes of 

piston melting: 

 incorrect fuel injection quantity 

 improper injection timing 

 faulty or damaged injector nozzles 

 delayed ignition 

 insufficient compression 

 oscillations in the fuel injection lines. 

 

Fig. 4. Photograph of a piston damaged by crown melting [21] 

 

Another common type of piston failure is cracking of 

the piston crown and combustion chamber area [19, 21]. 

This type of damage is particularly frequent in older-

generation diesel engines. An example of such failure is 

shown in Fig. 5. The most common causes include: 

 incorrect fuel injection timing 

 damaged or unsuitable injector nozzle 

 improper fuel injection quantity 

 lack of piston cooling 

 chip tuning (increasing engine power without account-

ing for thermal limits) 
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 installation of pistons with improper combustion bowl 

geometry 

 insufficient compression. 

 

Fig. 5. Photograph of a piston damaged by cracking in the combustion 
 chamber [21] 

 

Axial wear caused by contamination is shown in Figure 

6. Dirt and other impurities that enter the engine oil form an 

abrasive mixture that acts like sandpaper, leading to wear of 

the piston skirt. Infrequent oil and filter changes can signif-

icantly accelerate piston degradation and may ultimately 

result in critical engine failure. 

 

Fig. 6. Photograph of a piston damaged by dirt intrusion [21] 

 

Numerous scientific publications have investigated the 

causes of piston damage and methods for its prevention. 

One particularly noteworthy study is [19] by Siadkowska, 

which provides a detailed analysis of steel and aluminum 

piston designs. A comprehensive source of technical 

knowledge is also provided by Kolbenschmidt [20] and 

Motorservice [21], which offer in-depth classifications of 

piston damage types, supported by extensive illustrations. 

The mechanisms of friction-related piston failure in internal 

combustion engines are thoroughly discussed in publica-

tions [17–19, 22]. One of the more interesting articles dis-

cussing the proper preparation of piston surfaces and coat-

ings that extend piston service life is by Wróblewski and 

Nakashima, whose studies have a significant impact on 

current knowledge of the relationship between the surface 

condition of an internal combustion engine piston and its 

durability [28]. 

2. Analysis of the effect of piston operating time on 

its mechanical properties 

2.1. Comparative visual analysis of pistons 

To investigate the influence of engine operating time on 

the mechanical and tribological properties of a piston, 

a comparative analysis was conducted between a new diesel 

engine piston and a piston from an engine with approxi-

mately 200,000 kilometers of mileage. The analyzed pis-

tons are shown in Fig. 7. Both pistons share an identical 

design and components. The diameters of both pistons are 

identical, and they are manufactured from the same materi-

al. The operating conditions of the engines from which the 

examined pistons were taken are comparable. The only 

structural difference is the presence of valves in one piston. 

However, it should be emphasized that the present analysis 

focuses on the influence of engine operation on the proper-

ties and microstructure of the piston material, rather than on 

design differences. The first piston ring groove contains 

a reinforcing cast iron insert, designed to increase the me-

chanical strength of the piston. This insert is made of sphe-

roidal graphite iron, subjected to alfin treatment, and subse-

quently cast with molten aluminum to form a durable met-

allurgical bond. Additionally, both pistons are equipped 

with an internal cooling channel to protect the piston crown 

and combustion chamber from overheating caused by the 

high thermal loads generated during combustion. 

The piston pin bores are fitted with cold-pressed brass 

bushings to extend the piston's service life. 

 

Fig. 7. Analyzed pistons from diesel engines 

 

Figure 8 presents a comparison of the piston crown and 

combustion chamber area between a new and a used inter-

nal combustion engine piston. On the surface of the used 

piston crown, residual soot is visible in the form of a black 

deposit. Minor scratches were also observed, likely caused 

during disassembly or handling. No cracks, melting, or 

material loss were identified. The crown edges remain 

smooth, with no visible deformation. The piston crown and 

combustion chamber surfaces show no wear beyond what 
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would be expected from the normal combustion process of 

the air-fuel mixture during engine operation. 

 

a)                                     b) 

 

Fig. 8. Piston crown with combustion chamber: a) new diesel engine 

 piston, b) piston after approximately 200,000 kilometers of operation 

 

Figure 9 presents a comparison of the skirt and ring land 

areas of a new piston and a used piston from an internal 

combustion engine with approximately 200,000 kilometers 

of service. The comparison reveals noticeable wear on the 

piston's lateral surface. The graphite-based coating on the 

load-bearing surface has worn off, with no longitudinal 

scratches observed. The wear pattern corresponds to the 

contact zone between the piston and the cylinder wall. 

A significant accumulation of carbon deposits is visible on 

the fire land, forming a thick layer. Discoloration is also 

apparent on the ring land surfaces. 

 

a)                                               b) 

 

Fig. 9. View of the piston skirts from internal combustion engines: a) 

 unused piston, b) used piston 

 

The final area showing visible changes compared to the 

new piston is the underside of the piston crown in the com-

bustion chamber region, as shown in Fig. 10. Despite the 

presence of an internal cooling channel, this surface was 

exposed to significant thermal stress. No surface damage or 

cracking was observed on the inner side of the piston. 

However, the area exhibits signs of overheating, likely due 

to localized exceedance of thermal limits. 

The presence of significant thermal influence, visible 

wear, and surface scratches prompted the authors of this 

study to perform a hardness analysis across the piston 

cross-section, examine its microstructure, and observe the 

lateral surfaces under magnification. The results of these 

investigations are presented in the following sections of the 

article. 

 

Fig. 10. View of the overheated internal area of a used internal combustion 
engine piston 

2.2. Chemical composition analysis of piston material  

The most commonly used material in the production of 

internal combustion engine pistons is silumin – an Al-Si-

based alloy valued for its unique technological and physi-

cochemical properties [1, 5, 6, 10, 11, 13, 24]. The most 

frequently used silumins are hypoeutectic alloys containing 

approximately 11–13% silicon and hypereutectic alloys 

with 17–24% silicon. A significant drawback of these al-

loys is the rapid decrease in tensile strength and hardness 

with increasing temperature. For hypoeutectic silumins, 

tensile strength decreases by approximately 40–50% at 

250°C, and by up to 65% at 300°C. In the case of hypereu-

tectic silumins, the decrease is about 5% lower [4]. 

Piston-grade silumins are among the most chemically 

complex aluminum alloys. Their composition typically 

includes elements from the Al–Si–Cu–Mg system, with 

additions of Ni, Mn, Fe, Zn, and occasionally Mo, Cr, V, 

Co, and W. They are also modified with elements such as 

K, Na, and Sr (silicon eutectic modifiers), Ti, Sc, V, Zr, B 

(grain refiners), as well as P and S (modifiers of primary 

silicon crystals) [4].  

To determine the chemical composition, the analyzed 

pistons were sectioned along their axis, perpendicular to the 

piston pin bore. The measurements were carried out using 

a spectrometer. Measurement points are marked in Fig. 11 

for the new piston and in Fig. 12 for the used piston. Three 

measurements were taken on the new piston and four on the 

used piston. 

The results of the chemical composition measurements 

are presented in Table 1. The analysis indicates that the 

examined pistons are made of silumin containing approxi-

mately 12.3% silicon and around 4% copper. The main 

alloying elements include magnesium (Mg), nickel (Ni), 

iron (Fe), manganese (Mn), zinc (Zn), and titanium (Ti). 

Both materials exhibit nearly identical chemical composi-

tions, and the minor differences observed may be attributed 

to variations between production batches at the piston man-

ufacturing facility.  
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Fig. 11. Chemical composition measurement points on a new internal 

 combustion engine piston 

 

Fig. 12. Chemical composition measurement points on a used internal 
 combustion engine piston 

 
Table 1. Chemical composition analysis of used and new pistons 

Element [%]
Used 

piston

New 

piston

Si 12,35 12,34

Cu 3,91 3,98

Mg 0,708 0,6

Ni 2,97 2,85

Fe 0,479 0,389

Mn 0,0724 0,113

Zn 0,083 0,062

Ti 0,029 0,033

Pb 0,004 0,003

Zr 0,05 0,05

V 0,037 0,044

Sn 0,0025 0,0023

P ppm 30,16 29,72

Cr 0,0099 0,016

Na <0,3 <0,3

Ca ppm 1,07 2,2

Sb ppm 12,1 16,77

Li ppm <0,05 <0,05

Sr ppm <0,1 <0,1  
 

The piston-grade silumin used in the analyzed pistons 

exhibits the following physical-mechanical properties: 

 thermal conductivity at 200°C: approximately 128 

W/(m·K) 

 coefficient of linear thermal expansion: 21 × 10⁻⁶ 1/K 

 tensile strength (Rm): approximately 240 MPa 

 hardness: ranging between 110 and 150 HB. 

2.2. Hardness profile analysis  

The operating cycle of a piston in an internal combus-

tion engine involves repeated heating and cooling. The 

temperature dependence of material strength presents 

a significant limitation for both increasing engine efficiency 

and extending service life. To evaluate the effect of the 

engine's thermal cycles on mechanical properties, both 

a  new piston and a used piston (with approximately 

200,000 kilometers of service) were sectioned longitudinal-

ly along the axis, in a plane perpendicular to the piston pin 

bore. Hardness measurements were performed using the 

Brinell hardness scale (HB). The measurement points for 

the new piston are shown in Fig. 13. The hardness values 

ranged from 118 to 131 HB, with an average value of 

124.6 HB and a measurement spread of 13 HB. 

 

Fig. 13. Unused diesel engine piston with marked hardness measurement 

 points and HB values 

 

The hardness measurement points for the used piston 

are shown in Fig. 14. Measurements were taken at seven 

locations. The highest recorded hardness was 94 HB, while 

the lowest was 84 HB. The average hardness of the used 

piston was 90 HB, with a spread of 11 HB. The lowest 

hardness values were observed near the piston crown, 

whereas the highest values occurred near the oil gallery on 

the combustion chamber side.  

Figure 15 compares the hardness profiles of a new die-

sel engine piston and a piston with 200,000 kilometers of 

service. The new piston exhibits consistently higher hard-

ness across the entire cross-section, on average approxi-

mately 28% greater than that of the used piston. The most 

significant reduction in hardness was observed near the 

piston crown, amounting to approximately 34%.  

To verify the significant hardness reduction observed 

near the piston crown, additional hardness measurements 

were performed directly on the crown surface. Four meas-

urements were taken for both the new and the used piston: 

two along the axis of the piston pin bore and two in a plane 

perpendicular to that axis. The locations of the measure-

ment points are shown in Fig. 16.  
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Fig. 14. Used diesel engine piston with marked hardness measurement 

 points and HB values 

 

Fig. 15. Comparison of hardness profiles of new and used pistons in cross-

section 

 

The measured hardness values on the crown of the new 

piston were: 124, 127, 117, and 127 HBW. For the used 

piston, the corresponding values were: 80, 79, 82, and 79 

HBW. The hardness reduction along the piston pin bore 

axis was approximately 33%, while along the skirt axis it 

was about 38%. This significant decrease in hardness on the 

piston crown is likely due to prolonged exposure to elevat-

ed temperatures during engine operation. Such a substantial 

loss of hardness adversely affects the fatigue strength and 

overall durability of the piston, increasing the risk of prem-

ature wear or mechanical failure. 

 

a)                                               b) 

 

Fig. 16. Hardness measurement of the piston crown: a) new piston, b) used 
piston 

 

According to the literature, the local temperature on the 

piston surface in the combustion chamber region may reach 

approximately 250–350°C. For the AlSi12Cu4Ni2Mg alloy 

used in the analyzed pistons, the temperature range of 250–

300°C corresponds to the onset of the material's slow sof-

tening process. Prolonged exposure to such elevated tem-

peratures during engine operation can lead to a gradual 

reduction in hardness. This provides clear evidence that 

further research and development on new piston alloys or 

technologies to enhance the durability of aluminum pistons 

is fully justified. 

2.3. Microstructural analysis 

High temperatures, along with cyclic heating and cool-

ing, affect the material's hardness and mechanical proper-

ties. To determine whether these factors influenced the 

surface condition and microstructure, metallographic cross-

sections were prepared for both the new and used pistons, 

as shown in Fig. 17a and 17b, respectively.  
 
 

 

 
 

 
 

a) b) 

      

Fig. 17. Microstructure analysis locations: a) new piston, b) used piston 
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The metallographic specimen included the ring land ar-

ea, piston crown, and combustion chamber region. Figure 

17a shows the new piston with the selected areas marked 

for analysis. Four zones were examined: the piston crown, 

the combustion chamber edge, and two locations within the 

combustion chamber. All examined edges in the new diesel 

engine piston were continuous, uniform, and free of any 

irregularities. The microstructure in these areas was fine-

grained and consistent across all analyzed zones. Figure 18a 

shows the edge of the combustion chamber in the new pis-

ton, while Fig. 18b presents the same area in the used pis-

ton. In the used piston, burn marks and localized edge deg-

radation up to 0.04 mm deep were observed. These thermal 

erosions are numerous and distributed across the entire 

surface of the combustion chamber. 

 

a) 

 

b) 

 

Fig. 18. View of typical burn marks on the surface of a used piston: a) 

combustion chamber edge, b) combustion chamber 

 

Analysis of the microstructure of the used internal com-

bustion engine piston in various regions revealed grain 

refinement in the combustion chamber area adjacent to the 

piston’s internal cooling channel, as shown in Fig. 19a. 

When compared to the microstructure near the piston crown 

(Fig. 19b), the difference in grain size is clearly noticeable. 

This effect was not observed in the new piston. The ana-

lyzed region is subjected to both high temperatures and 

pressures generated during combustion, as well as thermal 

gradients caused by the cooling channel extracting heat 

from the combustion chamber. The presence of the cooling 

channel may have contributed to the observed local micro-

structural refinement in this area. 

 

a) 

 

b) 

 

Fig. 19. Metallographic cross-section of the upper part of the piston pin 
bore in the used piston 

 

For comparison, Fig. 20 presents the microstructure of 

the new piston in the combustion chamber region. The 

structure is homogeneous, with clearly visible solidification 

lines typical of the silumin casting process. A distinct dif-

ference can be observed between the microstructures of the 

new and used pistons. The edge in this area is smooth, 

uniform, and free of any discontinuities. 
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Fig. 20. Metallographic cross-section of the combustion chamber of a new 

internal combustion engine piston 

3. Conclusions 
Pistons in internal combustion engines undergo gradual 

wear throughout their service life due to friction, elevated 

temperatures, and the high pressures generated during en-

gine operation. Understanding these degradation mecha-

nisms enables the design of more durable and reliable pis-

tons, which directly impacts both vehicle performance and 

operational costs. 

The analysis clearly demonstrated that, during engine 

operation, significant alterations occur on the piston sur-

face, particularly in the combustion chamber area and on 

the piston crown; both the material hardness and its micro-

structure undergo measurable changes. Based on the com-

parative analysis of a new piston and a piston extracted 

after approximately 200,000 kilometers of engine opera-

tion, the following conclusions can be drawn: 

 Traces of graphite layer wear were observed on the skirt 

surface of the used piston 

 Signs of thermal degradation were visible on the inner, 

central region of the piston 

 The average hardness across the cross-section of the 

used piston was 34 HB lower than that of the new piston 

 The piston crown of the used piston exhibited a hard-

ness reduction of 44 HB compared to the new one 

 At 100× magnification, thermal damage and crater for-

mation were observed on the surface of the combustion 

chamber area 

 In the region near the cooling channel, microstructural 

grain refinement was evident in the used piston. 

These findings suggest that destructive processes may 

already have initiated in the analyzed piston, potentially 

leading to failure if continued operation is pursued. 

If the manufacturer aims to extend the service life of 

pistons in this engine type, the following improvements are 

recommended: 

 Reinforcement of the combustion chamber, e.g., by 

applying Durablow® technology or protective coatings 

on the piston crown 

 Enhancement of heat dissipation efficiency through 

optimization of the cooling channel geometry 

 Reduction of frictional wear on the piston skirt by ap-

plying advanced graphite-based coatings. 

Although many approaches exist to improve piston du-

rability, lifecycle analyses, such as the one presented in this 

study, provide valuable insights into the specific areas of 

piston design that require refinement.  
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ARTICLE INFO  In view of increasingly stringent environmental requirements and global efforts to reduce greenhouse gas 

emissions, it is becoming increasingly important to identify the design factors of powertrains that directly affect 
fuel efficiency and carbon dioxide (CO₂) emissions. This study analyses the impact of selected technical 

parameters of passenger vehicles powertrains – in particular, engine displacement, number of cylinders, type of 

transmission and type of fuel – on fuel consumption in urban, highway and combined conditions, as well as on 
CO₂ emissions. The study used operational data covering the design parameters of selected passenger vehicle 

models on the market. The statistical analysis identified significant relationships between the drive system's 

design and its environmental impact. The results of the study can make a significant contribution to the 
development of forecasting tools to support the design of new-generation engines, as well as to decision-making 

and to the formulation of strategies for the sustainable development of low-emission transport technologies. 

 

Received: 18 June 2025 

Revised: 18 December 2025 
Accepted: 19 January 2026 

Available online: 4 February 2026 

Key words: fuel consumption, multivariate regression, CO2 emission, powertrain parameters 

 
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/) 
 

 

1. Introduction 
Reducing harmful emissions into the environment is one 

of the main objectives of climate policy. The regulations 

introduced by the European Union aim to reduce green-

house gas emissions from the transport sector. The above 

results in stricter emission standards for newly designed 

and manufactured vehicles. Therefore, conducting research 

in the field of vehicle operation, especially powertrain sys-

tems, is an important element in meeting European stand-

ards, such as Regulation (EU) 2021/1119 of the European 

Parliament and of the Council of 30 June 2021, as well as 

United Nations SDGs (especially goal 13). 

The clear need to optimize transportation energy effi-

ciency is undoubtedly one of the main goals not only of 

climate policy but also of manufacturers' actions, as it sim-

ultaneously improves economic indicators. Identifying 

design solutions that will significantly reduce fuel con-

sumption and, consequently, emissions is therefore a priori-

ty. At the same time, the result can be guidelines and rec-

ommendations for practice use by both manufacturers and 

end users, leading to the development of modern technolog-

ical solutions to minimize operating costs, increase the 

competitiveness of automotive companies, and advance 

innovative zero-emission propulsion technologies. 

The above elements made the analysis of selected de-

sign parameters of passenger vehicle powertrains in terms 

of their impact on fuel consumption in different modes of 

vehicle driving the purpose of the article. As the main re-

search problem, the question was adopted: to what extent 

do individual factors shape the energy efficiency of motor 

vehicle powertrains? For the purpose of the study, a de-

tailed analysis of a database consisting of 7,384 observa-

tions was carried out, which included measurements of 

engine displacement, number of cylinders, number of gears 

in the transmission and its type, fuel type and fuel con-

sumption values in the urban cycle, highway driving and 

mixed cycle. The article uses a multivariate regression 

model, which enables selection of design parameters that 

significantly affect fuel consumption levels, as well as 

quantification of the interdependence between them and 

emission factors. Consequently, this type of analysis is an 

important contribution to the pursuit of sustainable devel-

opment in the automotive sector and the reduction of the 

negative environmental impact of transportation. 

2. Literature review 
The impact of individual engine and transmission de-

sign parameters on fuel consumption has been widely stud-

ied in the literature, particularly amid increasing demands 

for energy efficiency and CO₂ reduction in the transporta-

tion sector. A review has shown that both engine and 

transmission parameters have a key impact on fuel con-

sumption [4]. Among the design factors of passenger vehi-

cle internal combustion engines, engine displacement, 

compression ratio, turbocharging, and the weight of the 

engine and the entire vehicle are listed as those that signifi-

cantly affect fuel consumption and vehicle emissions [26]. 

Engine displacement is one of its key parameters, which 

determines the total volume of all cylinders [1]. It directly 

affects the performance characteristics of the power unit 

[35], including mainly torque, power and fuel consumption. 

Available in the literature, studies indicate that as engine 

displacement increases, more fuel is consumed, mainly 

because a larger amount of fuel-air mixture can be burned. 

Research results indicate that engines with smaller dis-

placement (1.0 to 1.6 L) have fuel consumption up to 15–

20% lower than those with 2.0 to 3.0 L [8, 24]. 

Other parameters mentioned in the literature that affect 

fuel consumption are compression ratio and turbocharging 

[6]. Zhu et al. indicate that increasing the compression ratio 

improves the engine's thermal efficiency, thereby reducing 

specific fuel consumption by 5–8% [33]. Turbocharging, on 

the other hand, is a technology that increases the amount of 

air supplied to the cylinders using a turbocharger [11]. This 
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solution enables reducing the engine's capacity while main-

taining its power, a process known as downsizing [28]. This 

makes it possible to reduce fuel consumption from 5% in 

gasoline engines [19] to 12% in compression-ignition en-

gines [13], thereby reducing CO2 emissions by 7% to 15% 

[3]. In contrast, combining a turbocharger with a properly 

adjusted compression ratio can improve fuel economy by 

up to 20% [18]. 

The last-mentioned parameter related to engine charac-

teristics is its weight. It is estimated that each 100 kg in-

crease in vehicle weight results in a 0.3 to 0.6 liter increase 

in fuel consumption per 100 km [17]. For modern alumi-

num engines, which can reduce weight by 20–30 kg, fuel 

consumption decreases by 2–4% [34]. 

Other parameters that affect CO2 emissions and fuel con-

sumption are transmission parameters. A review of available 

research has shown that, in this area, the following should be 

specified [16]: the number of ratios (gears) and their span, 

the type of gearbox and its mechanical efficiency, as well as 

the driver's shifting strategy. Available research indicates that 

increasing the number of gear ratios results in a better match 

between engine speed and driving conditions, thereby allow-

ing the engine to operate within its optimal range [30]. It is 

estimated that using a gearbox with 6 ratios (compared to  

a 4-speed) results in a fuel savings of about 3% (without 

affecting vehicle performance) [19]. The gear ratio value is 

also an important parameter. Lisowski points out that a high-

er ratio at the highest gear will lower engine rpm at constant 

speed, thus minimizing energy loss [15]. 

Studies also show that fuel consumption is affected by 

the type of transmission and its mechanical efficiency. 

Wang et al. indicate that manual transmissions have higher 

mechanical efficiency (up to 98%) than automatic transmis-

sions (86% to 87%), which directly translates into lower 

fuel consumption [31]. Manual transmissions are also light-

er than classic automatic transmissions. On the other hand, 

Al.-Saedi et al. note that modern solutions – such as direct-

shift gearbox (DSG) transmissions, which are based on 

advanced electronics and precise shift control – can match 

or even surpass manual transmissions in terms of fuel econ-

omy, especially in urban conditions [19]. 

A variety of research methods are used in the literature 

to analyze the impact of specific vehicle design parameters 

on fuel consumption and CO2 emissions [25]. These include 

experimental laboratory tests (dynamometers) [9] and real-

world measurements during driving cycles [27]. Also popu-

lar are computer simulations, the use of artificial intelli-

gence methods, including artificial neural networks, as well 

as mathematical modeling methods [12], including Markov 

processes [21] or multi-criteria algorithms [32]. 

In this study, the multivariate regression method was 

used to analyze the influence of selected design parameters 

of the vehicle's powertrain. Its application enabled answer-

ing the question of which recorded parameter values signif-

icantly affect fuel consumption and the extent of this influ-

ence. As part of the study, three models were built: for 

driving in an urban cycle, on the highway, and in a mixed 

cycle, which were further evaluated and compared. 

 

3. Research method and results 

3.1. Multivariate regression model 

A multivariate regression model was used to analyze the 

impact of selected design parameters of passenger vehicle 

powertrains on fuel consumption and CO2 emissions. This 

is a statistical method for modeling the relationship among 

multiple variables, enabling the testing of significance and 

the evaluation of the influence of selected factors on the 

phenomenon under study [10]. The multivariate regression 

model usually takes the form of an equation, which can be 

represented as the following relationship (1): 

 Y = b0  +  b1 x1  + b2 x2 + ⋯ +  bk xk  + ε,  (1) 

where: Y – dependent variable, X1, X2, … , Xk – independent 

variables, bi – parameters of the regression model (where  

i = 0….k), ε – random component. 

The model parameters are estimated using least squares, 

which involves selecting the model coefficients to minimize 

the sum of squared residuals between the observed and 

predicted values [23]. 

Each time, the estimated model must be verified. The 

significance of the estimated parameters is evaluated to 

confirm their impact on the phenomenon under study, and 

the distribution of the model's residuals is analyzed to con-

firm that the model has been correctly built. The quality of 

the model, i.e., its fit to the empirical data, is determined by 

the coefficient of determination (R2).  

A Student's t-test was used to test the significance of the 

model parameters, which tested the following hypotheses: 

H0:  βi = 0, no statistically significant effect of the explana-

tory variable Xi on the variable Y, 

H1:  βi ≠ 0. There is a statistically significant effect of the 

explanatory variable Xi on the variable Y, 

which were verified for the adopted significance level α =  

= 0.05. 

Diagnosis of the model's residuals was carried out by 

testing the consistency of their distribution with the normal 

distribution using the chi-square test, for which the follow-

ing hypotheses were formulated [14]: 

H0: P(X = Si) = pi for i = 1,2, … , k – the studied character-

istic X has a discrete distribution (p1, p2, … , pk), 

H1: there is such a class j for which P(X = Si) ≠ pi. 
And autocorrelation, based on the Durbin-Watson test, 

based on the accepted hypotheses [14]: 

H0: ρ = 0 – the autocorrelation coefficient of the model 

residuals is statistically equal to zero,  

H1: ρ ≠ 0 – the autocorrelation coefficient of the elements 

of the series is statistically different from zero.  

The quality of the model fit was evaluated using the co-

efficient of determination R
2
, which is estimated according 

to relation (2) [10]: 

 R2 =
∑ (ŷi−y̅)2n

i=1

∑ (yi−y̅)2n
i=1

                   (2) 

where: n – the number of observations, yi – empirical value 

of the variable Y, ŷi – the theoretical value of the Y variable 

determined from the model, y̅ – the arithmetic mean of the 

values of the Y variable. 
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This article analyzes the effects of selected design pa-

rameters of passenger vehicle powertrains on fuel consump-

tion and CO2 emissions. A database of 7,384 observations 

of selected parameters of passenger vehicle internal com-

bustion engines was used for the study. The recorded data 

concerns passenger vehicles circulating in Canada, which 

were manufactured mainly in 2016 and 2017. Only passen-

ger cars of different brands with similar total weight were 

analyzed. The values of the parameters of fuel consumption 

in the urban cycle, highway cycle and in the combined 

cycle were recorded, as well as engine displacement, type 

of transmission (automatic, manual), number of gears, type 

of fuel (diesel, premium gasoline, gasoline, ethanol 85%) 

and number of cylinders. 

The study began with a detailed analysis of the selected 

explanatory variables, i.e. fuel consumption in urban mode, 

while driving on the highway and in combined mode (values 

measured both while moving in the city and on the highway). 

In the first step, basic values of descriptive statistics were 

calculated, including the mean and median (Table 1). 

 
Table 1. Values of basic descriptive statistics 

Dependent 

variable 

Mean Median Standard 

deviation 

Skewness Kurto-

sis 

Fuel consump-

tion in the 

urban cycle 

12.55 12.10 3.48 0.79 1.14 

Fuel consump-
tion on highway 

9.03 8.70 2.21 1.07 2.00 

Fuel consump-

tion in mixed 
cycle 

10.97 10.60 2.88 0.88 1.35 

 

The results indicate that the highest mean of fuel con-

sumption was recorded during urban driving, while the 

lowest was recorded during highway driving. Since the 

conformity of the tested distribution to the normal distribu-

tion was not confirmed (the obtained p-value in each group 

was 0.00), a nonparametric Friedman test (performed for 

the three groups simultaneously) was used to compare the 

significance of differences between mean values, followed 

by a Wilcoxon test performed individually between pairs. 

Figure 1 shows a box plot of the mean values in each group 

of observations. 

 

Fig. 1. Box plot of the mean values in each group of observation 

Friedman's test tested the statistical hypotheses of equal-

ity of the sum of ranks for successive measurements: 

Ho: θ1 = θ2 =. . . = θk, 

H1: not all θj are equal to each other for (j = 1, 2 . . k). 

where: 

θ1, θ2. . . θk – medians of the studied feature in subsequent 

measurements in the studied population. 

The Friedman T statistic calculated by the test was 

13,847.04, with a corresponding p = 0.00, which allows us 

to conclude that there are statistically significant differences 

in the medians between the listed three groups. In the next 

step, the groups were compared individually in pairs using 

the Wilcoxon test (Table 2). The test tested the following 

hypotheses [2]: 

Ho: F1 = F2 (there is no significant difference in the 
distributions of the variables), 
H1: F1 ≠ F2. 

 
Table 2. Wilcoxon test results 

 Highway cycle Mixed cycle 

T p T p 

Urban cycle 11,529.5 0.00 10,014.0 0.00 

Highway cycle  10,171.5 0.00 

 

The obtained test statistic and its p-value confirmed the 

presence of differences in fuel consumption across all 

groups. On this basis, in the next step, an analysis of the 

impact of selected design parameters of the vehicle's 

powertrain on fuel consumption within the selected groups 

was carried out. 

3.2. Analysis of the effect of selected powertrain design 

parameters on fuel consumption in the urban cycle 

In the first step, a multivariate regression model was 

built from observations recorded during the urban cycle. 

Due to the collinearity of the parameters number of cylin-

ders and engine displacement (correlation coefficient 0.97), 

it was decided to exclude the parameter number of cylin-

ders from the model. The estimated values of the model 

parameters and the corresponding p-values are shown in 

Table 3. 

 
Table 3. Estimated values of regression model parameters in urban cycle 

Independent variable Level The value  

of parameter 

p 

Intercept  5.63 0.00 

Engine displacement  1.91 0.00 

Transmission A 0.12 0.00 

Number of gears  –0.08 0.00 

Fuel type premium 

gasoline 

1.45 0.00 

Fuel type gasoline 0.94 0.00 

Fuel type ethanol85 6.28 0.00 

 

At the adopted level of significance (α = 0.05), all se-

lected variables have a significant impact on fuel consump-

tion. Due to the inclusion of qualitative variables in the 

study, it was necessary to select a single reference level 

(class) for each variable. For the transmission type, manual 

transmission was used as the reference level, and for the 

fuel type, diesel. Based on the calculations, the following 

regression equation was formulated: 
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y = 5.63 + 1.91 ∙ Ed + 0.12 ∙ TA − 0.08 ∙ G + 1.45 ∙ Fpg

+ 0.94 ∙ Fg + 6.28 ∙ Fe 

where: Ed – engine displacement, Cn – number of cylinders, 

TA – transmission type, G – number of gears, Fpg – fuel 

type, premium gasoline (98-octane and more), Fg – fuel 

type – gasoline (95-octane), Fe – fuel type – ethanol 85.  

The next step was to verify the validity of the construct-

ed model using residual analysis and assess the quality of 

the fit. It began by checking the distribution of residuals for 

conformity to the normal distribution. In the chi-square test, 

the calculated test statistic T = 218.04 and the correspond-

ing p-value of 0.25 confirm normality of the random com-

ponent (Fig. 2). 

 

Fig. 2. Histogram of the residuals of the regression model for the urban 
 cycle 

 

In the next step, the Durbin-Watson test statistic for au-

tocorrelation of residuals was calculated: DW = 1.96. It is 

assumed that in the absence of autocorrelation, the value of 

the statistic should be close to 2. In addition, the relation-

ship between the test statistic and the threshold values dl 

and du from the Durbin-Watson table for k = 5 and n = 

7000 was verified. The control values were dl = 1.95 and du 

= 2.04, respectively. The calculated value of the test statis-

tic falls within the range <1.95;2.04>, which allows us to 

accept the null hypothesis and assume that there is no auto-

correlation in the model residuals. The above conclusions 

indicate that the constructed model should be considered 

correct.  

A coefficient of determination was calculated for the es-

timated model, which is R
2
 = 0.81, meaning that as much as 

81% of the variation in the observed values of the depend-

ent variable is explained by it, which should be considered 

a satisfactory result.  

Based on the results obtained, it can be concluded that 

both an increase in engine displacement by 1 L results in an 

increase in fuel consumption by 1.91 L/100. It should also 

be noted that, in the sample analyzed, an increase of 0.12 

L/100 km in consumption was observed for vehicles with 

automatic transmissions compared to those with manual 

transmissions. In contrast, vehicles with more gears had 

lower fuel consumption. An increase of 1 in the number of 

available gear ratios resulted in a 0.08 L/100 km decrease in 

fuel consumption, due to the engine's ability to better adapt 

its operation to driving conditions. The last factor analyzed 

was the type of fuel. In relation to diesel-powered engines, 

the use of premium gasoline resulted in a 1.45 L/100 km 

increase in consumption, while regular gasoline resulted in 

a 0.94 L/100 km increase. For engines powered by ethanol 

fuel (85%) the sharp increase in fuel consumption of 6.28 

L/100 km was observed. 

3.3. Analysis of the effect of selected powertrain design 

parameters on fuel consumption in the highway  

cycle 

As another, a multivariate regression model was built 

for the highway cycle. The estimated values of the model 

parameters and their corresponding p-values are shown in 

Table 4. 

 
Table 4. Estimated values of regression model parameters in highway 

cycle 

Independent variable Level The value of 

parameter 
p 

Intercept  4.92 0.00 

Engine displacement  1.11 0.00 

Transmission A 0.34 0.00 

Number of gears  –0.10 0.00 

Fuel type premium gasoline 0.95 0.00 

Fuel type gasoline 0.83 0.00 

Fuel type ethanol85 4.53 0.00 

 

For all estimated parameters, the p-values are 0.00, in-

dicating they are statistically significant and affect fuel 

consumption. Based on the calculations, the following 

regression equation was formulated: 

y = 4.92 + 1.11 ∙ Ed + 0.34 ∙ TA − 0.10 ∙ G + 0.95 ∙ Fpg

+ 0.83 ∙ Fg + 4.53 ∙ Fe 

In the next step, the model residuals and the fit quality 

were again verified. In the chi-square test, the calculated 

test statistic was T = 201.55, with p = 0.10, confirming the 

normal distribution of the random component (Fig. 3). 

 

Fig. 3. Histogram of the residuals of the regression model for the highway 
 cycle 
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In the next step, the value of the Durbin-Watson test sta-

tistic was calculated, which was DW = 1.97. The calculated 

value of the test statistic falls within the range <1.95;2.04>, 

which indicates that there is no autocorrelation in the model 

residuals. On this basis, again, the constructed model 

should be considered correct.  

A coefficient of determination was also calculated for 

the estimated model, which is R
2
 = 0.72, meaning that as 

much as 72% of the variation in the observed values of the 

dependent variable is explained by it, which should be 

considered a sufficient result.  

Based on the results obtained, the following conclusions 

were drawn. In highway driving, increasing engine dis-

placement by 1 liter results in a 1.11 L/100 km increase in 

fuel consumption. It should also be noted that in the sample 

analyzed, an increase of 0.17 L/100 km in consumption was 

observed for vehicles with automatic transmissions com-

pared to those with manual transmissions. In contrast, vehi-

cles with more gears had lower fuel consumption. An in-

crease of 1 in the number of available gear ratios resulted in 

a 0.11 L/100 km decrease in fuel consumption. In the case 

of the variable fuel type, it can be concluded that In relation 

to diesel-powered engines, the use of engines powered by 

premium gasoline, gasoline and ethanol fuel (85%) resulted 

in an increase in consumption of 0.95 L/100 km, 0.83 L/100 

km and 4.53 L/100 km, respectively.  

3.4. Analysis of the effect of selected powertrain design 

parameters on fuel consumption in the combined 

cycle 

Lastly, a mixed-mode multivariate regression model was 

built. Again, the model's parameter values were estimated, and 

the corresponding p-values are shown in Table 5. 

 
Table 5. Estimated values of the regression model parameters in the com-

bined cycle 

Independent variable Level The value of 
the parameter 

p 

Intercept  5.31 0.00 

Engine displacement  1.55 0.00 

Transmission A 0.22 0.00 

Number of gears  –0.09 0.00 

Fuel type premium 

gasoline 

1.22 0.00 

Fuel type gasoline 0.88 0.00 

Fuel type ethanol85 5.49 0.00 

 

For all estimated parameters, the p-values are 0.00, in-

dicating they are statistically significant and affect fuel 

consumption. The regression equation has the following 

form: 

y = 5.31 + 1.55 ∙ Cc + 0.22 ∙ TA − 0.09 ∙ G + 1.22 ∙ Fpg

+ 0.88 ∙ Fg + 5.49 ∙ Fe 

In the next step, the model residuals and the fit quality 

were again verified. In the chi-square test conducted, the 

calculated value of the test statistic was T = 211.32 and the 

corresponding p = 0.45, confirming the fit to the normal 

distribution of the random component (Fig. 4). 

 

Fig. 4. Histogram of the residuals of the regression model for the com-

 bined cycle 

 

In the next step, the Durbin-Watson test statistic was 

calculated, yielding DW = 1.96. The calculated value of the 

test statistic falls within the range <1.95;2.04>, which indi-

cates that there is no autocorrelation in the model residuals. 

On this basis, again, the constructed model should be con-

sidered correct.  

A coefficient of determination was also calculated for 

the estimated model: R
2
 = 0.79, indicating that 79% of the 

variation in the observed values of the dependent variable is 

explained by the model, which should be considered a satis-

factory result.  

Based on the results obtained, the following conclusions 

were drawn. In highway driving, increasing engine dis-

placement by 1 L results in a 1.55 L/100 km increase in fuel 

consumption. It should also be noted that, in the sample 

analyzed, an increase of 0.22 L/100 km in consumption was 

observed for vehicles with automatic transmissions com-

pared to those with manual transmissions. In contrast, vehi-

cles with more gears had lower fuel consumption. Increas-

ing the number of available gear ratios by 1 resulted in  

a 0.09 L/100 km decrease in fuel consumption. For variable 

fuel types, it can be concluded that, compared with diesel-

powered engines, engines powered by premium gasoline, 

gasoline, and ethanol (85%) resulted in increases of 1.22 

L/100 km, 0.88 L/100 km, and 5.49 L/100 km, respectively. 

4. Conclusions 
Understanding which design parameters affect passen-

ger vehicle fuel consumption is crucial for both individual 

users and the transportation sector as a whole. Knowledge 

of these relationships enables better management of operat-

ing costs by increasing vehicle fuel efficiency and optimiz-

ing the driver's driving style. On the other hand, the rele-

vance of this issue stems from the ongoing efforts to 

achieve a sustainable transformation of transportation. 

Lower fuel consumption means lower CO2 emissions into 

the environment. It should be noted that there is a linear 

relationship between CO2 emissions and fuel consumption. 

Per 1 liter of fuel consumed, the approximate CO₂ emis-

sions are 2.3 kg for gasoline, 2.66 kg for diesel, and 1.5 kg 

for ethanol [7, 29]. Therefore, in the above study, a multi-

variate regression model was used to analyze the signifi-
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cance and strength of the effect of vehicle powertrain pa-

rameters, such as engine displacement, number of cylin-

ders, type of transmission, number of gears and type of fuel 

on fuel consumption recorded during urban, highway and 

mixed cycle driving.  

Based on the results, it can be concluded that the studied 

phenomenon is influenced by all selected design parame-

ters. In each recorded mode, increasing engine displace-

ment increases fuel consumption. It should also be noted 

that, based on the sample studied, this increase is evident in 

vehicles with automatic transmissions. It should also be 

noted that as the number of gear ratios increases, consump-

tion decreases, mainly because the engine performs more 

optimally under given driving conditions. In addition, for 

compression-ignition engines, an increase in fuel consump-

tion is observed for spark-ignition engines (regular and pre-

mium gasoline) and for vehicles fueled with 85% ethanol.  

The above studies can be used in practice by individual 

users to reduce vehicle operating costs, provide support in 

vehicle selection, and increase their awareness of environ-

mental protection. They can also serve as a support for 

automotive concerns during vehicle design, providing in-

formation on optimal configurations of the studied design 

parameters (for example, combining a smaller displacement 

with a higher number of gears).  

From the perspective of individual users, the results 

clearly show which configuration choices can help reduce 

operating costs. Choosing vehicles with smaller engine 

displacement, more gear ratios, and appropriately selected 

transmission types can contribute to measurable reductions 

in fuel consumption and, consequently, CO₂ emissions. At 

the same time, awareness that certain fuel types (e.g. 

high‑ethanol fuel) may require higher volumetric consump-

tion encourages a more informed assessment of real operat-

ing costs and environmental effects rather than relying 

solely on nominal fuel price. 

For automotive manufacturers, the study provides quan-

titative evidence supporting the design direction of combin-

ing downsized engines with advanced multi‑gear transmis-

sions. Such configurations enable acceptable performance 

while reducing fuel consumption in real driving conditions. 

The environmental context is also important. Given the 

linear relationship between fuel consumption and CO₂ 

emissions, every reduction in fuel demand translates direct-

ly into lower greenhouse gas emissions over the vehicle’s 

life cycle. This is particularly relevant in the context of 

sustainable transport policies and tightening emission 

standards, where improving the efficiency of conventional 

powertrains remains an important complement to the devel-

opment of electromobility. 

The study thus fits into the broader research and regula-

tory trend to decarbonize road transport. By confirming and 

specifying relationships described in the literature, it 

strengthens the empirical basis for guidelines on vehicle 

design and for recommendations addressed to drivers (e.g. 

choice of vehicle specification adapted to usage profile). 

Ultimately, the results obtained are consistent with and 

confirm those of available studies in the literature. 
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Concept and design of the transport cover for the harvesting unit  

of a self-propelled forage harvester 
 
ARTICLE INFO  This paper presents a conceptual model of a transport cover for a grain maize harvesting attachment. To 

develop a model of the cover structure, a dimensional base in the form of a harvesting unit was required, to 

which the designed transport cover was referred. The existing Dominoni SL 978 harvest unit was used as  
a dimensional base, and a model of the design base was created, accounting for the most important dimensions. 

The conceptual model was adapted to the design base, taking into account the design assumptions, resulting in  

a model of a transport cover. To mount the cover to the attachment, a dedicated hooking system has been 
designed. 
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1. Introduction 
Agriculture and the food industry are among the funda-

mental sectors of the economy. This results in a large vol-

ume of agricultural goods, as well as work performed with 

appropriate machinery and equipment [18]. Although the 

equipment of farms with agricultural machinery depends on 

the type of agricultural production [16], the basic self-

propelled vehicle is the combine harvester [13, 23, 30]. 

This is an agricultural machine used for harvesting grains 

[4], such as wheat [24], corn, barley, or rice [1, 7, 8, 15].  

Combine harvesters with an axial threshing and separat-

ing device, after improvements to the axial drum design, are 

increasingly used for harvesting other cereals [31]. It is 

characterized by specially designed components that enable 

efficient and rapid harvesting [12, 26], separation of grain 

from chaff [22], and transport and storage of harvested 

grain. Combine harvesters are equipped with various types 

of centrifuges, sieves, sifters, and other mechanisms for 

precise separation of grains and removal of plant residues. 

They can also be equipped with systems for cutting and 

chopping straw and attachments for harvesting corn intend-

ed for grain [34]. The primary power source for combine 

harvesters is combustion engines (NRMM (Non-Road Mo-

bile Machinery) engines). Among all off-road engines, 

these vehicles' engines operate under specific conditions [2, 

3]. Despite intensive work on the development of alterna-

tive drive systems [28, 33], combustion engines will likely 

remain the main power source for self-propelled vehicles, 

tractors, and agricultural machinery for many years to come 

[19], including combine harvesters, also as units cooperat-

ing with generators in hybrid drive systems [20]. 

Due to their large dimensions and weight, combine har-

vesters may require special transport on public roads. De-

pending on the additional equipment, transporting such  

a machine may require the use of additional safety devices, 

such as safety guards. In this context, transporting a com-

bine harvester with a corn header requires compliance with 

applicable road regulations. 

Research on the safety of agricultural machinery in road 

traffic is therefore crucial to protecting both road users and 

agricultural machinery operators [32]. Numerous reports 

and scientific studies on this topic analyze the risks posed 

by the movement of agricultural machinery on roads and 

propose countermeasures and recommendations to improve 

safety. The results of these studies often emphasize the 

need to increase passenger car drivers' awareness of the 

presence of agricultural machinery on roads, improve the 

visibility of agricultural machinery through the use of ap-

propriate markings, lighting, and guards, and introduce 

regulations governing the safe behavior of both machinery 

operators and drivers of other vehicles. 

Conducting research in this area is crucial for continu-

ously improving the safety of agricultural machinery in 

road traffic and for reducing accidents involving it. 

Transport safety is crucial to protecting people, property, 

and the environment. Therefore, implementing appropriate 

mechanical engineering solutions is key to improving road 

transport safety. Thanks to modern technologies and engi-

neering solutions, it is possible to provide more resilient 

and safer means of transport and transport infrastructure, 

including through the use of appropriate safeguards. 

This article presents research focused on improving the 

safety of agricultural equipment transport (corn harvester 

attachments). Collaboration among engineers, manufactur-

ers, transport and forwarding operators, and regulatory 

institutions led to the development of a safety guard solu-

tion that increased safety and efficiency in agricultural 

transport. The article was written within the framework of 

engineering and technical sciences and addresses issues 

related to the design, research, production, operation, and 

safety of transport means and methods, which align with 

the journal's thematic scope. 

Agricultural tractors, slow-moving vehicles (e.g. com-

bine harvesters) and vehicle combinations consisting of an 

agricultural tractor or a slow-moving vehicle and a special 

trailer (e.g. a combine harvester with a trolley attached to 

the transport of a harvesting unit) are strictly subject to the 

provisions of the Road Traffic Act and the Act "Technical 

conditions of vehicles and the scope of their necessary 

equipment". This means that these vehicles must not be 

wider than 3 meters when moving on public roads [36]. If 

the vehicle or combination of vehicles exceeds 3 meters in 

http://orcid.org/0000-0002-2805-4671
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width but does not exceed 3.5 meters, the driver may be 

able to apply for a category I permit, which authorizes the 

driver to drive on public roads as a non-standard vehicle 

[37]. 

Therefore, the aforementioned legal regulations exclude 

the vast majority of combine harvesters with a harvesting 

unit from driving on public roads. The width of these com-

plexes usually exceeds 4 meters (only a few older structures 

have units 2 to 3.5 meters wide) [36, 37].  

The situation is slightly different for foldable harvesting 

units, whose transport width does not exceed 3.5 meters. 

Hence, especially for maize harvesting for silage and grain, 

folded harvesting units have been developed in recent years 

[5, 17].  

For self-propelled forage harvesters and maize silage 

harvesters, solutions exist to increase road safety; for manu-

facturers of folding harvesting units, however, it is difficult 

to find transport guards that increase safety.  

In the context of the above, the concept of a special 

transport cover for the attachment (header) for combine 

harvesters intended for harvesting grain maize was under-

taken, which is presented in this publication. A lightweight, 

simple structure, ease of installation, and ease of use char-

acterize the developed solution. The designed cover meets 

all the requirements of the traffic regulations for vehicle 

protection systems on public roads. 

 

2. Transport security – an overview of dedicated 

solutions 

2.1. Transport protection of shearing units  

of self-propelled forage harvesters 

Transport guards, called transport protections by some 

manufacturers. are most often automatic opening and clos-

ing, and their task is to shield the outside complex shear 

units, which contain sharp working elements that primarily 

pose a threat to pedestrians, cyclists, and other road users 

not protected by the vehicle body [5, 11, 25, 29]. 

Table 1 provides a brief overview of the existing protec-

tion solutions used by leading manufacturers of forage 

harvesters. 

To sum up, it can be said that transport guards are 

standard on manufacturers' self-propelled forage harvesters 

and maize silage harvesters. Technological advancement 

means that the machine operator does not have to leave the 

cab to fold or disassemble the cover. Manufacturers use two 

solutions for connecting the cover to the machine's structure 

or its harvesting unit: transport covers, which are developed 

as an integral part of the device [38, 39], or structures dis-

mantled during work (harvesting plants) [40]. The ad-

vantage of the latter solution is that when working in the 

field, the forage harvester is not burdened with additional 

cover weight. Among the removable guards, some solutions 

do not require the operator to lower the cab to the forage 

harvester's working position for the time of its disassembly. 

 
Table 1. Transport protection of the shear units of mobile forage harvesters [39–40] 

Model Description 

Claas 

  

As part of its Claas Orbis series of headers, the company offers solutions for transport on public roads. For the 
Orbis 600, 600 SD and 750 models, the manufacturer offers transport protection in the form of manually folded 

elements mounted on the front and sides of the device. On the front element, there are red and white markings, 
position lights and turn signals. Fabric covers with red and white markings are installed on the sides of the work-

ing unit. It takes 25 seconds to unfold the Orbis 900 without transport protection, and 30 seconds with it. The 

transport protection structure consists of a central main part made of a material with red and white warning 
markings and position lights, as well as two side sections with red and white warning markings. The side guards 

fold in parallel with the unfolding of the working tool, then, with the help of a hydraulic system and a special 

hinge, the main front curtain is folded, which rests on the intake channel during the operation of the machine 
forage harvester [38]. 

Krone EasyCollect 

  

It is a two-part device, both parts of which are positioned vertically in the transport position, significantly simpli-

fying the design of the unfolding system. In this model, the transport protection is a structure that attaches direct-
ly to the device's frame. The safety structure is equipped with a centrally positioned front support wheel, designed 

to take some of the weight of the accessory. This arrangement significantly relieves the front axle of the forage 
harvester. The transport protection in this solution is detached during the machine's operation [39]. 

Krone XCollect 

  

It is a three-piece device available in working widths of 6 m, 7.50 m, and 9 m. However, because the working 
device's design and folding into the transport position differ, it has a different structure. Krone used a two-piece 

frame in the XCollect model. The side panels have additional elements that, when unfolded, overlap the header's 
front. Similar to the EasyCollect or the competing Class Orbis, the Krone XCollect is equipped with a foldable, 

integrated transport chassis that relieves the front axle of the forage harvester when driving on public roads [39]. 

Kemper 

  

Kemper shearing units with designations 345pro and 360pro are equipped with transport guards as standard, 

along with position lights and turn signals. The company's flagship product for moving machines on the road is 
the Komfort chassis, which can be used with Kemper harvesting units. The manufacturer has designed a separate 

transport guard that remains completely detached from the shearing tool during work. The chassis is fully auto-

mated, and the light connector has been specially designed so that the operator does not have to leave the cab to 
connect to the forage harvester installation [40].  
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2.2. Solutions dedicated to grain maize harvesting  

attachments 

The grain corn harvester is a work unit attached to the 

combine harvester, whose purpose is to pick corn cobs from 

the plant and deliver them to the threshing and cleaning unit 

for further processing (grain extraction). It has special units 

that pull in the plant stem, tear off the cob, direct it to the 

combine harvester's threshing system, and shred the re-

maining stem, facilitating the plant's decomposition. The 

attachment (header) is built as a row device, so the number 

of connected collecting units determines the number of 

harvested rows of plants and, thus, the working width of the 

entire attachment for harvesting maize for grain [9]. 

Claas implemented a dedicated solution, developing  

a grain maize harvester called Rovio 4 to replace the older 

Corio design. As in the previous solution, the Rovio 4 has  

a transport protection (transport cover) in the form of a 

front strip with red and white warning markings, position 

lights and turn signals (Fig. 1).  

 

Fig. 1. Claas Corio with transport protection fitted [38] 

 

On the right and left side of the header there are two 

tarpaulins to cover the working elements. The entire struc-

ture is dismantled by hand. For this solution, the front sepa-

ration teeth of the header must be folded into the transport 

position 

3. Research methodology 

3.1. Aim of the study 

The main objective of the work was to develop a con-

cept and design for a transport cover for a grain corn har-

vesting attachment, which will directly affect the safety of 

the self-propelled machine's movement on public roads. 

When starting the design work, several guidelines were 

adopted. The most important of them are written below: 

 the developed solution should be characterized by  

a light and simple structure 

 should be easy to install 

 simplicity of operation is required, limiting the combine 

operator's involvement to the minimum necessary. 

The proposed cover must also meet the requirements of 

the traffic regulations for vehicle protection systems on 

public roads. 

3.2. Scope of research and development work 

In the work, a four-stage research procedure was used, 

as illustrated in Table 2. 
 

Table 2. Scheme of the study procedure 

No. (Z) Research activities – catalogue of works  

Z1 
Development of a transport security concept for a grain corn 

harvesting attachment 

Z2 
Obtaining a dimensional base for the designed cover by 

dimensioning the existing corn harvesting attachment 

Z3 Creating a model of a dimensional base (snap-in) in CAD 

Z4 

Development of a model of transport security in a CAD 

computer program, taking into account key elements for 

designed transport cover 

Z5 
Analysis of parameters and selection of materials and ele-

ments envisaged for the production of the cover 

Z6 

Development of the structural design of the transport cover 

for the grain corn harvesting attachment, for the combine 
harvester 

Z7 
Development of an electrical harness diagram for road 

lighting mounted on cover elements 

Z8 

Preparation of construction documentation of a designed 

transport cover for a grain corn harvesting attachment for a 
combine harvester grain 

3.3. Research tools and resources 

Each stage of the project will be based on a correspond-

ing method. The models of the corn attachment and the 

transport cover will be created using 3D modeling in the 

CAD program Autodesk AutoCAD. To design the struc-

ture, perform stress analyses and create technical drawings, 

the INVENTOR PROFESSIONAL software, also part of 

CAD programs, was used. In addition, the DFMA (Design 

for Manufacture and Assembly) method will be used in the 

design of the transport cover, through the use of standard-

ized steel elements that facilitate their acquisition and thus 

reduce the time required to build the structure. The analysis 

of warning elements (red and white markings, lights) will 

be performed using the Delphic method, a heuristic method 

[6, 14]. 

4. Implementation of research work  

4.1. Transport cover concept for grain maize harvesting 

attachment – starting point 

Taking into account the adopted design assumptions and 

the developed review of the design of similar devices, when 

developing the concept of the transport cover for the grain 

corn harvesting attachment mounted to combine harvesters, 

it was decided to follow the solutions of Kemper and Kro-

ne. In the analysed solutions, the covers are a separate 

structure, removable during the machine's operation. Such  

a solution does not require significant interference in the 

structure of the harvesting unit and does not force the use of 

complicated mechanisms for folding and unfolding the 

cover. As a result, removing the cover for the duration of 

the main machine also prevents the combine from being 

burdened with additional weight during field operation. 

4.2. Conceptual model of transport cover for grain corn 

harvesting attachment 

The conceptual model of the transport cover (Fig. 2) ac-

counts for the adopted design assumptions and the require-

ments set out in the road traffic law and the relevant act 

[36].  
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Fig. 2. Conceptual model of transport cover for grain corn harvesting 

 attachment (folded) 

 

The design under development is intended to cover the 

elements located at the front and sides of the harvesting 

unit. The front part of the cover is also designed to protect 

other road users from large, protruding crop dividers, which 

could, for example, cause punctures to the vehicle body 

during a collision. To meet the conditions for appropriate 

marking of elements protruding beyond the vehicle outline, 

alternating white and red stripes have been applied to the 

transport cover. They are intended to warn other road users 

of potential danger and the need to be extra careful. The 

main task of the side panels is to cover sharp elements and 

prevent unauthorized contact by outsiders. To facilitate 

daily operation of the grain maize harvesting attachment,  

a simple mechanism for unfolding the side panels is used 

(Fig. 3). As a result, the operator can carry out checks and 

maintenance on the harvesting unit without detaching the 

guard.  

 

Fig. 3. Conceptual model of transport cover for grain corn harvesting 

 attachment (unfolded) 

  

The foldable structure of the harvesting unit covers the 

position lights and turn signals of the combine, so it was 

necessary to fix the lighting elements (lights, combination 

lamp) in a visible position, in accordance with the provi-

sions of the road law, on the transport cover. It is expected 

that the cover will protrude more than 1 m beyond the front 

outline of the vehicle (combine), therefore, in accordance 

with the provisions of the Act [36], a white light visible 

from the front of the machine should be used on the front of 

the guard. The developed cover provides for the use of front 

combination lamps that meet this legal requirement. 

4.3. Grain maize harvesting attachment model 

To make models of the grain corn harvesting attachment, 

a device from the Italian manufacturer Dominoni, model SL 

978 [41], was used as a base for construction (Fig. 4).  

 

Fig. 4. Model of grain corn harvester attachment (unfolded)  

It is an eight-row working unit, which, when folded into 

the transport position, is 3.25 m wide and weighs 3000 kg 

(Fig. 5).  

 

Fig. 5. Model of grain corn harvesting attachment (transport position)  

 

These parameters indicate that, according to the Polish 

road law, in order for a combine harvester to be able to 

move with a hitched (aggregated) attachment on public 

roads, it is necessary to have a permit for vehicles belong-

ing to category I. 

The model of the attachment does not fully reflect the 

real, complete harvesting unit. It was created as a design 

basis for the transport shield, so it contains only the most 

important parameters modeled: transport width, length, 

height, and equipment elements that could interfere with the 

shield's design. In particular, elements from selected mount-

ing locations of the supporting elements of the cover for the 

attachment were modeled, for which the aforementioned 

adjustments to the attachment structure will be necessary. 

Dominoni manufactures harvesting units for grain har-

vesters and field forage harvesters compatible with ma-

chines from various manufacturers [41]. For this purpose, it 

uses specially developed adapters (Fig. 6) so that the design 

of the harvesting units remains unchanged.  

 

Fig. 6. Adapter Model  

 

During the design of the transport cover, the header 

adapter was modified to allow the cover to be hooked to the 

header at the aforementioned three attachment points. The 

modifications introduced do not interfere with the main 

structure of the corn harvesting attachment and do not pre-

vent or hinder the aggregation of the harvesting unit with 

the combine harvester. 

4.4. Transport cover model 

The transport cover model for the grain corn harvester 

was based on a conceptual model, matching its components 

to the Dominoni harvesting unit model (Fig. 7).  
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Fig. 7. Model of transport cover hooked on the header (unfolded position)  

 

The width of the cover at its widest point in the 

transport position is 3.46 meters, allowing it to move on 

public roads with the guard installed after obtaining a cate-

gory I permit (Fig. 8).  

This requirement for this model of attachment stems 

from its design, with a transport width of more than 3 me-

tres. In accordance with the assumptions also contained in 

the concept model description, it is envisaged that the side 

guards are unfolded to the sides. This is a necessary action 

to hook and detach the cover from the harvesting unit. 

 

Fig. 8. Model of transport cover hooked on the header (transport position)  

 

In this shield arrangement, the operator gains adequate 

visibility, allowing him to drive precisely to the guard to 

attach it. If the side guards are folded and the harvesting 

unit is folded into the transport position, the operator will 

not have adequate visibility to drive up to the cover precise-

ly. An additional benefit resulting from such a well-

developed design and the rules for its use is the possibility 

of servicing the corn harvesting attachment (e.g., lubrica-

tion, checking the technical condition of components) with-

out the need to detach the cover. 

During transport, the side panels are secured to the main 

frame of the cover with fasteners, preventing them from 

moving freely.  
Subsequently, a dedicated cover mounting system with 

three connection points was designed, necessitating a slight 

modification to the header adapter (Fig. 9).  

 

Fig. 9. Adapter model – modified version  

The main weight of the cover will rest on the centrally 

located hook-shaped hook. The lower attachment points of 

the cover mainly serve a protective and stabilizing function. 

They have been routed to avoid collisions with the working 

elements of the harvesting unit, such as the shredder knives. 

After unfastening it, the cover will be detached by lowering 

the harvesting unit to the ground and driving the combine 

backwards.  

 

Fig. 10. Top transport cover mount  

 

The modifications to the adapter do not affect the main 

structure of the harvesting unit. Figure 10 shows that the 

top attachment of the transport cover does not interfere with 

the components of the grain corn harvester attachment in 

the transport position. 

4.5. Transport cover design 

4.5.1. Input data 

Inventor Professional CAD software was used to design 

the transport cover structure, which allows access to stand-

ardized parts and components and is also compliant with 

Polish Standards. This program also allows you to perform 

stress analyses of the elements of the structure used for 

simulations in a static system.  

As a result of these analyses, the correctness of the se-

lection of appropriate structural elements and material 

(grade of structural steel) was verified. During the design, 

square and round pipes with dimensions in accordance with 

PN-EN 10219-2 [35] were used. For this standard, unal-

loyed steels with designations S235JRH, S275J0H, 

S275J2H, S355J0H, S355J2H and fine-grained steels 

S275NH, S275NLH, S355NH, S355NLH, S460NH, 

S460NLH are provided. 

The process of selecting the structure's color by compar-

ing visualizations of different colors and their shades was 

also carried out. To make the warning strips alternately 

white and red, a self-adhesive prismatic foil was used, 

which provides additional visibility in adverse conditions 

and after dusk. The lighting will be provided by an LED 

combination lamp that includes a turn signal light and  

a white position light. 

4.5.2. Static stress analyses of the cover frame structure 

The finite element method (FEM) is a popular technique 

for solving engineering problems, including structural load 

analysis, particularly at key structural nodes of the struc-

tures under analysis. For this reason, it was used in this 

research. The basic assumption was to analyze the maxi-
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mum allowable loads at key connecting nodes of the devel-

oped frame. The following assumptions were taken into 

account when analyzing the loads on the guard frame: 

 Load Type: Loads derived from the weight of the guard 

material, which is the canvas, and the strength parame-

ters of the structural materials used (steel elements). 

 Load Distribution: A load distribution consistent with 

the structure and operation of the guard components was 

assumed. The highest loads were assumed on the main 

crossbeam, the connections between the side frame ele-

ments and the crossbeams, and the guard suspension el-

ements on the machine frame. 

 Boundary Conditions: The boundary conditions of the 

structure resulting from the adopted materials and de-

sign solutions were determined. 

 Materials and Material Properties: The materials and 

their technical parameters are discussed in section 1 – 

4.5.2. 

During the design of the shield frame, simulation anal-

yses were performed to assess the structure's von Mises 

stresses, based on the Huber-Mises-Hencky hypothesis 

[10]. They are calculated based on the values of the three 

main stresses, the components' displacements, and the ma-

terial-specific safety factor. The final design was made of 

unalloyed steel S235JRH. The dimensions of the profiles 

used and the dedicated elements are shown in the attached 

drawings. The first simulation reflects the effect of the 

Earth's acceleration on the structure. Figure 11 shows the 

Von Mises stress distribution on the structural elements of 

the cover frame. 

 

Fig. 11. Von Mises stresses – gravity  

 

During the simulation analyses, welds were also consid-

ered, so the maximum stresses, resulting from welding and 

shear stresses, reached 126.2 MPa. They occur at the junc-

tion of two elements. The calculated stress in the structure 

is in the range of 0 to 50 MPa, with the yield strength at 235 

MPa. 

Figure 12 shows the factor of safety, which is directly 

correlated with Von Mises stresses.  

The minimum safety factor in deterministic methods is 

assumed subjectively, based on similar constructions and 

their applications. Its use is necessary because the mechani-

cal and geometrical features of the structure, the loads act-

ing on the structure, the calculation accuracy and their 

compliance with the actual operation of the structure may 

differ from the assumptions of the constructor [7]. It is 

assumed that the ratio of critical stress to design working 

stress should be at least 3.3. On the other hand, Rabotonov 

[27] proposed reducing this value to 2 [10]. During the 

design, a minimum coefficient value of 2. This condition 

has been met. If the stresses resulting from welded joints 

were excluded, the value of this indicator would be much 

higher. This effect is suggested by the color corresponding 

to the safety factor of 5 in the legend. 

 

Fig. 12. Safety factor – gravity  

 

Figure 13, on the other hand, shows the way in which 

the elements of the frame structure move under the influ-

ence of the Earth's acceleration.  

The transparent skeleton shows the original positions of 

the elements, while the coloured structure shows their dis-

placements under the influence of the loads acting on them 

due to gravity. The program, in order to illustrate how ele-

ments move, tends to visually exaggerate the displace-

ments. On the other hand, the maximum value on the indi-

cator indicates that the movement of the elements is no 

more than 0.25 mm. 

 

Fig. 13. Displacement of elements – gravity  

 

The results of simulation analyses of the impact of ac-

celeration on the shield structure showed that it is possible 

to reduce the dimensions of some structural elements to 

reduce the weight of the transport shield. The high safety 

index evidences this. However, during a road collision, the 

transport cover is the first point of contact between the 

combine harvester and the vehicle, so it was decided not to 

reduce the dimensions of the selected components. 

4.5.3. Physical parameters of the transport shield  

structure 

The transport cover for the grain corn harvester is 3.5 

meters wide at its widest point, and the side panels are 2.8 
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meters long, covering all the working elements of the har-

vesting unit. The weight of the complete cover structure is 

255 kg, which is 8.5% of the grain corn harvesting attach-

ment's weight. Modifications to the adapter that allow the 

cover to be attached to the attachment elements weigh 36.1 

kg. For the research, technical documentation and a list of 

materials needed for the construction and installation of the 

cover were prepared. 

The assembly diagram of the entire developed transport 

cover for the grain maize harvesting attachment is shown in 

Fig. 14. 

 

Fig. 14. Assembly diagram of the cover structure  

4.5.4. Electrical installation of the cover lighting 

The electrical system for the canopy lighting will be 

based on a standard solution used in agricultural vehicles 

and machinery. In this case, the combine harvester has an 

electrical system for an external, specialized trolley to 

transport the harvesting units, with a socket at the rear. To 

connect the lighting to the canopy, run an electrical cable 

with a socket to the front of the combine and mount it in  

a safe location that does not interfere with the operation of 

the harvesting units or the processes of disconnecting and 

connecting the harvesting unit to the combine. The electri-

cal system uses a seven-pin connector, with the following 

pins corresponding to the following lights (Fig. 15): fog 

light, left parking light, right parking light, brake light, left 

turn signal, right turn signal, and ground wire. 

 

Fig. 15. 7 PIN plug [42] 

 

Road traffic regulations require full visibility in front of 

the vehicle when traveling on public roads, especially in 

low-visibility conditions. To meet these requirements, the 

guard elements, in addition to the red and white reflective 

warning markings, feature two combination lamps on the 

right and left sides. These lamps are divided into two zones: 

high beam and turn signal, and are connected detachably 

via a cable and plug to the electrical socket on the base 

machine. 

5. Discussion and conclusions 
Journeys on public roads of combine harvesters and for-

age harvesters are currently often carried out at speeds of 

40 km·h
–1

. To increase the vehicle's safety during such 

journeys on public roads, manufacturers of these machines 

introduce various additional elements into their designs. 

Among them, we can distinguish transport covers, 

called transport protection by some manufacturers. Slightly 

older models are not equipped with this type of protective 

elements, so the work involved developing and constructing 

a transport cover for attachment to a combine harvester for 

row-harvested maize [21, 38–41]. 

By starting the research, the solutions used by transport 

guards among manufacturers of self-propelled forage har-

vesters and attachments for grain maize harvesting were 

analyzed. The methods for marking non-standard vehicles 

and the legal regulations to be followed for a vehicle with 

such a cover to move on public roads were verified [36, 37]. 

Based on the analyses, a conceptual model of a transport 

cover dedicated to the grain corn harvesting attachment was 

developed. To develop a model of the cover structure,  

a dimensional base in the form of a harvesting unit was 

required, to which the designed cover would be referenced. 

The existing Dominoni SL 978 harvesting unit [41] was 

used as a dimensional basis, and a design model was devel-

oped that accounts for the most important dimensions. 

The conceptual model was adapted to the design base, 

taking into account the design assumptions, resulting in  

a model of a transport cover. To mount the cover to the 

attachment, a dedicated hooking system has been designed. 

The next step was to make a structure based on the cover 

model Transport. For this purpose, the Inventor Profession-

al program was used, with which appropriate elements 

compliant with Polish standards were selected. The material 

of components (steel grade) was selected based on simula-

tion analyses. Their results showed the potential to reduce 

the dimensions of the adopted structural elements. Given 

the importance of the harvester's harvesting unit cover for 

the road safety of other road users, it was decided to retain 

the originally selected elements. 

Due to the dimensions of the grain maize harvesting at-

tachment and the designed cover, lighting had to be placed 

on its structure. For this purpose, a diagram of the electrical 

installation was created. The last stage was the development 

of the construction documentation of the transport cover for 

the grain corn harvesting attachment. 

Thus, it must be stated that the adopted goal of the work 

has been fully achieved. In accordance with the adopted 

assumptions, a simple, lightweight, and easy-to-use cover 

for the combine harvester unit was developed, more pre-

cisely, an attachment for row-harvesting corn for grain by 

the combine harvester. The designed design meets the re-

quirements for moving on public roads of the main machine 

(combine). Thus, it increases the safety of the movement of 

this type of vehicle with harvesting units attached to the 

front, folded for transport across crossings. The developed 

cover is designed to combine harvesters that were not facto-

ry-equipped with this element, thereby increasing safety 
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when driving on public roads. Some models of combine 

harvesters and forage harvesters of large corporations in the 

industry have dedicated safety solutions of this type. In 

these cases, transport covers have been included in the 

structures already at the design stage of the harvesting unit 

itself, e.g. folding distributors in Claas Rovio 4, automatic 

folding/detaching of the cover from the level of the opera-

tor's cab (Claas, Krone, Kemper), and a dedicated connector 

for lights in the Kemper Komfort chassis. 

While the design of the corn header's transport guard 

presented in this paper is an important issue, aimed at en-

suring efficient and safe harvesting, there are several signif-

icant limitations and potential directions for further re-

search: 

 Impact of vibrations during transport: During transport, 

corn headers can experience intense vibrations, which 

can degrade the guard's durability. Therefore, it is cru-

cial to assess the impact of vibrations on the guard's de-

sign and develop technical solutions to reduce vibra-

tions and ensure the guard's stability during transport. 

 Guard durability: Another important aspect is the dura-

bility of the header's transport guard. It is necessary to 

test the materials' resistance to weather conditions, me-

chanical damage, and the intense loads associated with 

field work. Possible directions for further research in-

clude the use of modern composite materials and struc-

tural reinforcement techniques to increase the guard's 

durability. 

 Compatibility with headers of different working widths: 

Depending on the model and manufacturer of the corn 

harvesting machine, the headers' working widths may 

vary. Therefore, it is important to develop a cover de-

sign that is universal and compatible with various head-

er widths. Research directions may include developing 

systems to adjust the cover width and testing their com-

patibility with various header types. 

 Issues related to ergonomic aspects and examining the 

time required for assembly and disassembly, which are 

essential for practical usability. 

Therefore, further research on the design of the corn 

header transport cover should focus on reducing vibration-

related impacts, increasing durability, and ensuring univer-

sality and compatibility across various header widths. The 

potential for further research in this area is significant, and 

always aims to improve efficiency and safety. Therefore, 

these will be the subject of further research by the authors 

of this study. 
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Numerical analysis of the front deflector at the outer air seal of low-pressure turbine 
 
ARTICLE INFO  A new design solution – the front deflector – intended to improve the performance of the outer air seals of the 

low-pressure turbine is analyzed in this paper using steady Reynolds-Averaged Navier-Stokes (RANS) simula-

tions of a three-stage, state-of-the-art LPT model, including inner and outer cavities. The regions near the 
casing in the LPT still show potential for improvement, mainly due to flow interactions associated with the outer 

air seals. One recent concept for improving these areas is the front deflector. The solution is to modify the front 

part of the cavity. Its operating principle is to introduce an additional labyrinth for the leakage while simultane-
ously minimizing the front cavity volume. In the paper, several scenarios for implementing this feature are 

analyzed, including reducing the front-cavity volume without a static fin and adding a static fin to create an 

auxiliary labyrinth. Furthermore, the effects on the flow and the potential improvements in LPT efficiency 

associated with the solution are discussed. The former reduces front-cavity recirculation and its interaction with 

the mainstream; the latter reduces seal leakage when the fin length is sufficient. Across three stages, the 

predicted changes in LPT isentropic efficiency are on the order of 0.03–0.06%, depending on the scenario. 
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1. Introduction 
There is considerable interest in improving the tur-

bomachine sealing system because it directly affects the 

performance of the entire engine. Enhancement in perfor-

mance can be achieved by either boosting or altering the 

thermodynamic cycle or increasing the efficiencies of par-

ticular components [4].  

Efficient operation of the low-pressure turbine is of high 

importance at the component level. activities aimed at im-

proving the efficiency of this module are meaningful for the 

environment, airlines, and engine producers.  

On the other hand, modern CFD-assisted designs of tur-

bomachinery are already considerably loaded and opti-

mized. The application of high-tech solutions, such as low-

loss airfoils via controlled laminar-turbulent boundary-layer 

transition, ultra-thin trailing edges, optimized work distri-

bution, endwall contouring, and other technologies, has 

enabled the edges of maximal efficiency in today's low-

pressure turbine (LPT).  

As a result, the overall isentropic efficiency of the best 

designs is already very high for the currently optimized 

designs, and gains of the order of 0.1% in isentropic effi-

ciency are difficult to achieve; however, they are still high-

ly required [19].  

Nonetheless, there are a few areas requiring further de-

velopment. The potential still exists in regions at the sides 

of the main gas path [19], where inner and outer air seals 

can be differentiated. Sealing systems in low-pressure tur-

bines are indispensable because they ensure proper engine 

operation. Nevertheless, as reported by different researchers, 

they inevitably decrease efficiency by as much as a few per-

centage points [9, 22].  

In this paper, the main focus is on the outer air seals 

(OAS) of LPT. A representative state-of-the-art outer air 

seal is shown in Fig. 1. It comprises a labyrinth seal created 

between the blade fins and an abradable structure e.g. hon-

eycomb. Labyrinth seals are effective and reliable. They are 

already very well-grounded solutions, robust and proven – 

perfect for aircraft engines as highlighted in [17]. This type 

of sealing can withstand high demands and harsh conditions 

in outer cavities.  

As indicated by Hendricks et al. [10], sealing require-

ments vary significantly between shroud regions at blade 

tips and near the shaft for sealing of platform and cavity 

interfaces. IAS are located near the disk regions, OAS in 

the vicinity of the casing. As a result, the outer seals operate 

at twice the radius of the inner cavities at very high circum-

ferential speeds. Typically, the outer air seals configura-

tions consist of two or, at most, three fins. It is because 

additional mass at such a radius is unfavorable for the dura-

bility of the rotating blade. Between the two locations, there 

are also meaningful differences in pressure gradients, ther-

mal and structural requirements. Another challenge posed 

by materials capabilities – not only due to the temperature 

level but also with respect to contact at the interface be-

tween rotating and nonrotating parts, as pointed out by 

Chupp et al. [3]. Furthermore, there are significant relative 

radial and axial movements of the parts. As a result, it is 

extremely difficult to maintain relatively small clearances 

between rotating and nonrotating parts in these regions. 

Another notable distinction between the inner and outer 

sealing regions is the amount of cooling flow. OAS experi-

ences much less purging and, as a result, operates at higher 

temperatures, which is limiting for many solutions. 

Despite the ongoing need for enhancements to the seal-

ing system, various solutions cannot be implemented for 

OAS due to the range of abovementioned multidisciplinary 

limitations. For instance, a promising advance in sealing is 

brush seals, which can be configured in different ways [2, 

3, 12]. The sealing performance of brush seals is superior to 

that of conventional labyrinth seals. At a certain clearance, 

they can reduce leakage by up to 80% compared to the 

straight labyrinth [3]. While brush seals are suitable for 

compressors and some turbine internal locations, they are 

http://orcid.org/0000-0002-6103-8948
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not applicable to OAS for several reasons, including sub-

stantial variations in clearances, reliability at high tempera-

tures, and deterioration and oxidation of wires [3, 6].  

Different researchers have applied modifications to the 

OAS cavities to improve inflow to the mainstream and 

reduce leakage. In a typical arrangement, fins point up-

wards from the blade shroud. Mahle and Schmierer [16] 

proposed applying an inverse fin configuration, typical of 

steam turbines, to an aircraft LPT. Klingels [14] proposes  

a combined configuration of conventional and inverse fin 

designs. Besides two conventional fins at the LPT blade 

shroud, in the rear part of the cavity, his design includes 

another static fin that points down. Features in the rear part 

of OAS are also researched by Rosic et al. [23]. The authors 

investigate three different concepts: shaping of the rear part 

of the exit cavity, an axial deflector, and a radial deflector 

in several geometrical variations. Most designs demonstrate 

the positive impact of the devices in the rear cavity. Never-

theless, the application of such devices to OAS of LPT is 

problematic due to the considerable axial rotor movement, 

which limits most such solutions. A recent idea by Nishii 

and Hamabe [18] proposes a secondary-flow suppression 

structure in the rear part of a cavity. It is an additional radial 

opening of the rear cavity. In this way, the leakage flow is 

expected to decrease slightly. In this configuration, the 

blade's movements are not restricted. Fanelli et al. [5] pro-

pose another solution, suggesting the incorporation of small 

airfoil-shaped structures in specific locations along the 

blade shroud. A good example of a well-performing ad-

vance with respect to outer seals is the application of  

a separate active clearance control system to the low-

pressure turbine. It has become state-of-the-art for today's 

turbines. It provides an increase in LPT performance on the 

same basis as for high-pressure turbines, by maintaining 

radial clearances at a consistently low level throughout the 

mission.  

Sealing systems for turbomachinery are constantly 

evolving, with ongoing development of available solutions 

and recent advances. However, due to various limitations in 

novel low-pressure turbines, many of these concepts are not 

applicable.  

The objective of this paper is to analyze the front deflec-

tor (FD) as a new concept for outer air seals. The developed 

solution is intended to be simple and straightforward for 

implementation. The research primarily focuses on the 

aerodynamic operation and key sensitivities of the solution, 

providing directions for its further development. Further-

more, the research contributes to a deeper understanding of 

OAS operations, particularly in relation to the effects asso-

ciated with the proposed designs. Front deflector concept 

and its initial multidisciplinary evaluation. 

1.1. Baseline case – state-of-the-art LPT OAS 

The solution discussed in this paper is intended for im-

proving LPT operation in the area of outer air seals. Figure 

1 presents a typical OAS design for LPT, which is chosen 

as the baseline. It is a labyrinth seal with two fins and an 

abradable honeycomb structure.  

The functional principle of this sealing system is based 

on creating a labyrinth of fins and a honeycomb, effectively 

reducing the leakage mass flow rate over the blade and, 

consequently, overall losses and increasing machine per-

formance. The leakage goes through the fins and further 

inflows into the mainstream before the subsequent vane.  

 

Fig. 1. Schematic representation of a state-of-the-art Outer Air Seal of LPT 

 EP3324002B1 [14]  

 

It is important to note that the blade moves relative to 

the non-rotating parts during the mission of an engine, due 

to thermal and structural displacements. Thus, it is not 

possible to design anything in the area of the blade move-

ments. Interaction between the blade and the honeycomb is 

allowed. In regular operation, the fins rub into the honey-

comb. In addition, it should be noted that the LPT may be 

equipped with the ACC system, providing tight running 

clearances over the mission.  

The discussed design is a well-established configuration 

of the outer air seal, proven to be robust and reliable 

throughout the LPT's life cycle. 

1.2. New solution - Front Deflector 

The concept developed to improve the OAS is the front 

deflector. It is schematically pictured in Fig. 2, which fol-

lows patent application [20], confirming the novelty of the 

solution. It is a modification of the front part of the OAS 

cavity. The underlying principle of the concept is to intro-

duce an additional labyrinth to reduce leakage and to mini-

mize the front volume. 

The labyrinth is intended to reduce leakage through the 

seal. By decreasing the cavity volume, the gas path contour 

approaches the ideal flow path, reducing interactions be-

tween the large vortices in the OAS cavity and the main-

stream. It is expected that the solution will further improve 

performance in off-design operation when the blade moves 

close to the deflector. Additionally, the front fin of the 

blade can be inclined towards the static fin to improve the 

overlapping labyrinth. 

The assessment indicates that it is a relatively simple so-

lution that enhances the front part of OAS. 

The length of the static fin depends on the blade's keep-

out zones, which vary by machine. There are various ways 

to realize the front deflector concept; however, the aerody-

namic benefits of the front deflector depend on the primary 

geometrical features that influence the cavity volume.  
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Fig. 2. Schematic representation of the front deflector concept. Reference 

 patent EP19209602A1 [20] 

 

The deflector is expected to provide aerodynamic ad-

vantages at the LPT design point and during off-design 

operation, as the blade moves closer to the deflector due to 

the rotor's axial movement relative to the casing. In these 

operating conditions, the feature will provide additional 

sealing improvement. 

2. Numerical CFD modeling 

2.1. Geometry and mesh  

To evaluate the aerodynamic benefits of the Front De-

flector, the feature is designed for all stages of the re-

searched LPT. It is analyzed in several configurations, 

using CFD to assess the aerodynamic efficiency benefit. 

The CFD model of the turbine reflects an aerodynamic  

3-stage rig of a modern LPT. Figure 3 provides a visual 

representation of the machine.  

Accurately reflected geometry is of primary importance 

for numerical prediction. Therefore, airfoils, including all 

meaningful details, are thoroughly modeled. In addition, the 

model incorporates cavities at the inner and outer endwalls. 

As demonstrated by Gier et al. 0, the inclusion of cavities is 

of significant importance for the reliable prediction of the 

LPT flow field and its characteristics, particularly for effi-

ciency. Similar conclusions were drawn by Giboni et al. [8] 

and Henke et al. [11].  

The machine-discretization approach corresponds to the 

procedure used by Mahle [15]. It assumes separate meshing 

of the mainstream and the cavities, which enables high-

quality grids. Structured, hexahedral meshes are generated 

for both the main gas path and the cavities. The complete 

mesh consists of around 24 million cells, including 6 mil-

lion representing cavities. The grids are refined at walls and 

in regions of high gradients, e.g., at the fins of the labyrinth 

seals. The averaged dimensionless wall distance y+ is 

around 1 at the airfoils and at the endwalls in the main-

stream. This contributes to the proper resolution of bounda-

ry layers. Resolution at the cavity walls is intentionally 

coarser. It is also considered that resolving the boundary 

layers in the cavities would significantly increase the model 

size. Thus, Wall Functions are applied in these regions. The 

justification of this approach for outer air seals is broadly 

described in [19].  

The quality of the meshes is considered very good and 

meets best practices for the applied CFD solver. Exemplary 

grids for a cavity are shown in Fig. 5. 

 

 Fig. 3. CFD model of the analyzed LPT 

2.2. CFD setup  

For the efficiency assessment, numerical steady-state 

Reynolds-Averaged Navier-Stokes simulations were con-

ducted. Wein et al. [25, 26] performed high-quality meas-

urements of a straight outer air seal and compared them 

with RANS and Large Eddy Simulations. They demonstrate 

the potential application of properly configured RANS for 

OAS analyses. Their findings indicate that, despite local 

deviations in flow behavior, RANS delivers robust and 

valid predictions of the primary flow features that drive 

phenomena in the outer cavities. RANS also remains the 

industrial standard and is deemed sufficient for many tur-

bine research as pointed by Vanhaelst et al. [24].  

For the analyses, the TRACE solver, specialized for tur-

bomachinery applications, has been employed. It is a densi-

ty-based code, developed by the German Aerospace Center 

(DLR) and MTU Aero Engines. TRACE uses a predictor-

corrector solution strategy. It allows fully implicit discreti-

zation of the equations at a given time step. Higher resolu-

tion spatial discretization schemes are used. For TRACE, it 

is the second-order accurate Fromm scheme [7], together 

with a special van Albada limiter [1] to stabilize the solving 

process. For time integration, implicit procedures are used 

until a steady state is reached. 

The two-equation Wilcox k-ω model [27] is used for 

turbulence modeling. As verified by Gier et al. [9] and 

Henke et al. [11], it provides reliable prediction with re-

spect to low-pressure turbines, including cavities, for  

a range of Reynolds numbers typical for aircraft engines. 

The setup also includes other extensions; in particular, the 

turbulence model is corrected by the Kato-Launder [13] 

formulation to account for turbulent kinetic energy produc-

tion at stagnation points.  
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2.3. Boundary conditions  

The low-pressure turbine under investigation is simulat-

ed at its design point. At the inlet of the CFD model of the 

turbine, boundary conditions measured in the test rig are 

specified. This includes radial distributions of total pres-

sure, total temperature, turbulence quantities, and velocity 

angles. At the outlet, static pressure is set, assuming radial 

equilibrium. Both the inlet and the outlet are non-reflecting. 

The boundary conditions imposed at the walls are shown  

in Fig. 4. All walls are assumed to be adiabatic. 

In steady simulations, the rows in the mainstream are 

connected via mixing planes, following the typical ap-

proach used in turbomachinery simulations. This way ena-

bles the connection of vanes and blades with different 

speeds and pitches defined in the flow domains. 

Also, in the cavities and at necessary locations, mixing 

planes between stationary and rotating domains are speci-

fied. Additionally, special interfaces, described by Yang 

[28], are used to connect the cavities and the mainstream. 

The approach is illustrated in Fig. 4. The interfaces facili-

tate the transfer of numerical information between the two 

sides, modeling inflow or outflow. To ensure proper con-

nection between the two, the grids at the interfaces are 

adjusted to provide a similar resolution on both sides.  

 

 Fig. 4. CFD modeling of the front deflector 

2.4. Convergence behavior 

The simulations are considered converged after revising 

several conditions. Parameters of the machine, such as mass 

flow, pressure ratio, and efficiency, are monitored for the 

entire system and for individual rows at specified intervals. 

Additionally, the behavior of averaged flow quantities at 

interfaces is monitored to ensure solution stability. The 

global and maximal residuals are also monitored. For all 

simulations in this article, the global RMS residuals are 

fairly below 1·10
–5

. The simulations are stopped manually 

once a prolonged steady state is reached, provided that the 

above criteria are met. For all researched cases, the effi-

ciency fluctuations were an order of magnitude smaller than 

reported changes.  

2.5. Introduction of the front deflector to the baseline 

CFD model 

As previously mentioned, the modification reflecting 

the front deflector is applied to the outer air seals for all 

stages of the reference LPT. Figure 5 indicates the crucial 

geometrical parameters of the front deflector. Those are the 

protrusions of the deflector covering the front cavity vol-

ume and the length of the static fin. In the researched con-

figurations at different stages those parameters vary 

ax = 0.4 − 0.5 bx and L = 0.7 − 1.2 H.  

The modeling approach is depicted in Fig. 4. The fluid 

control domain of the cavity, including the surrounding area 

of the feature, is modeled and appended to the main gas 

path with interfaces. The setup applied to the modified 

cases corresponds to that used in the reference turbine. 

Figure 5 also presents meshes for different configura-

tions of the front deflector. The cases represent: baseline 

outer air seal; cavity with reduced front volume without  

a static fin; and front deflector with a static fin. 

 

 

 

Fig. 5. Primary geometrical parameters of front deflector (a), comparison 
of the meshes for different configurations. From the left: reference cavity, 

 front deflector without static fin and front deflector with static fin 

 

The changes to the mesh are kept to a minimum level – 

only the front part of the cavity is modified. In particular, 

the number of cells at the interface is the same for all con-

figurations. The region near the fin of the blade is already 

unchanged. A small refinement is necessary in the vicinity 

of the additional static fin, which is deemed acceptable. 

Mesh criteria for the modifications are also considered 

acceptable. 

The validity of the applied CFD models is comprehen-

sively discussed in [19]. The findings confirm high accura-

cy of the prediction for the outer air seals using the em-

ployed numerical method. It is concluded that modifica-

tions to the OAS, which affect the mainstream flow, can be 

quantified in terms of changes in turbine efficiency. The 

overall LPT isentropic efficiency is calculated between LPT 

inlet and outlet as:  

 ηLPT =
ht,out− ht,in

ht,out,is− ht,in
 (1) 

 

b) 

a) 
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3. Results and discussion 

3.1. Evaluation of the performance of the front deflector 

without the static fin 

At first, the aerodynamic performance and benefits re-

sulting from reducing the front OAS cavity with the front 

deflector without a static fin are assessed. Two configura-

tions, as shown in Fig. 6, are analyzed and compared to the 

baseline case.  

 

Fig. 6. Investigated cases of front cavity reduction with front deflector 

 without static fin 

 

The first modification represents the feature geometry 

with a single bend, while the second uses a double bend. 

The solution with two bends allows for reducing the step 

and achieving a very close reproduction of the ideal flow 

path. In this way, it is assumed that step losses can be fur-

ther reduced. According to Gier et al. [9], the significance 

of step losses increases for smaller leakages through the 

seal, which is often the case in today's turbines due to ad-

vanced systems for running clearance reduction. Thus, 

looking for fractions of efficiency, it is also worth checking 

this direction for improvements. 

Detailed CFD simulations of all cases, presented in Fig. 

7, indicate that both solutions are beneficial but perform 

nearly equally.  

 

Fig. 7. LPT efficiency benefits from front cavity reduction with front 

 deflector without the static fin 

 

The overall benefit is considered comparable between 

the two configurations. This indicates that such a small 

additional step in the flow path, which adds an additional 

perturbation to the fluid, has a relatively small impact on 

the overall improvement. Figures 8 and 9 present the flow 

field of the investigated cases.  

As evident from these figures, the large vortices in the 

front cavity are considerably reduced when the cavity vol-

ume is decreased. The primary benefit is indeed the reduc-

tion in interactions.  

As shown in Fig. 8, the front cavity recirculation zones 

interact with the mainstream, generating shear losses due to 

the difference in circumferential velocity between the two 

flows. 

 

Fig. 8. Relative circumferential velocity and streamlines for investigated 

 cases of front deflector without static fin in different configurations 

 

Moreover, the figure reveals that, in addition to contrib-

uting to the reduction of the vortex, the FD simultaneously 

reduces the circumferential velocity in the front part of the 

cavity, which is closer to the mainstream velocity. Conse-

quently, the mixing losses are smaller, as also indicated by 

Fig. 9. 

 

Fig. 9. Relative turbulent kinetic energy and streamlines for investigated 

 cases of front deflector without static fin in different configurations 

 
Table 1. Comparison of the characteristic numbers for OAS with front 

deflector without static fin for different configurations for one stage 

 

 

Reference FD single 

bend 

FD double 

bend 

 

   
Axial Reynolds 

number, 𝑅𝑒𝑎𝑥 1760 1760 1760 

Outlet Swirl  

ratio, 𝐾𝑜𝑢𝑡 0.68 0.66 0.66 

Windage heating, 𝜎 0.19 0.19 0.19 

 

As shown in Fig. 8 and Fig. 9, the primary leakage path 

is not affected by the presence of the front deflector without 

the static fin. This observation is further supported by the 

dimensionless numbers for OAS [21], provided for one seal 

across different FD variants in Table 1. These quantities 
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are: axial Reynolds number, swirl ratio and windage heat-

ing according to the equations below:  

 Reax =
ṁ

2πRμ
  (2) 

 K =
Vθ

NR
  (3) 

 σ =
2cp(Tt,out−Tt,in)

U2   (4) 

For all variants, the characteristic numbers are nearly 

the same. It indicates that the seal's general operation re-

mains unchanged across the investigated designs of the 

concept without a static fin. In particular, the axial Reyn-

olds number [21], which provides insights into leakage 

behavior, is comparable. Thus, it is concluded that reducing 

the front cavity volume does not affect leakage through the 

seal, suggesting it is not the reason for the observed benefit 

in the cases without the static fin. 

Reducing the front cavity volume with the front deflec-

tor (without the static fin) consistently weakens the large 

vortices in the front cavity and lowers their interaction with 

the mainstream, leading to a small but repeatable LPT effi-

ciency benefit around 0.03% for the solution implemented 

in all stages. Leakage behavior remains unchanged, indicat-

ing that the improvement results solely from reduced cavi-

ty–mainstream interaction rather than from any modifica-

tion of the seal leakage. 

3.2. Evaluation of the performance of the front deflector 

with the static fin 

The static fin creates an additional labyrinth for leakage 

and, in this way, reduces it. To assess the sensitivity of the 

FD concept to the length of the fin, two cases are consid-

ered: a short fin and a long fin. These variants are compared 

with the reference OAS design and with the case without  

a static fin. The investigated configurations are presented in 

Fig. 10.  

 

 Fig. 10. Investigated design cases of the front deflector with a static fin 

 

Analyzing the flow field shown in Fig. 11, it is apparent 

that the vortex present in the front cavity is further reduced 

with the application of the static fin. Nevertheless, revising 

the benefit in LPT efficiency presented in Fig. 13, it is 

evident that the short static fin does not provide any further 

improvement compared to the front deflector without the 

static fin. It can be concluded that a decrease in the vortices 

in the front cavity has a meaningful impact only if it reduc-

es their interaction with the mainstream. 

This is reflected in Fig. 11, which compares the two 

cases by the relative TKE level and the lack of influence on 

the streamlines due to the leakage. Thus, the short fin does 

not function as intended, as its primary purpose is to create 

an additional labyrinth to reduce leakage. It is additionally 

confirmed in Table 2 by comparing the axial Reynolds 

number [21]. 

It points to a conclusion that the length of the fin is cru-

cial for the overall benefit from the solution. It is evident 

that as the clearance between the blade and the static fin 

decreases, the leakage encounters more blockage, resulting 

in its reduction. Nevertheless, it is important to ensure the 

blade does not come into contact with the fin to avoid dam-

age. Taking this into account, further investigation of the 

case with the longer fin is conducted. 

 

Fig. 11. Relative turbulent kinetic energy and streamlines for investigated 

 cases of front deflector with static fin in different configurations 

 

As noticeable in Table 2, the analyses show that the 

front deflector with the longer static fin reduces the axial 

Reynolds number [21] of the investigated OAS. The figure 

shows that the longer fin reduces leakage by around 6% 

compared to the reference case. This reflects positively on 

the efficiency gain, as depicted in Fig. 13. 

Moreover, Table 2 shows that applying the front deflec-

tor does not visibly affect the outlet swirl ratio or windage 

heating [21]. Only in the configuration with the long static 

fin is a small change in the outlet swirl observed. Thus, it is 

concluded that in the rear part of the cavity and behind it, 

the mixing as well as internal losses are not noticeably 

changed with the application of the front deflector. This is 

also confirmed by revising plots in Fig. 11, because already 
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in the vicinity of the first fin, there are no significant differ-

ences between the configurations.  

 
Table 2. Comparison of characteristic numbers for OAS with a front 

deflector and with static fin for different configurations 

 

 Reference 
FD with-
out static 

fin 

FD with 
short 

static fin 

FD with 
long 

static fin 

 

    

Axial Reynolds 

number, 𝑅𝑒𝑎𝑥 
1760 1760 1750 1650 

Outlet swirl  

ratio, 𝐾𝑜𝑢𝑡 
0.68 0.66 0.65 0.64 

Windage heating, 𝜎 0.19 0.19 0.19 0.19 

 

Further insight into the flow above the first fin is shown 

in Fig. 12 below. It provides profiles of relative velocity 

above the first fin of the seal. This comparison clearly 

shows that the front deflector concept has no significant 

influence on the velocity. Upon analysis, only a small de-

crease of up to 6% can be observed. This decrease is visible 

for both axial and circumferential components.  

 

Fig. 12. Profile of relative velocity above the first fin of the outer air seal 
 for different configurations of the front deflector 

 

Based on Fig. 13, the overall efficiency potential of the 

front deflector concept is estimated to lie between 0.03% 

and 0.06%, depending on the length of the static fin. As 

pointed out earlier, the configuration with the short static 

fin is close to the variant without a static fin. Thus, for 

turbines where the length of the fin is significantly limited 

due to keep-out zones of the blade, it is applicable to omit 

the static fin. Additionally, it is anticipated that the concept 

can yield further benefits when combined with inclined fins 

to enhance the efficiency gains. 

The addition of a static fin improves performance only 

when the fin is long enough to act as an effective additional 

labyrinth. While the short fin does not reduce leakage, the 

long fin reduces OAS leakage and yields a higher LPT 

efficiency gain of up to 0.06% for the solution implemented 

across all stages. Other flow characteristics remain largely 

unchanged, highlighting fin length as the key parameter 

influencing the benefit. 

 

Fig. 13. LPT efficiency benefit from front deflector in different configura-

tions 

4. Future work 

Analyses of cases with the longer fin indicate the fea-

ture could have potential in off‑design operation when the 

blade moves forward. Verifying this requires future work.  

Furthermore, successful implementation in an engine re-

quires a detailed assessment of durability, mechanical ro-

bustness, and manufacturability of the proposed geometry. 

Experimental validation of the specific designs also re-

mains outstanding and is essential to confirm the numerical 

findings presented herein. 

5. Conclusions 

This work investigated a new front deflector concept for 

outer air seals in a low-pressure turbine, aiming to improve 

near‑casing aerodynamic performance at minimal integra-

tion cost, while simultaneously providing a small overall 

efficiency benefit. 

The assessment was carried out on a three‑stage, 

state‑of‑the‑art LPT configuration with detailed inner and 

outer cavities using steady RANS simulations. 

The concept has been investigated in two main configu-

rations – with and without the static fin. The feature im-

proves OAS performance in two ways. Firstly, it reduces 

interactions between the mainstream and the front cavities 

for all investigated configurations.  

Secondly, it provides an additional labyrinth for the leak-

age reduction in the configuration with the long static fin.  

The efficiency gain in the case without the static fin re-

sults from reduced interactions in the front cavity. The 

reduction in the front cavity volume does not influence the 

leakage through the seal, yielding a small but repeatable 

efficiency benefit. 

It is observed that the inclusion of a static fin reduces 

leakage only if it is long enough, and this depends strongly 

on the turbine's design. 

The overall improvement in LPT efficiency from the 

front deflector implemented across all three stages is be-

tween 0.03% and 0.06%, depending on the application. The 
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final benefit must be weighed against implementation costs 

to justify its adoption in engines. 
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Nomenclature 

ax [m] axial protruding of FD 

bx [m] axial shroud length 

c [m] radial clearance 

cp [J/(kg·K)] specific heat capacity  

h [J/kg] specific enthalpy 

H [m] first fin height 

L [m] FD static fin length 

ṁ [kg/s] mass flow rate 

K  [–] swirl ratio  

N [rpm] rotational speed 

R [m] average radius of fins 

Reax  [–] axial Reynolds number 

Ref  any reference quantity 

T [K] temperature 

U =
πN

30
R  [m/s] rotor fins circumferential velocity  

Vx [m/s] axial velocity component 

Vr [m/s] radial velocity component 

Vθ [m/s] circumferential velocity 

component 

η [–] isentropic efficiency 

μ [Pa∙s] dynamic viscosity 

σ [–] windage heating  

Δ  change in any quantity 

FD  front deflector 

IAS/OAS  inner / outer air seal 

LPT  low pressure turbine 

TKE  turbulent kinetic energy 
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Differences in structural design and safety requirements of urban buses in Europe 

and North America 
 
ARTICLE INFO  This article conducts a comparative analysis of the design and safety requirements for urban buses in Europe 

and North America. European and American regulations are assessed for their impact on vehicle body design, 

structural strength, evacuation solutions, flammability of materials, accessibility, and vehicle equipment 
configuration. The analysis demonstrates that differing regulatory approaches across both regions result in 

significant differences in the structural architecture, safety systems, and functional organization of city buses. 

These differences are found to limit the ability to configure fully universal designs for both markets. 
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1. Introduction  
Bus transport remains a key element of urban mobility 

systems in both Europe and North America, accounting for 

a significant portion of public transport journeys and acting 

as a link between rail transport and local commuting [46]. 

In the last decade, growing environmental and vehicle qual-

ity requirements (electrification, improved accessibility, 

raised passenger information standards) have imposed new 

constraints and innovative incentives on transport manufac-

turers and organizers [11, 58]. At the same time, the regula-

tory frameworks on both sides of the Atlantic shape these 

processes differently, leading to design and operational 

differences that are noticeable even in the most typical 

market segments – city buses with a length of approximate-

ly 12 m (≈ 40 ft) and 18 m (≈ 60 ft). In Europe, bus design 

and approval are based primarily on the regulations of the 

United Nations Economic Commission for Europe 

(UNECE) and the General Safety Regulation (GSR) (in-

cluding those concerning body structure, doors and emer-

gency exits, and flammability of materials) as well as on 

Euro VI and subsequent emission standards [12, 49]. In the 

United States and Canada, a similar role is played by sets of 

federal standards and guidelines, including the Federal 

Motor Vehicle Safety Standards (FMVSS) (including 

emergency exits, flammability of materials), Americans 

with Disabilities Act (ADA) regulations regarding accessi-

bility, and U.S. Environmental Protection Agency (EPA) 

regulations for heavy vehicles [30, 57, 58]. The clash of 

these two orders results in a number of design differences, 

from body dimensions and geometry (e.g., permissible 

width), through door layout and width, and passenger trans-

fer logic, to accessibility solutions (ramp type, wheelchair 

space orientation), lighting, signage, and integration of 

Heating, Ventilation, and Air Conditioning (HVAC) sys-

tems and electronics [49, 57]. 

Despite the abundance of normative sources and indus-

try reports, the literature lacks a single, synthetic approach 

that systematically compares the design and operation of 

city buses in the EU and North America. Existing literature 

on urban buses primarily focuses on selected, narrowly 

defined problem areas. Operational studies analyze passen-

ger exchange strategies and the impact of solutions such as 

all-door boarding on dwell time and perceived service qual-

ity [9, 22]. Research in ergonomics and accessibility inves-

tigates the interior layout of low-floor buses and the ac-

commodation conditions for wheelchair users and other 

passengers requiring mobility assistance [8]. Meanwhile, 

studies addressing structural safety usually compare indi-

vidual homologation procedures, such as ECE R66 and 

FMVSS 220, limiting their scope to structural resistance in 

rollover scenarios [18]. 

At the same time, a rapidly developing body of research 

is devoted to the electrification of bus transport, concentrat-

ing mainly on vehicle scheduling, charging strategies, and 

operational cost optimization [6]. More recent comparative 

studies between Europe and North America primarily ad-

dress the functional and legal requirements for automated 

bus systems rather than the comprehensive architecture of 

urban buses [21]. As a result, there is still no integrated 

study that simultaneously compares European and North 

American regulatory frameworks and their implications for 

structural design, interior layout, accessibility solutions, 

operational assumptions, and the overall safety of urban 

buses.  

This gap hinders the drawing of design and purchasing 

conclusions in tender procedures, as well as comparisons of 

operational efficiency across different urban contexts. The 

novelty of this study lies in combining these perspectives 

into a single, coherent comparative analysis of the Europe-

an Union and North American approaches to urban bus 

design and regulation. The present work was conducted 

using a comparative analysis of international regulations, 

type-approval standards, tender specifications, and tech-

nical documentation for city buses in operation in Europe 

and North America. 

2. Regulatory framework 

2.1. Europe (EU/UNECE) – construction, fire safety 

The basis for European type approval of M2/M3 buses 

is UN Regulation No. 107, which specifies, among other 

http://orcid.org/0009-0005-9200-9487
http://orcid.org/0000-0001-6713-5047
http://orcid.org/0000-0002-1389-0503
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things, vehicle classes, requirements for doors and emer-

gency exits, passenger compartment, markings, and equip-

ment [49]. For dimensions, the 2.55 m width limit is im-

portant. For flammability of materials and resistance to 

fuels/lubricants, UN Regulation No. 118 applies, including 

test methods and assessment criteria [50]. For exhaust 

emissions from heavy-duty vehicles (including city buses), 

the framework is Regulation (EC) No. 595/2009 (Euro VI) 

and its implementing acts [12]. Together, this creates a set 

of requirements that, on the EU side, directly affects the 

geometry, interior layout, material selection, and system 

integration in buses. 

2.2. United States and Canada – safety, availability, 

dimensions 

In the USA, key safety requirements are defined by the 

federal FMVSS standards: FMVSS 217 (emergency exits, 

window retention and release, operating forces, dimensions, 

markings) [30] and FMVSS 302 (ignition resistance and 

flame spread rate of interior materials) [31]. Bus accessibil-

ity is defined by 49 CFR Part 38 (ADA) – including param-

eters for ramps, wheelchair spaces and attachments, 

voice/light information systems, and the location of control 

devices [57]. For gauge dimensions, the federal width limit 

of 102 inches (≈2.59 m) on the National Network, resulting 

from 23 CFR §658.15 [13], is important. For exhaust emis-

sions, the final EPA Heavy-Duty Phase 3 requirements 

apply, covering, among others, transit and school buses 

[58]. This regulatory package sets different design priorities 

in North America than in the EU (e.g., emergency exit 

architecture, flammability criteria, consequences of a wider 

gauge, and specific ADA requirements). 

Differences and their design implications: 

 Emergency exits and windows: R107/EU vs. FMVSS 

217/USA – differences in the location and dimensions 

of evacuation portals and window release requirements 

[30, 49] 

 Flammability of materials: UNECE R118 vs. FMVSS 

302 – impact on the selection of upholstery, linings, and 

insulation [31, 50] 

 Accessibility: UNECE vs. precise ADA Part 38 re-

quirements (ramps, wheelchair space and orientation, 

information interfaces) – implications for door location 

and interior layout [57] 

 Clearance dimensions: The EU uses a practical 2.55 m, 

while the US uses 102″ (≈2.59 m) – differences trans-

late into seating arrangements, aisle widths, and turning 

circles [13, 49] 

 Emissions: Euro VI (EU) vs. EPA HD Phase 3 (USA) – 

different compliance and propulsion planning paths 

(e.g., limit compliance strategies, electrification) [11, 

12, 58]. 

3. Dimensions, geometry and running gear 

3.1. Normative assumptions and constraints 

Bus dimensions result from a compromise between ca-

pacity and accessibility requirements and the spatial con-

straints of the street network. On the EU side, UN R107 

design regulations (vehicle classes M2/M3, minimum circu-

lation spaces, doors, emergency exits) are key, indirectly 

determining overhang length, floor height, and aisle width 

[49]. In North America, vehicle width limits on the national 

network are set by the federal limit of 102″ (≈2.59 m), 

which translates into a slightly wider gauge than is typical 

in the EU (practically 2.55 m) [13, 14]. Street design guide-

lines for bus traffic emphasize that the choice of vehicle 

design has direct consequences for curves, platform edges, 

and lane widths [25, 27, 46]. 

 The length (≈ 12 m / 40 ft) allows for a full low floor in 

the door area and a rear service section. R107 does not 

mandate a specific length, but requirements regarding 

the number and location of doors and aisles determine 

the minimum usable space [49] 

 Width: The difference of 2.55 m (EU) vs. 2.59 m = 102″ 

(US) changes the potential seating arrangement (number 

of seats side-by-side and aisle width) and turning kine-

matics; a wider body typically requires larger curves 

while maintaining the same tires/wheelbase [27, 28, 46] 

 Height depends on the drive/HVAC architecture R107 

requirements for exits and roof equipment, which indi-

rectly affect the available space under the roof [49]. 

4. Design and operational consequences 

4.1. Door layout, passenger flow and passenger space 

In European buses, the standard is a full low floor in the 

door zone and a system of at least 2–3 pairs of doors (Fig. 

1), designed for parallel flows of boarding and alighting 

and a short dwell time during rush hours [38, 49]. 

 

Fig. 1. Door layout of a European bus 

 

In North America (40 ft), the 2-door model (Fig. 2) and 

front-door boarding (entrance at the front, exit at the rear) 

are predominant, which is related to the location of fare 

boxes at the front doors [2, 17]. More and more agencies 

are testing or implementing boarding with all doors open on 

high-demand lines, which, in research and evaluations, 

results in a significant reduction in dwell time and lower 

stop-to-stop variability [26]. In North American vehicles, 

despite a slightly wider gauge (102″ ≈ 2.59 m) favoring  

a wider aisle, the geometry itself, without changing the 

boarding policy, is worse than in Europe [13, 26]. 

Differences in floor architecture translate into space 

management and passenger flows. In the EU, a full low 

floor across all doors promotes rearward vehicle movement 

and more standing space in the door areas. In the 

USA/Canada, 40-foot low-floors are common, with a raised 
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platform above the drive axle (a step in the rear) that limits 

the natural rearward movement of passengers in a 2-door 

configuration [44]. In European practice, thanks to 2–3 

pairs of doors and a wide corridor between them, capacity 

(number of passenger exchanges per stop) is higher [26, 35, 

38]. In the EU, a greater variety of seat orientations is per-

mitted, including space above the wheel arches and seats 

longitudinally or rearward positioned locally (Fig. 3).  

 

Fig. 2. Door layout of an American bus  

 

Fig. 3. Seat arrangement in an EU bus 

 

In practice, NA seats are usually positioned forward-

facing or longitudinally to the aisle (Fig. 4), and rear-facing 

seating arrangements in the passenger area are rare; regula-

tions and guidelines focus, among other things, on provid-

ing forward-facing seats in the priority area [17, 26].  

 

Fig. 4. Seat arrangement in an NA bus 

 

Accessibility and wheelchair access are managed differ-

ently. In the EU (e.g., in city specifications), the ramp is 

usually located at the middle door (Fig. 5), and the wheel-

chair position is usually rearward-facing (Fig. 6) with an 

appropriate backrest. This facilitates the dispersion of flows 

at entrances and minimizes collisions with traffic near the 

driver's cabin [11, 40, 45].  

 

Fig. 5. EU wheelchair ramp 

 

Fig. 6. EU wheelchair space 

 

In NA, in accordance with ADA Part 38 and Access 

Board guidelines [55], at least one position must allow 

forward-facing immobilization, and many operators com-

bine ramp operation at the front door with driver assistance. 

A typical solution is a folding (flip-out) ramp in the first 

door (Fig. 7) [35, 56, 57].  

 

Fig. 7. NA wheelchair ramp 
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Interior ergonomics also differ in many respects. In the 

EU, multi-door systems strive for wide standing areas and 

as many free aisles as possible at the doors (fewer fare 

barriers in the entry area), which facilitates fast turnover. In 

NA, many systems, especially outside Bus Rapid Transit 

(BRT), still concentrate validation at door 1. They use more 

longitudinal seats in the front to increase standing area 

during peak hours [2, 17, 26].  

5. Safety  

5.1. Glazing and evacuation through windows. 

In terms of passenger safety, both Europe and North 

America have clearly defined regulatory requirements for 

body design and evacuation systems. These include emer-

gency exit doors, side and rear emergency windows, and 

requirements for their signage and accessibility. Despite the 

common goal of ensuring rapid and safe evacuation, the 

detailed technical solutions and regulatory philosophies 

differ on both sides of the Atlantic. 

In Europe, UN ECE R107 requires an appropriate num-

ber of emergency exits and, at the same time, equips these 

areas with glass-breaking devices (hammers) at specified 

locations and with specified markings. In practice, this 

favors the use of bonded glass with safety hammers (Fig. 8) 

[49]. 

 

Fig. 8. EU emergency exit windows 

 

Fig. 9. Emergency windows NA 

In North America, the FMVSS 217 standard precisely 

defines the number and types of emergency exits (doors, 

emergency windows, roof exits) as well as requirements for 

operating forces, opening dimensions, and signage. As  

a result, NA transit buses commonly feature tilt-and-slide 

windows with levers and instructions at the window. These 

are not glued but bolted to the bus frame (Fig. 9).  

5.2. Bumpers  

For city buses in the US, the federal bumper standard 49 

CFR Part 581 does not apply to buses (it applies to passen-

ger cars), which is confirmed by both the text of the regula-

tion and interpretations by the National Highway Traffic 

Safety Administration (NHTSA) [5]. In practice, however, 

public transportation agencies (transit agencies) require the 

use of energy-absorbing bumpers at the front and rear (Fig. 

10) and low-speed tests (e.g., 5 mph). These requirements 

stem not from federal regulations, but from purchasing 

standards developed by the American Public Transportation 

Association (APTA). The APTA Bus Procurement Guide-

lines document is a set of technical recommendations used 

in preparing tender specifications. An RFP (Request for 

Proposals), in turn, is a formal request for proposals pub-

lished by the contracting authority (transportation agency) 

specifying detailed technical requirements for the vehicle. 

Numerous RFPs (e.g., SRTA, Tuscaloosa) explicitly re-

quire front and rear bumpers with specific resistance pa-

rameters and the ability to return to their original shape 

after impact [5, 39, 47]. Reinforced rear bumpers in North 

America also have practical operational significance. In 

depot conditions, they enable buses to be maneuvered using 

special pushers mounted on service vehicles. In emergency 

situations, they also allow a disabled bus to be safely 

pushed out of the lane using a properly prepared service 

vehicle. This solution requires appropriate reinforcement of 

the bumper zone structure and its integration with the vehi-

cle frame. 

    

Fig. 10. Front and rear bumpers NA 

 

In North America, front-mounted bicycle racks are  

a common solution on buses; recommendations and imple-

mentation examples appear in APTA materials and 

city/agency operational guides. As a standard, 2–3-position 

racks are used, mounted at the front (Fig. 11), which allows 

the driver to observe loading/unloading [3, 33]. At the same 

time, the American regulator clarifies the legal framework: 

the NHTSA interpretation of FMVSS 108 indicates that 

bicycles in a rack are "temporary cargo," and the rack itself 

cannot obscure required lights/reflectors. If the installation 

does not render the mandatory devices inoperable, it is 
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permissible; this also applies to installation by transit agen-

cies themselves [33]. In several jurisdictions (e.g., Califor-

nia), length- and front-reach regulations have been clarified 

to explicitly allow extensions of up to ~40″ forward of the 

front of the bus. At the operational level, National Associa-

tion of City Transportation Officials (NACTO)/city guide-

lines remind that the stand changes the turning geome-

try/front overhang and requires additional clearance at plat-

forms and in the bay (e.g., typical clearance of 4 ft in front 

of the front at the stop) [3, 41]. 

  

Fig. 11. NA bicycle racks 

 

In Europe, front racks are not permitted and do not pass 

approval procedures due to requirements regarding pedes-

trian safety/external protruding elements, field of vision, 

and light markings. In the UK, technical authorities have 

assessed front racks as unacceptable on city buses [29, 37]. 

Furthermore, Transport for London (TfL) explicitly states 

that installing front racks does not meet the Bus Safety 

Standard requirements and negatively affects parking 

times/capacity; bicycle parking and interchange integration 

are preferred [24]. These generalizations also appear in EU 

projects, which indicate that front racks are not permitted in 

the EU due to the risk of pedestrian injury from protruding 

elements [23, 38]. 

5.3. Signage and pictograms 

In the EU, R107 regulates the marking of safety devic-

es, but in practice, ISO-compliant pictograms and legible 

photoluminescent markings predominate, with a smaller 

proportion of long texts (Fig. 12) [49]. 

  

Fig. 12. EU safety markings and pictograms 

 

In North America, ADA regulations (49 CFR Part 38), 

in conjunction with FMVSS 217, result in a large number 

of labels and text stickers concerning, among others, priori-

ty seats, wheelchair positions and instructions, emergency 

exits and audio-visual information (Fig. 13–15) [30, 57]. 

  

Fig. 13. Safety markings and pictograms NA 

  

Fig. 14. Signage and pictograms – informational NA 

  

Fig. 15. Signage and pictograms – prohibiting certain behaviors NA 

5.4. Stop-request: buttons and pull-cords  

In Europe, STOP buttons predominate (Fig. 16), ar-

ranged according to operator specifications, while meeting 

the R107 requirements regarding accessibility and legibility 

of control elements [49]. 

 

Fig. 16. STOP buttons in the EU 

 

In the US and Canada, the stop-request system must be 

accessible from the wheelchair attachment points and pro-

vide both an audible and visual signal. Regulations §38.37 

allow operators to choose the activation mechanism – either 

a pull cord (Fig. 17) or a button. In practice, this translates 

into the widespread use of pull cords that operate in parallel 

with buttons. Their presence is acknowledged in many 

operators' operating procedures – for example, in standard 

operating instructions. Pull cords are particularly valued for 

their ease of use, reliability, and ease of integration with 
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existing signaling systems, as well as passenger and opera-

tor habits. Additionally, their physical form can be more 

intuitive for passengers with limited dexterity, supporting 

ADA-compliant accessibility. In older vehicles, pull cords 

may be the primary mechanism for requesting a stop, while 

in newer models, they are used as a supplement to buttons, 

increasing the flexibility of the system [1, 20, 57]. 

  

Fig. 17. Pull cord 

5.5. Standards for the installation and color of lights  

and rear windows  
On the EU side, the basis is UN/ECE R48 (installation) 

together with specific regulations (e.g. R6 – turn signals), 

which rigidly define the colors: at the front, turn signals 

must be yellow (amber), at the rear also amber, and position 

and brake lights are signaled in red [52, 53]. In the EU,  

a horizontal arrangement of lights is predominant (Fig. 18). 

In North America, FMVSS 108 permits red or yellow 

turn signals at the rear, with yellow at the front; this has led 

to different lighting semantics and design practices for rear 

lamp assemblies for years [29, 32]. Additionally, three red 

identification lamps are required at the upper edge of the 

rear, which influences the arrangement of lighting elements 

and the composition of the rear wall [15]. In NA design 

practice, vertical "towers" of lamps at the corners (stop/tail, 

turn signal, reversing) in a column arrangement are often 

used (Fig. 18), which facilitates meeting visibility require-

ments and integration with bumpers and service panels. In 

NA, purchasing specifications often do not require a rear 

window [4]. Similarly, a number of RFPs state that if a bus 

has a rear window, the manufacturer must meet additional 

specification requirements [41]. In Europe, the dominant 

practice for 12-meter city buses is to retain the rear win-

dow. Exceptions occur when the HVAC/drive installation 

occupies the window area and the customer accepts  

a closed rear end [41, 52]. 

 

Fig. 18. EU and NA lights layout 

5.6. Flammability of internal materials 

In the EU, UN/ECE R118 is used, which covers the be-

havior of materials when exposed to fire (flammability, 

burning rate, melting/dripping) and, in newer editions, the 

ability to repel fuel or oil (Annex 9 test). R118 defines three 

basic reactions to fire tests: horizontal flame spread (Annex 

6), melting and dripping (Annex 7), and vertical flame 

spread (Annex 8); the limiting criteria are, for example,  

≤ 100 mm/min for horizontal and vertical tests, and in the 

melting test, no ignition of cotton wool by drops. The scope 

of the regulation applies (depending on the version) to 

materials in the passenger compartment and additional 

components (e.g., insulation in the engine/heating com-

partment – Annex 9 oil immersion test; electrical cables – 

Annex 10 resistance to flame propagation). A material that 

passes Annex 8 (vertical) generally also meets Annex 6 

(horizontal) [10, 50]. 

In the US/Canada, FMVSS 302 is the basis for a single 

horizontal test that measures the flame spread rate of mate-

rials inside the passenger compartment (including panels, 

carpets, linings, headliners, seat belts, and curtains; each 

layer within 13 mm of the cabin airspace is considered). 

The passing criterion is ≤ 102 mm/min or extinguishment 

before 60 s and < 51 mm of burnt length. The procedure 

describes sample preparation (102 × 356 mm), condition-

ing, and Bunsen burner flame conditions [31, 43].  

Key practical differences include: 

 Test philosophy and completeness. R118 is a set of tests 

(horizontal/vertical/melting + special tests for fuels and 

cables) that more broadly reflects real-world fire scenar-

ios in buses; FMVSS 302 is limited to horizontal com-

bustion of cabin materials. Consequently, the same ma-

terial may meet FMVSS 302 requirements but not R118 

Annex 7/8 requirements (e.g., due to vertical spread or 

dripping) [19, 50].  

 Thresholds and criteria. FMVSS 302: ≤ 102 mm/min 

(horizontal); R118: ≤ 100 mm/min (horizontal and ver-

tical). Minor numerical differences are less significant 

than the test orientation (vertical vs. horizontal) and the 

melting/dripping condition in R118.  

 Scope of components. FMVSS 302 explicitly lists  

a long list of interior components and states that any 

layer within 13 mm of the cabin is subject to the re-

quirements. R118 separates responsibilities between in-

terior components, hot cell insulation (Annex 9), and 

ductwork (Annex 10) [31, 50].  

 Design implications: for buses, this means that it's easier 

to avoid meeting EU requirements for vertical elements 

(walls, curtains, and covers) and overhead materials 

(Annex 7), and for insulation in hot zones, fuel/oil re-

sistance must be confirmed. Therefore, materials that 

are acceptable overseas may require a different selection 

in EU tenders. 

5.7. Electronic cabinet and equipment layout 

In Europe, city bus manufacturers prefer service bays in 

the rear corners, hidden behind large flaps and logically 

separating the HV/LV and drivetrain. Manufacturers' mate-

rials emphasize modular component packaging in the rear 

and roof areas, which minimizes the need for cassettes 

above the wheel arches in the interior and allows for 
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ground-level servicing of entire corner sections after open-

ing the flaps. 
In North American buses, key HV/LV points (battery 

disconnects, HV system access, fuse and control panels) are 

most often located in the rear curbside so that service and 

emergency procedures can be performed from sidewalk 

level. Driver/crew instructions explicitly instruct driv-

ers/crews to approach the rear curbside and open the Bat-

tery Disconnect access door in an emergency, clearly locat-

ing the main power disconnect point at the rear of the vehi-

cle [42]. In parallel, product materials describe an easily 

accessible compartment housing the traction power elec-

tronics and on-board systems—a typical modular service 

cabinet. In North American practice, there is also a variant 

of the electrical cabinet, accessible from the inside on the 

left wheel well (Fig. 19), for mounting on-board electron-

ics, which perpetuates the practice of using the front left 

wheel well as a location for selected modules.  

 

Fig. 19. Electrical cabinet on the wheel arch NA 

5.8. Frame strength and structural safety 

Design differences between buses in Europe and North 

America stem not only from regulations regarding doors, 

lighting, and accessibility, but also from differing ap-

proaches to frame strength, passive safety, and methods for 

assessing the superstructure. In Europe, the core regulations 

include UNECE regulations, particularly R66.02, R29, and 

R100, while in the US, this role is primarily fulfilled by the 

Altoona test program, supplemented by guidelines on static 

roof loads. It's worth noting that, unlike passenger cars, 

neither the EU nor the North American states has a sepa-

rate, mandatory side impact test for city buses. 

5.9. Rollover test  

In the EU, the primary regulation for the structural re-

sistance of M2/M3 buses is UN/ECE R66.02 [54]. The 

regulation defines criteria for maintaining a survival space, 

which must remain intact after a vehicle rolls over. During 

the physical test, the bus body is placed on a platform tilted 

around a predetermined pivot point. Once the critical angle 

is exceeded, the structure freely falls onto the impact sur-

face (Fig. 20).  

The regulations specify: 

 the pivot point and rollover axis 

 vehicle preparation method (weight, configuration, fluid 

status) 

 the precise boundaries of the survival space 

 criteria for permissible structural deformation. 

 

 

Fig. 20. Rollover test in the EU [59] 

 

The test is considered as passed if, after the rollover, no 

structural, skin, or equipment element enters the survival 

space, which defines the geometric shape within which 

passengers must fit after the structure deforms. Defor-

mations of the pillars, body, and roof do not violate the 

protective zone. Doors and emergency exits remain opera-

ble in accordance with R107 requirements (after defor-

mation corrections specified in the procedure). 

Other methods for confirming compliance with R66.02 

are also available: 

 Physical rollover of the complete vehicle. This is the 

most reliable method, but also the most expensive. It is 

primarily performed at manufacturer research centers 

 Section rollover (module test). A section of the structure 

is tested (usually the side section and roof). This method 

is less expensive and widely used in homologation 

 FEM simulation (Finite Element Method). The regula-

tions allow for full confirmation of compliance through 

numerical analysis—provided that the model has been 

previously calibrated using the results of a physical sec-

tion test [36, 54]. 

5.10. Lateral roll test  

EU countries also use a static stability test in which the 

bus is tilted until a critical angle is reached, typically 

around 28–35° (Fig. 21). This test assesses the center of 

gravity and vehicle stability, supplementing the require-

ments of R66.02 [54].  

 

Fig. 21. View of the bus during the lateral tilt test [7] 
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5.11. Frontal impact – driver's compartment protection 

(UN/ECE R29) 

Protection of the driver's cab against deformation in  

a collision is defined by UN/ECE R29 [51]. Although the 

regulation originally applies to trucks, many urban bus 

manufacturers use its requirements as a design reference: 

 cab resistance to frontal impact 

 maintaining the driver's protective space 

 reinforcing the upper and lower elements of the front 

structure. 

In low-floor vehicles, these requirements are met by ad-

ditional reinforcements on the floor and A-pillars. 

5.12. R100 – Electric Bus Safety (HV) 

UN/ECE R100 regulation specifies the safety of high-

voltage systems in electric vehicles [48], including:  

 impact resistance of the battery housing 

 protection against puncture and short circuit after  

a collision 

 insulation requirements 

 protection against water ingress. 

5.13. Altoona Program (FTA Bus Testing Program) 

In the US, there is no regulation directly equivalent to 

the European R66. The structural strength and durability of 

buses are assessed primarily by the Altoona program – an 

accelerated durability test on a special test track (49 CFR 

Part 665) [16]. Altoona focuses on operational durability. 

These tests include: 

 structural fatigue testing (12-year simulation cycle) 

 frame strength and deformation assessment 

 structural torsion and deflection tests 

 dynamic loading of roof components (HVAC, batteries) 

 suspension system and body stiffness tests. 

5.14. Roof Load Test – static roof load  

In accordance with NHTSA guidelines and the bidding 

standards of many transportation agencies, transit buses in 

North America are subjected to a static roof load test [34]. 

The load is quasi-static and is applied to the roof structure 

in a controlled manner, typically through a beam that dis-

tributes the force over a defined area. Depending on the 

customer's specifications, the load value is typically several 

thousand pounds or a specified percentage of the gross 

vehicle weight. The test verifies that: 

 the roof structure can support the specified load without 

loss of load-bearing capacity 

 there is no permanent deformation of the supporting 

structure 

 the roof equipment mountings (HVAC, traction batter-

ies, converters) remain intact. 

Unlike the European R66, this test does not simulate  

a vehicle rollover but rather tests the strength of the local 

roof structure. 

5. Conclusions 
The conducted comparative review demonstrated that 

the differences between urban buses operating in Europe 

and North America are systemic and stem primarily from 

differing regulatory frameworks and vehicle design philos-

ophies. In Europe, bus design is directly subordinated to 

detailed UNECE regulations, which precisely define re-

quirements for body strength, rollover protection of the 

passenger compartment, high-voltage system safety, evacu-

ation, and fire behavior of materials. This approach leads to 

a high degree of superstructure standardization and a clear 

emphasis on passive safety and structural integrity. In North 

America, the regulatory system is based on a combination 

of FMVSS regulations, ADA accessibility requirements, 

and procurement and operational practices shaped by trans-

portation agencies. The emphasis is shifted to service life, 

operational functionality, and vehicle configuration flexibil-

ity. The Altoona program and static roof load tests verify 

the durability of the structure under operational conditions. 

These differences directly impact the frame architecture, 

passenger compartment organization, evacuation solutions, 

interior material selection, exterior lighting configuration, 

service component layout, and vehicle accessories. As  

a result, designs intended for the European and North 

American markets can rarely be considered fully universal. 

The same bus model typically requires distinct approval 

and design variants, tailored to the specifics of a given legal 

and operational system. Differences in regulatory ap-

proaches mean that urban bus design is not only a technical 

issue but also the result of integrating the legal, infrastruc-

tural, and operational requirements specific to a given mar-

ket. Understanding these conditions is crucial for manufac-

turers planning transatlantic operations, for transport organ-

izers formulating tender requirements, and for further re-

search on design optimization in the context of the globali-

zation of the urban bus market. 

 

Nomenclature 

ADA Americans with Disabilities Act  

APTA American Public Transportation Association  

BRT bus rapid transit  

CFR Code of Federal Regulations  

DOT  Department of Transportation  

EPA Environmental Protection Agency  

EU/UE European Union  

eCFR Electronic Code of Federal Regulations  

FMCSA Federal Motor Carrier Safety Administration  

FMVSS Federal Motor Vehicle Safety Standards  

FTA Federal Transit Administration  

HVAC heating, ventilation and air conditioning  

LCC/TCO life cycle cost/total cost of ownership  

NA  North America  

NACTO National Association of City Transportation 

Officials  

NHTSA National Highway Traffic Safety 

Administration  

RFP request for proposal  

SFMTA San Francisco Municipal Transportation 

Agency  

TfL Transport for London  

TRB Transportation Research Board  

TRL Transport Research Laboratory 
 



   

Differences in structural design and safety requirements of urban buses in Europe and North America 

138 COMBUSTION ENGINES, 2026;206(3) 

 

Bibliography  

[1]  Amalgamated Transit Union Local 587. Transit operators 

standard operating procedures. Seattle (WA): ATU Local 

587; 2012. 

[2]  American Public Transportation Association. Automatic fare 

collection system planning and deployment. Washington 

(DC): APTA; 2010. 

[3]  American Public Transportation Association. Bicycle and 

transit integration. Washington (DC): APTA; 2018. 

[4] American Public Transportation Association. Bus procure-

ment guidelines. Washington (DC): APTA. 

[5]  American Public Transportation Association. Standard bus 

procurement guidelines. Washington (DC): APTA; 2013–

2024. 

[6]  Behnia F, Schuelke-Leech BA, Mirhassani M. Optimizing 

sustainable urban mobility: a comprehensive review of elec-

tric bus scheduling strategies and future directions. Sustain 

Cities Soc. 2024;108:105497.  

 https://doi.org/10.1016/j.scs.2024.105497 

[7] Cogent Seating Ltd. Tilt Testing Swansea (UK). 

[8] D’Souza C, Paquet V, Lenker JA, Steinfeld E. Effects of 

transit bus interior configuration on performance of wheeled 

mobility users during simulated boarding and disembarking. 

Appl Ergon. 2017;62:94-106.  

 https://doi.org/10.1016/j.apergo.2017.02.008 

[9] El-Geneidy A, van Lierop D, Grisé E, Boisjoly G, Swallow 

D, Fordham L et al. Get on board: assessing an all-door 

boarding pilot project in Montreal, Canada. Transp Res A 

Policy Pract. 2017;99:114-124.  

 https://doi.org/10.1016/j.tra.2017.03.005 

[10] El Houssami M, Försth M, Fredriksson H, Drean V, Guil-

laume E, Hofmann‐Böllinghaus A et al. Fire safety of interi-

or materials of buses. Fire and Materials. 2023;47(7):910-

924. https://doi.org/10.1002/fam.3134 

[11] European Commission. Emissions from heavy-duty vehicles 

(Euro VI): certification rules. Brussels: European Commis-

sion; 2022. 

[12] European Parliament and Council. Regulation (EC) No 

595/2009. Brussels: Official Journal of the European Union; 

2009. 

[13]  Federal Highway Administration. 23 CFR § 658.15 – Width 

on the National Network. Washington (DC): FHWA; 2015. 

[14] Federal Highway Administration. A policy on geometric 

design of highways and streets. Washington (DC): FHWA; 

2017. 

[15] Federal Motor Carrier Safety Administration. 49 CFR § 

393.11. Washington (DC): FMCSA. 

[16] Federal Transit Administration. Bus testing program (Al-

toona). Washington (DC): FTA; 2020. 

[17]  Federal Transit Administration. Fare collection. Washington 

(DC): FTA; 2015. 

[18] Gepner B, Bojanowski C, Kwasniewski L, Wekezer J. Ef-

fectiveness of ECE R66 and FMVSS 220 standards in rollo-

ver crashworthiness assessment of paratransit buses. Int J 

Automot Technol. 2014;15(4):581-591.  

 https://doi.org/10.1007/s12239-014-0061-3 

[19] Klippel A, Hofmann A, Gnutzmann T, Piechnik K. Reac-

tion-to-fire testing of bus interior materials: assessing burn-

ing behaviour and smoke gas toxicity. Fire and Materials. 

2023;47:665-680. https://doi.org/10.1002/fam.3108 

[20] Legal Information Institute. 49 CFR § 38.37. Ithaca (NY): 

Cornell Law School. 

[21] Lindner J, Margreiter M, Bogenberger K. Functional re-

quirements for automated bus transit systems based on hu-

man driver tasks. J Public Transp. 2026;28:100162.  

 https://doi.org/10.1016/j.jpubtr.2026.100162 

[22] Los Angeles Metro. All-door boarding pilot evaluation. Los 

Angeles (CA): LA Metro; 2016. 

[23]  London Bus Services Ltd. Bus vehicle specification. Lon-

don: LBS; 2024–2025. 

[24]  Mercedes-Benz Buses. eCitaro. Stuttgart: Daimler Buses; 

2025. 

[25] National Academies of Sciences, Engineering, and Medi-

cine. Highway and street design vehicles: an update. Wash-

ington (DC): National Academies Press; 2023. 

[26]  National Association of City Transportation Officials. Better 

boarding, better buses. New York (NY): NACTO; 2017. 

[27]  National Association of City Transportation Officials. 

Transit street design guide. Washington (DC): Island Press; 

2016. 

[28]  National Association of City Transportation Officials. Urban 

street design guide. New York (NY): NACTO; 2013. 

[29] National Highway Traffic Safety Administration. 49 CFR § 

571.108 – FMVSS No. 108. Washington (DC): NHTSA. 

[30]  National Highway Traffic Safety Administration. 49 CFR § 

571.217 – FMVSS No. 217. Washington (DC): NHTSA. 

[31]  National Highway Traffic Safety Administration. 49 CFR § 

571.302 – FMVSS No. 302. Washington (DC): NHTSA. 

[32] National Highway Traffic Safety Administration. Effective-

ness of amber rear turn signals. Washington (DC): Federal 

Register. 

[33] National Highway Traffic Safety Administration. Interpreta-

tion of FMVSS No. 108. Washington (DC): NHTSA; 2008. 

[34]  National Highway Traffic Safety Administration. Roof load 

tests for heavy vehicles. Washington (DC): NHTSA; 2008–

2017. 

[35] New Flyer Industries. Xcelsior (40 ft). Winnipeg: New 

Flyer; 2021–2023. 

[36] Pravilonis T, Eidukynas V, Sokolovskij E. An analysis of 

the reliability of a bus safety structure on carrying out the 

numerical and experimental tests. Sensors. 2020;20(24): 

7092. https://doi.org/10.3390/s20247092 

[37] San Francisco Municipal Transportation Agency. All-door 

boarding evaluation. San Francisco (CA): SFMTA; 2014. 

[38]  Solaris Bus & Coach. Urbino 12 electric. Bolechowo: So-

laris; 2023. 

[39]  Southeastern Regional Transit Authority. Bus technical 

specifications. New Bedford (MA): SRTA; 2014. 

[40]  Transport for London. Accessible bus stop design guidance. 

London: TfL; 2010. 

[41] Transport for London. Bus vehicle specification. London: 

TfL; 2025. 

[42] Transport for London, Transport Research Laboratory. GSR 

review of the bus safety standard. London: TfL; 2021–2024. 

[43]  Transport Research Laboratory. Bus safety standard – future 

roadmap. Wokingham: TRL; 2019–2021. 

[44]  Transportation Research Board. TCRP Synthesis 2: Low-

floor transit buses. Washington (DC): National Academies 

Press; 1994. 

[45] Transportation Research Board. TCRP Synthesis 50. Wash-

ington (DC): National Academies Press; 2003. 

[46] Transportation Research Board. Transit capacity and quality 

of service manual. Washington (DC): National Academies 

Press; 2013. 

[47] Tuscaloosa Transit Authority. Request for proposals. Tusca-

loosa (AL): TTA; 2016. 

[48] United Nations Economic Commission for Europe. Regula-

tion No. 100. Geneva: UNECE; 2013–2022. 

[49] United Nations Economic Commission for Europe. Regula-

tion No. 107. Geneva: UNECE; 2015. 

https://doi.org/10.1016/j.scs.2024.105497


 

Differences in structural design and safety requirements of urban buses in Europe and North America 

COMBUSTION ENGINES, 2026;206(3) 139 

[50] United Nations Economic Commission for Europe. Regula-

tion No. 118. Geneva: UNECE; 2019. 

[51] United Nations Economic Commission for Europe. Regula-

tion No. 29. Geneva: UNECE; 2002–2020. 

[52] United Nations Economic Commission for Europe. Regula-

tion No. 48. Geneva: UNECE. 

[53] United Nations Economic Commission for Europe. Regula-

tion No. 6 and Regulation No. 148. Geneva: UNECE. 

[54] United Nations Economic Commission for Europe. Regula-

tion No. 66/66.02. Geneva: UNECE; 2010–2021. 

[55] U.S. Access Board. ADA accessibility guidelines for trans-

portation vehicles. Washington (DC): Federal Register; 

2013. 

[56] U.S. Access Board. ADA vehicle guidelines. Washington 

(DC): U.S. Access Board. 

[57] U.S. Department of Transportation. 49 CFR Part 38 – ADA 

accessibility specifications. Washington (DC): DOT. 

[58] U.S. Environmental Protection Agency. Regulations for 

greenhouse gas emissions from commercial trucks (Heavy-

Duty Phase 3). Washington (DC): EPA; 2024. 

[59] Wekezer JW, Li F, Kwasniewski P, Rahman S. Laboratory 

testing program for FE crash analyses of paratransit buses. 

2014. 

 

Hubert Wojciechowski, Eng. – Faculty of Civil and 
Transport Engineering, Poznan University of Tech-

nology, Poland. 

e-mail:  

hubert.wojciechowski.1@student.put.poznan.pl 
 

  

Dariusz Michalak, DEng. – Member of the Man-
agement Board of Solaris Bus & Coach Sp. z o. o., 

Poland. 

e-mail: dariusz.michalak@solarisbus.com 

 

  

Prof. Jerzy Merkisz, DSc., DEng. – Faculty of Civil 

and Transport Engineering, Poznan University of 
Technology, Poland. 

e-mail: jerzy.merkisz@put.poznan.pl 

 
 

 



 
Article citation info:  

Marimuthu K, Sundararaj AJ, Nair AG, Muthumari T. Experimental and kinetic analysis of low to intermediate temperature auto-ignition 

of binary ethylene-acetylene blends. Combustion Engines. 2026;206(3):140-150. https://doi.org/10.19206/CE-217944 

140 COMBUSTION ENGINES, 2026;206(3) 

Kesavan MARIMUTHU   
Aldin Justin SUNDARARAJ  

Abhijith Girish NAIR  

Thangapandi MUTHUMARI  

 

 
Polish Scientific Society of Combustion Engines 

 

 

Experimental and kinetic analysis of low to intermediate temperature auto-ignition 

of binary ethylene-acetylene blends 
 

ARTICLE INFO  Understanding the ignition characteristics of binary hydrocarbon blends is essential for designing high-speed 

propulsion systems such as scramjets, where ignition under short residence time is a critical challenge. In this 
work, the ignition delay behaviour of ethylene-acetylene/air mixtures was examined through shock tube 

experiments and kinetic simulations under engine-relevant conditions. Ethylene was used as the primary fuel 

and blended with acetylene at 5%, 10%, and 20% by volume to form binary mixtures, at an equivalence ratio of 
1.0, temperatures between 560–1030 K, and pressures of 2.5–9 bar. The ignition delay time was determined 

from peak pressure rise and CH* chemiluminescence behind the reflected shock. Unlike previous blended fuel 

studies dominated by saturated hydrocarbons, this work presents a comprehensive dataset for ethylene-acetylene 
blends at low to intermediate temperatures and increasing the acetylene fraction from 5% to 20% reduces the 

ignition delay time by up to 50–60% in the 700–850 K and 2–5 bar regime. Numerical simulations were 

performed using ANSYS Chemkin in a closed, homogeneous, constant-volume reactor with the NUIG, ARAMCO, 
LLNL, and San Diego mechanisms. The sensitivity and rate-of-production analyses reveal that ignition is 

governed by HO2–H2O2 radical chemistry, with the thermal decomposition of H2O2 triggering rapid OH 

formation. Acetylene enhances ignition by promoting the regeneration of HCCO radicals and accelerating the 
transition to chain-branching chemistry. 
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1. Introduction 
The development of combustion models for high-speed 

propulsion systems requires a comprehensive understanding 

of the ignition characteristics of unsaturated hydrocarbons, 

alongside a detailed knowledge of the fundamental chemi-

cal kinetics governing the oxidation pathways of small 

hydrocarbon intermediates. Ethylene (C2H4) and acetylene 

(C2H2) are within the lower hydrocarbon combustion chem-

istry. These compounds are widespread products originat-

ing from the pyrolysis and oxidation of nearly all larger 

alkanes and alkenes, and their subsequent consumption 

significantly alters global reaction kinetics, characteristics 

of flame propagation, and the formation pathways of pollu-

tants, including the elaborate chemistry that leads to soot 

precursors. Ethylene acts as a critical transitional entity in 

the degradation of higher hydrocarbons, facilitating the 

reactivity transition between saturated and unsaturated 

compounds. In contrast, acetylene, distinguished by its 

strong triple bond and heightened chemical reactivity, func-

tions as both a catalyst for chain branching and an essential 

precursor for soot and polycyclic aromatic hydrocarbons. 

The chemical interaction between these two species pro-

foundly affects ignition characteristics, flame dynamics, 

and emissions within hydrocarbon combustion systems. 

Experimental data on the ignition behaviour of binary eth-

ylene-acetylene mixtures are limited, restricting the valida-

tion of detailed kinetic mechanisms. Ignition delay time, 

defined as the interval between the arrival of the reflected 

shock and ignition onset, provides a direct measure of fuel 

reactivity. Recent studies have shown that ignition delay 

measurements strongly depend on the start of combustion, 

particularly at low and intermediate temperatures where 

pressure rise is weak. Boruc et al. [3] established that opti-

cal diagnostics, such as radical chemiluminescence, provide 

more reliable and repeatable ignition delay measurements 

than pressure-based methods alone, especially for fuels 

with long induction periods.  Shock tube experiments ena-

ble reliable IDT measurements under well-controlled, near-

constant-volume conditions across wide temperature and 

pressure ranges. These measurements provide the founda-

tion for validating detailed chemical kinetic mechanisms 

that support computational modelling frameworks such as 

CHEMKIN. Such validation is particularly essential within 

the low-to-intermediate temperature range, where the ma-

jority of kinetic models continue to demonstrate substantial 

uncertainties in accurately capturing the oxidation behav-

iour of C₂–C₃ unsaturated hydrocarbons [11]. Several 

shock-tube and rapid-compression-machine investigations 

have measured ignition delay times for individual C2–C3 

hydrocarbons across wide pressure and temperature ranges, 

forming the core validation datasets for kinetic mechanisms 

such as NUIG and Aramco Mechanism. The current study 

aims to address the lack of IDT data for binary C2H4/C2H2 

blends, quantify the effect of acetylene addition, and identi-

fy dominant radical pathways over a wide range of low-

intermediate temperatures. 

Earlier studies on pure ethylene, ethane, and propane 

have consistently highlighted the fundamental kinetic fea-

tures governing their oxidation behaviour. Across a broad 

range of pressures (1–40 bar) and temperatures (700–2600 

K), extensive experimental datasets have mapped ignition 

delay characteristics, chain-branching pathways, and tem-

perature-regime transitions for these C₂–C₃ hydrocarbons 

[8, 17, 24, 32]. Foundational shock tube investigations by 

Burcat & Lifshitz [4], de Vries [8], and Kopp [16] estab-

lished the high-temperature ignition delay behaviour of 

http://orcid.org/0000-0002-7521-7170
http://orcid.org/0000-0003-2470-3344
http://orcid.org/0009-0000-5712-7502
http://orcid.org/0009-0006-7006-4095
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ethylene and ethane, including the sensitivity to equiva-

lence ratio, dilution, and pressure. Propane oxidation has 

similarly been characterised through both shock tube and 

rapid compression machine (RCM) measurements, with 

Gallagher et al. [10] providing key high-pressure ignition 

data. Dagaut and co-workers [6, 7] performed detailed 

speciation studies in JSRs for ethylene, ethane, and propane 

at pressures up to 10 bar (800–1250 K) and validated the 

hierarchical development of chemical mechanisms, which 

build C₁–C₂ core sub-mechanisms upward to larger fuels. 

High-pressure, intermediate-temperature datasets continue 

to reveal important kinetic gaps. Herzler [11] reported pro-

pane-air ignition delays at 10–30 bar and 900–1300 K, 

identifying a pronounced drop in apparent activation energy 

below 1050 K and demonstrating that multiple detailed 

mechanisms systematically overpredict ignition delays in 

this region, demonstrating strong low-temperature chain-

branching driven by propyl-peroxy isomerisation pathways. 

Complementary shock-tube work by Walker [31] on 

CH₄/C₂H₆ mixtures (1180–2248 K, 1 atm) confirmed that 

modest ethane additions strongly shorten ignition delays, 

with the largest incremental effect at low ethane fractions, 

while revealing increasing model experiment divergence as 

ethane concentration rises. Shock-tube investigations by De 

Vries & Petersen [9] performed a systematic shock-tube 

study of methane-based binary and ternary blends (L21 

design) at gas-turbine-relevant conditions (20 atm, 800 K, ϕ 

= 0.5) and they report a mean ignition time near 7.9 ms (σ ≈ 

1.9 ms) for the tested blends and document a pronounced 

low-temperature (NTC-like) reduction in apparent activa-

tion energy that causes ignition to be much faster than ex-

trapolation from high-temperature data would predict, 

where existing mechanisms fail to capture. Engine-based 

studies have further confirmed that modifying fuel compo-

sition directly affects autoignition delay and combustion 

phasing, strengthening the broader relevance of ignition 

delay studies for practical propulsion and energy systems 

[23]. Early work by Holton et al. [12]  measured autoigni-

tion delay times in an atmospheric flow reactor for me-

thane, ethane, propane and representative binary/ternary 

methane-based blends across 930–1140 K and equivalence 

ratios 0.5–1.25, and measured delays for premixing using  

a chemical-reactor-network model and found that 5–10 

mol% additions of ethane or propane strongly promote 

methane ignition reducing delays by roughly 30–50%. 

Comparative studies on blended fuels, however, remain 

limited. While extensive data exist for pure fuels, fewer 

systematic studies consider binary blends under engine-

relevant conditions. Lowry et al. [18] demonstrated syner-

gistic effects in laminar flame speeds of me-

thane/ethane/propane blends, emphasizing that blending 

can yield reactivity deviations that cannot be predicted by 

simple linear interpolation. Jach et al. [14] presented that 

fuel blending can influence ignition delay through changes 

in low-temperature radical and peroxide chemistry, for 

glycerol-doped gasoline and diesel surrogates over wide 

temperature and pressure ranges. Mixed reactors have also 

been used to study low-temperature oxidation and PAH 

production. Wang et al. [33] performed jet-stirred reactor 

experiments (600–1100 K, ϕ = 0.5–3.0) on acetylene, iden-

tifying aromatic intermediates including benzene, toluene, 

styrene and ethylbenzene, and establishing C₂ + C₄ → ful-

vene → benzene as the dominant low-temperature ring-

formation route. Their accompanying mechanism (295 

species) provided improved agreement for small hydrocar-

bons and early aromatics, though challenges remain for 

predicting larger PAHs. Similarly, Shao et al. [25] report 

high-pressure shock-tube ignition delay data for methane, 

ethylene, propene, and their binary blends using OH*, pres-

sure, and IR absorption diagnostics, establish temperature-

dependent scaling laws, and show strong synergistic effects, 

with certain CH₄/C₂H₄ mixtures igniting substantially faster 

than the pure fuels. At the mechanism-development level, 

multiple NUIG studies have compiled extensive databases 

of C₁–C₂ ignition delays. More recently, Baigmohammadi 

et al. [2] consolidated shock-tube and RCM IDTs for pure 

CH₄, C₂H₄ and C₂H₆ (800–2000 K, 1–80 bar), validating 

NUIGMech and mapping temperature-dependent sensitivi-

ties of RO₂, QOOH and H₂O₂ pathways. A follow-up study, 

Baigmohammadi et al. [1] extended the analysis to binary 

C₁-C₂ blends (CH₄/C₂H₆, CH₄/C₂H₄, C₂H₄/C₂H₆), providing 

improved NUIGMech1.0 validation, detailed sensitivity 

maps, and empirical ignition-delay correlations for engi-

neering use within specified regimes. Martinez et al. [21] 

provide a comprehensive experimental and modelling da-

taset for C₂–C₃ binary blends across a broad range of tem-

peratures (750–2000 K), pressures (1–135 bar), equivalence 

ratios and dilutions, and demonstrated that updated detailed 

kinetics in NUIGMech1.1 reveal strong synergistic effects 

of small propane additions at low temperatures. Cheng et al. 

[26] performed detailed shock-tube and rapid-compression-

machine experiments on gasoline surrogates and ethanol 

blends, observing pronounced ethanol-induced suppression 

of low-temperature (NTC) reactivity and the disappearance 

of first-stage ignition at high ethanol levels, with modest 

promotion of reactivity at the highest temperatures. Addi-

tional mechanistic insight into additive effects comes from 

numerical reactor studies. The impact of C₂ additions on  

n-decane ignition was investigated by Huang et al. [13], 

who reported significant temperature-dependent effects: 

acetylene consistently increases ignition, ethylene promotes 

above 1000 K, and ethane inhibits below 1150 K but pro-

motes at higher temperatures. Sensitivity analysis showed 

how tiny C₂ species may significantly change large-fuel 

ignition by identifying transitions between H₂O₂-dominated 

chain branching at low T and HO₂/OH/H-atom chemistry at 

higher T. 

2. Experimental approach 
The ignition delay studies were performed using the 

shock tube available at the Propulsion and High Enthalpy 

Lab, Karunya Institute of Technology and Sciences. Helium 

was used as the primary driver gas. To improve post-shock 

thermodynamic conditions, nitrogen is used as a tailoring 

gas. The stainless-steel shock tube has an internal diameter 

of 80 mm, with driver and driven section lengths of 2.0 m 

and 5.5 m respectively. Diaphragms were made of alumini-

um Al 6061, 1.2 mm thick, with a cross groove (0.5–0.6 

mm) to enable measurements across a range of pressures 

(2–9 bar). Prior to each experiment, the test section and 

driven section were vacuumed to a pressure below 10
–3

 bar 
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using a turbo molecular pump to minimize the contamina-

tion effects on ignition delay measurements. Research-

grade ethylene, acetylene, oxygen and nitrogen with purity 

≥ 99.95% were used. When producing test gas mixtures, the 

fuel was first introduced into a thin-walled stainless-steel 

mixing tank at 8 bar using the partial pressure method.  

A three-test gas mixture was then prepared based on molar 

fractions using the partial pressure method. After filling, the 

mixtures were allowed to equilibrate for 30 minutes to 

ensure compositional homogeneity prior to experimenta-

tion. Table 1 displays the designed mixture composition for 

the experimental test. The shock tube facility used in this 

study has been extensively used in earlier investigations on 

ignition delay [22, 27–29], rupture dynamics [19, 30], and 

blast wave mitigation. 

 
Table 1. Gas mixture compositions 

Mixture Composition C2H4 [%] C2H2 [%] Φ 

1 C2H4/C2H2/O2/N2 95% 5% 1 

2 C2H4/C2H2/O2/N2 90% 10% 1 

3 C2H4/C2H2/O2/N2 80% 20% 1 

 
Ignition delay time was determined using two diagnos-

tics: (1) excited CH radical (CH*) emission near 431 nm, 

(ii) sidewall pressure measurements. The shock tube was 

physically cleaned with argon to reduce the effect of con-

taminants on the IDT results. Following this procedure, 

highly repeatable IDT data were obtained. Figure 1 shows 

the representative pressure and CH* chemiluminescence 

signals for three ethylene-acetylene/air mixtures at ϕ = 1.0 

from the oscilloscope. 

3. Results and discussion 

3.1. Ignition delay times for 95% ethylene/5%acetylene/ 

air mixtures 

The reflected-shock temperature (T₅) and pressure (P₅) 

were computed from the measured incident-shock velocity 

using standard one-dimensional shock equations. Ignition 

delay was defined as the time interval between the arrival 

of the reflected shock and the maximum rate of rise of CH* 

chemiluminescence at 431 nm, a sensitive indicator of early 

hydrocarbon breakdown and radical formation. The CH* 

signal was detected using a photomultiplier with appropri-

ate band-pass filtering. The repeatability of tests was veri-

fied through multiple tests at selected conditions, with an 

estimated overall uncertainty of ±10%, primarily due to 

uncertainties in temperature determination. Shock strength 

was adjusted by tailoring the driver gas composition, spe-

cifically the helium-to-nitrogen ratio. High-enthalpy condi-

tions were achieved by increasing the helium partial pres-

sure to 8 bar, resulting in higher incident shock velocities.  

Ignition delay times for the C₂H₄/C₂H₂ (95/5) fuel-air 

mixture were measured behind reflected shocks over 580–

1020 K and 2.7–8.4 bar. The experimental series covered  

a Mach number range of 1.67 to 2.45 for the reflected shock 

wave. Driver pressure (P4) was varied between 6.4 and 9.3 

bar, using different concentrations of Helium to obtain the 

shock strength. The post-reflected shock pressures (P5) 

range from 2.7 bar to 8.4 bar. The data reveal the monoton-

ic decrease in ignition delay with increasing temperature 

and pressure, represented by the following pressure-

dependent Arrhenius correlation: 

 τ = 4.58 × 10
–4

 exp (21930/RT5) 

Pearson correlation analysis confirms that temperature 

is the dominating parameter and ln(τ) exhibits a strong 

negative correlation with T5. Reflected-shock pressure also 

significantly influences reactivity. The ignition delay time 

for this mixture decreased monotonically as the reflected 

pressure and temperature increased (Fig. 2 and Fig. 3). The 

95/5 mixture exhibited the longest ignition delay times 
 

 

 

 

Fig. 1. Representative ignition delay time measurements for ethylene-

 acetylene/air mixtures at ϕ = 1.0  
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Fig. 2. Arrhenius plot for the ignition delay time of the 95% ethylene / 5% 

 acetylene blend 

 

Fig. 3. Variation of ignition delay time with pressure for a 95% ethylene/ 

 5% acetylene mixture 

 

among the three blends due to its lower oxidation pathways. 

At high pressure (7–8 bar), ignition delay time decreases, 

whereas at low pressure (3–4 bar) and temperature < 800 K, 

ignition delays exceed 6–10 ms. 

3.2. Ignition delay times for 90% ethylene/ 

10%acetylene/air mixtures 

Ignition delay times were measured for a premixed eth-

ylene/acetylene (90/10)-air mixture at an equivalence ratio 

of ϕ = 1.0 (Fig. 4 & 5) over a reflected-shock temperature 

range of 560 K to 1026 K. The incident shock Mach num-

bers range from 1.62 to 2.46, resulting in reflected shock 

pressures of 2.5-9.0 bar. The study exhibits strong Arrheni-

us behaviour, with IDT decreasing with increasing tempera-

ture. The shortest delay of 315 μs was observed at 1027 K, 

achieved using a helium-dominant driver gas. However, 

low-temperature study (560–650 K) highlights longer igni-

tion delays exceeding 8ms, close to the limits of the shock 

tube's reliable test time. Strong negative statistical correla-

tions indicate that an increase in driver helium fraction and 

shock strength consistently results in shorter ignition de-

lays. The measured ignition delay times exhibited a strong 

inverse dependence on reflected shock temperature, con-

sistent with Arrhenius kinetics. The experimental ignition 

delay times for the 90/10 ethylene-acetylene/air mixture 

were well represented by the following pressure-dependent 

Arrhenius correlation: 

 τ = 2.54 × 10
–4

 exp (24430/RT5) 

 

Fig. 4. Arrhenius plot for the ignition delay time of the 90% ethylene/10% 

 acetylene blend 

 

Influence diagnostics identify one low-temperature shot 

(T₅ = 560 K) as highly influential. Raw pressure and CH* 

traces for this data are inspected and found to be error-free. 

Hence, the point is retained in the global fit but noted as  

a possible exemplar of enhanced low-temperature variability.  

 

Fig. 5. Variation of ignition delay time with pressure for a 90% ethylene/ 

 10% acetylene mixture 
 

The 90/10 mixture shows shorter ignition delays than 

the 95/5 blend, indicating the strong impact of increasing 

acetylene concentration. At a given pressure, ignition de-

lays are about 40–60% shorter than in the 95/5 mixture. 

3.3. Ignition delay times for 80% ethylene/ 

20%acetylene/air mixtures 

Ignition delay time measurements were obtained for  

a premixed 80% ethylene/20% acetylene-air mixture at an 

equivalence ratio of ϕ = 1.0 (Fig. 6 and Fig. 7). The post-
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reflected-shock conditions spanned a temperature range of 

650–870 K and pressures of 3.5–6.5 bar, covering the low 

to intermediate temperature ignition regime relevant to 

high-speed propulsion applications. The 80/20 mixture is 

the most reactive among the three blends and displays much 

shorter ignition delays. 

 

Fig. 6. Arrhenius plot for the ignition delay time of the 80% ethylene/20% 
 acetylene blend 

 

Fig. 7. Variation of ignition delay time with pressure for 80% ethylene/ 

 20% acetylene mixture 

 
The measured ignition delays exhibit a strong Arrheni-

us-type temperature dependence. The statistical correlations 

demonstrate that driver composition and shock strength 

parameters strongly influence ignition delay. Increased 

helium fraction, higher shock velocity, and higher shock 

Mach number all correlate with progressively shorter igni-

tion delays. These factors increase incident-shock strength 

and raise the reflected-shock temperature, thereby acceler-

ating the production of H, O, and OH radicals. At low tem-

peratures (650–700 K), longer ignition delays up to 7 ms 

were observed, indicating slow radical buildup dominated 

by peroxy and HO₂ chemistry. In the intermediate range 

(720–790 K), the measured data show a rapid decrease in 

delay time, consistent with the onset of high-temperature 

chain-branching reactions. At higher temperatures (> 800 K), 

ignition occurs rapidly (< 2 ms) due to accelerated decom-

position pathways in acetylene and ethylene. Repeatability 

was confirmed at intermediate temperatures, specifically, 

three independent shocks near 815 K yielded highly con-

sistent IDTs clustered around 1800 ±50 µs. 

A mild pressure dependence was observed, with τ de-

creasing approximately as P
–0.6

. The experimental data were 

fitted using a modified Arrhenius correlation of the form: 

 τ = 7.1 × 10
–5

 exp(40300/RT5) 

The fitted correlation aligns well with the experimental 

ignition delay time between 650–870 K and 4–6 bar. With 

R
2 

= 0.808, the model captures nearly 81% of the variance 

in ln(τ) based on temperature and pressure dependencies. 

The RMSE in ln-space was 0.219, which corresponds to  

a multiplicative 1σ uncertainty factor of 1.24, or roughly 

±24% deviation between measured and predicted ignition 

delay times. This level of scatter is consistent with reflect-

ed-shock ignition measurements at low and intermediate 
temperatures, where small uncertainties in T5 (±5–10 K) 

produce large exponential variations in ignition delay. 

3.4. Comparative effect of acetylene addition on ignition 

delay 

Comparison of ignition delay times for the three eth-

ylene-acetylene/air blends investigated in this study (Fig. 8). 

IDT measurements for acetylene [27] and ethylene [15] were 

performed using the same facility (Table 2). Under similar 

temperature and pressure conditions, increasing acetylene 

fraction results in a monotonic reduction in ignition delay 

time. Approximately at 800 K and 4 bar, the 90/10 blend 

ignites 40–50% faster than the 95/5 mixture, while the 80/20 

blend exhibits a further reduction of 20–30%.  

 

Fig. 8. Arrhenius plot comparing ignition delay times for various ethylene/ 
 acetylene fuel blends and pure components 

 
Table 2. Ignition delay trends for ethylene- acetylene blends 

Blend Relative IDT 
Pressure  

sensitivity 
Dominant  
chemistry 

95/5 Longest Strong HO2–H2O2 dominated 

90/10 Intermediate Moderate Mixed HO2/HCCO 

80/20 Shortest Weak HCCO-driven OH 
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4. Kinetic modelling 
In this work, CHEMKIN simulations were carried out 

using four mechanisms – NUIG [34], ARAMCO [35], 

LLNL [20], and SD [5] to evaluate autoignition of three 

mixtures. IDT is defined numerically as the maximum 

gradient of temperature and OH/CH radical concentration 

with respect to time for the shock tube simulations. All 

mechanisms failed to predict ignition below 750 K, indicat-

ing the absence of low-temperature peroxy and QOOH 

pathways that are essential for C₂ hydrocarbon oxidation. In 

the temperature region (900–1100 K), the NUIG and AR-

AMCO mechanisms produced physically reasonable igni-

tion delay trends, with NUIG showing the closest agree-

ment to experimental timescales and Arrhenius behaviour. 

In contrast, the LLNL and SD mechanisms displayed non-

physical trends, including excessively long delays and in-

creased ignition times at higher temperatures. Among the 

mechanisms considered, NUIG exhibits the highest compu-

tational cost, followed by Aramco, LLNL and San Diego 

mechanism. This is mainly due to differences in the number 

of species, reactions, and pressure-dependent formulations 

included in each mechanism. Across all four mechanisms, 

increasing acetylene content systematically reduces the 

ignition delay. 

4.1. Ignition kinetics of ethylene-acetylene blends using 

the ARAMCO mechanism 

Sensitivity analysis (Fig. 9) identifies H2O2(+M) ⇌ 

2OH(+M) as the key promoting reaction for ignition across 

all three blends, controlling the transition from HO2-

dominated induction phase to rapid OH-driven chain 

branching. The sensitivity of this reaction increases with 

acetylene fraction, and reaches a maximum for the 80% 

ethylene-20% acetylene mixture, indicating a stronger 

dependence of ignition on peroxide decomposition in 

acetylene-rich blends. Additionally, C2H4 + HO2 ⇌ C2H4O 

+ OH and C2H3 + O2 ⇌ CH2CHO + O, directly contribute 

to OH and atomic oxygen formation, reflecting enhanced 

coupling between ethylene oxidation and acetylene-derived 

radical pathways. 

 

 Fig. 9. Temperature sensitivity analysis (Aramco mechanism) 

 

The dominant inhibiting reactions (Fig. 9) include 2HO2 

⇌ H2O2 + O2, CH2O + OH ⇌ HCO + H2O, and C2H3 + O2 

→ CH2O + HCO, which suppress ignition by recombining 

radicals into less reactive reservoirs. Although these inhibit-

ing pathways remain significant for all mixtures, their in-

fluence decreases with increasing acetylene content, indi-

cating that acetylene-derived radical chemistry compensates 

for radical losses. Table 3 summarises the dominant reac-

tions for 95% C2H4 / 5% C2H2 (Aramco). 

 
Table 3. Top sensitivity reactions – Aramco mechanism (95% C₂H₄/5% 
 C₂H₂) 

Rank Reaction Sensitivity Effect 

1 C2H4 + HO2⇌ C2H4O + OH 2198 
Accelerates 

ignition 

2 C2H3 + O2 ⇌ CH2CHO + O 2171 
Accelerates 

ignition 

3 H2O2 (+M) ⇌ 2OH (+M) 1225 
Accelerates 

ignition 

4 C2H3 + O2 ⇌ CH2O + HCO -667 
Inhibits  

ignition 

5 CH2O + OH ⇌ HCO + H2O -760 
Inhibits  

ignition 

 

ROP analysis at 850 K and 2 bar (Fig. 10–12) reveals 

that OH formation is dominated by O2 + H ⇌ O + OH, 

followed by O + H2O ⇌ 2OH and HO2 + H ⇌ 2OH. The 

contribution of these reactions increases with the acetylene 

fraction, particularly for O2 + H ⇌ O + OH, indicating 

greater availability of atomic hydrogen. This enhancement 

arises from acetylene oxidation pathways involving HCCO 

and CH2CO chemistry, leading to earlier radical runaway in 

acetylene mixtures. The dominant OH absorption reactions 

include CO + OH ⇌ CO2 + H2, CH2O + OH ⇌ HCO + 

H2O, and HCCO + OH → H2 + 2CO, with the importance 

of HCCO related OH consumption increasing as acetylene 

fraction raises. HCCO formation is dominated by C₂H₂ + O 

⇌ HCCO + H, with secondary contribution from CH2CO + 

H ⇌ HCCO + H2 and CH2CO + OH ⇌ HCCO + H2O, con-

firming acetylene as primary driver of C2 radical chemistry. 

HCCO consumption occurs mainly through reactions with 

OH, O, and H, which regenerate H and O atoms, and direct-

ly reinforce OH formation pathways. The H2O2 ROP study 

confirms that peroxide chemistry acts as the primary igni-

tion bottleneck, H₂O₂ accumulates primarily through HO2 

recombination and subsequently decomposes through  

 

 

 Fig. 10. Rate of production analysis of OH (Aramco mechanism) 
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H2O2(+M) ⇌ 2OH(+M), triggering rapid OH release. In-

creasing acetylene fraction, enhances the net decomposition 

rate of H2O2, thereby accelerating the transition from HO2 

controlled chemistry to OH dominated chain branching. 

 

 Fig. 11. Rate of production analysis of HCCO (Aramco mechanism) 

 

 Fig. 12. Rate of production analysis of H2O2 (Aramco mechanism) 

4.2. Ignition kinetics of ethylene–acetylene blends using 

the LLNL mechanism 

The sensitivity study using the LLNL mechanism at 850 

K and 2 bar presented (Fig. 13) reveals that ignition of 

ethylene-acetylene mixtures is predominantly governed by 

peroxide-driven radical branching. Across all three blends, 

the most influential ignition-promoting reaction is 2OH 

(+M) ⇌ H2O2 (+M), confirming that ignition onset is con-

trolled by transition from a peroxide-dominated radical 

reservoir to rapid OH chain branching. In addition, acety-

lene oxidation exhibits strong positive sensitivity, particu-

larly C2H2 + O2 ⇌ HCCO + OH, demonstrating that LLNL 

mechanism strongly couples acetylene consumption to OH 
formation, partially bypassing slower HO₂ mediated path-

ways. The sensitivity decreases with decreasing acetylene 

fraction but remains significant even at 5% acetylene. Eth-

ylene abstraction reactions such as C2H4 + OH ⇌ C2H3 + 

H2O also promote ignition by accelerating fuel breakdown 

and radical propagation. The dominant inhibiting reactions 

(Fig. 17), includes C2H3 + O2 ⇌ CH2O + HCO, CH2O + 

OH ⇌ HCO + H2O, and H2O2 + OH ⇌ H2O + HO2, sup-

press ignition by redirecting reactive radicals into less ac-

tive reservoirs. Table 4 summarises the dominant reactions 

identified in sensitivity analysis for 80% C₂H₄/20% C₂H₂ 

(LLNL) 

 
Table 4. Top sensitivity reactions – LLNL mechanism (80% C₂H₄/20% 

 C₂H₂) 

Rank Reaction Sensitivity Effect 

1 C2H2 + O2 ⇌ HCCO + OH 7166 
Accelerates 

ignition 

2 2OH (+M) ⇌ H2O2 (+M) 5126 
Accelerates 

ignition 

3 C2H3 + O2 ⇌ CH2HCO + O 3813 
Accelerates 

ignition 

4 C2H3 + O2 ⇌ CH2O + HCO –3723 
Inhibits 

ignition 

5 C2H4 + OH ⇌ C2H3 + H2O 2256 
Accelerates 

ignition 

 

 Fig. 13. Temperature sensitivity analysis (LLNL mechanism) 

 

The OH ROP analysis (Fig. 14) indicates that OH pro-

duction in the LLNL mechanism is dominated by H-O 

interconversion reactions once sufficient atomic oxygen is 

available, with O + H2 ⇌ OH + H and O + OH ⇌ O2 + H. 

dominating during the rapid ignition phase. HO₂ chemistry 

indirectly serves primarily as a precursor to H2O2, which 

subsequently decomposes, triggering OH runaway. Increas-

ing the acetylene fraction moderately enhances OH produc-

tion by increasing the availability of H and O atoms. How-

ever, peroxide decomposition remains the principal ignition 

trigger across all blends. 

HCCO (Fig. 15) emerges as a key intermediate in the 

LLNL mechanism linking to radical regeneration. HCCO 

formation is dominated by C2H2 + O ⇌ HCCO + H, with 

secondary contributions from CH2CO based pathways. 

HCCO consumption occurs primarily through reactions 

with H, O, and OH, all of which regenerate H and O atoms, 

thereby yielding OH. 

The H₂O₂ ROP analysis (Fig. 16) confirms that peroxide 

chemistry acts as the rate-limiting ignition bottleneck in the 

LLNL mechanism. During the induction period, H2O2 is 
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slowly formed by HO₂ recombination and decomposes 

rapidly near ignition, releasing OH and initiating chain 

branching. Although acetylene addition slightly accelerates 

decomposition by increasing radical availability, peroxide 

breakdown remains the controlling step for ignition across 

all mixtures. 

 

 Fig. 14. Rate of production analysis of OH (LLNL mechanism) 

 

 Fig. 15. Rate of production analysis of HCCO (LLNL mechanism) 

 

 Fig. 16. Rate of production analysis of H2O2 (LLNL mechanism) 

4.3. Ignition kinetics of ethylene–acetylene blends using 

SD mechanism 

The sensitivity study using the SD mechanism at 850 K 

and 2 bar (Fig. 17) shows that the ignition of ethylene–

acetylene blends is primarily governed by peroxide-

controlled chemistry. The dominant reaction across all 

mixtures is 2OH (+M) ⇌ H2O2 (+M), indicating that igni-

tion onset is dictated by the transition from HO2/H2O2 dom-

inated chemistry to rapid OH radical chain branching.  

This sensitivity increases with acetylene fraction and is 

highest for the 90/10 and 80/20 mixtures, highlighting the 

significance of peroxide-controlled ignition pathways. Fur-

thermore, promoting reactions include C2H4 + HO2 ⇌ 

C2H4O + OH and C2H2 + OH ⇌ C2H3 + H2O, highlighting 

the role of fuel-assisted conversion in accelerating ignition 

(Table 5). In contrast, reactions such as 2HO2 ⇌ H2O2 + O2 

and CH2O + OH ⇌ HCO + H2O retard ignition by limiting 

OH buildup. 

 
Table 5. Top sensitivity reactions – SD mechanism (90% C₂H₄/10% C₂H₂) 

Rank Reaction Sensitivity Effect 

1 C2H3 + O2 ⇌ CH2CHO + O 16695 
Accelerates 

ignition 

2 C2H3 + O2 ⇌ CH2O + HCO –14180 
Inhibits igni-

tion 

3 C2H4 + HO2 ⇌ C2H4O + OH 9935 
Accelerates 

ignition 

4 2OH (+M) ⇌ H2O2 (+M) 8037 
Accelerates 

ignition 

5 CH2O + OH ⇌ HCO + H2O –1900 
Inhibits igni-

tion 

 

 Fig. 17. Temperature sensitivity analysis (SD mechanism) 

 

ROP analysis (Fig. 18–20), reveals that OH formation in 

the SD mechanism is dominated by classical H-O chain-

branching reactions, with H + O2 ⇌ OH + O as principal 

source of OH once ignition is initiated. Increasing acetylene 

fraction enhances the contribution of these reactions by 

increasing the availability of H and O atoms through C2 

chemistry. OH consumption pathway is dominated by CO + 

OH ⇌ CO2 + H, CH2O + OH ⇌ HCO + H2O, and CH3 + 

OH ⇌ CH2 + H2O, which act as strong sinks during the 

induction period. 

The HCCO formation (Fig. 19) is dominated by C2H2 + 

O ⇌ HCCO + H, with additional contributions from ketene 

related pathways. The monotonic increase in HCCO for-
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mation with acetylene fraction confirms that acetylene 

directly enhances C2 radical chemistry. HCCO consumption 

occurs primarily through H, O and O2, regenerating reactive 

radicals and contributing to chain branching. Despite this 

enhancement, the H2O2 ROP analysis (Fig. 20) reveals that 

peroxide decomposition remains the dominant ignition 

bottleneck in the SD mechanism, with acetylene addition 

moderately accelerating the transition to OH-dominated 

chemistry. 

 

 Fig. 18. Rate of production analysis of OH (SD mechanism) 

 

 Fig. 19. Rate of production analysis of HCCO (SD mechanism) 

 

 Fig. 20. Rate of production analysis of H2O2 (SD mechanism) 

5. Conclusion 
Ignition delay characteristics of binary ethylene–

acetylene/air mixtures were experimentally investigated in 

a shock tube over 560–1030 K and 2.5–9 bar at ϕ = 1.0 for 

three blend ratios. The ignition delay time decreases with 

increasing acetylene fraction, with reductions up to ~60% 

for an 80% C2H4–20% C2H2 mixture relative to a 95% 

C2H4–5% C2H2 mixture at comparable temperature –

pressure conditions. Among the tested blends, the 80% 

ethylene–20% acetylene mixture exhibits the shortest igni-

tion delays and the earliest onset of OH radical emission, 

while the 95% ethylene 5% acetylene mixture displays the 

longest induction periods and the greatest pressure sensi-

tivity. Arrhenius correlations confirm that temperature 

remains the dominant controlling parameter, with acetylene 

addition gradually shifting toward faster ignition. 

The systematic underprediction of ignition reactivity by 

all kinetic mechanisms (NUIG, ARAMCO, LLNL, and San 

Diego) below 750 K highlights persistent deficiencies in 

low-temperature C₂ oxidation chemistry and in cross-fuel 

radical coupling. Across all mechanisms, ignition is con-

trolled by HO2–H2O2 chemistry, with thermal decomposi-

tion of H2O2 acting as the primary trigger for OH radical 

runaway. Acetylene enhances ignition by strengthening 

HCCO-mediated radical-regeneration pathways, increasing 

H and O atom availability, and accelerating the transition 

from peroxide-controlled induction to chain-branching 

chemistry. These findings demonstrate that acetylene addi-

tion can significantly enhance ethylene ignition under short-

residence-time conditions, providing direct guidance for 

fuel formulation and kinetic model development for scram-

jet and high-speed propulsion systems. 

 

 

Nomenclature 

A  pre-exponential factor 

C2H4 ethylene 

C2H2 acetylene 

CH2O formaldehyde 

CH* chemiluminescence of the excited CH radical 

Ea  apparent activation energy 

HCO formyl radical 

HO2 hydroperoxyl radical 

H2O2 hydrogen peroxide 

HCCO ketyl radical 

OH hydroxyl radical 

IDT ignition delay time 

LLNL Lawrence Livermore National Laboratory mecha-

nism 
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NUIG National University of Ireland, Galway mechanism  

ROP rate of production 
 

SD San Diego mechanism 

𝜏  ignition delay time 
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Modeling of stochastic passenger car velocity processes for the purpose of pollutant 

emissions inventory 
 

ARTICLE INFO  This paper discusses the potential use of stochastic processes as road vehicle velocity models for road transport 

emissions inventory purposes. Empirical studies have presented stochastic passenger-car velocity models, each 
modeling traffic conditions: in traffic congestion, in cities outside traffic congestion, outside cities, and on 

highways and expressways. Zero-dimensional characteristics of the model velocity processes have been exam-

ined. The characteristics of passenger car emissions for 2020 have been determined using simulation methods. 
Road pollutant emissions from passenger cars under specific velocity process implementations have been 

determined and analyzed. The research results have been assessed, among other things, for their variability. 

Based on the results, the feasibility of using stochastic processes as road vehicle velocity models for road 
transport emissions inventory purposes has been assessed. 
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1. Introduction 
In the inventory of pollutant emissions, in accordance with 

the guidelines in force in the European Union [5–7], means of 

road transport are classified into categories based on: 

 intended use 

 conventional size 

 combustion engine properties 

 fuel 

 technical level. 

A category is a set of entities with specific characteris-

tics and interconnected by relationships.  

The elementary category of road vehicles is the set of 

vehicles that meet all the same criteria. The set of road 

vehicles that do not all share the same criteria is a cumula-

tive category. 

Cumulative vehicle categories based on their use are [5-7]: 

 passenger cars – PC 

 light commercial vehicles (light duty vehicles) – LCV 

 heavy-duty trucks (heavy-duty vehicles) – HDT 

 urban buses – UB 

 long-distance buses (coaches) – C 

 motorcycles, mopeds, quads, and microcars – L. 

Fuel consumption and pollutant emissions from internal 

combustion engines depend on their operating states [4], 

including engine speed, load (most often measured by 

torque), and the engine's thermal state. The engine's thermal 

state can be described by the set of temperatures of engine 

parts and their operating fluids, primarily the engine oil 

and, in the case of indirect engine cooling, the coolant. 

With a stabilized engine thermal state, fuel consumption 

and pollutant emissions depend on engine speed and load. 

In static engine operating conditions, these are functional 

dependencies (functions with numerical values), while in 

dynamic conditions, they are operational dependencies 

(functional) [4]. 

For road vehicle engines, the engine operating states are 

determined by the vehicle velocity process. Therefore, pollu-

tant emissions and fuel consumption can be tested under 

vehicle traffic conditions (light vehicles: passenger cars, light 

duty vehicles, minibuses, and L-category vehicles) [15] or 

under conditions simulating vehicle traffic, as is the case with 

heavy vehicles (trucks and buses), where the tests involve the 

engine itself, in states simulating the engine states in vehicle 

traffic [6, 15, 16]. 

There are many publications presenting results of tests 

on pollutant emissions and fuel consumption from road 

vehicles (mainly light vehicles) under various conditions, as 

determined by different tests, including road conditions in 

the RDE (Real Driving Emissions) test [1, 6, 15]. 

In real driving conditions, there is a degree of uncertainty 

in engine operating states, primarily due to the uncertainty in 

the vehicle velocity process. This justifies treating the vehicle 

process as a stochastic process [11, 12]. A model of a sto-

chastic process can be a set of its realizations [11, 12]. For 

this reason, this paper addresses problems related to research 

on fuel consumption and pollutant emissions under stochastic 

vehicle velocity processes. 

2. Stochastic driving tests of a passenger car 
The task of determining the realization of stochastic 

passenger car velocity processes was undertaken as part of 

our own work. 

Figures 1–4 present four realizations of stochastic pas-

senger car vehicle processes in traffic conditions [5, 7]: in 

traffic congestion – C, in cities outside traffic congestion – U, 

outside cities – R, and on highways and expressways – H. 

The individual realizations were determined based on 

empirical studies of vehicle velocity in real driving condi-

tions [1, 4]. For each traffic model, several dozen (more 

than 20) realizations of the velocity process were recorded 

at a frequency of 1 Hz. Then, based on the analysis of the 

zero-dimensional statistical characteristics of the recorded 

waveforms, four representative realizations of the modeled 

stochastic vehicle velocity processes were selected. 

http://orcid.org/0000-0002-0778-8633
http://orcid.org/0000-0001-9578-0924
http://orcid.org/0000-0002-3499-2533
http://orcid.org/0000-0002-8755-8271
http://www.combustion-engines.eu
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Each realization was processed using a Savitzky-Golay 

filter of second order [14] to reduce high-frequency noise in 

the signals [9, 10, 13]. 

 

Fig. 1. Stochastic CT test: driving in cities in traffic congestion (own 
 research) 

 

Fig. 2. Stochastic UT test: driving in cities outside traffic congestion (own 

research) 

 

Fig. 3. Stochastic RT test: driving outside cities (own research) 

 

Fig. 4. Stochastic HT test: driving on highways and expressways (own 
 research) 

The individual implementations of the stochastic veloci-

ty models show many similarities, which will be quantita-

tively confirmed in the next chapter. 

3. Driving test analysis 
Table 1 presents the results of the statistical analysis of 

individual driving test implementations – zero-dimensional 

characteristics of individual implementations [9]: 

Min – minimum value, Max – maximum value, Rg – range, 

AV – mean value, D – standard deviation, W – coefficient 

of variation. 

 

Table 1. Zero-dimensional characteristics of driving tests 

Test 

type 

1 2 3 4 Min 

vAV [km/h] 

CT 8.59 8.51 8.54 8.45 8.45 

UT 36.04 36.00 35.98 36.02 35.98 

RT 70.73 70.59 69.57 70.66 69.57 

HT 122.49 122.99 121.38 117.94 117.94 
 

Test 

type 

Max Rg AV D W 

vAV [km/h]  

CT 8.59 0.14 8.52 0.059 0.007 

UT 36.04 0.06 36.01 0.025 0.001 

RT 70.73 1.16 70.39 0.549 0.008 

HT 122.99 5.05 121.20 2.276 0.019 

 

Figure 5 shows the mean, minimum, and maximum val-

ues of the average velocity for individual model processes. 

 

Fig. 5. Average value – AV, minimum value – Min and maximum value – 
Max of average velocity values – VAV in model traffic conditions in sto-

chastic tests: C – cities in traffic congestions, U – cities outside traffic 

 congestions, R – outside cities, H – on motorways and expressways 

 

In urban traffic conditions, there is virtually no differ-

ence between the minimum and maximum average velocity 

values. The largest difference occurs for driving on motor-

ways and expressways. Figure 6 presents the coefficient of 

variation of the velocity process for driving under model 

traffic conditions in individual implementations, as well as 

the average value of the coefficient of variation – AV. 

The coefficient of variation is highest for the traffic 

model in traffic congestion, which results from the low 

average velocity – approximately 8.5 km/h. The coefficient 

of variation is lowest for driving on motorways and ex-

pressways – in this case, the average velocity is greater than 
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120 km/h. Figure 7 presents the coefficient of variation of 

the average velocity in individual process implementations 

under the model traffic conditions. 

 

Fig. 6. Coefficient of variation of the velocity process for driving in model 
traffic conditions in individual realizations: in cities in traffic congestions 

– C, in cities outside traffic congestions – U, outside cities – R and on 

motorways and expressways – H and the average value of the coefficient 
 of variation – AV 

 

Fig. 7. Coefficient of variation of the average velocity value in individual 
process realizations in model traffic conditions: C – cities in traffic con-

gestions, U – cities outside traffic congestions, R – outside cities, H – on 

 motorways and expressways 

 

The greatest uniformity in average velocity across indi-

vidual tests is observed for traffic in cities outside conges-

tion, and the least for traffic on highways and expressways. 

Overall, the numerical values of the zero-dimensional char-

acteristics of individual implementations indicate that im-

plementations under the same model conditions exhibit 

significant similarity. 

4. Sensitivity of fuel consumption and pollutant 

emissions to engine operating states in driving tests 
To assess the sensitivity of fuel consumption and pollu-

tant emissions to engine operating states during driving 

tests, test results for the passenger car category were ob-

tained for 2020. Fuel consumption and pollutant emissions 

characteristics were determined using INFRAS software [8] 

for the state of engines heated to a stable temperature for all 

possible driving models. Average values were determined 

for mass fuel consumption (q), which is the derivative of 

the mass of fuel consumed relative to the distance traveled 

by the vehicle, and for road pollutant emissions (b), which 

is the derivative of pollutant emissions relative to the dis-

tance traveled by the vehicle. 

The pollutants considered were as follows: carbon mon-

oxide (CO); hydrocarbons (HC); nitrogen oxides (NOx); 

particulate matter (PM); and carbon dioxide (CO2). 

The sets of values of average mass road fuel consump-

tion and road pollutant emissions as functions of average 

velocity were approximated by a fourth-degree polynomial 

function. This resulted in the characteristics shown in Fig. 

8–13. 

 

Fig. 8. Dependence of mass road fuel consumption on average velocity for 

 the cumulative category of passenger cars in 2020  

 

Fig. 9. Dependence of road carbon monoxide emissions on average veloci-
ty for the cumulative category of passenger cars in 2020  

 

Fig. 10. Dependence of road hydrocarbon emissions on average velocity 

 for the cumulative category of passenger cars in 2020 (own research) 

 

The specific characteristics determined are typical for 

passenger car engines with respect to pollutant emissions 
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and fuel consumption [1, 4]. The zero-dimensional charac-

teristics of mass road fuel consumption and road pollutant 

emissions are presented in Tables 2–5. 

 

Fig. 11. Dependence of road emissions of nitrogen oxides on the average 

 velocity for the cumulative category of passenger cars in 2020  

 

Fig. 12. Dependence of road particulate matter emissions on average 

 velocity for the cumulative category of passenger cars in 2020  

 
Table 2. Zero-dimensional characteristics of mass road fuel consumption 

and road pollutant emissions in cities in traffic congestions – C 

Parameter 
1 2 3 4 Min 

[g/km] 

q 95.7 95.9 95.8 96.1 95.7 

bCO 0.373 0.374 0.373 0.375 0.373 

bHC 0.029 0.029 0.029 0.030 0.029 

bNOx 0.426 0.427 0.427 0.428 0.426 

bPM 0.006 0.006 0.006 0.006 0.006 

bCO2 267.3 267.9 267.7 268.5 267.3 

 

Parameter 
Max Rg AV D W 

[g/km]  

q 96.1 0.4 95.9 0.176 0.002 

bCO 0.375 0.002 0.37 0.001 0.002 

bHC 0.030 0.000 0.03 0.000 0.002 

bNOx 0.428 0.002 0.43 0.001 0.002 

bPM 0.006 0.000 0.01 0.000 0.002 

bCO2 268.5 1.18 267.8 0.490 0.002 

 

Fig. 13. Dependence of road carbon dioxide emissions on average velocity 

 for the cumulative category of passenger cars in 2020 (own research) 

 
Table 3. Zero-dimensional characteristics of mass road fuel consumption 

and road pollutant emissions in urban driving conditions outside traffic 

congestions – U 

Parameter 
1 2 3 4 Min 

[g/km] 

q 49.9 125.5 125.5 125.5 49.9 

bCO 0.183 0.183 0.183 0.183 0.183 

bHC 0.013 0.013 0.013 0.013 0.013 

bNOx 0.203 0.203 0.203 0.203 0.203 

bPM 0.003 0.003 0.003 0.003 0.003 

bCO2 134.0 134.1 134.1 134.0 134.0 
 

Parameter 
Max Rg AV D W 

[g/km]  

q 125.5 75.5 106.6 37.76 0.354 

bCO 0.183 0.000 0.18 0.000 0.000 

bHC 0.013 0.000 0.01 0.000 0.001 

bNOx 0.203 0.000 0.20 0.000 0.000 

bPM 0.003 0.000 0.00 0.000 0.000 

bCO2 134.1 0.13 134.1 0.06 0.000 

 
Table 4. Zero-dimensional characteristics of mass road fuel consumption 
and road pollutant emissions in non-urban driving conditions – R 

Parameter 
1 2 3 4 Min 

[g/km] 

q 59.1 125.5 125.5 125.5 59.1 

bCO 0.140 0.140 0.141 0.140 0.140 

bHC 0.009 0.009 0.009 0.009 0.009 

bNOx 0.151 0.151 0.151 0.151 0.151 

bPM 0.002 0.002 0.002 0.002 0.002 

bCO2 107.8 107.8 107.7 107.8 107.7 
 

Parameter 
Max Rg AV D W 

[g/km]  

q 125.5 66.4 108.9 33.198 0.305 

bCO 0.141 0.001 0.140 0.001 0.004 

bHC 0.009 0.000 0.01 0.000 0.003 

bNOx 0.151 0.000 0.15 0.000 0.000 

bPM 0.002 0.000 0.00 0.000 0.001 

bCO2 107.8 0.08 107.7 0.04 0.000 

 

The uniformity of average road fuel consumption values 

is strongest for urban driving and weakest for driving on 

highways and expressways. Figures 15–19 present the av-

erage road pollutant emissions under model traffic condi-
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tions for the average velocity of individual implementations 

and the entire test. 

 
Table 5. Zero-dimensional characteristics of mass road fuel consumption 

and road pollutant emissions in driving conditions on motorways and 

expressways – H 

Parameter 
1 2 3 4 Min 

[g/km] 

q 199.6 125.5 125.5 125.5 125.5 

bCO 0.432 0.443 0.408 0.344 0.344 

bHC 0.010 0.010 0.009 0.009 0.009 

bNOx 0.229 0.231 0.224 0.211 0.211 

bPM 0.003 0.003 0.003 0.003 0.003 

bCO2 131.3 131.9 129.9 126.1 126.1 
 

Parameter 
Max Rg AV D W 

[g/km]  

q 199.6 74.1 144.1 37.036 0.257 

bCO 0.443 0.099 0.41 0.044 0.109 

bHC 0.010 0.001 0.01 0.000 0.039 

bNOx 0.231 0.020 0.22 0.009 0.040 

bPM 0.003 0.000 0.00 0.000 0.046 

bCO2 131.9 5.838 129.8 2.612 0.020 

 

Figure 14 shows the average value of mass road fuel 

consumption in model traffic conditions for the average 

velocity of individual realizations and the entire test. 

 

Fig. 14. Average value of mass road fuel consumption – q in model traffic 

conditions in stochastic tests: C – cities in traffic congestions, U – cities 
outside traffic congestions, R – outside cities, H – on motorways and 

 expressways 

 

Fig. 15. Average value of road carbon monoxide emissions – bCO in model 

traffic conditions in stochastic tests: C – cities in traffic congestions, U – 
cities outside traffic congestions, R – outside cities, H – on motorways and 

 expressways 

 

Fig. 16. Average road emissions of hydrocarbons – bHC in model traffic 

conditions in stochastic tests: C – cities in traffic congestions, U – cities 
outside traffic congestions, R – outside cities, H – on motorways and 

 expressways 

 

Fig. 17. Average road emissions of nitrogen oxides – bNOx in model traffic 

conditions in stochastic tests: C – cities in traffic congestions, U – cities 

outside traffic congestions, R – outside cities, H – on motorways and 
 expressways 

 

Fig. 18. Average value of road emissions of particulate matter – bPM in 

model traffic conditions in stochastic tests: C – cities in traffic congestions, 
U – cities outside traffic congestions, R – outside cities, H – on motorways 

 and expressways 

 

Similarly, for pollutant emissions, uniformity of road 

emissions is strongest for vehicle traffic in cities and outside 

cities, and weakest for traffic on highways and expressways. 

This is confirmed by the coefficients of variation of the aver-

age mass road fuel consumption and road emissions of pollu-

tants in individual process implementations under model 

traffic conditions – Fig. 20–25. 
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Fig. 19. Average value of road carbon dioxide emissions – bCO2 in model 

traffic conditions in stochastic tests: C – cities in traffic congestions, U – 

cities outside traffic congestions, R – outside cities, H – on motorways and 

 expressways 

 

Fig. 20. Coefficient of variation of the average value of mass road fuel 

consumption in individual process realizations in model traffic conditions 

in stochastic tests: C – cities in traffic congestions, U – cities outside 
 traffic congestions, R – outside cities, H – on motorways and expressways 

 

Fig. 21. Coefficient of variation of the average road carbon monoxide 

emission value in individual process realizations under model traffic 

conditions in stochastic tests: C – cities in traffic congestions, U – cities 
outside traffic congestions, R – outside cities, H – on motorways and 

 expressways 

 

Figures 26–29 present the coefficients of variation of 

the average mass road fuel consumption and road pollutant 

emissions in individual process realizations under model 

traffic conditions. 

 

 

Fig. 22. Coefficient of variation of the average road hydrocarbon emission 

value in individual process realizations under model traffic conditions in 
stochastic tests: C – cities in traffic congestions, U – cities outside traffic 

 congestions, R – outside cities, H – on motorways and expressways 

 

Fig. 23. Coefficient of variation of the average road emission value of 

nitrogen oxides in individual process realizations under model traffic 
conditions in stochastic tests: C – cities in traffic congestions, U – cities 

outside traffic congestions, R – outside cities, H – on motorways and 

 expressways 

 

Fig. 24. Coefficient of variation of the average road particulate matter 
emission value in individual process realizations under model traffic 

conditions in stochastic tests: C – cities in traffic congestions, U – cities 

outside traffic congestions, R – outside cities, H – on motorways and 
 expressways 

 

The coefficient of variation in modeled traffic condi-

tions and for individual pollutants and fuel consumption 

varies without any apparent regularity. However, the varia-

tion in average road fuel consumption and road pollutant 

emissions is not significant, demonstrating that fuel con-
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sumption and pollutant emissions are not highly sensitive to 

engine operating states resulting from the modeled stochas-

tic vehicle velocity processes. 

 

Fig. 25. Coefficient of variation of the average road carbon dioxide emis-

sion value in individual process realizations under model traffic conditions 
in stochastic tests: C – cities in traffic congestions, U – cities outside 

 traffic congestions, R – outside cities, H – on motorways and expressways 

 

Fig. 26. Coefficient of variation of the average value of mass road fuel 
consumption – q and road pollutant emissions: carbon monoxide – bCO, 

hydrocarbons – bHC, nitrogen oxides – bNOx, particulate matter – bPM and 

carbon dioxide – bCO2 in individual process realizations in model traffic 
 conditions in cities in traffic congestions 

 

Fig. 27. Coefficient of variation of the average value of mass road fuel 

consumption – q and road pollutant emissions: carbon monoxide – bCO, 
hydrocarbons – bHC, nitrogen oxides – bNOx, particulate matter – bPM and 

carbon dioxide – bCO2 in individual process realizations in model traffic 

 conditions in cities outside traffic congestions 

 

The research results and considerations support the the-

sis that there is a real possibility of using stochastic pro-

cesses as road vehicle velocity models for the purpose of 

road transport emissions inventory. It is clear that further 

work is warranted. Above all, it is necessary to establish 

stochastic tests for other categories of cumulative road 

vehicles: light duty vehicles, heavy duty vehicles, urban 

buses, long-distance buses (coaches), and category L vehi-

cles (motorcycles, mopeds, quad bikes, and microcars). 

 

Fig. 28. Coefficient of variation of the average value of mass road fuel 

consumption – q and road pollutant emissions: carbon monoxide – bCO, 
hydrocarbons – bHC, nitrogen oxides – bNOx, particulate matter – bPM and 

carbon dioxide – bCO2 in individual process realizations in model traffic 

 conditions outside cities 

 

Fig. 29. Coefficient of variation of the average value of mass road fuel 

consumption – q and road emissions of pollutants: carbon monoxide – bCO, 
hydrocarbons – bHC, nitrogen oxides – bNOx, particulate matter – bPM and 

carbon dioxide – bCO2 in individual process realizations under model traffic 

 conditions on motorways and expressways 

 

Another research direction is to conduct tests of pollu-

tant emissions and fuel consumption under both chassis 

dynamometer and real driving conditions using PEMS 

(Portable Emissions Measurement System) mobile equip-

ment. RDE (Real Driving Conditions) testing could be used 

to create individual implementations of stochastic road 

vehicle velocity processes. 

5. Summary 
Based on the considerations presented in the article, the 

following conclusions can be drawn: 

1. Driving tests based on accurate simulation in the time 

domain, treated as realizations of stochastic velocity pro-

cesses of passenger cars under model driving conditions, 

can be used to effectively study vehicle characteristics in 

terms of fuel consumption and pollutant emissions. The 

model's driving conditions include driving in cities with 
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traffic congestion, in cities without traffic congestion, 

outside cities, and on highways and expressways. Vehicle 

testing under stochastic conditions allows the collection 

of information not only about vehicle characteristics but 

also about the statistical features of these characteristics. 

2. It was found that tests designated as realizations of 

stochastic velocity processes are characterized by good 

repeatability of zero-dimensional characteristics for 

each of the model processes. 

3. The results of simulation studies were used as an exam-

ple to assess the sensitivity of pollutant emissions to 

pollutant emissions. The characteristics of pollutant 

emissions from passenger cars for 2020 were deter-

mined using simulation methods. The road emissions of 

pollutants from passenger cars were determined and an-

alyzed under specific realizations of velocity processes 

under model conditions. The test results were assessed, 

among other things, for their variability. Good repeata-

bility was found in sets of comparable vehicle traffic 

conditions. 

4. Based on the results, the feasibility of using stochastic 

processes as road vehicle velocity models for the inven-

tory of road transport pollutant emissions was assessed. 

5. Based on the conducted research, it was determined that 

it would be advisable to continue the work, primarily for 

other categories of cumulative road vehicles. 

6. Another research direction is to conduct pollutant emis-

sion and fuel consumption tests under both chassis dy-

namometer and real driving conditions using mobile 

PEMS equipment. 
 

Nomenclature 

AV  mean value 

b  specific distance emission 

C  cities in traffic congestions 

CT  urban test in traffic congestions 

D  standard deviation 

H  on motorways and expressways 

HC  hydrocarbons 

HT  highway test 

q  mass fuel consumption 

R  outside cities 

Rg  range 

RT  rural test 

U  cities outside traffic congestions 

UT  urban test outside traffic congestions 

W  coefficient of variation 
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1D model of a three-way catalyst in MATLAB/Simulink for assessing pollutant  

reduction in the NEDC emission test 
 
ARTICLE INFO  A one-dimensional model of a three-way catalyst (TWC) was developed in MATLAB/Simulink, consisting of  

a monolith pressure-drop module and a reaction block for CO/HC/NOx. The model was validated against  

a reference GT-SUITE solution, with agreement in levels and trends. Kinetic parameters were tuned and verified 
using emission tests in the NEDC cycle. The model reproduces pressure drop, instantaneous profiles, and 

cumulative emissions upstream and downstream of the catalyst. Satisfactory agreement between predicted 

reductions and NEDC measurements confirms the model’s suitability for assessing TWC effectiveness and for 
calibration under test conditions. The approach is computationally lightweight and ready to be extended to other 

driving cycles, additional physical effects, and exhaust aftertreatment systems such as a GPF. 
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1. Introduction to the three-way catalyst 
The development of effective three-way catalysts is cru-

cial for mitigating harmful automotive emissions, specifi-

cally targeting nitrogen oxides, carbon monoxide, and un-

burnt hydrocarbons [7]. These catalysts achieve this by 

facilitating oxidation of carbon monoxide and hydrocar-

bons, alongside the reduction of nitrogen oxides. These 

converters are mainly used in gasoline engines that operate 

close to the ideal air-fuel ratio. They rely on noble metals 

such as platinum, palladium, and rhodium embedded in  

a washcoat to enable highly efficient pollutant conversion 

[1]. However, even with these advancements, automobiles 

remain significant contributors to HC, CO, and NOx emis-

sions, with a substantial portion occurring during cold start 

operations [6]. Advanced modeling techniques are required 

to precisely predict catalyst light-off and breakthrough 

across diverse driving conditions, including accelerations, 

decelerations, and high-speed extra-urban phases [14]. To 

avoid the high costs associated with extensive experimental 

optimization, computational simulations have become an 

invaluable tool in catalyst development and performance 

assessment [1, 16]. Consequently, a robust one-dimensional 

(1D) model capable of simulating the complex transient 

behavior of catalytic converters, offers a computationally 

efficient alternative for optimizing catalyst design and con-

trol strategies [13, 17]. 

A typical three-way catalytic converter (Fig. 1) com-

prises a ceramic or metallic monolith substrate with numer-

ous parallel channels, coated with a washcoat containing 

precious metals (e.g., Pt, Pd, Rh) and oxygen storage mate-

rials (e.g., ceria) [1, 7]. This complex structure is vital for 

providing a large surface area for chemical reactions and 

improving catalytic efficiency by enabling easier adsorption 

and reaction of exhaust gases. The catalytic reactions, 

which convert pollutants such as carbon monoxide, hydro-

carbons, and nitrogen oxides into less harmful substances 

such as carbon dioxide, water, and nitrogen, are governed 

by complex kinetic mechanisms influenced by these mate-

rial properties and dynamic operating conditions [6, 9]. The 

interaction between the exhaust gas and the catalyst surface, 

particularly within the washcoat, involves complex mass 

transfer phenomena and detailed chemical kinetics, which 

significantly influence overall conversion efficiency [6, 20]. 

 

Fig. 1. Catalytic converter with physical and chemical processes [10] 

 

To accurately capture these phenomena, various math-

ematical models have been developed, with one-

dimensional models offering a balance between computa-

tional efficiency and predictive accuracy for simulating 

automotive catalytic converter performance, especially 

under transient conditions [4, 16]. These 1D models typi-

cally approximate the entire monolith by analyzing a single 

representative channel, then extrapolating the results using 

geometric scaling parameters like cell density, wall thick-

ness, and monolith dimensions [13]. The development of 

advanced 1D models for exhaust aftertreatment systems is 

crucial for a comprehensive simulation of engine and cata-

lyst setups. Studies demonstrate that integrated 1D models 

can effectively predict the impact of aftertreatment systems 

on performance, ensuring high accuracy while maintaining 

acceptable computational time. Such an approach enables 

the optimization of catalyst geometry and pollution conver-

sion efficiency [8]. 

The novelty of this work is the development of an origi-

nal 1D three-way catalyst model built from scratch in 

MATLAB/Simulink. The model integrates pressure-drop 

prediction with chemical reaction kinetics and is capable of 

http://orcid.org/0000-0003-2857-405X
http://www.combustion-engines.eu
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simulating both steady-state and transient operating condi-

tions. Its applicability is demonstrated through full-cycle 

emission assessment under the New European Driving 

Cycle (NEDC), providing a lightweight, flexible analysis 

tool. 

2. Research methodology 

2.1. 1D equations describing pressure drop 

Accurate prediction of this pressure drop is crucial for 

optimizing exhaust system design, as an uneven flow distri-

bution can degrade conversion efficiency and accelerate 

catalyst aging [5]. Darcy-Weisbach or Darcy-Forchheimer 

equations, often employed for calculating pressure drop in 

pipe flows, can be adapted for monolith channels by con-

sidering factors such as friction losses and changes in mo-

mentum due to flow acceleration or deceleration [11, 13]. 

However, it is important to note that the pressure drop with-

in the monolithic brick itself is a primary contributor to the 

overall pressure drop in the catalytic converter, with the 

inlet and outlet cones also playing a significant role in flow 

distribution. Therefore, a detailed understanding of the fluid 

dynamics, including turbulence and momentum transfer 

within the wash-coated channels, is essential for precise 

pressure drop modeling. Additionally, viscous and inertial 

effects, alongside turbulence, significantly influence the 

pressure drop within the monolith, which can vary consid-

erably with temperature. This necessitates the application of 

porous media models to accurately represent the complex 

flow resistance, where the monolith is treated as a distribut-

ed resistance with empirically derived coefficients to ac-

count for inertial and viscous losses [5, 10]. 

The three-way catalyst (TWC) was modeled as a regular 

monolith, where the channel pitch p (center-to-center dis-

tance between adjacent channels) was determined based on 

the cell density (cpsi). The total frontal area Aface was set 

equal to the converter face area. 

Aface = π (
D

2
)

2

 
(1) 

p =
1

√cpsi
 (2) 

where: Aface – monolith frontal area, m
2
, D – substrate 

diameter, m, p – channel pitch, m, cpsi – cell density, 

cells/in
2 
(converted to cells/m

2
). 

Square-channel geometry is characterized by the open 

channel width derived from pitch and wall thickness, the 

hydraulic diameter is taken equal to this width, and from 

these, the monolith’s open frontal area and total open flow 

area are obtained. 

a = p − t = Dh (3) 

OFA = (
a

p
)

2

 (4) 

Aopen = OFA ∙ Aface (5) 

where: a – channel width, m, t – channel wall thickness, m, 

Dh – hydraulic diameter of a single channel (equals a for a 

square), m, OFA – open frontal area fraction, Aopen – total 

open area for flow, m
2
. 

Density is evaluated from the ideal-gas law using the in-

let pressure and temperature for air. Dynamic viscosity 

follows the Sutherland correlation (for air), providing  

a realistic temperature dependence. This air-based closure 

is lightweight and sufficiently accurate for the pressure-

drop calculations used here. 

ρ =
pin

Rspec ∙ Tin

 (6) 

μ(Tin) = μ0 (
Tin

T0

)
3/2 T0 + C

Tin + C
 (7) 

where: ρ – gas density, kg·m
–3

, pin – absolute inlet pressure 

to the substrate, Pa, Tin – gas temperature at catalyst inlet, 

K, Rspec – specific gas constant (287), J·kg
–1

·K
–1

, μ(T) – 

dynamic viscosity, Pa·s, Sutherland constants (air): μ0 = 

1.716 ∙ 10
–5

, Pa·s, T0 = 273.15 K, C = 111 K. 

The bulk velocity through the channels is obtained from 

mass flow and the total open area. 

U =
ṁ

ρ ∙ Aopen

 (8) 

where: U – mean channel (superficial) velocity, m·s
–1

, ṁ –

total mass flow rate, kg·s
-1

. 

The pressure loss across the TWC monolith is modeled 

as the sum of a viscous term consistent with Darcy–

Weisbach and an inertial (minor-loss) term [5]. The effec-

tive coefficients A and B are determined empirically from 

calibration and together account for entrance and exit pen-

alties and washcoat effects, with different values for coated 

and uncoated substrates. 

∆pTWC = A
μUL

Dh

+ B
ρU2

2
 (9) 

where: ∆pTWC – monolith pressure drop, Pa, L – substrate 

length, m, A – viscous loss coefficient (calibrated), B – 

inertial loss coefficient (calibrated). Coated monolith: A = 

32, B = 0.50. Uncoated monolith: A = 28.4, B = 0.41. 

Table 1 summarizes the input data used for the 1D cata-

lyst pressure-drop simulation and the corresponding geo-

metric parameters. 

 
Table 1. Input data for the 1D TWC pressure drop model 

Simulation time [s] 100 

Temperature [K] 300 

Mass flow rate [kg/s] linear ramp (0.01 → 0.22) 

Working medium air 

Tested catalyst 

Diameter [m] 0.1057 (4.16 in) 

Length [m] 0.0754 (2.97 in) 

Channel density [m–2] 6.2 × 105 (400 cpsi) 

Wall thickness [m] 1.65 × 10–4 (0.165 mm) 

Active layer (washcoat) No 

2.2. 1D equations describing the reaction kinetics 

A thorough understanding of the kinetics governing the 

catalytic reactions is crucial for accurately modeling the 

performance of three-way catalysts, as these reactions are 

highly sensitive to temperature, gas composition, and the 
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presence of inhibiting species. These kinetic parameters, 

often determined through experimental methods, are then 

incorporated into the model to predict conversion efficien-

cies for CO, HC, and NOx under varying operating condi-

tions [16]. Although one-dimensional models neglect radial 

gradients within channels, they adequately describe thermo 

and fluid dynamic behavior, as validated through compari-

sons with two-dimensional models [19]. This simplification 

significantly reduces the computational complexity com-

pared to full 3D models, which would be impractical for 

transient regulatory cycle simulations due to extensive 

effort and slow computational times [4]. Such 1D models 

treat all channels of the monolith identically, assuming 

uniform boundary conditions, which allows for efficient 

simulation without sacrificing significant accuracy for 

many engineering applications [15]. However, most of 

these models are 1D plug-flow models that couple separate 

conservation equations for the gas and solid phases using 

transport coefficients [7]. In an efficient three-way catalyst, 

the primary reactions involve oxidation of CO and hydro-

carbons to CO2 and H2O, and reduction of NO to N2 and 

CO2 [14]. The selection of appropriate kinetic expressions, 

such as Langmuir-Hinshelwood type rate equations, is 

critical for accurately representing the reaction rates and 

their dependence on various species concentrations and 

temperatures [18]. 

For the purpose of developing a 1D TWC catalyst mod-

el with detailed reaction mechanisms, the gas composition 

at the catalyst inlet was taken from a GT-SUITE ready-

made example. The total molar concentration Ct is comput-

ed from inlet pressure and temperature by the ideal-gas law 

[16], and the initial species concentrations follow as Ci
(0)

. 

These values define the initial condition for the 1D plug-

flow calculation. 

Ct =
pin

Ru ∙ Tin

 (10) 

Ci
(0)

= yi ∙ Ct (11) 

where: Ct – total molar concentration of the gas mixture at 

reactor inlet, mol·m
–3

, Ru – universal (molar) gas constant 

(8.314), J·mol
–1

·K
–1

, Ci
(0)

 – inlet molar concentration of 

species i, mol·m
–3

, yi – inlet mole fraction of species i. 
To keep the 1D model compact, chemically similar spe-

cies are grouped into pseudo-components with effective 

properties. Hydrocarbons (HC) are treated as a C3 lump 

that combines propane (C3H8) and propylene (C3H6), with 

effective oxygen demand and effective molar mass con-

sistent with the GT-SUITE reference setup. Nitrogen oxides 

are handled as an NOx lump formed by pooling nitric oxide 

(NO) and nitrogen dioxide (NO2), and the lump is ex-

pressed using nitric oxide as the reference for kinetics and 

mass calculations. This approach preserves the key effects 

on oxygen consumption and product formation (CO2 and 

H2O) while reducing computational cost and the number of 

calibrated parameters. 

yHC = yC3H6
+ yC3H8

 (12) 

yNOx = yNO + yNO2
 (13) 

A plug–flow, isothermal 1D catalyst channel is mapped 

from axial coordinate x to a residence-time coordinate using 

the bulk gas velocity U: 

t =
x

U
 (14) 

dCi

dt
= Ri(𝐂, T) (15) 

where: t – residence-time coordinate, s, x – axial coordi-

nate, m, Ci – molar concentration of species i, mol·m
–3

, 

Ri(𝐂, T) – volumetric reaction rate for species i evaluated at 

the current state (𝐂, T), mol·m
–3

·s
–1

, 𝐂 – vector of all spe-

cies concentrations, mol·m
–3

, T – as temperature, K. 

For a monolith of length L the total residence time is: 

τ =
L

U
 (16) 

where: τ – total residence time, s. 

The reactor is split into Nseg axial segments and the 

marching step in the residence-time domain is 

∆t =
τ

Nseg

 (17) 

where: Nseg – no. axial segments, ∆t – marching step, s. 

With an explicit Euler update (i.e., a first-order forward 

time integration that evaluates the reaction rate at the cur-

rent state and advances by ∆t), each species is updated 

segment-by-segment as: 

Ci
k+1 = Ci

k + Ri(𝐂k, T)∆t (18) 

where: k = 0, … , Nseg − 1. 

This axial “time-marching” is equivalent to an upwind 

discretization of the 1D plug-flow balance, neglecting axial 

dispersion. The explicit scheme is stable for sufficiently 

small ∆t. In the simulations, stability is ensured by choos-

ing Nseg such that ∆t remains small across the temperature 

window. 

The catalytic chemistry is represented by three global 

reactions for CO oxidation, NO reduction by CO, and 

lumped C3 hydrocarbon oxidation. Kinetics follow an Ar-

rhenius temperature law with power-law dependencies on 

reactant concentrations. Reaction orders and stoichiometric 

oxygen demand for the HC lump are effective (lumped) 

parameters calibrated to GT-SUITE data. 

CO +
1

2
O2 → CO2 (19) 

2CO + 2NO → 2CO2 + N2 (20) 

C3Hx + νO2,HCO2 → 3CO2 +
x

2
H2O (21) 

where: νO2,HC – an effective oxygen demand based on the 

propane/propylene mixing ratio. 

An effective oxygen demand νO2,HC is defined as the 

mole-weighted average of the stoichiometric O2 needs of 
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the two ingredients (propane and propylene) under com-

plete oxidation: 

C3H8 + 5O2 → 3CO2 + 4H2O (22) 

C3H6 + 4.5O2 → 3CO2 + 3H2O (23) 

Then, an effective oxygen demand comes from the lump 

composition weights: 

νO2,HC =
5yC3H8

+ 4.5yC3H6

yC3H8
+ yC3H6

 (24) 

For any global reaction j (e.g., CO oxidation, NO reduc-

tion by CO, HC oxidation), the Arrhenius rate constant is 

equal [4, 9]: 

kp,j(T) = Aj exp (−
Ej

RT
) (25) 

where: Aj – the pre-exponential factor (units consistent with 

orders), Ej – the activation energy, J·mol
–1

, R – universal 

gas constant (8.314), J·mol
–1

·K
–1

,  

Table 2 presents the kinetic parameters used for each 

global reaction in the 1D catalyst model. 

 
Table 2. Kinetic parameters for the 1D TWC model with reactions 

CO oxidation 

A [1/s] 2.0×1014 

E [J/mol] 1.50×105 

NO reduction 

A [1/s] 1.0×1011 

E [J/mol] 7.8×104 

HC oxidation 

A [1/s] 1.5×1013 

E [J/mol] 1.04×105 

Reaction orders 

CO 1.0 

NO 1.0 

HC 1.0 

O2 0.5 for CO oxidation 

O2 1.0 for HC oxidation 

 

The kinetic constants (on a pressure basis) had to be 

converted (kp → kc) into concentrations: 

kc,j(T) = kp,j(T) (
RT

punit

)
∑ αiji

 (26) 

where: kc,j – is the effective volumetric kinetic constant 

(units depend on total reaction order), punit – is a reference 

pressure (10
5 

Pa), (RT/punit) – the multiplier transfers the 

law from pressures to concentrations, maintaining the cor-

rect units, αij – empirical reaction order of species i in 

reaction j (can differ from stoichiometric coefficient). 

A nondimensional temperature damper fj(T) was intro-

duced to mitigate unrealistically high reaction rates predict-

ed by global kinetics at elevated gas temperatures. Above 

the light-off region, effects such as oxygen-storage satura-

tion, external or internal mass-transfer limits, and thermal 

aging reduce the effective activity of a TWC, which simple 

Arrhenius power-law models do not capture. The damper 

leaves kinetics unchanged in the mid-temperature regime 

but smoothly dampens rates in the high-temperature tail, 

preventing overshoot of conversion. This empirical high-T 

correction enables agreement with GT-SUITE references 

while preserving the model’s simplicity and numerical 

robustness. 

fj(T) =
1

1 + (
T

Tdrop,j
)

nj
 (27) 

where: fj(T) – the damper is dimensionless and limited 

between 0 and 1, nj – steepness exponent (dimensionless), 

Tdrop,j – characteristic drop temperature, K. Tdrop,j and nj 

are calibrated values for each reaction. 

Table 3 presents the parameters used for the high-

temperature clamps for each reaction in the 1D TWC mod-

el. 

 
Table 3. High-temperature clamps 

CO oxidation 

Tdrop 800 

n 21 

NO reduction 

Tdrop 780 

n 14.5 

HC oxidation 

Tdrop 730 

n 13 

 

Power-law rate expressions (reaction rate) for each reac-

tion j can be written as: 

rj = kc,j(T) ∙ fj(T) ∏ C
i

αij

i

 (28) 

where: ri – volumetric reaction rate (per gas volume), 

mol·m
–3

·s
–1

, Ci – gas-phase (molar) concentration of spe-

cies i, mol·m
–3

. 

Hence, for the three global reactions, their reaction rates 

can be explicitly written: 

rCOox
= kCOox

∙ fCO(T) ∙ CCO
aCO ∙ C

O2

bO2  (29) 

rNOre
= kNOre

∙ fNO(T) ∙ CCO

aCO,r ∙ CNO
bNO (30) 

rHCox
= kHCox

∙ fHC(T) ∙ CHC
aHC ∙ CNO

bO2,HC
 (31) 

With an explicit Euler scheme, species concentrations 

are updated segment-by-segment using the power-law reac-

tion rates: 

CCO
k+1 = CCO

k − (rCOox
+ 2 ∙ rNOre

)∆t (32) 

CO2

k+1 = CO2

k − (0.5 ∙ rCOox
+ νO2,HC ∙ rHCox

)∆t (33) 

CCO2

k+1 = CCO2

k + (rCOox
+ 2 ∙ rNOre

+ 3 ∙ rHCox
)∆t (34) 

CNO
k+1 = CNO

k − 2 ∙ rNOre
∙ ∆t (35) 
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CHC
k+1 = CHC

k − rHCox
∙ ∆t (36) 

At the reactor exit, outlet mole fractions yi
out are ob-

tained from the updated concentrations and the total molar 

concentration Ct: 

yi
out =

Ci
out

Ct

 (37) 

Ct = ∑ Ci
out

i

 (38) 

Component conversions are reported from inlet to outlet 

on a molar basis: 

convi = 100
yi

in − yi
out

yi
in

[%] (39) 

Table 4 presents the input data used for simulating 

chemical reactions with the 1D catalyst model, together 

with its geometric parameters. 

 
Table 4. Input data for the 1D TWC model with reactions 

Simulation time [s] 2000 

Temperature [K] linear ramp (350 → 900) 

Mass flow rate [kg/s] 0.02 

Working medium and mole fraction [-] 

CO2 0.147 

H2O 0.1 

O2 0.005228 

H2 0.001978 

CO 0.006865 

C3H8 0.000102 

C3H6 0.000406 

NO 0.003042 

NO2 0.00001 

N2 0.735369 

sum 1 

Tested catalyst 

Diameter [m] 0.1057 (4.16 in) 

Length [m] 0.1501 (5.91 in) 

Channel density [m–2] 9.3 × 105 (600 cpsi) 

Wall thickness [m] 1.09 × 10–4 (0.109 mm) 

Active layer (washcoat) Yes 

2.3. NEDC emission test for 1D model validation 

This section describes the extension of the developed 

1D model and its application to the simulation of the New 

European Driving Cycle emission test, a standardized pro-

cedure used to assess vehicle emissions under controlled 

conditions. This allows for a direct comparison of the mod-

el’s predicted pollutant reductions with established emis-

sion limits, thereby validating its accuracy and utility as  

a design tool. The model is validated by comparing predict-

ed conversion efficiencies and temperature profiles to ex-

perimental data from real NEDC tests on vehicles [13]. 

This validation builds confidence in the model’s accuracy 

for forecasting how three-way catalysts respond to chang-

ing real-world driving conditions, which is a key factor in 

effective emission control. This method enables detailed 

analysis of catalyst performance and optimization, without 

the excessive computational demands of higher-dimensio-

nal models [4, 12]. 

As an initial step in extending the model, the volumetric 

exhaust flow V̇TP was obtained at the tail-pipe over the full 

NEDC. To interface it with the existing 1D catalyst model, 

it was converted to an equivalent inlet mass flow ṁ using 

the ideal-gas density of the inlet mixture. 

ṁ(t) = V̇TP(t) ∙ ρin(t) (40) 

ρin(t) =
pin(t) ∙ Mmix(t)

RTin(t)
 (41) 

Mmix(t) = ∑ yi(t) ∙ Mi

i

 (42) 

where: V̇TP – tail-pipe volumetric flow, m
3
/s, ρin – mixture 

density at the catalyst inlet, kg/m
3
, pin – inlet pressure, Pa, 

Mmix – mean molar mass, kg/mol, R – universal gas con-

stant (8.314), J·mol
–1

·K
–1

, Tin – inlet temperature, K, yi – 

inlet mole fraction of species i, Mi – molar mass of species 

i, kg/mol, for example MCO = 28.0101 kg/mol. 
Test data outputs from NEDC test were provided as raw 

exhaust composition in vol% and ppm. For use in the 1D 

reactor, these inputs were converted to consistent mole 

fractions: 

yi =
Ci[%]

100
 (43) 

yi =
Ci[ppm]

106
 (44) 

A dedicated muffler block was added to account for 

downstream backpressure at the catalyst inlet. The muffler 

loss was represented by a power-law fit calibrated at idle: 

∆pmuf(ṁ) = ∆pidle (
ṁ

ṁidle

)
n

 (45) 

where: ∆pidle – idle backpressure, Pa, ṁidle – idle mass 

flow, kg/s,  n – fit exponent (set to value 2). 
The absolute pressure applied at the TWC inlet was the 

sum of ambient pressure and both drops (from TWC and 

muffler): 

pin,TWC = patm + ∆pmuf + ∆pTWC (46) 

At idle (ṁ ≈ 0.003 kg/s), the measured total backpres-

sure upstream of the catalyst was pin,TWC ≈ 24,000 Pa, and 

the model parameters were calibrated to reproduce this 

point. 

The emissions post-processor was implemented as  

a Simulink block (TWC_emissions) that converts mole to 

mass fractions, forms instantaneous mass rates, integrates 

cumulative masses, and reports g/km (or mg/km) over 

NEDC. The block operated at a fixed sample time (Ts =
1 s) and used the cycle distance Lcyc = 11 km. 

From outlet (and inlet) mole fractions yi and species 

molar masses Mi, the mixture molar mass Mmix, and mass 

fractions wi were computed as: 
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 wi =
yiMi

Mmix

 (47) 

Instantaneous mass rates (in/out) of species i, were 

computed as: 

ṁi(t) = ṁ(t) ∙ wi(t) ∙ 103 [g/s] (48) 

where: ṁ – total mass flow rate, kg·s
–1

. 

Cumulative masses Mi in [g] of species i for pre-TWC 

and post-TWC were determined by the trapezoidal integra-

tion: 

Mi[k] = Mi[k − 1] +
1

2
 (ṁi[k − 1] + ṁi[k])Ts (49) 

where: Ts – fixed sample time (1 s). 

Tailpipe (post-TWC) emission index Ei of species i at 

the end of the cycle was reported as: 

Ei =
Mi,out(tend)

Lcyc

 ∙ 103 [mg/km] (50) 

where: Lcyc – the cycle distance (11 km). 

For the NEDC simulation, the Arrhenius parameters 

were updated for each global reaction. Specifically, the pre-

exponential factor and activation energy were calibrated to 

align the model’s tailpipe CO/NOx/HC with the measured 

NEDC g/km totals. The temperature high-T correction 

introduced earlier was retained to avoid unrealistic over-

conversion at very high temperatures, ensuring stable fits 

across the full cycle.  

Table 5 presents the calibrated kinetic parameters used 

for each global reaction of the 1D catalyst model in the 

NEDC emission cycle. 

 
Table 5. Adjusted kinetic parameters for the 1D TWC model in NEDC test 

CO oxidation 

A [1/s] 3.36×1016 

E [J/mol] 1.42×105 

NO reduction 

A [1/s] 5.8×1011 

E [J/mol] 7.8×104 

HC oxidation 

A [1/s] 2.25×1014 

E [J/mol] 1.04×105 

 
Table 6. Input data for the 1D TWC model in the NEDC cycle 

Simulation time [s] 1180 

Temperature [K] up to 927 

Mass flow rate [kg/s] up to 0.042 

Working medium exhaust gases 

Tested catalyst 

Diameter [m] 0.1184 (4.66 in) 

Length [m] 0.0762 (3.0 in) 

Channel density [m–2] 6.2 × 105 (400 cpsi) 

Wall thickness [m] 1.65 × 10–4 (0.165 mm) 

Active layer (washcoat) Yes 

 

Table 6 presents the input data used for simulating the 

NEDC emission cycle with the 1D catalyst model, together 

with its geometric parameters. 

Figure 2 shows the NEDC cycle profile, which was 

conducted on a chassis dynamometer at the BOSMAL 

laboratory (Fig. 5). 

 

Fig. 2. Profile of the New European Driving Cycle [2] 

 

Figure 3 shows the tested vehicle, a 2014 VW Golf VI 

1.4 TSI (90 kW, Euro 5b). Figure 4 further presents the 

catalyst with the exhaust sampling probe and a thermocou-

ple measuring temperature upstream of the catalytic reactor. 

 

Fig. 3. Test vehicle evaluated under the NEDC driving cycle on a chassis 
dynamometer 

 

Fig. 4. Connections for raw exhaust gas sampling and temperature meas-

 urement upstream of the TWC catalyst 

 

3. Modeling results 

3.1. Pressure drop model and validation 

A one-dimensional pressure-drop model of the TWC 

catalyst was implemented in MATLAB/Simulink. The inlet 

boundary conditions consisted of a ramped mass-flow rate 

and a fixed gas temperature, while constant geometric pa-

rameters (monolith diameter/length, cell density, wall 

thickness, washcoat used and absolute inlet pressure) were 

supplied as entrance blocks. The functional block (Fig. 6) 
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Fig. 5. Layout of the emission testing laboratory including climatic chamber, chassis dynamometer, dilution tunnel, and exhaust analysis system [3] 

 

Fig. 6. One-dimensional pressure drop model for the three-way catalyst implemented in MATLAB/Simulink 

 

was equipped with the code for the governing equations 

summarized in Section 2.1 (channel cross-section and OFA, 

ideal-gas density and viscosity model, average channel 

velocity, and viscous/inertial loss terms). 

At the outputs, the total pressure drop across the catalyst 

and the corresponding mean channel velocity were comput-

ed. A post-processing script then compared the 1D model 

predictions with experimental measurements, reporting 

pressure-drop and channel-velocity agreement (Fig. 7). The 

model results show good agreement with literature (exper-

imental) data reported by Ekström et al. [5], which were 

used for validation of the pressure-drop model. 

To quantify the agreement between the 1D pressure-

drop model and experimental data, the mean absolute per-

centage error (MAPE) was used. Lower MAPE indicates 

better agreement (0% is perfect). 

MAPE[%] =
100

n
∑ |

yi
exp

− yi
sim

yi
exp |

n

i=1

 (51) 

where: yi
exp

 – is the measured pressure drop at sample i, Pa, 

yi
sim – is the simulated value for pressure drop at sample i, 

Pa, n – is the number of samples. 

3.2. Reaction kinetics model and validation 

An emission-chemistry model was implemented around 

a new 1D reaction block in MATLAB/Simulink. Exhaust-

gas compositions (mole fractions, inlet temperature and 

flow) were first prepared in an Excel file and linked to the 

model via a From Spreadsheet source. The reaction block 

(Fig. 8) implements the power-law Arrhenius scheme 

summarized in Section 2.2 (global CO oxidation, NO re-

duction with CO, and HC oxidation), including the resi-

dence-time marching along the monolith. 

For each time step the block advances species concen-

trations along the axial segments and computes outlet mole 

fractions and instantaneous conversions – these signals are 

logged to the MATLAB base workspace via To Workspace 

sinks.  
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Fig. 7. Comparison of pressure drop across the TWC between the 1D 

 model and experimental data 

 

Validation focused on conversion versus time profiles 

for CO, NO, and HC. The GT-SUITE reference (from Ex-

cel file) and Simulink outputs were processed by  

a MATLAB script, which synchronized their time vectors 

and produced combined traces for all species. Across all 

three pollutants, the T50 (50% conversion) points from the 

1D model and GT-SUITE intersected at the correct time, 

demonstrating strong agreement between the simulations. 

The initial baselines remained near zero and the final levels 

approached similar high conversion levels, giving satisfac-

tory agreement at both the start and end of the transients. 

Figures 9–11 present representative plots, highlighting 

comparable rise slopes, T50 alignment, and asymptotic 

behavior. 

The reaction kinetics model was calibrated through 

comparison with GT-POWER reference simulations. Ar-

rhenius parameters and high-temperature reaction clamps 

were iteratively adjusted to match the transient conversion  

 

Fig. 9. Validation of CO conversion for the 1D catalyst model against GT 
simulation results 

 

Fig. 10. Validation of HC conversion for the 1D catalyst model against GT 
simulation results 

 

 

Fig. 8. One-dimensional reaction kinetics model for the three-way catalyst implemented in MATLAB/Simulink 
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profiles of CO, HC, and NO. Validation focused on the 

alignment of characteristic light-off behavior, including 

T10, T50, and T90 conversion points, as well as the overall 

shape of the conversion curves. The final parameter sets 

providing the best agreement are summarized in Tables 2 

and 3. 

 

Fig. 11. Validation of NO conversion for the 1D catalyst model against GT 

simulation results 

3.3. 1D model simulation in the NEDC test 

The NEDC boundary conditions were assembled in an 

Excel file (time-resolved exhaust composition and tempera-

ture), then fed to the reaction block via From Spreadsheet in 

Simulink, analogously to the GT reference case. This pro-

vided the model with the full, second-by-second inlet vector 

over the ~1180 s cycle. 

To reflect real exhaust system backpressure, a dedicated 

muffler pressure-drop block was added and calibrated to 

idle measurements. Its output was summed with ambient 

pressure to form the effective catalyst inlet pressure.  

In addition, a “TWC_emissions” block (Fig. 12) was in-

troduced to compute instantaneous tailpipe mass rates and 

cycle-cumulative emissions (pre- and post-TWC) for CO, 

NOx, and HC, as well as final emission values (g/km) cal-

culated for the NEDC cycle. 

All computations in these functional blocks follow the 

formulations summarized in Section 2.3, providing a coher-

ent assessment throughout the NEDC cycle of transient 

responses and cumulative emission outcomes. 

A separate MATLAB script was used to generate the 

NEDC plots (Fig. 13–15). For each pollutant (CO, NOx, 

HC) it produces two panels: instantaneous mass rate up-

stream and downstream of the TWC, and cumulative emis-

sions pre- and post-TWC normalized to g/km. The cumula-

tive panels include a black dashed line marking the corre-

sponding EURO limit, which enables a direct visual check 

of compliance over the full cycle. 

For the NEDC simulation, no vehicle or engine sub-

model was employed. Instead, the catalyst model was driv-

en by measured, time-resolved exhaust gas composition, 

temperature, and mass flow obtained from the NEDC test, 
 

 

Fig. 13. Instantaneous and cumulative CO emissions upstream and down-
 stream of the TWC from the 1D model during the NEDC cycle 

 

Fig. 12. One-dimensional model of the three-way catalyst under the NEDC driving cycle implemented in MATLAB/Simulink 



 

1D model of a three-way catalyst in MATLAB/Simulink for assessing pollutant reduction in the NEDC emission test 

168 COMBUSTION ENGINES, 2026;206(3) 

 

 

Fig. 14. Instantaneous and cumulative NOx emissions upstream and down-

 stream of the TWC from the 1D model during the NEDC cycle 

 

Fig. 15. Instantaneous and cumulative HC emissions upstream and down-
 stream of the TWC from the 1D model during the NEDC cycle 

 

which were applied directly as inlet boundary conditions. 

Since a different catalyst was used in the NEDC experi-

ment, the kinetic parameters were recalibrated for this case, 

as summarized in Table 5. 

Figures 13–15 illustrate instantaneous and cumulative 

emissions of CO, NOx, and HC upstream and downstream 

of the TWC during the NEDC cycle. The post-TWC results 

show a substantial reduction of instantaneous emission 

peaks and cumulative tailpipe emissions compared to the 

pre-TWC signals. For all three pollutants, the cumulative 

emissions remain below the Euro 5 limits, confirming ef-

fective catalyst operation under experimentally measured 

NEDC conditions. 

4. Summary and conclusion 
This work presented a lightweight 1D plug-flow model 

of a three-way catalyst (TWC) in MATLAB/Simulink, 

expanded with a muffler backpressure block and an emis-

sions post-processor. The model reproduces pressure-drop 

behavior, CO/NOx/HC conversion trajectories, and cumula-

tive tailpipe indices (g/km) over NEDC with satisfactory 

agreement against GT-SUITE and literature references, 

including consistent T50 light-off temperature and T10/T90 

benchmarks. The model executes quickly, making it suita-

ble for iterative calibration and sensitivity studies. 

Calibration of Arrhenius parameters (A, E) proved sta-

ble and repeatable across operating profiles. Intentional 

simplifications, including 1D plug–flow, isothermal gas-

phase, reduced chemistry (HC and NOx lumped), and  

a high–temperature empirical damper, produced reliable 

trends and magnitudes while maintaining low model com-

plexity. Including the muffler pressure–drop block enabled 

the inlet boundary pressure to capture realistic backpres-

sure, enhancing agreement while preserving computational 

speed. 

The present model neglects radial distributions and axial 

dispersion, is isothermal (no energy balance), and assumes 

no convective cooling, pore diffusion, or gas-film mass 

transfer. Kinetics follow fixed-order power-law forms 

without adsorption or coverage effects (no Langmuir-

Hinshelwood), oxygen storage capacity (OSC), or side 

reactions or intermediates, while the high-T clamp is empir-

ical. Calibrated A/E and temperature limits are case-

dependent, so extending them beyond the validated range 

requires caution. Cold start conditions, reaction exotherms 

and hot-spots, as well as catalyst aging, are excluded from 

the model. 

The integration of an energy balance, Langmuir–Hins-

helwood coverage kinetics, and OSC dynamics should 

expand the model’s scope and improve its predictive relia-

bility, especially in light-off and high-load regimes. This 

approach can be applied to other aftertreatment devices 

(DPF/GPF, SCR) and linked with a simple engine model to 

enable full drive-cycle analysis. Advanced 3D CFD soft-

ware, for example, ANSYS Fluent, can be used to verify 

geometric effects and provide input for reduced models. 

Overall, the proposed 1D model offers a practical balance 

between accuracy and speed for evaluating designs, cali-

brating kinetics, and assessing emission-reduction perfor-

mance over regulatory cycles. 

The main contribution of this work is the development 

of an original one-dimensional three-way catalyst model 

built from scratch in MATLAB/Simulink, a platform that 

does not provide a ready-made aftertreatment or catalyst 

module. The proposed model enables prediction of catalyst 

pressure drop, pollutant conversion efficiency, and tailpipe 

emissions over the NEDC cycle using a unified and compu-

tationally efficient framework. Owing to its modular struc-

ture, the model can be easily adapted to different catalyst 

geometries and recalibrated for various kinetic parameter 

sets. Furthermore, the developed approach provides a flexi-

ble foundation for future extensions toward more advanced 

exhaust aftertreatment configurations and integrated drive-

cycle simulations. 
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Nomenclature 

MAPE  mean absolute percentage error 

NEDC  New European Driving Cycle 

OSC oxygen‑storage capacity 

TWC three-way catalyst
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1. Introduction 
Formula 1 has been constantly evolving since its very 

first season, adapting to new technological, sporting, and 

environmental demands. Changes introduced to the power 

units have always been at the core of this evolution, effec-

tively setting the direction for the sport’s development over 

the decades [10]. Over the years, power units have trans-

formed dramatically, from large, high-revving naturally 

aspirated engines to today’s highly integrated hybrid con-

structions – Fig. 1. 

The FIA has gradually implemented increasingly strict 

regulations concerning not only engine power, but also 

displacement and overall configuration [36]. These adjust-

ments were driven by safety considerations and growing 

environmental priorities, which, in recent years, have be-

come among the most influential factors shaping the future 

of motorsport. Figure 1 presents a comparison of power 

output and engine displacement used in Formula 1 over the 

past decades. A clear downward trend in engine capacity is 

visible, accompanied by a gradual increase or stabilization 

in maximum power. Early engine designs featured larger 

displacement but delivered relatively lower power [33]. 

Over time, as turbocharging technologies and later hybrid 

systems developed, power output increased despite reduced 

displacement. 

The cyclical fluctuations observed in the chart reflect 

regulatory changes introduced by the FIA, which imposed 

limits on both power and engine configuration. The highest 

power levels were achieved during the turbo era of the 

1980s, while current hybrid units, despite having the small-

est displacement in F1 history, offer high efficiency and 

comparable performance thanks to the integration of energy 

recovery systems. Engineers continuously work on ad-

vanced technologies that influence the speed, reliability, 

and overall sophistication of Formula 1 cars. Innovations 

are tested and developed under extreme conditions, ena-

bling them to reach technological maturity rapidly. Many 

solutions originally created for Formula 1 later find their 

application in road vehicles. 

 

Fig. 1. A depiction of the power of racing cars over the years [32] 

 

Moreover, F1 has a significant impact on the develop-

ment of artificial intelligence and data analysis methods 

(Fig. 2) [30].  

 

Fig. 2. Telemetry list [39] 
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The enormous amount of information collected by the 

cars during race weekends enables the refinement of telem-

etry systems and analytical tools [30]. This enables real-

time monitoring of tyre condition, battery energy levels, 

braking forces, and other parameters essential to vehicle 

performance. 

This article discusses the key changes that will be intro-

duced in the 2026 season and compares them with the solu-

tions used in current car designs [8]. The technical regula-

tions presently in force were implemented in 2022 [9], and 

since then, Formula 1 cars have been continuously refined 

to improve both performance and reliability. 

Overall, the historical evolution of power units and rac-

ing technology in Formula 1 clearly reflects the three engi-

neering pillars highlighted in this article’s title. Speed is 

increasingly shaped not only by engine performance but 

also by advances in aerodynamics, which determine how 

effectively the available power is translated into lap time. 

Heat relates to the ongoing energy transition in Formula 1, 

where fuels (soon fully synthetic) play a central role in 

meeting environmental targets. This direction is directly 

aligned with one of the sport’s key long-term objectives: 

achieving net-zero emissions while maintaining the per-

formance standards expected of the series. Finally, Preci-

sion captures the complexity of modern power units and 

hybrid systems, supported by advanced telemetry and data 

analytics that allow engineers to fine-tune every detail of 

the car’s operation. 

The following sections develop each of these themes, 

showing how they collectively define the engineering core 

of contemporary Formula 1. 

2. Speed 

2.1. Structural evolution of Formula 1 cars 
One of the main objectives of the new regulations was 

to address a long-standing issue in Formula 1: the difficulty 

of following another car at close range. This problem sig-

nificantly limited overtaking opportunities and often pre-

vented drivers from mounting a proper attack. The root 

cause lay in the 2021 car design, where downforce was 

distributed evenly between the front, the floor, and the rear 

of the car approximately 33% each – Fig. 4. 

 

Fig. 3. Air flow representation [1] 

 

With such a distribution, airflow disturbed by the lead-

ing car resulted in a substantial loss of front-end grip for the 

following driver. It is estimated that in turbulent air a car 

could lose up to 46% of its aerodynamic downforce [31]. 

This led to understeer, which, in turn, contributed to tyre 

overheating and accelerated tyre degradation – Fig. 3. 

The turbulent wake generated by the rear of the leading 

car also reduced the effectiveness of the trailing car's front 

wing [6], further compromising stability and the ability to 

follow closely. 

Since 2022, the role of the wings has been reduced, with 

greater emphasis placed on managing airflow beneath the 

car’s floor. A simpler and more controlled aerodynamic 

structure was introduced, and the downforce distribution 

was adjusted accordingly: 25% at the front, 50% generated 

by the floor, and 25% at the rear – Fig. 4 [29]. 

The use of ground effect significantly reduced down-

force loss in turbulent air, from approximately 46% in 2021 

to around 10% in current designs. 

Aerodynamics has always been a key factor in deter-

mining a Formula 1 car's performance. As technical regula-

tions evolved, the approach to managing airflow around the 

vehicle changed repeatedly, from aggressive designs that 

generated extreme downforce to more regulated yet highly 

refined concepts used today. Each regulatory shift affected 

the balance between top speed, cornering stability, and the 

overall efficiency of using the available power. 

 

Fig. 4. Presentation of the pressure force distribution [42] 

 

Structurally, one of the greatest challenges has been 

maintaining the car's minimum weight, including the driver. 

Modern Formula 1 cars are relatively heavy; according to 

regulations introduced in 2022, the car with the driver but 

without fuel must not exceed 798 kg [5]. For comparison, 

in 2005, cars were almost 200 kg lighter – Fig. 5. 

The increase in weight has clear causes. Heavier and 

more advanced braking system components were intro-

duced, and to a lesser extent, changes to the power unit also 

contributed to the weight gain. Additionally, the mono-

coque and impact structures had to be reinforced to meet far 

more stringent crash-test requirements [28]. 

Another challenge faced by car designers was modify-

ing the vehicle’s dimensions. Although the overall width of 

the car remained unchanged, the front wing was narrowed 

from 2000 mm to 1950 mm in accordance with the new 

regulations, ensuring that it no longer aligned with the outer 

edges of the front wheels [45]. 
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Fig. 5. Weight of F1 cars over the years [19] 

 

Fig. 6. Comparison of F1 car lengths over the years [7] 

 

The new homologation procedures include more severe 

frontal, side, and rear impact tests, with higher collision 

speeds and higher energy-absorption thresholds. The chas-

sis must maintain cockpit integrity under significantly 

greater loads than before, which requires additional compo-

site layers and a strengthened structural design. As a result, 

driver safety has improved substantially, although at the 

cost of additional mass. 

The car's length was also revised. Since the 2022 sea-

son, the maximum wheelbase has been limited to 3600 mm 

– Fig. 6. Previous regulations did not specify such a re-

striction, resulting in cars becoming shorter by several to 

over a dozen centimetres compared to earlier designs. 

The 13-inch tyres used until the 2021 season were re-

placed with 18-inch tyres, which required the design of 

larger wheels and adjustments to the suspension layout. The 

current tyre diameter is 720 mm, making it 60 mm larger 

than the previous specification. The wheel widths, however, 

have been retained: 305 mm at the front and 405 mm at the 

rear – Fig. 7 [22]. 

The shift to larger tyres also necessitated changes to 

both the suspension components and the braking system. 

The updated regulations introduced new brake disc specifi-

cations – the number of cooling holes was reduced, and 

although the disc diameter was increased, its overall mass 

also rose. This reduced heat dissipation efficiency, making 

the brakes more prone to overheating during a race. 

 

Fig. 7. Comparison of 13-inch and 18-inch tires [23] 

 

The changes made to the tyres directly influence the 

evolution of the car’s handling characteristics. They make 

the car more challenging to control at the limit and require 

the driver to adapt their driving style, particularly in brak-

ing behaviour and tyre temperature management [41]. 

The wheel covers introduced in 2022, designed to en-

close the rims – Fig. 8, also serve an important aerodynam-

ic purpose. They reduce airflow turbulence generated by the 

rotating wheels, which reduces the disturbed wake behind 

the car and improves the ability to follow another vehicle 

closely. 

 

Fig. 8. The McLaren team uses hubcaps to promote their sponsor [25] 

 

The structural changes introduced in recent years show 

that Formula 1 is gradually moving toward closer racing, 

greater safety, and more predictable on-track behaviour. 

The return of ground effect, simplified aerodynamics, and 
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the planned introduction of active aero all reshape how 

downforce is generated. At the same time, new require-

ments for weight, dimensions, and tyres affect how the car 

responds to loads and how it handles in corners. In practice, 

it is a continuous search for the right balance between per-

formance and stability - an evolution of the car’s architec-

ture driven by the needs of modern Formula 1. 

2.2. Changes in aerodynamics 

Aerodynamics has undergone a similarly dynamic trans-

formation. Since the 1970s, Formula 1 has oscillated be-

tween periods of extreme downforce generation, often fol-

lowed by regulatory clampdowns introduced for safety 

reasons. Ground-effect cars, high-downforce sculpted bod-

ywork, blown diffusers, and later, energy-efficient aero 

regulations all illustrate how the aerodynamic philosophy of 

F1 has repeatedly shifted in response to performance, safe-

ty, and regulatory constraints. The current technical regula-

tions focus primarily on changes implemented in the central 

section of the car, where the number of aerodynamic com-

ponents has been significantly reduced. This redesign ena-

bled the reintroduction of ground effect into Formula 1 in 

2022 [24]. The underbody concept is based on controlled 

external airflow, allowing air to move both beneath and 

above the vehicle and directly influencing the car's aerody-

namic characteristics. 

At the rear, a large diffuser has been installed, whose 

main function is to expand the airflow exiting the floor. 

This solution maximizes ground effect and enables the car 

to generate stable, predictable downforce. 

In 2026, Formula 1 will introduce active aerodynamics 

[2], intended to support energy management, an essential 

requirement due to the characteristics of the new power 

units. Both the front and rear wings will feature movable 

elements, enabling higher cornering speeds and improved 

straight-line performance. The rear wing will consist of 

three segments – Fig. 9. At the same time, the beam wing, 

the lower aero profile located beneath the main rear wing, 

will be removed, and the side elements will be simplified. 

 

Fig. 9. 2024 vs 2026 rear wing comparison [20] 

 

The front wing, consisting of two movable flaps, will be 

narrowed by 100 mm. The wheel covers will also be re-

moved and replaced with new side-section elements de-

signed to reduce the turbulence generated by the front 

wheels. The car’s floor will be partially flat, and the diffus-

er will be reduced in size and simplified [8], in order to 

limit ground effect and decrease the need for extremely low 

ride heights and very stiff suspension setups – Fig. 10. 

 

Fig. 10. Projected car design [16] 

 

The changes introduced in 2026 will affect the aerody-

namic characteristics of the cars. Downforce is expected to 

decrease by around 30%, while aerodynamic drag will be 

reduced by 50%. 

The 2026 regulations simplify key aerodynamic ele-

ments, reduce ground effect, and introduce active aero to 

better manage the car’s performance. 

2.3. Comparison of car dimensions: 2022 vs. 2026 

The new technical regulations introduce changes not on-

ly to the power unit but also to the car’s bodywork. The 

cars' dimensions will be reduced to improve agility. The 

maximum wheelbase will decrease from 360 cm to 340 cm, 

and the overall width will be reduced by 10 cm to 190 cm. 

Additionally, the floor width will be limited to 150 mm – 

Fig. 11. 

These dimensional changes aim to achieve a new mini-

mum weight of 768 kg, 30 kg lower than the current value. 

Calculations indicate that the car with the driver will weigh 

722 kg, while the tyres will account for the remaining 46 

kg. The wheels will also be narrowed while retaining their 

18-inch diameter; their width will be reduced by 25 mm at 

the front and 30 mm at the rear [46]. 

 

Fig. 11. Comparison of the dimensions of the 2022 and 2026 cars [43] 

3. Heat – sustainable fuels 
One of the key factors shaping the thermal behaviour of 

the power unit is the type of fuel it uses. The shift toward 

sustainable fuels directly affects combustion characteristics, 

heat generation, energy efficiency, and overall engine per-

formance. For this reason, alternative fuels naturally fall 
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under the Heat category, which defines how future Formula 

1 engines will manage and convert thermal energy. 

Sustainable fuels are still an emerging technology, but 

one with significant potential for development [17]. The 

new regulations give engine manufacturers considerable 

freedom, while simultaneously requiring them to use sus-

tainable fuels that meet specific parameters. At present, 

there are two main production pathways: synthetic fuels 

and second-generation biofuels. 

A key characteristic of sustainable fuel is its environ-

mentally neutral lifecycle, from production to combustion. 

In contrast, today’s fuels are derived from crude oil, and 

their extraction, refining, and burning all generate substan-

tial emissions [34]. Since 2023, teams have been using fuel 

containing 55% bio-component content, but starting in the 

2027 season, only fully synthetic, 100% sustainable fuel 

will be permitted – Fig. 12. Biofuels are fuels produced 

from biological materials such as crops, microorganisms, 

wood, and various types of waste. First-generation biofuels 

were the earliest category developed and relied mainly on 

food-based feedstocks such as corn, jatropha, or used cook-

ing oils. Their use raised significant concerns, as diverting 

food crops for fuel production created ethical issues, affect-

ed livestock feed availability, and contributed to global 

food supply challenges. Second-generation biofuels, on the 

other hand, are produced from non-food biomass and bio-

logical waste. Formula 1 selected this type of biofuel be-

cause its production relies on materials that do not compete 

with food supply, including waste from the food industry, 

residual oils, straw, and wood. This approach is far more 

sustainable, making second-generation biofuels the pre-

ferred foundation for fuel development in F1 [11]. 

 

Fig. 12. Sustainable fuel in Formula 1 [14] 

Synthetic fuels, also referred to as e-fuels or electro-

fuels, are produced by chemical processes that combine 

carbon dioxide captured from the atmosphere with hydro-

gen produced by water electrolysis [38]. The production of 

e-fuels requires significant electrical energy, which is why 

renewable energy sources are used to ensure the overall 

process remains environmentally neutral [4]. 

By capturing CO₂ directly from the atmosphere, the sys-

tem forms a closed carbon loop: the amount of CO₂ re-

leased during combustion is offset by the CO₂ used to pro-

duce the fuel [18]. As a result, the use of e-fuels does not 

increase the total concentration of CO₂ in the atmosphere – 

Fig. 13. 

 

Fig. 13. Synthetic fuel production scheme [13] 

 

Although sustainable fuels differ in their production 

pathways, their combustion properties share several key 

characteristics that influence engine behaviour. One of the 

most relevant parameters is energy density. Bioethanol, 

commonly used as a reference bio-component, has an ener-

gy density up to ~33% lower than conventional gasoline, 

which naturally increases fuel consumption for the same 

engine load [13]. Biodiesel, in contrast, remains closer to 

fossil diesel, with only around 8–10% lower energy content 

[13]. Synthetic fuels typically fall within a similar range: 

depending on the production method and carbon chain 

structure, their energy density may be comparable to ad-

vanced biofuels, although still lower than that of traditional 

fuels [35]. 

For Formula 1, this means that performance gains will 

not come from higher fuel energy content but rather from 

optimizing combustion parameters, ignition timing, and 

thermal management for the new fuel chemistry. The move 

to 100% sustainable fuels, therefore, shifts the engineering 

focus toward efficiency and precision in the combustion 

system rather than relying solely on the fuel's intrinsic en-

ergy potential. 

4. Precision: engine 
The power unit belongs in the Precision section because 

its performance depends on exact control of combustion, 

energy recovery, and thermal management. The precision 

required to synchronize the internal combustion engine with 

the electrical systems, along with the constant data-driven 
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adjustments made during operation, make the power unit 

one of the most complex and finely tuned components of 

the entire car. 

The influence of sustainability and environmental goals 

has been evident in Formula 1 since 2014, when hybrid 

power units were introduced [37]. Starting in 2026, the FIA 

is taking another major step forward. Electrical energy will 

be required to account for 50% of the power unit’s output – 

Fig. 14, meaning that electric and mechanical energy will 

be used in equal proportion [35]. 

  

Fig. 14. The share of electricity in Formula 1 [40] 

 

a) 

 

b) 

 

Fig. 15. Comparison of current and 2026 hybrid power unit configurations: 

a current F1 hybrid system layout, including the MGU-H, a) 120 kW 
MGU-K and unrestricted turbo operation; b) proposed 2026 power unit 

layout, without the MGU-H, featuring an increased 350 kW MGU-K and 

 updated limits on energy deployment and fuel flow [21] 

The 2026 Formula 1 car will debut with a newly de-

signed power unit, in which the output of the internal com-

bustion engine and the electric motor will be almost evenly 

balanced. This shift eliminates the MGU-H system and 

significantly increases the MGU-K's power to 350 kW, or 

roughly 469 HP – Fig. 15 [12]. 

The removal of the MGU-H is the most significant 

change introduced in the new power units. The way the 

engine generates power will change substantially, although 

the total output is expected to remain slightly above 1000 

HP. The role of electrical energy will increase dramatically. 

The MGU-K is set to deliver around three times the power 

of 2025, from 120 kW to 350 kW [44], while the internal 

combustion engine will run on fully sustainable fuel. Its 

output will gradually decrease in proportion to the growing 

contribution of electrical energy [47]. 

However, the new power unit will be considerably 

heavier. The MGU-K will increase in mass from 7 kg to 20 

kg, while the battery will grow from approximately 20–25 

kg to a minimum of 35 kg. Despite removing the MGU-H, 

which saves about 4 kg, changes to other components in-

crease the total engine weight from 151 kg to 185 kg. 

 
Table 1. Comparison of the weight of the drive units [8, 9] 

Parameter Current engine From 2026 

Engine  ~100 kg* 130 kg* 

MGU-K 7 kg 20 kg** 

MGU-H 4 kg – 

Battery 20–25 kg 35 kg 

Total minimum 
weight 

151 kg 185 kg 

* together with the turbocharger 

** 16 kg MGU-K and 4 kg mechanical transmitter 

 

The updated regulations introduce two primary power 

unit operating modes: the standard mode mode x and the 

override mode mode y – Fig. 16 [3]. 

 

Fig. 16. Differences between the new engine modes [26] 

 

In standard mode, the car may deliver the full electric 

output of 350 kW (476 HP) up to a speed of 290 km/h. 

Beyond this point, the permitted electrical energy gradually 

decreases, reaching 105 kW as long as the speed does not 

exceed 339 km/h [27]. From 340 km/h, the electric power is 

capped at 105 kW, and once the car surpasses 345 km/h, 

electrical deployment becomes unavailable. Based on the 

FIA's published values, the maximum speeds are expected 

to remain similar to those achieved today. 
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The override mode operates similarly but at higher 

speeds. Full electric power will be available up to 337 

km/h, after which it will be progressively reduced until the 

car reaches 355 km/h. Above this threshold, electrical ener-

gy may no longer be deployed. 

The 2026 power unit marks one of the biggest structural 

shifts in modern Formula 1. With the removal of the MGU-

H, a tripled MGU-K output, and an equal 50–50 split be-

tween electric and mechanical energy, the new system re-

lies far more on precise energy management than raw en-

gine power. Although the total output will remain just 

above 1000 hp, the way this performance is generated be-

comes much more complex, demanding exact control of 

deployment, recovery, and thermal behaviour. The in-

creased weight of key components and the introduction of 

two operating modes further underline how dependent 

future power units will be on accuracy and data-driven 

optimisation making precision the defining element of the 

2026 engine architecture. 

5. Summary 
In 2022, major aerodynamic regulations were intro-

duced to improve on-track racing and reduce the negative 

impact of dirty air generated by the cars. The key updates 

included: 

 the return of ground effect – most of the downforce is 

generated by the floor rather than complex upper-body 

aero 

 simplified front and rear wings – to reduce turbulence 

and make following another car easier 

 18-inch tyres – offering greater durability and improv-

ing race strategy. 

The V6 Turbo Hybrid engines used from 2014 to 2025 

produce around 1000 HP, with approximately 850 HP from 

the internal combustion engine and 150 HP from the MGU-

K. The total weight of the power unit increased to 151 kg 

due to the addition of advanced electrical components and 

batteries. 

Key technical limitations include: 

 fuel-flow limit of 100 kg/h 

 fuel mass limit of 110 kg per race 

 engine speed capped at 15,000 rpm 

 mandatory use of E10 fuel containing 10% biocompo-

nents. 

A major technological shift will take place in 2026 – 

Fig. 18. The most important changes include: 

 removal of the MGU-H – simplifying engine architec-

ture and reducing costs 

 increasing MGU-K output to 350 kW (469 HP) – elec-

tric power will account for 50% of the total output 

 introduction of fully synthetic fuels – reducing CO₂ 

emissions and encouraging competition between fuel 

suppliers 

 reducing car weight to 768 kg – through updated dimen-

sions and new materials. 

 

Fig. 18. Comparison of the 2022 and 2026 cars [15] 

 

Active aerodynamics and engine operating modes: 

Future cars will feature active aerodynamics, with movable 

front and rear wings that automatically adjust based on 

speed and race strategy. The FIA will also introduce two 

operating modes for the power unit: 

 standard mode X: full electric power available up to 290 

km/h, gradually reduced beyond that point 

 override mode Y: short bursts of increased power for 

overtaking, with deployment limited to speeds below 

355 km/h. 

Together, these updates aim to improve the racing spec-

tacle and accelerate the transition toward more sustainable 

technologies. Changes Formula 1's position as a key tech-

nological testbed for future road-relevant propulsion sys-

tems, accelerating innovation in hybridisation, energy re-

covery and sustainable fuels. 

 

Nomenclature 

AI artificial intelligence 

E10 ethanol 10% fuel 

ERS energy recovery system 

FIA Fédération Internationale de l’Automobile 

ICE internal combustion engine 

MGU-H motor generator unit – heat 

MGU-K  motor generator unit – kinetic 
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1. Introduction 
1.1. The importance of hydrogen as a fuel in the context 

of energy transformation 

Contemporary transformations in the energy sector are 

driven not only by growing energy demand but also by the 

urgent need to reduce the impact of human activity on the 

natural environment. The depletion of fossil fuel resources 

and the greenhouse gas emissions associated with their 

combustion are driving the search for alternative solutions 

that can ensure energy security while also promoting the 

decarbonization of the economy. In response to these chal-

lenges, low-emission fuels such as biofuels, natural gas, and 

hydrogen are increasingly being utilized [38], which could 

play a significant role in shaping the future of energy. 

Among all emerging clean-energy options, hydrogen 

stands out as one of the most promising. It combines high 

energy content, zero-emission combustion, and flexibility 

of use across industry, transport, and power generation, 

making it a strategic part of the global energy shift [61]. In 

2024, world hydrogen use reached about 100 million tons – 

growth fueled more by overall economic activity than by 

climate policy. Even with stronger policy support, low-

carbon hydrogen production may hit only 6 million tons by 

2030, or roughly 10 percent of what’s envisioned in the 

NZE 2050 scenario [48]. Hydrogen’s role in the energy 

transition is clear, but unlocking its full potential will de-

mand both new technologies and a broader, sustainability-

oriented approach to future energy planning [74].  

Due to the instability of renewable sources caused by 

weather conditions and seasonality, they cannot ensure  

a continuous energy supply at the desired level [59]. There-

fore, systems for hydrogen production and storage are seen 

as a key element in the transition to emission-free energy 

technologies, replacing coal-fired power plants [39]. As the 

transition to climate neutrality speeds up, hydrogen is gain-

ing attention as a strategic fuel for the future. By 2030, 

global demand could reach 150 million tons a year, with 

almost half expected to come from low-carbon production. 

Still, most hydrogen today is produced from fossil fuels, 

which emit around 920 million tons of CO2 each year. De-

veloping cleaner ways to produce hydrogen, such as renew-

able-powered electrolysis or carbon-capture reforming, is 

now one of the top priorities for decarbonizing energy and 

industry [48, 66]. In 2023, hydrogen consumption rose by 

2.5%, hitting a record 97 million tons (Fig. 1). 

Currently, China accounts for nearly one-third of global 

hydrogen demand, followed by the US at roughly 14%. The 

increase in global hydrogen demand has been driven mainly 

by its broader use in oil refining, chemical processing, and 

ironmaking via DRI technologies that utilize hydrocarbon-

based syngas. Nevertheless, fossil-derived hydrogen still 

dominates production, mostly without carbon capture, result-

ing in nearly 920 Mt of CO₂ emissions per year – exceeding 

those of entire nations such as France or Indonesia [48]. 

According to the Net Zero Emissions 2050 scenario, 

hydrogen consumption is forecast to reach around 150 

million tonnes annually by 2030. Approximately 45% of 

this total will come from low-carbon production routes, 

while roughly 40% of the growth will originate from 

emerging applications such as heavy transport, industrial 

decarbonization, e-fuel synthesis, and renewable-based 

power systems [48].  

1.2. Hydrogen combustion characteristics compared  

to conventional fuels 

Hydrogen, which produces only water vapor during 

combustion and no CO₂, has become one of the most prom-

ising alternatives to conventional fuels. Research interest in 
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its use for powertrains has increased, especially in combus-

tion and hybrid systems, where hydrogen offers a path to 

lower emissions without abandoning existing infrastructure. 

This trend is well-documented in the scientific literature, 

which emphasizes studies on the design, performance, and 

control of hydrogen-powered engines [70] and their imple-

mentation in hybrid configurations [4]. Comparative exper-

iments involving spark-ignition engines operating on hy-

drogen and gasoline [56] demonstrate notable variations in 

efficiency, output performance, and pollutant emissions.  

In addition, a growing body of work investigates hybrid 

engines operating on hydrogen-enriched conventional fuels 

[2, 3] and includes combined theoretical and experimental 

analyses evaluating these systems’ effectiveness [62, 69]. 

Research consistently demonstrates that supplementing 

the intake charge with a hydrogen–oxygen mixture enhanc-

es energy efficiency and decreases CO and HC emissions, 

though it may simultaneously raise NOₓ concentrations, 

particularly when used with low-ethanol gasoline blends 

[67]. At the same time, increasing research attention has 

been devoted to sustainable biofuels, which are now widely 

regarded as complementary energy carriers thanks to their 

advantageous combustion behaviour, often matching or 

even surpassing that of conventional fossil fuels [14]. Work 

in this area spans alcohols [7, 21], hydrogen [34], biogas 

[13], biofuels [28, 33], and dimethyl ether [45]. all of which 

display unique emission and performance profiles. Another  
 

promising line of investigation concerns nanoparticles [1], 

used as fuel additives, which appear to enhance flame prop-

agation, improve thermal efficiency, and reduce pollutant 

concentrations. 

Hydrogen’s footprint in road transportation remains 

small but is expanding quickly. In 2023, global hydrogen 

demand for road transport reached approximately 60 kilo-

tonnes, representing less than 0.1% of total consumption 

but marking a 55% increase from 2022. The most dynamic 

growth occurred in fuel-cell truck and bus fleets, particular-

ly in China, where per-vehicle hydrogen usage is consider-

ably higher than in passenger transport [48]. Data from 

2021–2023 indicate that commercial vehicles – including 

trucks, delivery vans, and public buses – were the main 

drivers of this expansion, with hydrogen consumption near-

ly doubling over the course of one year. These results high-

light that hydrogen currently has the greatest potential in 

high–energy–demand sectors of road transport, where con-

tinuous operation, practical refueling, and system efficiency 

best leverage its inherent advantages (Fig. 2). 

Analysis of data from 2021–2023 clearly indicates that 

the increase in demand is primarily related to commercial 

vehicles. Although hydrogen consumption in the passenger 

car segment has been gradually increasing. In 2023, the 

largest share was accounted for by commercial vehicles 

including delivery vans and trucks, whose demand for hy-

drogen almost doubled compared to the previous year. The 
 

 

Fig. 1. Geographical differentiation of hydrogen consumption in 2023 [48] 

  

Fig. 2. Hydrogen consumption breakdown in road transport: global segment perspective [48] 
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bus segment also showed significant growth, reflecting the 

growing number of fuel cell-based urban public transport 

fleet projects (Fig. 2). These findings confirm that hydrogen 

use in road transport offers the greatest potential in sectors 

with high energy demands and intensive driving cycles, 

making buses and trucks the most natural and promising 

applications for this technology. 

2. General overview of hydrogen as a fuel 
2.1. Physicochemical properties of hydrogen affecting 

combustion 

Hydrogen as a fuel has unique combustion properties 

compared to conventional fuels. Its very low ignition ener-

gy (approximately 0.02 mJ) and high combustion velocity 

(over 260 cm/s) make it possible to achieve ignition even 

with a small energy dose and in lean mixtures [19, 30, 69]. 

The high temperature of the hydrogen flame (approximately 

2390 K) promotes efficient energy release, but can lead to 

increased nitrogen oxide (NOₓ), emissions, requiring the 

use of combustion control systems such as exhaust gas 

recirculation or mixture cooling. [63]. Hydrogen, unlike 

traditional hydrocarbon fuels, does not emit carbon dioxide 

during combustion, making it an important contributor to 

efforts to reduce emissions in transport and the energy 

sector [30, 69]. 

Additionally, it is used as an admixture in alternative 

fuel blends, including methane (CH4), biogas, LPG, CNG, 

ammonia (NH3), and diesel fuel in dual-fuel solutions. 

Table 1 clearly shows that adding hydrogen, even in small 

to moderate amounts, has a strong positive effect on com-

bustion. It leads to quicker ignition, greater mixture reactiv-

ity, and a faster-moving flame. When used with methane 

(CH4), hydrogen allows the fuel to burn more rapidly and 

with less ignition energy. In ammonia-based blends, hydro-

gen serves to stabilize combustion by compensating for 

ammonia’s low chemical reactivity, which results in 

smoother and more dependable engine operation. Likewise, 

in biogas-fueled setups, introducing H₂ increases the com-

bustion rate and improves cycle-to-cycle uniformity. These 

effects are especially beneficial in micro-cogeneration sys-

tems, transport applications, and farm machinery. In dual-

fuel systems (e.g., diesel–H2), hydrogen as a secondary fuel 

not only reduces diesel consumption but also, thanks to its 

faster combustion, shortens ignition time. Table 1 shows 

that, regardless of the base fuel, H₂ admixture plays a key 

role in improving the efficiency and stability of combus-

tion. 

Fuel mixtures with hydrogen, so-called H₂-blends, are 

increasingly being analyzed as transitional solutions. Add-

ing hydrogen to methane, biogas, LPG, or even ammonia 

significantly improves ignitability, increases flame speed, 

and combustion stability, which is particularly important in 

low-temperature engine operating conditions or in cogener-

ation technologies [47, 52]. Using hydrogen as an admix-

ture not only reduces CO2 and carbon monoxide emissions 

but also enables the combustion of more difficult fuels 

(e.g., ammonia) while maintaining stable engine operating 

conditions [52, 69]. Compared to conventional fuels, hy-

drogen blends demonstrate better combustion cycle repeat-

ability, shorter ignition time, and the potential to signifi-

cantly reduce harmful emissions [8]. 

Hydrogen also has an exceptionally high calorific value 

of approximately 120 MJ/kg, making it one of the most 

energetic fuels currently available [58]. For comparison, the 

calorific value of gasoline is approximately 44 MJ/kg, 

while that of natural gas is approximately 50 MJ/kg. Com-

bustion of hydrogen with oxygen produces only water va-

por, without the emission of carbon dioxide (CO2), sulfur 

oxides (SOx), or particulate matter [30, 31]. 

Due to its wide flammability range (4% to 75% by vol-

ume in air), hydrogen can be burned in very lean mixtures, 

making it an extremely flexible fuel across engine operating 

conditions [16, 30]. Moreover, hydrogen exhibits a high 

flame front velocity of approximately 2.65–3.25 m/s, sever-

al times higher than that of methane or gasoline. This prop-

erty favors rapid and complete combustion (64), but in the 

absence of precise process control, it can cause undesirable 

phenomena such as combustion knock, flashback, or une-

ven reaction [69]. 

Storage and safety remain major limitations to the wide-

spread use of hydrogen as a fuel. Due to its very low densi-

ty under normal conditions, hydrogen must be compressed 

to high pressures or liquefied at low temperatures, which 

incurs additional energy and material costs [11, 15, 69]. 

Furthermore, hydrogen is colorless and odorless, and its 

very low ignition energy increases the risk of explosion in 

the event of a leak [11, 32, 67]. Despite existing limitations, 

hydrogen is a key element of the upcoming energy trans-

formation. It is increasingly being treated not only as a fuel 

but also as an effective energy carrier and storage medium, 
 

 

Table 1. Comparison of the physicochemical properties of hydrogen, methane, gasoline, and diesel [51, 57] 

Property Hydrogen Methane Gasoline Diesel 

Carbon content [mass%] 0 75 84 86 

Density (at 1 bar & 273 K); [kg/m3] 0.089 0.72 730–780 830 

Molecular weight 2.016 16.043 110 170 

Boiling point [K] 20 111 310–488 453–633 

Auto-ignition temperature [K] 853 ~813 ~623 ~523 

Minimum ignition energy in air (at 1 bar & at stoichiometry) [mJ] 0.02 0.29 0.24 0.24 

Stoichiometry air/fuel mass ratio 34.4 17.2 14.7 14.5 

Quenching distance (at 1 bar & 298 K at stoichiometry) [mm] 0.64 2.1 2 – 

Flammability limits in air [vol%] 4–76 5.3–15 1–7.6 0.6–5.5 

Adiabatic flame temperature (at 1 bar & 298 K at stoichiometry) [K] 2480 2214 2580 2300 

Octane number (R+M)/2 130+ 120+ 86–94 – 

Cetane number [–] – – 13–17 40–55 
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capable of integrating various economic sectors: transport, 

energy, and industry [29]. Further progress, however, re-

quires the development of production technologies such as 

electrolysis powered by renewable energy sources, the 

expansion of transmission and storage infrastructure, and 

the establishment of consistent safety standards [11, 72].  

2.2. Selected technologies for the use of hydrogen  

in piston engines (blends) 

Using hydrogen as an additive to traditional fuels in pis-

ton engines is currently considered one of the most promis-

ing solutions for reducing exhaust emissions, without re-

quiring a complete modernization of the drive system. Hy-

drogen-fuel blends (H2-blends) enable partial replacement 

of fossil fuels with gaseous hydrogen, reducing CO2 and 

CO emissions while also affecting ignition and combustion 

characteristics. Due to its high reactivity, wide flammability 

range, and low ignition energy, hydrogen significantly 

alters flame front dynamics, enabling lean mixture opera-

tion and improving cycle repeatability. Depending on the 

base fuel used, such as methane, LPG, biogas, or diesel, 

various hydrogen injection strategies are used, including 

direct injection, sequential injection, dual-fuel systems, and 

premixing. To ensure stable, controlled combustion of the 

hydrogen-fuel mixture, it is crucial to properly develop  

a fuel strategy and optimize the component ratios. This 

helps avoid unfavorable phenomena such as combustion 

knock, flashback, and excessive NOx emissions. Modern 

design processes increasingly use CFD numerical model-

ing, which enables detailed analysis of the mixture's behav-

ior in the combustion chamber, accounting for the effects of 

geometry, turbulence, and gas residence time. The results of 

such simulations are essential for developing modern, effi-

cient engines optimized for hydrogen fueling across diverse 

operating conditions. 

Hydrogen as a fuel exhibits unique physicochemical 

properties that distinguish it from conventional hydrocar-

bon fuels [57]. Furthermore, its combustion rate in the 

engine chamber is approximately six times that of gasoline, 

resulting in a shorter combustion duration and reduced 

thermal losses. In mixtures of hydrogen with other fuels, 

especially gases such as methane or LPG, appropriate injec-

tion and ignition control strategies enable the exploitation 

of the synergistic properties of both components. Dual-fuel 

systems enable the adaptation of existing engines to co-

combustion of hydrogen with a base fuel, but require pre-

cise control of stoichiometric ratio and ignition timing to 

avoid undesirable phenomena such as combustion knock, 

pre-ignition, or flashback [57, 74].  

As shown in Table 1, hydrogen has unique physico-

chemical properties that significantly shape combustion in 

piston engines, particularly in dual-fuel systems. With its 

very low ignition energy (0.02 mJ) and wide flammability 

range (4–75% by volume), hydrogen is an exceptionally 

reactive fuel, capable of igniting even under conditions 

where traditional fuels fail. Its high flame temperature 

(2390 K) improves engine thermal efficiency but also in-

creases the risk of NOx emissions, requiring precise tem-

perature and mixture control. Owing to its high stoichio-

metric air-to-fuel ratio [4, 38] and minimal flame extinction 

distance (≈0.64 mm), hydrogen supports very rapid com-

bustion front movement, but also presents a higher risk of 

knock and flashback, notably in high-compression-ratio 

engines. 

Its low density under normal conditions (0.089 kg/m³) 

limits the energy content per unit volume [MJ/m³], which is 

compensated for by appropriate design solutions, such as 

direct injection or systems operating at increased pressure 

[57]. Such properties require the use of advanced modeling 

methods, including CFD simulations, which include analy-

sis of chemical kinetics, turbulence, and heat transfer, 

which allows for the prediction of the behavior of the fuel-

air mixture containing hydrogen. To ensure high efficiency 

and low emissions with stable engine operation, precise 

optimization of the ignition strategy, combustion chamber 

shape and operating parameters is necessary depending on 

the type of base fuel (e.g. methane, LPG, diesel). 

Controlling nitrogen oxide (NOx) emissions remains  

a major challenge in operating hydrogen-fueled combustion 

systems. The inherently high flame temperatures of hydro-

gen promote NOₓ formation; however, employing lean-burn 

mixtures, exhaust gas recirculation (EGR), and retarded 

ignition strategies can significantly lower emissions, keep-

ing them within the limits of forthcoming regulatory stand-

ards. It is also worth emphasizing that hydrogen internal 

combustion engines (H₂-ICEs) are already close to industri-

al implementation, given their technological maturity and 

low dependence on critical raw materials, distinguishing 

them from fuel cell systems [4, 57]. 

The use of hydrogen-methane mixtures (so-called  

H2–CH4 blends) in piston engines allows for significant 

improvements in combustion parameters, such as flame 

propagation speed and shortened ignition delay time. The 

addition of hydrogen increases the heat release rate and 

shortens the time between ignition and the pressure peak, 

thereby improving the overall efficiency of the process. 

Studies show that even with H2 contents of 10–40% by 

volume, flame speed can be increased by several dozen 

percent compared to pure methane [35]. Increasing hydro-

gen concentration not only accelerates the combustion reac-

tion but also extends the mixture's ignition limits. Laborato-

ry experiments have shown that the addition of H2 shifts the 

maximum flame speed toward richer mixtures and broadens 

the φ range in both the lean and rich zones. For example, 

for a CH4–H2 mixture with 50% hydrogen, the ignition 

limit was extended from φ = 0.5 to φ = 1.6. This character-

istic allows engines to operate under a wider range of load 

conditions [35, 62]. However, the technical aspects of com-

bustion of such mixtures are complex and dependent on 

many parameters – pressure, initial temperature, gas com-

position, and combustion chamber geometry. Furthermore, 

the effect of pressure on flame velocity is not always intui-

tive; existing empirical relationships are subject to revision 

in light of the latest experimental data and CFD calcula-

tions. This demonstrates the importance of conducting 

further research both in laboratory conditions and in indus-

trial-scale engines. 

The introduction of hydrogen into natural gas fuel mix-

tures, known as HCNG (hydrogen–compressed natural 

gas), significantly alters their energy and combustion prop-

erties. As shown in Table 2, increasing the volumetric frac-
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tion of hydrogen from 10% to 30% leads to a gradual in-

crease in the specific calorific value of the mixture (LHV 

[MJ/kg]), while simultaneously reducing the volumetric 

calorific value (LHVvol [MJ/Nm³]). Increasing the hydrogen 

content leads to a lower volumetric calorific value and a 

slight decrease in the stoichiometric energy content of the 

mixture. This also increases the stoichiometric air/fuel ratio 

(AFRstoich), meaning that more air is required for complete 

combustion. These modifications directly impact combus-

tion process parameters and control strategies. Table 2 

presents an analysis of the impact of HCNG mixtures on 

pollutant emissions, energy efficiency, and engine stability. 
 

Table 2. NG and HCNG properties [30, 38, 55] 

 Natural 

gas 

HCNG10 HCNG20 HCNG30 

H2 [% vol.] – 10 20 30 

H2 [% energy] – 3.2 7.0 14.4 

LHV [MJ/kg] 45.3 46.2 46.7 48.5 

LHVvol [MJ/kg] 36.0 34.3 31.7 29.2 

AFRstoich [–] 15.6 15.8 16.1 16.4 

 

HCNG mixtures are being intensively researched as 

fuels for internal combustion engines, particularly in the 

automotive sector. Numerous analyses indicate that with an 

appropriate blend composition, CO2 emissions can be re-

duced by up to 20–30% compared to gasoline, as well as 

significantly reducing particulate matter and nitrogen oxide 

emissions [37]. Furthermore, increased energy efficiency of 

the drive unit is observed, making HCNG fuels an attractive 

transitional solution on the path to zero-emission transpor-

tation. From a technical perspective, the presence of hydro-

gen in HCNG increases the laminar combustion velocity, 

requiring an adapted ignition strategy, including an earlier 

ignition timing to avoid efficiency degradation during the 

expansion phase [37]. Figure 3 presents the dependence of 

the laminar burning velocity on the equivalence factor (ϕ) 

for fuel-air mixtures containing hydrogen, based on data 

from various authors (Miao, Halter, Huang, Yu) [26, 27, 

40]. The graph shows that the combustion velocity increas-

es with ϕ, reaches a maximum in the range ϕ ≈ 1.1–1.2, and 

then decreases. This course indicates that hydrogen signifi-

cantly improves combustion rate, especially at stoichio-

metric and slightly rich mixture conditions, which is im-

portant for engine efficiency and for optimizing ignition 

timing with variable mixture composition. 

The presence of methane in HCNG blends helps main-

tain a smooth, stable combustion process while reducing the 

risk of detonation and flashback. Research shows that the 

best results are achieved when the hydrogen content in the 

blend is between 10% and 30%. This range enables better 

engine performance and safe, predictable system operation 

[36]. Road tests of dual-fuel vehicles have demonstrated 

that HCNG fueling results in lower fuel consumption 

[MJ/km], which translates into more uniform and stable 

combustion in subsequent engine cycles. Additionally, 

emission tests confirmed significant reductions in CO and 

HC emissions and lower NOx levels compared to systems 

fueled with pure methane [37], making HCNG a viable 

alternative for commercial vehicles and stationary cogener-

ation units. 

 

Fig. 3. Variation of unstreched laminar burning velocity with equivalence 
 ratio (ϕ) for HCNG20 blend [37]  

 

These results are confirmed by the analysis presented in 

Fig. 4, which illustrates the effect of the relative air-fuel 

ratio (λ) on the efficiency of an engine fueled with different 

fuel mixtures: pure natural gas (NG), HCNG10 (with 10% 

hydrogen), and HCNG20 (with 20% hydrogen). The meas-

urement carried out at 3800 rpm, full throttle, and at MBT 

ignition advance showed that the addition of 10% hydrogen 

leads to a significant increase in engine efficiency com-

pared to natural gas over the entire λ range [55]. At the 

same time, increasing the hydrogen content to 20% no 

longer brings additional benefits, suggesting that the effi-

ciency improvement effect reaches a saturation point at 

higher hydrogen concentrations. 

The influence of inert gas admixtures on hydrogen 

combustion in modern ignition systems is an important area 

of research for the development of emission-free propulsion 

technologies. One approach in this regard is the use of 

helium as a fuel mixture component, which allows for mod-

ification of the combustion process in turbulent ignition 

(TJI) engines. In the article [41], the influence of helium 

addition to hydrogen on the combustion process in a turbu-

lent ignition (TJI) piston engine was analyzed. The studies 

were conducted on a single-cylinder AVL 5804 engine 

using H₂/He mixtures (from 100% H₂ to 60% H₂ with 40% 

He) at lean mixtures (λ = 1.5–3.0). 

It was shown that increasing the helium content lowers 

the maximum combustion pressure, IMEP, and heat release 

rate, and also reduces the risk of combustion knock. For 

example, each additional 10% of helium resulted in an 

average 10% decrease in IMEP and up to a 75% reduction 

in combustion rate [41]. Further on, the authors analyzed 

the effects of hydrogen content, throttle opening, and ex-

cess air ratio (λ) on combustion characteristics. Figure 5 

presents a three-dimensional map of these relationships, 

which indicates that increasing the hydrogen content in the 

fuel leads to the combustion of increasingly leaner mixtures 

(higher λ) and simultaneously increases the sensitivity of 

the process to changes in throttle position. Especially at H₂ 

content above 90%, small changes in the throttle valve 

caused nonlinear changes in IMEP–located in the lower 

part of the graph (blue). 
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Fig. 4. Engine efficiency versus relative air-fuel ratio lambda for different 

 fuels [55] 

 

Fig. 5. Map of variations in the throttle position, hydrogen content of the 

mixture, and resulting excess air ratio (color-resulting excess air ratio; 
circles-excess air ratio values; triangles-projection onto the plane of  

 λ-value) [41] 

 

Research results show that both helium and hydrogen 

can effectively influence the combustion process. However, 

precise control of the mixture composition and throttle 

valve opening is crucial for the Turbulent Jet Ignition (TJI) 

engine to operate stably and efficiently when fueled with 

lean hydrogen mixtures. 

The effect of hydrogen as a component of the fuel mix-

ture manifests itself not only through changes in combus-

tion dynamics but also through modification of the au-

toignition regime. In this article [17], a numerical analysis 

of autoignition was performed across various combustion 

systems, ranging from spark-ignition (H2/CH4) and com-

pression-ignition (H2/ON) engines to MILD technologies 

and detonation engines (RDE). The use of hydrogen results 

in a significant reduction in the mixture ignition time, but 

this effect is highly nonlinear and depends on thermody-

namic conditions. The results of isolinear ignition delay 

analyses (iso-contours) showed that hydrogen can both 

accelerate and retard autoignition, depending on tempera-

ture and pressure, due to complex transition chemistry (e.g., 

the NTC effect in hydrocarbon fuels). This relationship is 

confirmed by the data presented in Fig. 6, which shows the 

effect of hydrogen in a methane (NG2) mixture on the igni-

tion delay time and the laminar combustion velocity under 

conditions typical of spontaneous ignition in a spark-

ignition engine (T = 1000 K, P = 85 bar). Although pure 

hydrogen has a combustion velocity 6–8 times higher than 

methane, an increase in the hydrogen content to 50% only 

causes a two-fold increase in the mixture flame velocity. At 

the same time, a nonlinear but systematic decrease in igni-

tion time is observed with increasing hydrogen content. The 

results confirm that the addition of hydrogen significantly 

changes the way fuel ignites. Therefore, this effect should 

be taken into account when developing combustion strate-

gies and ignition calibration in engines operating on H2/NG 

blends. 

 

 

Fig. 6. Effect of hydrogen fraction in the H₂/NG₂ mixture on ignition delay 

time and laminar burning velocity under conditions characteristic of 

autoignition in a spark-ignition (SI) engine (T = 1000 K, P = 85 bar). A 
 stoichiometric mixture (φ = 1.0) was used [17] 

 

These conclusions are confirmed by DNS studies of hy-

drogen combustion under reheat combustion conditions, 

presented by Gruber et al. [23]. Numerical simulations in  

a diffusion-free system have shown that flame stabilization 

in the second combustion stage (e.g., in the two-stage sys-

tem) can be achieved by spontaneous ignition. The key 

factor determining the reaction location and rate in this case 

is the inlet temperature of the reactants, not the mixture 

equivalence factor. Hydrogen reheat flames are highly 

sensitive to small temperature changes, which is associated 

with dynamic combustion instabilities and the potential 

occurrence of self-ignition waves in the velocity range 

between classical deflagration and detonation – the so-

called spontaneous propagation zone. 

As part of research on hydrogen co-combustion tech-

nologies in piston engines, a three-dimensional model of 

the Gasoline Direct Injection (GDI) engine was developed 

to analyze in detail the effect of hydrogen volume fraction 

(HVF) on combustion and emissions [18]. Simulation re-

sults showed that increasing the hydrogen content in the 

fuel mixture increases maximum cylinder pressure and heat 

release, accelerates ignition, and shortens combustion dura-

tion. It was also observed that, due to a higher OH radical 

content, combustion becomes more dynamic and approach-

es ideal isochoric combustion, which translates into an 

increase in the indicated efficiency (ITE). The highest effi-

ciency increase (from 35.1% to 40.1%) was achieved with  
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a 10% HVF and delayed ignition. However, the authors 

noted that too early ignition at low HVF can intensify com-

bustion knock (KI > 3 MPa). Importantly, because hydro-

gen has a higher octane number, increasing HVF mitigates 

the mixture's susceptibility to autoignition. Ultimately, the 

work indicates that appropriate selection of HVF and igni-

tion timing can optimize efficiency and reduce emissions 

while maintaining safe combustion in gasoline direct injec-

tion engines. Figure 7 illustrates that increasing HVF (up to 

10%) increases ITE, particularly with delayed ignition (e.g., 

IT = 2°CA aTDC), while a decrease in efficiency is ob-

served with premature ignition (e.g., IT = −11°CA aTDC). 

This effect highlights the importance of properly calibrated 

ignition parameters in engines burning gasoline-hydrogen 

mixtures. 

 

Fig. 7. Effect of hydrogen fraction in the fuel mixture (HVF) and ignition 
 timing (IT) on the indicated thermal efficiency (ITE) of a GDI engine [18] 

2.3. Technological and environmental challenges 

The dynamic development of hydrogen technologies for 

internal combustion engines is driven by global efforts to 

reduce greenhouse gas emissions. Hydrogen-powered en-

gines (H2-ICEs) and versions powered by fuel blends, such 

as hydrogen with natural gas or gasoline, offer an alterna-

tive to traditional engines and fuel cells. Despite its many 

advantages – including the absence of CO2 emissions in the 

TTW cycle, high calorific value, and rapid combustion 

kinetics the use of hydrogen poses numerous technical and 

environmental challenges. These require solutions for safe-

ty, combustion efficiency, NOx emissions, and integration 

with the fuel infrastructure. 

One of the main technological challenges with direct 

hydrogen injection remains precise control of injection 

timing and pressure. Late-cycle injection requires very high 

pressure up to 300 bar to overcome cylinder pressure and 

deliver fuel quickly. Injection too early leads to thermal 

losses and a too homogeneous mixture, while injection too 

late leads to incomplete fuel-air mixing, which increases 

NOx emissions and reduces combustion efficiency [22]. 

Another limitation is that the displacement effect, the pres-

ence of hydrogen in the intake manifold, reduces the 

amount of air drawn into the cylinder, reducing volumetric 

efficiency. In conventional indirect injection (PFI) systems, 

additional boosting or cryogenic hydrogen injection is nec-

essary to achieve performance similar to that of gasoline 

engines. Direct injection offers greater mixture control and 

shorter fuel preparation time, but it requires costly modifi-

cations to the fuel and control systems. 

Adding hydrogen to gasoline in GDI engines improves 

combustion parameters by accelerating chemical reactions 

and increasing the proportion of active OH radicals. This 

shortens the ignition delay and overall combustion time. In 

practice, this translates into higher maximum cylinder pres-

sure and thermal efficiency, which improve engine perfor-

mance and reduce cyclic irregularities. However, increasing 

the hydrogen proportion in the fuel mixture can lead to 

early self-ignition, especially at advanced ignition angles. 

Additionally, despite improved knock resistance, the in-

crease in combustion temperature with a high hydrogen 

content promotes NOx generation, requiring the use of ap-

propriate exhaust gas aftertreatment systems or lean com-

bustion strategies [18]. 

In cogeneration systems, adding hydrogen to natural gas 

significantly alters the combustion process. At hydrogen 

contents up to 20% by volume, an increase in flame speed 

is observed, which shortens combustion time and allows for 

greater power with delayed ignition. However, excessive 

hydrogen content decreases mixture density, thereby reduc-

ing volumetric efficiency. At the same time, higher hydro-

gen content increases combustion temperature, leading to 

higher NOx emissions. Furthermore, a shorter combustion 

process limits the recovery of exhaust heat energy in tur-

bines. Therefore, it is necessary to appropriately adjust the 

ignition strategy and use a lean mixture to balance emis-

sions and engine efficiency [9]. 

Although hydrogen is a clean fuel, its use in engines 

poses technological challenges, including pre-ignition, 

flashback, and the risk of leaks. Advanced materials re-

sistant to operating conditions and appropriate safety sys-

tems are essential. Furthermore, producing "green" hydro-

gen requires significant capital expenditures, and its storage 

and transportation (e.g., at 700 bar) remain economically 

and technologically challenging. Due to hydrogen's high 

combustion temperature, nitrogen oxide emissions are  

a major environmental concern. The use of ultra-lean com-

bustion, exhaust gas recirculation (EGR) systems, and SCR 

catalytic converters using hydrogen alone as a reducing 

agent can significantly reduce this problem, but requires 

precise control and matching the combustion strategy to 

load conditions [6]. 

The biggest problem with hydrogen-powered cars (H2–

ICE) is not the engine itself. Hydrogen requires special 

stations and tanks, which are expensive and must meet very 

stringent safety standards. Therefore, despite the ready-

made technology, its widespread use is currently difficult. 

There is also the issue of safety, as hydrogen is highly 

flammable, so ventilation systems and leak detectors must be 

installed. Nevertheless, hydrogen has its advantages, H2-ICE 

engines do not require rare metals and can be produced in 

existing factories, making them an excellent interim solution 

until zero-emission transport becomes the norm [70]. 

For engines to run on hydrogen, significant design 

changes are necessary. These factors impact not only the 

intake and exhaust systems but also the ignition method, the 

materials used, and the control systems. Properly selecting 
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injection pressure and ignition timing is particularly crucial, 

as hydrogen has a very low ignition energy and is prone to 

premature combustion, which can damage engine compo-

nents. From an environmental perspective, NOx emissions 

remain the biggest problem, as they increase with increas-

ing combustion temperature. Solutions could include lean 

fuel mixtures, modern exhaust gas aftertreatment systems, 

and hydrogen as a reducing agent in SCR catalytic convert-

ers. However, the effectiveness of these methods depends 

on precise engine control and compatibility with existing 

fuel infrastructure [38]. Although hydrogen has enormous 

potential as a future fuel, hydrogen-powered engines are not 

as volumetrically efficient as conventional gasoline en-

gines. This is because hydrogen, in its gaseous state, has a 

lower energy density, and in indirect injection systems it 

occupies part of the space intended for air. As a result, the 

power of such engines is usually somewhat lower, especial-

ly under heavy load. Their advantage, however, is the abil-

ity to operate on very lean mixtures, which reduces nitrogen 

oxide emissions. The problem is that this makes it more 

difficult to maintain stable combustion and avoid knocking. 

Therefore, increasingly advanced combustion control and 

modeling systems are needed to fully utilize hydrogen's 

potential [69]. 

 
Table 3. Summary of the main technical and environmental challenges 

associated with the use of hydrogen in internal combustion engines and 

potential directions for their mitigation [6, 9, 18, 38, 51] 

Challenge Potential solution 

Pre-ignition and flame back-

flow 

Delayed ignition, advanced injection 

control 

High NOx emissions in richer 

mixtures 

Lean-burn strategy, EGR, H₂-SCR 

systems, and NSC catalysts 

Poor hydrogen–air mixing High-pressure direct injection and 

stratified mixture formation 

Lack of hydrogen refueling 

infrastructure 

Expansion of the H₂ station network, 

public support 

High hydrogen storage 

pressure 

Advanced Type IV composite storage 

tanks 

Increased wear and corrosion 

of engine components 

Protective coatings, optimization of 

cooling systems 

Complex material require-

ments for injection systems 

Use of resistant materials and lubri-

cants 

Secondary emissions: N₂O 

and NH₃ 

Advanced exhaust gas after-treatment 

systems 

Lack of standardized norms 

and regulations 

Development of harmonized interna-

tional standards 

Pollution from hydrogen 

production based on fossil 

fuels 

Development of ICE electrolysis and 

green hydrogen production 

 

Table 3 presents the main technological and environ-

mental challenges associated with using hydrogen as a fuel 

in piston engines, both in single-fuel systems and in blends. 

It addresses typical issues related to hydrogen combustion, 

such as the risk of pre-ignition, difficulties in properly mix-

ing fuel with air, and demanding material requirements for 

injection system components. Additionally, it summarizes 

possible directions for technical and system solutions. The 

table also considers non-engine factors, including limited 

availability of hydrogen refueling infrastructure, secondary 

emissions (N2O, NH3), and the impact of its production 

method on the actual carbon footprint. Implementing the 

solutions presented in the table, including direct injection, 

advanced cooling and exhaust gas aftertreatment systems, 

and the development of green hydrogen production, can 

significantly increase the technological maturity and envi-

ronmental efficiency of H2ICE engines. However, these 

actions require close cooperation among industry, research 

institutions, and decision-makers, particularly in regulatory 

harmonization, component certification, and infrastructure 

development.  

3. The role of numerical modelling in the analysis 

of hydrogen combustion processes 
Numerical modelling is currently a key tool in the anal-

ysis of hydrogen combustion processes in piston engines. 

Due to extremely short chemical reaction times, high flame 

propagation speeds, and the strong dependence of ignition 

mechanisms on local conditions, the use of experimental 

methods that fully capture these phenomena is often lim-

ited. Simulation tools not only allow for the reproduction of 

engine operating parameters under various operating condi-

tions but also enable the analysis of temperature distribu-

tions, mixture composition, NOx formation, and flame front 

propagation with very high accuracy. Models based on 

chemical kinetics mechanisms and CFD techniques are 

particularly important, as they allow for the representation 

of the complexity of reactions occurring in real time, in-

cluding the spatial distribution of thermodynamic and flow 

phenomena. 

Currently, numerical modelling is one of the most im-

portant tools for studying hydrogen combustion in piston 

engines. Due to the very rapid chemical reactions, high 

flame propagation speed, and the strong influence of local 

conditions on ignition, traditional experiments do not al-

ways fully capture these processes. Computer simulations 

enable the analysis of engine operating parameters under 

various conditions and the precise tracking of changes in 

temperature, mixture composition, NOₓ emissions, and 

flame propagation. The choice of software depends on the 

nature of the given study or application. Each available 

program has its advantages but also limitations, both tech-

nological and cost-related.  

AVL FIRE is one of the most accurate combustion sim-

ulation tools available. It enables the analysis of complex 

engine phenomena, works with GT-Power, and supports a 

wide range of fuels, including hydrogen and its blends. This 

allows for the study of emissions and combustion behaviour 

under various operating parameters. The program's draw-

backs include high licensing costs and demanding hardware 

requirements. GT-Power, on the other hand, is primarily 

used for one-dimensional analyses. It features an intuitive 

interface, a large component library, and the ability to inter-

face with 3D solvers. GT-Power's limited ability to repro-

duce local physicochemical phenomena poses a significant 

challenge when conducting detailed analyses of hydrogen 

combustion.  

ANSYS Fluent, on the other hand, thanks to its flexibil-

ity and advanced CFD modelling capabilities, is one of the 

most widely used and recognized tools for hydrogen com-

bustion simulation. It allows for the consideration of real-

world geometries and complex boundary conditions, but its 

use requires extensive experience and significant computa- 
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Table 4. Comparison of selected simulation tools used in combustion modelling in hydrogen-fueled piston engines – summary of key advantages and 

limitations of AVL FIRE, GT-Power and ANSYS Fluent [25, 43, 64, 68, 73] 

Software Advantages Limitations 

AVL FIRE – Advanced combustion modelling 

– Integration with GT-Power 
– High accuracy 

– Support for various fuels (hydrogen, ammonia) 

– Extensive emissions and fuel consumption analyses 
– Professional technical support 

– High license cost 

– High hardware requirements 
– Steep learning curve for beginners 

– Less flexibility than open-source tools 

– Time-consuming simulation setup 
– Smaller user community 

GT-Power – Fast 1D simulations 

– Integration with AVL FIRE and ANSYS Fluent 
– Full powertrain system analysis 

– Rich component library 

– Support for various fuels 
– Intuitive user interface 

–Limited accuracy of 1D models 

– High license cost 
– No full 3D modelling capability 

– Dependence on other tools for detailed analyses 

– Requires highly accurate input data 
– Limited model flexibility 

ANSYS 

Fluent 

– Advanced CFD modelling capabilities 

– Dedicated hydrogen combustion models 
– High flexibility and customization options 

– Integration with other ANSYS tools 

– Large user community and extensive documentation 
– Support for HPC (High-Performance Computing) 

– High license cost 

– High hardware requirements 
– Steep learning curve 

– Time-consuming model preparation 

– Challenges in modelling certain physical phenomena 
– Strong dependence on accurate data for stratified mixture  

   formation 

 

tional resources. Therefore, the selection of a simulation tool 

should always be preceded by an analysis of the research 

goals, available resources, and the required accuracy. These 

simulation tool features are summarized in detail in Table 4, 

which compares the advantages and limitations of the three 

most commonly used programs: AVL FIRE, GT-Power, and 

ANSYS Fluent. This comparison provides a practical refer-

ence point when selecting software for a specific type of 

hydrogen combustion analysis in piston engines. 

When modelling hydrogen combustion, transport phe-

nomena arising from its characteristic properties are partic-

ularly important, especially preferential diffusion, which 

affects flame stability and structure. To obtain more accu-

rate and realistic simulation results, advanced computation-

al methods such as LES (large eddy simulation) are increas-

ingly being used. The article [29] presents a modern ap-

proach to modelling hydrogen combustion, taking into 

account this phenomenon, which plays a key role in hydro-

gen combustion processes. Based on the results of one- and 

three-dimensional simulations, LES conducted for a low-

vortex, lean H₂/air mixture, the authors demonstrated that 

the traditional FGM (Flamelet-Generated Manifold) method 

has limited ability to reproduce the essential properties of 

the combustion field. The use of an extended version of 

FGM-PD (taking into account preferential diffusion) not 

only allows for more accurate representation of temperature 

distributions, mixture fractions, and main chemical species 

but also enables the reproduction of characteristic flame 

structures, such as the "finger-shaped" distributions of the 

OH radical mass fraction, observed experimentally.  

Figure 8 shows how the classic FGM method (left) dif-

fers from the extended FGM-PD method (right). As shown 

in Fig. 8, the classic FGM and its advanced variant, FGM-

PD, reveal notably different flame behaviours. The OH 

radical mass fraction patterns demonstrate how FGM-PD 

captures a far more complex and uneven structure. From 

experience, this irregularity makes perfect sense, flames are 

rarely steady, twist, and fluctuate in reality. The root cause 

lies in unequal diffusion rates, especially hydrogen’s, be-

cause its low Lewis number disrupts the local balance and 

alters how reactions evolve at the flame front [29]. 

 

Fig. 8. Comparison of the OH radical mass fraction distribution (𝑌̃ₒₕ) 
obtained using the classical FGM approach and the modified FGM-PD 
method accounting for preferential diffusion effects for an H₂/air mixture 

 (cross-section in the plane z = 0 mm) [29] 
 

Mixing hydrogen and air efficiently in direct-injection 

systems remains one of the hardest nuts to crack for engi-

neers seeking clean, powerful combustion. The intake 

port’s shape and airflow dynamics determine whether the 

mixture burns evenly. In article [71], simulations with 

CONVERGE were used to explore how different intake 

geometries affect mixture uniformity. The numerical pre-

dictions closely matched the experimental results. The 

authors also discovered that an optimized tumble plate 

increased the tumble ratio – in simple terms, it improved air 

swirl – leading to improved mixing before ignition. Figure 

9 shows this vividly, with higher flow velocities observed 

in the modified design in both CFD and experiments. Such 

an agreement demonstrates the value of good modelling in 

developing efficient hydrogen engines. On top of that, the 

study identified how the pre-chamber couples with the main 

combustion chamber – insights that would be nearly impos-

sible to pinpoint through experimental work alone.  

In HCCI engines, where the mixture ignites spontane-

ously, the use of hydrogen as a fuel requires very careful 

analysis. The combustion process is exceptionally complex 

and strongly dependent on initial conditions. Therefore, 

research employs detailed chemical reaction models and 

three-dimensional CFD simulations, which allow for pre-

cise analysis of how the mixture composition and the reac-

tion course change over time. Article [32] provides an ex-

ample of the application of three-dimensional CFD model-

ling with an extended chemical kinetics mechanism to ana-
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lyse hydrogen combustion in a homogeneously charged 

compression ignition (HCCI) engine. The main goal of this 

work was to investigate the influence of parameters such as 

swirl intensity, intake temperature and pressure, compres-

sion ratio, and equivalence factor on ignition characteristics 

and combustion behaviour. The model, developed using the 

KIVA3 code, enabled precise real-time analysis of the spa-

tial distributions of temperature, pressure, velocity, and 

turbulence kinetic energy. The detailed kinetics of the hy-

drogen oxidation reaction enabled consideration of local 

phenomena, such as elevated-temperature zones that initiate 

ignition. 

 

Fig. 9. Comparison of in-plane velocity magnitude (m/s) during the intake 
stroke under high-tumble conditions without fuel injection. The distribu-

tions are shown for two crank angle positions: −180 CAD (a–c) and −140 

CAD (d–f). Experimental results are presented in (a) and (d), CFD results 

obtained with the modified geometry in (b) and (e), and CFD results using 

the baseline (original) geometry in (c) and (f). The color scale represents 

 the velocity magnitude range from 0 to 15 m/s [71] 

 

Studies have shown that increasing swirl intensity de-

lays autoignition, extends combustion duration, and reduces 

NOₓ emissions, while simultaneously lowering maximum 

cylinder temperatures and pressures, which may reduce the 

risk of combustion knock [32]. Figure 10 shows the turbu-

lence kinetic energy (TKE) distribution in the X-Z plane of 

the combustion chamber of a hydrogen-fueled HCCI engine 

for various swirl ratio values at −1.971° crank angle (CA). 

The analysis showed that the intensification of swirl motion 

leads to a distinct differentiation of the turbulence field 

throughout the cylinder volume, which directly affects the 

rate of hydrogen-air mixing and the location of ignition 

initiation zones. The noticeable differences in the flow 

structure demonstrate that a properly selected swirl ratio 

can be an effective tool for controlling combustion, espe-

cially under autoignition conditions typical of HCCI en-

gines. This figure provides a valuable complement to the 

numerical analysis, emphasizing the importance of three-

dimensional modelling in predicting local phenomena cru-

cial to the stability and efficiency of hydrogen combustion. 

Article [60] focuses on the design and numerical valida-

tion of a modern hydrogen combustion chamber for gas 

microturbines. Due to limited space and extreme thermal 

conditions, the main goal was to develop a compact, safe, 

and efficient geometry enabling stable combustion of pure 

hydrogen. The authors presented, among other things, the 

concept of the Inverse Micromix injector, which operates 

based on axial hydrogen injection through a porous material 

and lateral air supply, which promotes effective mixing of 

the components and reduces the risk of flashback. A sche-

matic diagram of this design is shown in Fig. 11. CFD 

analysis allowed for a detailed look at the hydrogen com-

bustion process in the engine chamber. The study exam-

ined, among other things, temperature distributions, reactiv-

ity levels, and recirculation zones responsible for flame 

stabilization. Calculations were performed based on the 

EDC model and simplified chemical kinetics, allowing for 

optimization of the chamber geometry and verification of 

the effectiveness of the fuel-air mixing strategy. The ob-

tained results demonstrate that CFD modeling is an effec-

tive tool in the design of modern hydrogen combustion 

systems.  

 

Fig. 10. Distribution of turbulent kinetic energy (TKE) in the X–Z plane of 
the combustion chamber of a hydrogen-fueled HCCI engine for different 

 swirl ratio values at a crank angle of−1.971° CA [32] 

 

 Fig. 11. "Inverse Micronix" injector: working principle [60] 

 

Article [44] illustrates the application of numerical 

modeling to the analysis of hydrogen combustion processes 

in hypersonic conditions. The paper analyzes the influence 

of strut-injector geometry on the hydrogen-air mixing pro-

cess and combustion characteristics in the scramjet chamber 

at an air velocity of 2.47 Mach and combustion at 1.5 
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Mach. A two-dimensional RANS model with a classical  

k–ε turbulence model and simplified chemical kinetics for 

hydrogen was used, enabling evaluation of the effectiveness 

of two injection configurations: a cylindrical strut end and 

an alternative wedge-shaped end (alternating wedge).  

The calculation results showed that the use of a wedge-

shaped injector leads to more intense hydrogen-air mixing 

and a more uniform reaction field, which directly results in 

an increased share of water vapor in the combustion prod-

ucts and higher maximum temperatures in the chamber. 

This setup effectively minimizes the distance needed for 

full reactant mixing, which is especially important in hyper-

sonic propulsion systems, where interaction space and mix-

ing time are severely restricted. The CFD-based study in-

vestigates how injector geometry and flow parameters in-

fluence hydrogen combustion performance under extreme 

flow regimes. The comparison of H₂O mass fraction con-

tours in Fig. 12 confirms that the wedge-shaped injector 

enhances hydrogen conversion efficiency, demonstrating 

the value of computational modeling in optimizing high-

speed hydrogen combustion systems [44].  

 

 

Fig. 12. Comparison of water vapor (H₂O) mass fraction contours in  
a hydrogen-fueled scramjet combustion chamber: top configuration with  

a cylindrical strut-injector; bottom configuration with an alternating 

 wedge-shaped strut-injector [44] 

 

The configuration used allows for a significant reduc-

tion in the path required to fully mix the reaction compo-

nents, which is crucial in hypersonic systems, where the 

time and space for gas contact are strictly limited. CFD 

simulations were used to practically evaluate the impact of 

injection geometry and flow parameters on the stability and 

efficiency of hydrogen combustion under extreme condi-

tions. Figure 12 presents the contours of the water vapor 

(H₂O) mass fraction for two strut geometries, visually con-

firming the more efficient hydrogen conversion with the 

wedge-shaped tip. These results demonstrate that numerical 

modeling can significantly support the development of 

modern, high-performance hydrogen-fueled hypersonic 

systems [44]. 

CFD modeling provides a powerful tool for examining 

how hydrogen affects combustion characteristics, even at 

an industrial scale in oxy-fuel systems. A study by Daurer 

et al. serves as a representative example, comparing hydro-

gen and methane combustion in a 180 kW semi-industrial 

furnace [12]. Their research provides a thorough investiga-

tion of hydrogen combustion under oxy-fuel conditions, 

where pure oxygen serves as the oxidizer. The authors 

concentrated on validating numerical combustion models 

and analyzing flame dynamics in realistic high-impulse 

burner operation. The simulations were performed using 3D 

RANS models with several turbulence and reaction 

schemes, covering both simplified and detailed hydrogen 

kinetics, including the ÓConaire mechanism.  

Comparison of simulation results with experimental da-

ta for CH4 combustion confirmed the high accuracy of the 

approach used. One of the key conclusions was that the 

turbulence modeling parameters (including modifications to 

the k–ε model) had the greatest impact on the quality of 

flame reproduction, while the influence of the combustion 

and radiation model selection was relatively small. Hydro-

gen combustion led to a significant increase in maximum 

flame temperatures (by approximately 400 K relative to 

CH4) and a shortening of the flame length, despite the high-

er fuel jet velocity. This indicates greater heat transfer effi-

ciency in the zone close to the burner and the need for pre-

cise calibration of turbulent mixing parameters [12].  

Figure 13 illustrates how changes in the turbulence 

model parameters within the modified version of the k–ε 

model (P2–H₂ variants) affect the characteristics of hydro-

gen combustion in a semi-industrial furnace. The visible 

differences in the temperature distribution and OH radical 

concentration intensity demonstrate that even small changes 

in the diffusion coefficients and turbulent energy produc-

tion parameters can significantly shift the reaction zone and 

alter the flame length and stability. This figure provides 

significant support for the thesis that precise calibration of 

turbulence models is a key element in modeling hydrogen 

combustion under industrial conditions. 

 

     

Fig. 13. Effect of parameter modification in the 𝑘–𝜀 model on (a) tempera-
ture distribution and (b) molar fraction of the OH radical in the main 
reaction zone for the case of P2–H₂ combustion in the oxy-fuel configure-

 tion [12] 

 

In their work [48, 49], the authors conducted a 3D nu-

merical analysis of premixed H₂/air combustion in a mi-

croscale chamber to examine how geometry, wall heat 

losses, injection design, and flow conditions affect flame 
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characteristics, temperature distribution, and combustion 

efficiency. Simulations performed in ANSYS Fluent with  

a detailed chemical kinetics model (9 species, 19 reactions) 

captured the essential thermal and reactive behavior of 

hydrogen combustion at small scales. The findings revealed 

that high wall thermal conductivity leads to significant heat 

losses and local flame extinction. On the other hand, intro-

ducing multi-step fuel injection effectively minimizes tem-

perature peaks and improves temperature field uniformity. 

This leads to greater flame stability and improved efficien-

cy – an important consideration for advanced hydrogen 

microcombustion systems. 

Figure 14 shows the temperature distribution along the 

combustion chamber using different hydrogen injection 

strategies (single-, two-, and three-stage). The effect of 

injection staging is clearly visible, which allows not only to 

reduce peak temperatures in the reaction zone but also to 

achieve a more uniform thermal distribution throughout the 

volume, which translates into better operating conditions 

and lower thermal load on the chamber components [49].  

 

Fig. 14. Temperature distribution in a microscale hydrogen combustion 

chamber for different fuel supply strategies: single-, two-, and three-stage 

 injection [49] 
 

A significant contribution to the development of hydro-

gen combustion modeling is made by analyzing processes 

in compression ignition (CI) engines using non-standard 

operating atmospheres. Article [24] presents the results of 

numerical modeling of hydrogen combustion in a compres-

sion ignition (CI) engine in which the standard air mixture 

was replaced with an argon-oxygen atmosphere. The au-

thors' primary goal was to determine the influence of pa-

rameters such as injector location, compression ratio, injec-

tion start (SOI), and initial temperature on the combustion 

process and emissions. The simulations were conducted 

using CONVERGE software and validated with experi-

mental data from a YANMAR NF19SK engine. The find-

ings revealed that replacing nitrogen with argon increased 

the combustion chamber temperature, shortened the ignition 

delay, and improved thermal efficiency, while simultane-

ously reducing NOₓ emissions. Relocating the injector from 

the cylinder head side to its center resulted in higher in-

cylinder pressure, temperature, and heat release rate (HRR), 

which indicates the dominance of mixture-controlled com-

bustion. Additionally, as the compression ratio increased, 

both pressure and temperature rose, while the maximum 

HRR decreased, suggesting a more prolonged combustion 

process [24]. Figure 15 clearly shows how the shape and 

position of the hydrogen injector affect combustion. When 

the injector is in the center of the cylinder (G1 setup), the 

mixing of hydrogen with oxygen and argon becomes more 

efficient, leading to stronger combustion and a more bal-

anced heat distribution. 

 

Fig. 15. Variations in pressure (p), average temperature (Tₐᵥₑ), and heat 
 release rate (HRR) as a function of injector location [24] 

 

In recent years, an increasing number of modeling stud-

ies have focused on local combustion phenomena, such as 

flame-wall contact (FWI), especially in situations involving 

thermal diffusion instabilities. Schneider et al. [53, 54] 

conducted a two-part numerical study analyzing the 

quenching of a hydrogen-air flame in a head-on quenching 

configuration, taking into account the variable parameters: 

equivalence factor, unburned gas temperature, and pressure. 

These articles provide a comprehensive analysis of the 

impact of thermal diffusion instabilities on the interaction 

of the hydrogen-air flame with the combustion chamber 

walls. These studies, conducted as direct numerical simula-

tions (DNS), focus on the head-on quenching (HOQ) phe-

nomenon – the process of flame quenching as a result of its 

direct contact with the wall. 

In the first part of the work by Schneider et al. [53], 

high-resolution DNS modeling of the hydrogen–air flame 

interaction with a wall in a head-on quenching (HOQ) con-

figuration was performed, taking into account thermodiffu-

sion instabilities. The analysis revealed that local mixture 

fluctuations resulting from differences in hydrogen diffu-

sion lead to a significant increase in local flame reactivity 

and, consequently, to higher heat fluxes to the wall and 

shorter quenching distances. This phenomenon is illustrated 

in Fig. 16, which presents profiles of the normalized heat 

flux Φ, the local equivalence factor φ/φu, the hydrogen 

mass fraction YH₂, and the heat release rate HRR within  

a single "flame finger" impinging on the wall [53]. 

The second part of the analysis covers a broader range 

of operating conditions relevant to industrial applications, 

including piston engines and gas turbines. The equivalence 

factor (φ = 0.4–1.0), pre-ignition mixture temperature (Tu = 

298–700 K), and pressure were varied over 1–20 bar. The 

results show that the intensity of instabilities and their ef-

fect on the wall heat flux increase with decreasing φ and 
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Tu, and with increasing pressure, which increases local 

reactivity and thermal loads. Based on the obtained data, a 

predictive model is proposed to estimate the maximum heat 

flux to the wall as a function of the one-dimensional flame's 

characteristics. The effects of increased instability on 

quenching behaviour and wall thermal loads are examined. 

Figure 17 presents how variations in the equivalence ratio 

(φ), the unburned mixture temperature (Tu), and the operat-

ing pressure (p) affect selected combustion and heat trans-

fer characteristics in the HOQ configuration. The analysis 

covers the maximum and normalized wall heat flux (φq, 

φq*), the extinction distance (xq), and the Péclet number 

(Peq), indicating a clear dependence of near-wall heat trans-

fer and flame quenching behavior on the imposed thermo-

dynamic conditions. [54]. 

To improve the accuracy and efficiency of hydrogen 

combustion modeling under turbulent conditions, Malé, 

Lapeyre, and Noir ay developed a new method based on 

deep learning in their paper "Hydrogen reaction rate model-

ing based on a convolutional neural network for large eddy 

simulation" [36]. A deep learning model based on CNN 

architecture was trained with filtered high-fidelity DNS 

results to determine local reaction rate distributions in LES 

calculations. This methodology enables a more realistic 

representation of preferential diffusion mechanisms and 

turbulence–chemistry coupling, which are particularly sig-

nificant in lean hydrogen combustion modeling. 

The effectiveness of the method is illustrated in Fig. 18, 

which presents planar cross-sections of the computational 

domain for φ = 0.4. The actual reaction rates from the DNS 

simulation were compared with those from the CNN model 

at different LES filtering levels (σ = 4, 8, 16). The apparent 

consistency in the distribution and intensity of the reaction 

zones demonstrates that the neural network maintains high 

precision even at lower computational resolution, confirm-

ing its suitability for industrial applications involving hy-

drogen combustion [36].  

    

a) b) c) d) 

 

Fig. 16. Normalized heat flux (Φ/Φq,1D,ref) – a), equivalence factor (φ/φu) – b), hydrogen mass fraction (YH2) – c), and heat release rate (HRR) – d) along 

the symmetry axis of a single flame finger at the moment of its contact with the wall. Results obtained for an unstable H2/air flame (φ = 0.4, 1 bar) in the 
 HOQ configuration [53] 

a) 

 

b) 

c) 

d) 

Fig. 17. Influence of changes in the equivalence factor (φ), unburned mixture temperature (Tu) and pressure (p) on: a) maximum heat flux to the wall 

 (Φq); b) normalized heat flux (Φ⋆q); c) extinction distance (xq) and d) Péclet number (Peq) in the HOQ configuration [54] 
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Fig. 18. Comparison of the actual (DNS) and convolutional neural network (CNN) – predicted hydrogen combustion reaction rates in a transverse cross-

 sectional plane for φ = 0.4 and different LES filter widths (σ = 4, 8, 16) [36] 

 

To better understand the self-ignition and flame stabili-

zation processes at high temperatures, Gruber et al. con-

ducted direct numerical simulations (DNS) of hydrogen 

combustion in reheat mode [23]. This mode, typical of 

second-stage combustion in gas turbines, is characterized 

by the absence of classical spark ignition; ignition is initiat-

ed solely by autoignition, placing high demands on model-

ing reaction kinetics and turbulent phenomena. The analysis 

considered a wide range of inlet conditions – from laminar 

to highly turbulent – as well as the influence of heat losses 

and inlet mixture temperature. Of particular importance 

were observations of the cyclic appearance and extinction 

of ignition fronts near the so-called crossover temperature, 

as well as the identification of self-excited flame instabili-

ties arising from the coupling between the reaction zone 

and pressure waves [23]. The results of the study are illus-

trated in Fig. 19, which shows the variation of the reaction 

front velocity (St) over time for different turbulence levels 

(u′ = 3, 6, 12, and 25 m/s). It is clearly visible that an in-

crease in the intensity of turbulent fluctuations leads to an 

acceleration of the reaction front and, at the same time, to 

an increase in the amplitude of its oscillations. This figure 

provides significant evidence that strong turbulence not 

only affects combustion acceleration but also the dynamics 

and stability of the entire self-ignition process. 

In the context of developing hydrogen combustion sys-

tems in non-overmixed configurations, three-dimensional 

CFD modeling of the combustion of a hydrogen-methane 

mixture in a combustion chamber with a variable number of 

nozzles was performed using the RNG k–ε turbulence mod-

el and a simplified non-overmixed combustion model [42]. 

The study examined how variations in mixture composi-

tion, injection geometry, and methane jet velocity influence 

thermal distribution, combustion efficiency, and possible 

NOx emissions. According to the simulation results, enrich-

ing the mixture with hydrogen elevates the maximum tem-

perature in the combustion chamber, while shortening the 

flame and advancing the reaction zone toward the inlet. At 

the same time, it was found that hydrogen content above 

40% increases the risk of excessive NOx emissions, which 

requires appropriate calibration of the system geometry. 

Among the analyzed variants, the best results in terms of 

combustion stability and temperature uniformity were ob-

tained for the configuration with 16 injection nozzles [42].  

 

Fig. 19. Temporal evolution of the reaction front propagation speed (St) for 

turbulent hydrogen combustion under autoignition (reheat combustion) 

conditions, at different turbulence intensities (u′ = 3, 6, 12, 25 m/s); based 

 on DNS data [23] 

 

The characteristic effect of hydrogen content in the fuel 

on the temperature distribution is shown in Fig. 20, which 

compares the axial temperature cross-sections in the com-

bustion chamber for mixtures containing 10% to 60% H₂. 

The noticeable changes in the flame structure and the loca-

tion of high-temperature zones confirm the importance of 

selecting the appropriate fuel composition in the design of 

low-emission, highly efficient hydrogen combustion sys-

tems. 

The studies described in [10] utilized direct numerical 

simulations (DNS) to accurately model hydrogen combus-

tion under real-world piston engine operating conditions. 

The simulations were performed for a full-scale combustion 

chamber, making this one of the first studies to combine 

full-resolution flame-scale phenomena with the actual oper-

ating parameters of a spark-ignition engine (φ = 0.4237, 

800 rpm). The nekCRF solver, based on the spectral-

element method and optimized for GPU architecture, was 

used for the calculations. This approach enabled highly 

accurate modeling of flow, transport, and chemical reac-

tions. Analysis of the results showed that flame develop-

ment is strongly dependent on the flow structures generated 

by the tumble effect, which deform the ignition front and 

influence its velocity and direction of propagation. Particu-

lar attention was paid to flame-wall interactions – both 

head-on quenching and side-wall quenching – which lead to 
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Fig. 20. Temperature distribution in the axial cross-section of the combustion chamber for different hydrogen shares in the H₂/CH₄ mixture (10%, 20%, 
 40%, 60%) – the influence of the fuel composition on the flame structure and the location of high-temperature zones [42] 

 

Fig. 21. Temporal development of the flame kernel identified by the YH2 = 0.0048 iso-surface, overlaid on the velocity magnitude field in the mid-plane (y 
= 0), normalized by the local laminar flame speed SL. Snapshots correspond to: a) 685 CAD; 1.6 aSOI; b) 686.1 CAD; 2.7 aSOI; c) 688.1 CAD; 4.7 aSOI; 

 d) 692.5 CAD; 9.1 aSOI; e) 696.6 CAD; 13.2 aSOI, and f) 700 CAD; 13.6 aSOI. The flame structure is colored according to the heat release rate [10] 

 

a local increase in heat flux, which is crucial for the dura-

bility of engine components [10]. The flame front's evolu-

tion over time is illustrated in Fig. 21, which shows succes-

sive hydrogen isosurfaces (YH₂ = 0.0048) in the combustion 

chamber's symmetry plane. The sequence of images clearly 

shows the three-dimensional evolution of ignition and its 

deformation as a result of interaction with the variable flow 

field and chamber geometry, up to the point of collision 

with the piston. This figure provides an important comple-

ment to the qualitative analysis, showing the dynamics of 

hydrogen combustion on a real scale with full DNS resolu-

tion. 

4. Critical comparison of modeling approaches  

and author-driven selection framework 
Although a wide range of numerical techniques has 

been applied to hydrogen combustion in piston engines, the 

literature often discusses them separately, without clearly 

positioning them relative to one another. When these ap-

proaches are viewed side by side, certain patterns become 

apparent. RANS-based simulations continue to dominate 

engine-scale studies, mainly because they allow full-cycle 

calculations at an acceptable computational cost. In many 

practical optimization studies, this trade-off is understanda-

ble [50]. At the same time, their averaged formulation can 
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obscure transient flame–turbulence interactions, which are 

far from negligible in hydrogen-fueled engines where flame 

propagation is rapid and mixture inhomogeneities strongly 

influence combustion development. 

LES offers a different perspective. Resolving the larger 

turbulent structures provides a more detailed description of 

unsteady combustion behavior and is particularly useful 

when abnormal combustion events or cycle-to-cycle varia-

tions are of interest [29]. The improvement in physical 

representation, however, comes at a substantial computa-

tional expense, which makes large parametric campaigns 

difficult to justify. A similar balance must be considered 

when selecting combustion models. Flamelet-based ap-

proaches provide an efficient compromise for premixed and 

partially premixed hydrogen operation, whereas detailed 

chemical mechanisms enhance predictive capability for 

ignition and NOx formation but introduce additional numer-

ical stiffness [65]. 

Taken together, these observations suggest that model 

selection should not be driven by convention alone. Instead, 

it should follow a clearly defined logic that links the re-

search objective, the combustion regime, and the available 

computational resources. On this basis, the present study 

proposes a structured selection approach intended to make 

future CFD investigations of hydrogen-fueled internal 

combustion engines more transparent, consistent, and 

methodologically grounded.  

5. Critical synthesis and positioning  

of the reviewed studies 
The reviewed studies collectively demonstrate that hy-

drogen combustion in piston engines cannot be treated as  

a simple fuel substitution problem. Instead, it represents  

a systemic transformation of combustion physics, engine 

calibration strategies, and modelling requirements. Experi-

mental studies conducted over the past years leave little 

doubt that introducing hydrogen into the combustion pro-

cess profoundly alters flame behaviour. In practical terms, 

the flame front tends to travel faster, ignition occurs earlier, 

and engines can operate at much leaner conditions than 

with conventional fuels. These effects are frequently high-

lighted as major advantages of hydrogen-based systems. 

The very features that enhance reactivity and combustion 

speed also promote higher combustion temperatures, which 

in turn favor NOₓ formation. Moreover, the high reactivity 

of hydrogen increases the likelihood of phenomena such as 

pre-ignition or flashback, especially if mixture preparation 

and ignition timing are not carefully controlled [20]. 

Second, studies on hydrogen blends (HCNG, H₂–gaso-

line, H₂–diesel) show that moderate hydrogen fractions 

(typically 10–30% by volume) yield the most balanced 

improvements in efficiency and emissions. Beyond this 

range, diminishing returns or increased instability are fre-

quently observed. This suggests that transitional blend 

strategies may be technologically more robust in the short 

term than full hydrogen conversion [6, 30]. 

Third, numerical modelling has evolved from a support-

ing tool to a fundamental research driver. Classical FGM 

and RANS approaches often fail to fully capture preferen-

tial diffusion and thermo-diffusive instabilities characteris-

tic of hydrogen flames. The reviewed works clearly show 

that advanced approaches – LES, DNS, and machine-

learning-assisted reaction modelling – are required to accu-

rately predict flame structure, quenching behavior, and 

turbulence–chemistry interactions. 

Viewed as a whole, the body of research does not point 

to a single universal solution but rather outlines several key 

paths that appear particularly promising for the continued 

development of hydrogen combustion systems. 

One noticeable shift concerns the way combustion is 

modelled. Traditional steady-state approaches, although 

still useful, appear insufficient for hydrogen flames. Be-

cause hydrogen combustion is highly sensitive to thermo-

dynamic and diffusive imbalances and preferential diffu-

sion effects, local instabilities often govern flame structure 

and propagation [29]. Capturing these phenomena reliably 

requires modelling frameworks capable of resolving fine-

scale interactions rather than relying solely on equilibrium-

based or averaged descriptions.  

A closer reading of the available studies also challenges 

a fairly intuitive assumption that adding more hydrogen 

will automatically translate into better engine performance. 

In reality, the relationship is far more nuanced. Modest 

hydrogen additions often improve flame responsiveness and 

allow operation under leaner conditions, but pushing the 

hydrogen fraction too far does not necessarily bring propor-

tional benefits [46]. In some cases, it can even compromise 

combustion stability or deliver only marginal efficiency 

improvements. What appears to matter most is not the abso-

lute hydrogen content but how well the mixture composi-

tion aligns with the combustion concept, engine architec-

ture, and control settings. In that sense, precise tuning and 

system-level optimization outweigh the simple strategy of 

maximizing hydrogen share. 

At the same time, numerical studies consistently point 

to another critical aspect: combustion outcomes are tightly 

linked to physical design choices inside the cylinder. The 

injector location, the generation of swirl and tumble mo-

tions, and the distribution of the mixture before ignition all 

shape the subsequent flame evolution and emission profile 

[71, 72]. Ignition timing and pollutant formation cannot be 

understood without considering these flow structures. In 

other words, combustion chemistry does not operate in 

isolation, but it unfolds within a geometrically defined, 

highly dynamic environment. Effective engine develop-

ment, therefore, requires simultaneous attention to both in-

cylinder aerodynamics and reaction kinetics from the earli-

est design stages [5]. 

When considered collectively, the reviewed studies 

suggest three major directions for future hydrogen combus-

tion research: 

1. Shift from steady-state modelling to instability-focused 

modelling 

Hydrogen combustion is dominated by thermodynamic 

and diffusive effects, including preferential diffusion, 

which require high-resolution modelling beyond classical 

equilibrium-based methods. 

2. Optimization rather than maximization of hydrogen 

fraction 

The literature does not support the assumption that 

higher hydrogen content always yields better performance. 
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Instead, optimal fractions depend on combustion regime, 

engine type, and control strategy. 

3. Coupled design of combustion chamber geometry and 

injection strategy 

Numerical studies repeatedly demonstrate that injector 

placement, swirl intensity, and tumble enhancement signifi-

cantly alter ignition behaviour and emissions, highlighting 

the importance of geometry–chemistry coupling. 

The body of work discussed here shows that hydrogen 

combustion research now occupies a space between tradi-

tional combustion theory and the rapidly evolving field of 

advanced numerical simulation. Earlier investigations fo-

cused on fairly direct questions about how hydrogen affects 

emissions, how quickly the flame propagates, and how 

stable combustion is under different conditions. Today, the 

scope has broadened. Researchers are increasingly examin-

ing interactions spanning multiple scales, from microscopic 

reaction pathways to large-scale flow structures, while also 

exploring turbulence-chemistry coupling and data-driven 

modelling techniques that were previously rarely consid-

ered. 

At this stage, the key challenges no longer lie in proving 

that hydrogen can burn efficiently in piston engines. What 

seems to limit wider industrial adoption is something more 

complex: integrating hydrogen combustion into complete 

engine systems, ensuring stable operation across load ranges, 

and adapting existing infrastructure to accommodate hy-

drogen's specific fuel requirements. The obstacles are now 

largely systemic rather than purely scientific. 

This review presents a descriptive compilation of exist-

ing studies by integrating findings from experimental com-

bustion research, numerical modelling, and engine system 

optimization. The collected evidence demonstrates that 

hydrogen combustion in piston engines represents not only 

a fuel substitution strategy but a distinct combustion regime 

characterized by strong thermo–diffusive effects, high reac-

tivity, and sensitivity to flow structures. 

A key contribution of this review is the identification of 

three overarching trends: 

 the transition from steady-state modelling approaches 

toward instability-resolving frameworks (LES, DNS) 

 the recognition that optimal hydrogen fraction depends 

on engine architecture and combustion mode rather than 

simple maximization strategies 

 the growing importance of geometry–chemistry cou-

pling in combustion chamber and injector design. 

Furthermore, several research gaps remain insufficiently 

addressed in the literature: 

 limited long-term durability analyses under hydrogen 

combustion conditions 

 insufficient validation of high-fidelity models under 

transient engine loads 

 lack of standardized modelling methodologies for pref-

erential diffusion effects 

 incomplete integration of combustion modelling with 

full powertrain system optimization. 

By synthesizing these aspects, this review provides  

a structured research roadmap for future development of 

hydrogen combustion. 

6. Summary and conclusions 
The use of hydrogen as an admixture to conventional 

fuels in piston engines is one of the most promising transi-

tional solutions towards decarbonizing transport and ener-

gy. Simulation and experimental studies clearly confirm 

that even a small proportion of hydrogen in the fuel mixture 

can significantly improve combustion parameters, such as 

ignition speed, heat release intensity, and indicated effi-

ciency.  

Hydrogen, due to its high octane rating and low ignition 

energy, facilitates stable combustion while reducing carbon 

monoxide and unburned hydrocarbon emissions. However, 

without proper optimization of operating parameters, for 

instance, if ignition timing is too advanced, issues such as 

knocking or elevated NOx formation may arise. Therefore, 

precise calibration of the ignition timing, injection method, 

and hydrogen quantity in the mixture is necessary. 

Technologies that blend hydrogen with traditional fuels 

in GDI and TJI systems demonstrate that it is possible to 

combine high energy efficiency with engine operational 

safety. The final result depends on many factors, including 

the level of hydrogen enrichment, initial conditions, mix-

ture characteristics, and combustion chamber geometry. 

The inherent complexity of hydrogen combustion phenom-

ena highlights the need for sophisticated CFD modeling 

tools and systematic optimization of engine operating con-

ditions to guide further technological advancements. 

Beyond summarizing prior work, this review identifies 

several structural trends in hydrogen combustion research.  

A noticeable shift is observed from steady, globally averaged 

models toward approaches capable of resolving thermo-

diffusive instabilities and turbulence–chemistry interactions. 

The literature also confirms that combustion chamber ge-

ometry, in-cylinder flow structures, and chemical kinetics 

form a coupled system, while the optimal hydrogen fraction 

depends on engine configuration and control strategy rather 

than simple maximization. Further progress will require 

tighter integration of high-fidelity CFD modelling with ex-

perimental validation, particularly under transient operating 

conditions relevant to automotive applications. In addition to 

summarizing the available literature, this review examines 

how current modeling approaches perform when confronted 

with combustion phenomena characteristic of hydrogen. 

These include its exceptionally high laminar flame speed, 

increased susceptibility to abnormal combustion events, and 

the strong sensitivity of NOx formation under lean operating 

conditions. Rather than merely listing existing methods, the 

paper identifies where current modeling strategies remain 

insufficient or inconsistent, especially in engine-relevant 

configurations. On this basis, a structured approach to select-

ing numerical methods is proposed to support more reliable, 

physically consistent CFD studies of hydrogen-fueled inter-

nal combustion engines in future research. 

Future research should focus on multi-scale modelling 

approaches that bridge detailed chemical kinetics with sys-

tem-level engine simulations. Particular attention should be 

paid to the interactions among turbulence, preferential dif-

fusion, and ignition control in highly diluted and ultra-lean 

regimes. The integration of data-driven methods with phys-

ics-based CFD models is a promising approach to reduce 
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computational costs while maintaining predictive accuracy. 

Ultimately, advancing hydrogen combustion in piston en-

gines requires coordinated progress in combustion science, 

digital modelling, materials engineering, and regulatory 

harmonization to ensure both technical reliability and envi-

ronmental effectiveness. 
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Nomenclature 

AVL FIRE  commercial CFD software for engine com-

bustion modelling (brand name) 

CFD   computational fluid dynamics 

CJ   Chapman-Jouguet (detonation condition) 

CNG   compressed natural gas 

DNS   direct numerical simulation 

EGR   exhaust gas recirculation 

FGM  flamelet generated manifold 

FGM-PV flamelet generated manifold-progress varia-

ble 

Fluent (ANSYS Fluent) commercial CFD software by 

ANSYS (brand name) 

GT-Power  engine system simulation software (brand 

name) 

H2-ICEs  hydrogen internal combustion engines 

H2/NG blend mixture of hydrogen and natural gas 

HCCI   homogeneous charge compression ignition 

HCNG  hydrogen-enriched compressed natural gas 

HPC   high-performance computing 

ITE  indicated thermal efficiency 

IMEP  indicated mean effective pressure 

LES   large eddy simulation 

LHV   lower heating value 

LPG   liquefied petroleum gas 

MBT   minimum spark advance for best torque 

MCCI   mixed-controlled compression ignition 

MILD  moderate or intense low-oxygen dilution 

combustion 

MVF  mixture volume fraction 

NG2  methane-dominant composition 

OH   hydroxyl radical 

PDF   probability density function 

RANS   Reynolds-Averaged Navier-Stokes 

SCR  selective catalytic reduction 

TJI   turbulent jet ignition 

TKE  turbulent kinetic energy 

ZND   Zeldovich-von Neumann-Döring (detonation 

model) 
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ARTICLE INFO  The paper presents a theoretical analysis of possible thermodynamic cycles of a pulse jet engine. To clarify the 

type of thermodynamic cycle, equations for calculating the polytropic index from instantaneous gas parameters 

in the combustion chamber are derived. The classic Argus As 014 valved pulse-jet engine workflow, both at 
static conditions and at 800 km/h, has been simulated. The simulation results confirm the known data that the 

real operating cycle of a valved pulse jet engine during static conditions is the Lenoir cycle. However, for the 

engines with straight air intake and with increasing flight speed, the specific workflow nature, i.e. the presence 
of polytropic pre-compression before heat release, that corresponds to the Humphrey cycle rather than the 

Lenoir cycle, has been found. Unlike a straight intake engine, a valved pulse jet engine with a side air intake that 

does not have air pre-compression has also been found to exhibit increased performance with increasing flight 
speed. The obtained data confirm that, in general, the thermodynamic cycle of a valved pulse jet engine can be 

represented as the Humphrey cycle, which in specific cases, such as zero flight speed and/or a side air intake, 

does not experience polytropic pre-compression before heat release and corresponds to the Lenoir cycle. 
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1. Introduction 
Although no production pulse jet engines have been de-

veloped since World War II, this type of engine has been 

periodically considered for use in unmanned aerial vehicles 

(UAV) for 80 years. However, until recently, the generally 

accepted, long-held concept of limited application of 

"smart," high-precision, and expensive systems virtually 

ruled out the need and feasibility of using pulse jet engines 

in unmanned aircraft. However, the rapidly changing nature 

of 21st-century military conflicts is forcing a reconsidera-

tion of established opinions and proven technologies.  

An analysis of some open sources indicates a gradual 

shift away from expensive, low-production systems, which 

were just recently considered the only feasible ones for  

a wide range of operational and tactical tasks [2, 3], toward 

inexpensive systems for mass production and application 

[29]. But the first problem arises with the scaling of engine 

production. Thus, with the number of unmanned aerial 

vehicles reaching hundreds or even thousands per day, 

equipping them with piston engines produced in similar 

series is technically difficult or even economically ques-

tionable. Moreover, piston engines are currently not used 

on UAVs at speeds above 250 km/h [46] and, in principle, 

do not allow achieving the high flight speeds (700 km/h and 

above) typical of jet engines. At the same time, mass pro-

duction of turbojet engines in a series of sizes under con-

sideration is not only extremely difficult technically, but 

also practically impossible, including for economic reasons. 

In such a situation, the search for an alternative again natu-

rally leads to the long-forgotten pulse jet engine [32]. 

However, analyzing any parameters or characteristics of 

pulse jet engines, with their previous position as "smart" 

and highly precise, but expensive and unique systems, loses 

its meaning from the outset. For example, most analysts, 

when considering a UAV with a pulse jet engine, immedi-

ately cite the pulse jet engine's specific fuel consumption 

[30], which is three times higher than that of a turbojet 

engine. Further, for added persuasiveness, they usually add 

the extremely high noise and thermal radiation levels, or 

even the short service life of the reed valves [21], as well as 

the "inaccuracy" and "non-selectivity" of German V-1 

cruise missiles produced in 1944–45 (as if they were still 

around this time), after which they lose interest.  

In fact, such a superficial analysis is inconsequential. 

For example, today's UAVs with a range of 1000–1200 km 

often use 2-stroke piston engines, but no one mentions their 

specific fuel consumption, which is almost twice that of  

4-stroke engines [3]. This example demonstrates that an 

aircraft's mission performance is determined not by its 

engine's specific fuel consumption, but by its speed and 

range. Furthermore, the negative impact of some features of 

a pulse jet engine, which are important for a single applica-

tion, is mitigated by mass deployment, where features such 

as noise and thermal radiation can even become advantages. 

Moreover, the main advantages of a pulse jet engine for 

UAV use have remained unchanged for 80 years, particu-

larly in mass-production conditions: extreme simplicity of 

design, low deployment cost, and scalability without signif-

icant capital expenditures. All this makes the use of pulse-

jets on UAVs of various types, especially high speed, pos-

sible, and their research to justify the choice of parameters 

and their coordination with the characteristics of UAVs 

relevant. 

2. Sources review and problem statement 
A preliminary analysis of different sources on pulse jet 

engine research (Fig. 1) shows that significant progress in 

developing their theory has not been achieved. Since the 

late 1940s, there have been virtually no serious experi-

mental studies of the pulse jet engine workflow, except for 

a few specific problems [1, 43]. As a result, no significant 

http://orcid.org/0000-0002-6841-9225
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new data on the processes, parameters, and/or characteris-

tics of aircraft pulsejets, expanding on the known data from 

the first half of the 1940s from the leading German devel-

opers of the classic Argus As 014 engine [9], have been 

obtained during this entire period. 

 

Fig. 1. Schematic diagram of a classic valved pulse jet engine with straight 
air intake: 1 – inlet device; 2 – valve grid; 3 – Venturi diffuser; 4 – com-

 bustion chamber; 5 – cone (nozzle); 6 – resonance tube 

 

The situation with theoretical research is no better. 

Thus, the method of characteristics [37], developed in the 

first half of the 1940s, remained, for many decades, one of 

the few available methods for theoretically studying the 

pulse-jet engine workflow. Numerous works devoted to 

theoretical research and the development of methods for 

modeling motors [8, 44] have not led to greater clarity of 

the processes than was investigated by the founders of the 

pulsejet technology in Germany 80 years ago [36]. It is 

characteristic that even half a century after the creation of 

this project, in the subsequent decades of general computer-

ization, not a single computer program for modeling the 

workflow and characteristics of a pulse jet engine has been 

developed that is accessible to a wide range of users, alt-

hough significant efforts have been made to this end, in-

cluding the use of the most modern 3-D modeling [39, 40]. 

The lack of a systematic approach in research naturally 

leads to difficulties in assessing the feasibility of various 

engine designs. As a result, for many decades, numerous 

enthusiasts, primarily amateurs, unsuccessfully attempted to 

make various exotic pulsejet designs work, including valve-

less designs [22, 45], while the experience of German de-

velopers clearly indicates the ineffectiveness of such de-

signs in aviation [6] and the practical absence of an alterna-

tive to the valve-based pulsejet design [9].  

The reasons for these failures are ambiguous. On the 

one hand, it is worth noting the lack of interest in this en-

gine type in "large" aviation since the late 1940s, which led 

to the closure of all areas of development and application of 

aviation pulsejets in favor of turbojet engines. Consequent-

ly, research into pulse jet engine processes has become  

a proactive endeavor, where a lack of, or even complete 

absence of, adequate funding for this topic prevents the full 

implementation of all necessary research [35, 38]. On the 

other hand, significant research has been devoted to inves-

tigating pulse combustion [33, 44], including efforts to 

develop industrial installations and devices based on this 

phenomenon [26, 27]. Since the purpose of such work was 

not to obtain the characteristics of an aircraft engine, in-

cluding thrust and specific fuel consumption, their results 

have rather limited application for aviation. 

In general, it should be noted that the insufficient re-

search into these processes leaves a wide range of possibili-

ties for the emergence of various theories unsupported by 

theoretical modeling and experiments, which are the basis 

for numerous attempts to create inefficient [28] or com-

pletely inoperable engine designs [41]. This situation is 

understandable, since for many decades the main field of 

application of the pulse jet engine was aircraft modeling 

[11], where the main "scientific centers" were workshops 

and garages, and the main research tools were metal cutters 

and welding machines [23]. It is for this reason that signifi-

cant gaps are observed, first and foremost, in the fundamen-

tals of the theory of pulsejets, including in the study of their 

thermodynamic cycles. 

An analysis of known sources on the topic of pulsejets 

allows us to draw the preliminary conclusion that German 

developers clearly justified the thermodynamic cycle of the 

pulse jet engine as the Lenoir cycle [36]. As is known [34], 

the ideal Lenoir cycle (Fig. 2a) consists of three processes. 

Initially, heat is released to the working fluid during iso-

choric combustion at constant volume, increasing the work-

ing fluid's pressure. This is followed by polytropic (adia-

batic) expansion, after which heat is released to the envi-

ronment at constant atmospheric pressure in isobaric cool-

ing. In other words, the key feature of the Lenoir cycle is 

that pressure increases solely as a result of heat release, 

without the use of mechanical boosters such as compressors 

or superchargers. This explains the low maximum cycle 

pressure, pmax, relative to ambient pressure, p0 – in pulse-

jets, the cycle pressure ratio (π = pmax/p0) does not exceed 

2.2–2.4. 

The closed curve of the component processes forms the 

diagram of the ideal working cycle (Fig. 2a) of a pulse jet 

engine. This is not merely a theoretical diagram; on the 

contrary, it demonstrates that during operation, the state of 

the working fluid in the engine, not only in the combustion 

chamber but also in all other sections, undergoes continu-

ous changes in accordance with the circular movement of 

the diagram at a frequency of 40–200 Hz. This feature 

characterizes the pulse jet engine as a periodic-flow engine 

[16], by analogy with an internal combustion engine [4]. 

But at the same time, it significantly distinguishes this en-

gine from other air-breathing engines (turbojets and ram-

jets), in which the flow is stationary [42], that is, the state of 

the working fluid in a specific section of the engine remains 

constant over time. 

Despite the indication of the German developers [36], 

and also taking into account the fact that no serious theoret-

ical studies of the pulse jet engine cycle have been conduct-

ed for almost 80 years, in some sources [7], nevertheless, 

there have been claims that the engine's workflow is de-

scribed by another, more efficient thermodynamic cycle – 

the Humphrey cycle (Fig. 2b). 

The main difference between the Humphrey cycle and 

the Lenoir cycle lies in the preliminary polytropic (adia-

batic) compression before the onset of heat release at con-

stant volume [19]. In other words, an engine operating on 

the Humphrey cycle, unlike the Lenoir cycle, has an addi-

tional compression process in the chamber in addition to the 

combustion itself. In addition, the Humphrey cycle can be 
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considered a kind of modification of the Brayton cycle, 

typical of ramjet engines [7], but instead of heat release at 

constant pressure, heat is released at constant volume, and 

there is no gas exchange, instead there is a conditional pro-

cess of heat removal from the cycle to the environment at  

a constant atmospheric pressure. 

a) 

 

b) 

 

Fig. 2. Diagrams of thermodynamic cycles attributed to a pulse jet engine 

and their individual processes (phases): a – Lenoir cycle [5], b – Humph-

rey cycle [7]; A – isobaric gas exchange (intake) and heat removal; B – 
isochoric heat release (combustion); C – polytropic (adiabatic) expansion; 

 D – preliminary polytropic (adiabatic) compression 

 

According to proponents of this concept [14], prelimi-

nary compression also occurs in a pulse jet engine; howev-

er, no studies supporting this claim are presented in these 

works. Some sources provide an additional clarification, 

albeit without proper justification, stating that the thermo-

dynamic cycle of a pulse jet engine can be represented by 

two variants [26]. Thus, the cycle of a valve engine when 

operating at a stationary speed, at zero speed, and a valve-

less engine remains, as previously believed, the Lenoir 

cycle [12, 20]. However, at a non-zero flight speed, it was 

proposed to treat the valve engine cycle as a Humphrey 

cycle [12]. This later enabled some researchers [7, 14] to 

completely exclude the Lenoir cycle, treating it as a special 

case of the Humphrey cycle at zero speed, and to consider 

the Humphrey cycle as the only working cycle of a pulse jet 

engine without additional conditions [20]. Thus, contrary to 

the data of the German founders, it was proposed to describe 

the working cycle of a pulse jet engine as a modification of a 

ramjet engine, with heat release at constant volume.  

It means adding another process to the Lenoir cycle of  

a pulse jet engine can create a contradiction. A pulse jet en-

gine, as noted above, is a periodic, not continuous, engine. It 

features gas exchange, as in an internal combustion engine, 

rather than constant-temperature heat removal at constant 

atmospheric pressure, as in other types of jet engines. This 

workflow characteristic significantly influences seemingly 

obvious patterns, or at least requires substantiation.  

For example, all air jet engine types have an appropriate 

inlet device that brakes the oncoming airflow, but ramjet 

and turbojet engines are not engines with a periodic work-

flow; their operating cycle is open, closed only conditional-

ly by the conventional process of heat removal to the envi-

ronment at constant atmospheric pressure. In contrast, the 

pulse jet engine's operating cycle is closed, so the introduc-

tion of a new process, such as preliminary braking and air 

compression, must be substantiated by relevant data.  

However, such data is currently unavailable. Further-

more, when describing the pulse jet engine workflow using 

the Humphrey cycle, well-known designs of valved pulse 

jet engines [24] with a side intake (Fig. 3) are often omitted. 

It is perfectly clear that such a design does not allow for 

straight air intake and pre-compression as flight speed in-

creases. However, the most important fact is that all re-

searchers, without exception, consider only the ideal theo-

retical cycle of a pulse jet engine. Such a cycle, whether the 

Lenoir or Humphrey cycle (Fig. 2), bears no relation to 

specific operating pulsejets constructed of metal. Accord-

ingly, a purely theoretical representation of the workflow, 

without its connection to real objects and their processes, as 

well as attempts to use theoretical assumptions without 

verification and to link them to a specific object of study, 

do not allow us to identify real operating principles for 

subsequent practical application. 

 

Fig. 3. McDonnell XPJ40-MD-2 valved pulse jet engine with side air entry 

 (McDonnell TD2D Katydid air target [24]) 

 

Therefore, there is every reason to believe that insuffi-

cient research into the processes involved has led to uncer-

tainty, or even a contradiction, regarding the actual operat-

ing thermodynamic cycle of a heat engine known for over 

80 years – namely, the pulse jet engine. It is also unclear 

which of the known thermodynamic cycles is more efficient 

in a pulse jet engine, and how to practically implement 

either cycle in a real product. These questions are quite 

important, as they may be fundamental both to the correct 

evaluation of the efficiency of existing pulse jet engine 

designs and to the development of potential new designs for 

this type of engine.  
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In light of the identified contradictions and problems, 

this work aims to determine the actual operating cycle of  

a pulse jet engine. To achieve this goal, the following tasks 

must be resolved:  

1) Perform a theoretical analysis of known thermody-

namic cycles of a pulse jet engine. 

2) Consider the possibility of using software tools to 

simulate the pulse jet engine cycle.  

3) Obtain calculation equations for determining the pol-

ytropic exponent in the pulsejet thermodynamic cycle.  

4) Simulate the pulse jet engine's workflow, calculate 

the polytropic exponent, and determine the actual thermo-

dynamic cycle of the pulse jet engine.  

5) Compare the obtained thermodynamic cycles of 

pulsejets of different designs and identify the general effect 

of flight speed on their workflow. 

3. Research materials and methods  

3.1. Real operating cycle of pulse jet engine: preliminary 

notices 

At first, a valved pulse jet engine operating under static 

conditions, that is, at zero airspeed, has been considered. 

Next, analyze the operating cycle of such an engine, taking 

into account that, as reported in various sources [19, 31, 

36], it corresponds to the Lenoir cycle. We begin with the 

differences between ideal and real thermodynamic cycles. 

In the handbook on internal combustion engine (ICE) 

theory [10], the relationship between cylinder pressure and 

its volume in a piston engine, or equivalently, piston posi-

tion, is commonly referred to as an indicator diagram. This 

relationship was historically determined using a special 

indicator device, hence the name of the diagram. Character-

istically, an indicator diagram in a piston engine is a graph-

ical representation of the real operating cycle of the internal 

combustion engine, used to analyze engine efficiency, as 

opposed to the theoretical (ideal) Otto, Diesel, Atkinson, 

and Miller cycles, which are typically needed primarily to 

understand the operating principles of internal combustion 

engines. 

In other words, an indicator diagram is a graphical rep-

resentation of the change in pressure and volume of gases 

inside the cylinder during internal combustion engine oper-

ation under real conditions. It captures all the features of the 

real operating cycle, including gas exchange processes, heat 

loss and combustion imperfections and incompleteness. 

Obviously, such diagram can be made not only experimen-

tally, on a real engine, but also simulated using an engine 

computer model through numerical experiments. Thus, the 

ICE indicator diagram precisely corresponds to the actual 

operating cycle of a specific engine, from which it was 

measured experimentally or simulated. 

Unlike the ICE, no real operating cycle of a pulse jet 

engine has been considered to date. Numerous studies only 

consider theoretical (ideal) Lenoir and/or Humphrey cycles, 

which are unsuitable for analyzing real engine operation. 

On the other hand, when analyzing the operating cycle of 

jet engines with a steady flow of the working fluid [42], it is 

customary to determine which points correspond to which 

cross-section of the engine's flow path. This approach to  

a pulse jet engine yields only the ideal thermodynamic 

cycle diagram (Fig. 2).  

The real operating cycle diagram cannot be constructed 

in this way; its construction requires certain assumptions, 

including volumetric combustion (heat release) and a uni-

form distribution of instantaneous gas parameters through-

out the combustion chamber. The key feature of interpret-

ing the real operating cycle of a pulse jet engine is that it 

lacks a cylinder with a moving piston, and the combustion 

chamber volume, conventionally defined, remains constant 

during engine operation. This means that a complete analo-

gy with an ICE is not possible in this case. However, con-

sider the piston analogy or "liquid piston" method [15, 16] 

adopted when describing gas flow in a resonance tube, the 

gas volume in a pulse jet engine, limited by the “liquid” 

piston in the tube, also changes over the cycle time due to 

gas periodic expulsion. This is generally consistent with the 

process of an ICE with piston movement in the cylinder. 

In ICE theory, it is common to represent the real operat-

ing cycle (indicator diagram) in p – v coordinates, where  

v = V/m is the specific volume of the cylinder, i.e., relative 

to the mass of gas in the cylinder. This value is the recipro-

cal of the current (instantaneous) density ρ of the gas in the 

cylinder, i.e.:  

v =
V

m
=

1

ρ
  

The same can be achieved in a pulse jet engine. Fur-

thermore, in an ICE, the mass of the gas in the cylinder 

remains constant during the compression and power 

strokes, but changes during intake and exhaust (gas ex-

change). In a pulse jet engine, by contrast, with a constant 

combustion chamber volume, the mass changes, and the gas 

exchange process is generally little different from that in an 

ICE. 

In essence, this means that the movement of a hypothet-

ical “liquid” piston in the exhaust tube of a pulse jet engine 

can be represented by analogy with the movement of  

a metal piston in an ICE cylinder. In this case, it becomes 

quite acceptable and reasonable to refer to the real operat-

ing cycle diagram of a pulse jet engine as an indicator dia-

gram, as is the case with an ICE. This is indeed important 

for practice, as it highlights the fundamental difference 

between the real operating cycle of a pulse jet engine dis-

cussed in this paper and the previously widely known ideal 

theoretical cycle. This name, indicator diagram, for the real 

operating cycle of a pulse jet engine is proposed in this 

paper and used below. 

3.2. Theoretical analysis of possible thermodynamic 

cycles of a pulse jet engine 

Thus, it is known that the following assumptions are 

typically made in studies of ideal (reversible) thermody-

namic engine cycles [34]: 

1) The working fluid is an ideal gas. 

2) The mass of the working fluid is constant and the 

same throughout all processes. 

3) Compression and expansion processes are assumed to 

be adiabatic. 

4) Heat is supplied to the working fluid by heat transfer 

from a hot source. 
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5) Gas exchange processes are replaced by a reversible 

process of heat removal from the working fluid to a cold 

source. 

Since such an idealized representation of the workflow 

is far from reality, it can yield significant errors when used 

to identify the characteristics of a real engine. For example, 

assuming a constant mass of the working fluid, an adiabatic 

expansion process with extremely hot walls, and neglecting 

the gas exchange processes that determine the filling of the 

combustion chamber – such crude assumptions make the 

results of theoretical analysis more than questionable for 

practical application. It follows that reliable data on the 

engine's workflow, especially with a periodic one, can only 

be obtained through the analysis of real cycles. This is 

confirmed by the experience of theoretical analysis of the 

operating process of another type of engine with a periodic 

workflow – internal combustion engines [24]. 

Indeed, the actual cycle of a pulse jet engine differs sig-

nificantly from the ideal one, and one of the main differ-

ences is that instead of a constant heat removal process at 

constant atmospheric pressure and a constant mass of the 

working fluid, the actual cycle involves a process of gas 

exchange with a variable mass of incoming and outgoing 

gas. It is also known that during this period, the pressure in 

the combustion chamber of a pulse jet engine is not con-

stant and does not equal atmospheric pressure, but rather 

drops significantly to 0.60–0.65 atmospheric [21]. Moreo-

ver, in the actual process, one should not expect ideal heat 

release at constant volume, nor an ideal subsequent adia-

batic expansion. All this suggests that the expected indica-

tor diagram of the real cycle (Fig. 4a) will also differ signif-

icantly from the ideal one (Fig. 2a). Under such conditions, 

the polytropic indices of individual processes depicted on 

the indicator diagram can be particularly important for 

understanding the operating cycle. To determine patterns of 

polytropic index change, all possible thermodynamic pro-

cesses can be represented as functions of their direction 

(Fig. 4b), with a distinction made between positive (yellow) 

and negative (blue) polytropic exponent values. Based on 

these values, the limiting values of the polytropic index can 

be shown on the real indicator diagram (Fig. 3a). 

Thus, approximately halfway through the gas exchange 

process, the polytropic index increases from –∞ and passes 

through n = 0, which corresponds to isobaric heat removal 

(cooling). However, it will continue to increase and, at the 

beginning of the heat-addition phase, reach +∞. Obviously, 

during heat addition, a discontinuity in the value of n will 

occur, since this phase of the process begins at +∞ and ends 

at –∞, with a transition (discontinuity) from +∞ to –∞. 

Thereafter, n will gradually increase to approximately the 

adiabatic expansion exponent γ = 1.4, from where it will 

gradually increase to +∞, with the new cycle beginning 

with a discontinuity and again at –∞. 

An approximate picture of the change in the polytropic 

index during a circular walk through the indicator diagram 

of Fig. 4a is shown in Fig. 5a as a function of time. The 

cycle is taken to start at the time of intake (gas exchange) at 

point 3. For comparison, Fig. 5b shows a similar depend-

ence, but for the ideal cycle depicted in Fig. 2a. The vertical 

line in the middle of the heat addition process indicates  

a conditional discontinuity associated with the change in 

sign of the polytropic index from +∞ to –∞ between the end 

of the isobaric heat removal process with n = 0 and the 

beginning of the adiabatic expansion with n = γ. The dis-

continuities in the polytropic index values do not always 

lend themselves to a precise physical explanation, but in 

this task, they should be considered and used as transition 

points between processes. 

a) 

 

b) 

 

Fig. 4. Changes in the polytropic index in thermodynamic cycles: a – in  

a hypothetical real operating cycle of a pulse jet engine, constructed based 

on a theoretical logical analysis of the engine's workflow (the specific 
volume, the inverse of the gas density, is used instead of volume V); b – 

ranges of values of the polytropic index of the processes (the field of 

 positive values is shown in yellow, the field of negative values in blue) 

 

Overall, one can note the qualitative agreement between 

the diagrams of the polytropic index change for the ex-

pected real and ideal cycles – despite significant simplifica-

tions, the difference in the nature of the n dependence in the 

ideal cycle (Fig. 5b) and the real cycle (Fig. 5a) is not as 

great as one might expect. 

Similar calculations could be made by assuming that the 

thermodynamic cycle of a pulse jet engine is a Humphrey 

cycle. It can then be assumed that at the beginning of the 

curve's rise, immediately before heat input at constant vol-

ume, a section D of polytropic air compression (Fig. 6a) 

may appear. In this case, a characteristic step will appear in 

the diagram of the change in the polytropic index (Fig. 6b), 

corresponding to the transition from the gas-exchange pro-
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cess A (3–1) through the preliminary compression D (1–4) 

to the isochoric heat input B (2–3). 

a) 

 

b) 

 

Fig. 5. Change in the polytropic index over time in the operating cycle of  

a pulse jet engine corresponding to the Lenoir cycle (according to Fig. 2a): 

a – real cycle (expected change); b – ideal cycle; A – gas exchange (air 
intake) at constant pressure; B – combustion at constant volume; C – 

 polytropic expansion (exhaust) 

 

This step should be considered an indication of prelimi-

nary compression in the pulsejet working cycle, as shown 

by a comparison of the nature of the change in the poly-

tropic index for both cycles (Fig. 5b and Fig. 6a). In fact, 

for the Lenoir cycle (Fig. 5a), there is only a smooth transi-

tion of the polytropic index during gas exchange through 0 

from –∞ to +∞, while for the Humphrey cycle, after passing 

through 0, a step must still appear that characterizes the 

polytropic air compression (braking). 

Despite its logical consistency, the theoretical construc-

tion of the real operating cycle (Fig. 4–6) may prove erro-

neous, especially when attempting to accurately depict the 

aforementioned air deceleration in the inlet device at high 

flight speeds. Therefore, it is necessary to verify and con-

firm preliminary assumptions about the actual nature of 

processes in the real operating cycle. 

This can be accomplished by constructing an indicator 

diagram (and the dependence of the polytropic index 

change in the cycle) based on modeling the pulse jet engine 

workflow using the Pulsejet-Sim program [18, 31].  

 

a) 

 

b) 

 

Fig. 6. Representation of the pulse jet engine operating cycle as a thermo-
dynamic Humphrey cycle (according to Fig. 2b): a – hypothetical real 

cycle; b – hypothetical change in the polytropic index in the real cycle; A – 
gas exchange (air intake); D – preliminary polytropic compression; B – 

 combustion; C – polytropic expansion (exhaust) 

3.3. Using Pulsejet-Sim software for modeling pulse jet 

engine operating cycle 

The Pulsejet-Sim software is based on a thermodynamic 

model of volumetric combustion of a fuel-air mixture in a 

combustion chamber and the "piston analogy" model for 

gas flow in a resonance tube [15]. The program specifies 

the engine's geometric dimensions and the UAV's flight 

mode, then numerically calculates changes in the instanta-

neous gas parameters over time for a selected number of 

cycles, with increments of 0.01 milliseconds (10
–5

 s). 

The calculation results in diagrams of changes in instan-

taneous pressure and temperature in the combustion cham-

ber, velocity in the resonance tube and intake duct, and 

other parameters, including an indicator diagram in "pres-

sure-specific volume" coordinates [34]. The program also 

accounts for air deceleration at the inlet, taking into account 

total pressure losses (using the total pressure recovery coef-

ficient σ [13]), enabling the comparison of engine operating 

modes at various flight speeds. 

In general, the Pulsejet-Sim program replicates the 

methods of thermodynamic modeling of instantaneous gas 

parameters in the cylinder of an internal combustion engine 
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[17, 25], with the difference that in a pulse jet engine, the 

combustion chamber volume, unlike in an internal combus-

tion engine cylinder, remains constant [31]. However, both 

engines share a key property: their workflow is periodic 

rather than steady-state, making it possible to apply re-

search methods used in internal combustion engines to 

pulse jet engines. 

Thus, by using the program to obtain diagrams of 

changes in instantaneous gas parameters in the chamber, it 

becomes possible to calculate the instantaneous value of the 

polytropic index of the process occurring in the combustion 

chamber at a given moment. 

3.4. Derivation of calculation equations for determining 

the polytropic index in a pulsejet thermodynamic 

cycle 

To derive the calculation relationships, considered the 

process of changing gas parameters in the pulsejet combus-

tion chamber. According to the definition of a polytropic 

process for an ideal gas [34]: 

pvn = const                                     (1) 

where p is the gas pressure; v = V m = 1 ρ⁄⁄  is the gas 

specific volume; m, V, ρ are the gas mass, volume, and 

density, respectively. 

Let's rewrite equation (1) as: 

p = ρnconst                                    (2) 

Let's assume that the polytropic process occurs between 

the adjacent time points 1 and 2 in the thermodynamic 

cycle (the Pulsejet-Sim program calculates 1000 time points 

during the pulsejet working cycle [18], which yields a very 

short time interval between time points). Then the follow-

ing relation holds: 

p2

p1

= (
ρ2

ρ1

)
n

                                (3) 

Hence, the polytropic index of the process between 

these points is: 

n =
ln (

p2

p1
)

ln (
ρ2

ρ1
)

                                      (4) 

From the equation of state of an ideal gas, its density is 

related to pressure p and temperature T: 

p = ρRT                                         (5) 

where R is the gas constant. 

Then equation (4) can be rewritten as: 

n =
ln (

p2

p1
)

ln (
p2

p1

T1

T2
)

=
ln (

p2

p1
)

ln (
p2

p1
) − ln (

T2

T1
)

                (6) 

From here, the polytropic index is expressed in terms of 

the pressure and temperature in the combustion chamber: 

n =
1

1 −
ln(

T2
T1

)

ln(
p2
p1

)

                                 (7) 

For ease of calculations directly from the resulting en-

gine indicator diagram in "pressure-specific volume" coor-

dinates, where the specific volumes are the inverse of the 

density, expression (4) can be transformed as follows: 

n =
ln (

p2

p1
)

ln (
ρ2

ρ1
)

=
ln (

p2

p1
)

ln (
1 v2⁄

1 v1⁄
)

=
ln (

p2

p1
)

ln (
v1

v2
)

.               (8) 

Formulas (7) and (8) have a specific points at the begin-

ning of the engine calculation: when the pressures, tempera-

tures, and gas densities in all engine sections are the same 

and equal to the initial (atmospheric) values, the result of 

calculations using formula (7) may be undefined and equal 

to 0/(1–0/0), while using formula (8) it may simply be equal 

to 0/0. 

To eliminate uncertainty, including random uncertainty, 

a safeguard was introduced into the calculation. Thus, for 

p2 p1 = 1,⁄  a small value was added to the logarithm in the 

denominator of the fraction in formula (7): 

ln (
p2

p1

) + 0.00001                           (9) 

A similar technique was used for the entire denominator 

of formulas (7) and (8). 

Thus, when calculating the closed thermodynamic cycle 

of a pulse jet engine, as determined by its indicator dia-

gram, it becomes possible to obtain a diagram of the change 

in the instantaneous value of the polytropic exponent 

throughout the cycle. This diagram can be used to directly 

determine where and when, in the pulse jet engine cycle (if 

it occurs at all), the preliminary compression of air during 

its deceleration in the inlet device occurs, and which ther-

modynamic process it corresponds to. 

4. Research results 
The well-known Argus As 014 valved pulse jet engine 

[9] was selected for the calculations. Even after 80 years, it 

remains the only fully and comprehensively studied engine 

of this type [6]. Furthermore, this engine is also one of the 

standard engines in the Pulsejet-Sim program [18, 31]. 

After confirming the engine dimensions, the program 

simulates the start-up and calculates a specified number of 

cycles (10 cycles were calculated), which allows us to ob-

tain diagrams of instantaneous gas parameters (Fig.7). 

These parameters are displayed in dimensionless form in 

the diagrams: pressure p/p0, temperature T/T0, gas velocity 

in the resonance tubeva/a0, air velocity at the inletve/a0and 

heat release ratedQ/dt(1/(a0Cp0T0)) where parameters with 

the index "0" correspond to the environment; a0, Cp0 are the 

speed of sound and the heat capacity of the ambient air at 

constant pressure. 

In addition to the diagrams of instantaneous parameters, 

the program also plots the pulse jet engine's indicator dia-

gram in the "dimensionless pressure – dimensionless spe-

cific volume" coordinates for the last specified calculation 

cycle. To verify the assertion that, at non-zero flight speeds, 

the thermodynamic cycle of a valved pulse jet engine 

smoothly transforms from the Lenoir cycle to the Humph-

rey cycle, similar indicator diagram calculations were also 

performed for a speed of 800 km/h (Fig. 8). The indicator 
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diagram data then allows one to directly plot a diagram of 

the polytropic index change in the pulsejet operating cycle 

(Fig. 9), using formula (8) for different flight speeds. 

 

Fig. 7. Diagrams of instantaneous dimensionless parameters: pressure, 

temperature, inlet velocity, resonance tube velocity, and heat release rate, 
which were obtained using the Pulsejet-Sim program [31] for the classic 

Argus As 014 pulse jet engine during operation at zero flight speed vf = 0 

 

Fig. 8. Indicator diagram (the real operating cycle) of the valved pulse jet 
engine, obtained using the Pulsejet-Sim program [31] for the Argus As 014 

 engine during operation at speeds of uf = 0 and uf = 800 km/h 

 

To explain and synchronize the processes, diagrams 

(from bottom to top) of the heat release rate, inlet air ve-

locity, and combustion chamber temperature and pressure 

are shown above the diagram of the process's polytropic 

exponent change. The vertical lines sequentially show four 

characteristic moments in time (Fig. 9): 1 – the start of 

combustion (heat release), 2 – reaching the maximum heat 

release rate, 3 – the end of the intake phase (change in the 

pressure drop across the valves from positive to negative), 

and 4 – closing of the valve system petals (end of backflow 

from the chamber). 

In addition, the obtained diagrams of the change in the 

polytropic index (Fig. 9) conventionally indicate the phases 

of the pulse jet engine operating cycle, including gas ex-

change (intake) shown in blue, heat supply during combus-

tion in yellow, and expansion in green. 

To ensure a complete study, a simulation of the Argus 

As 014 engine with a side air inlet was also performed. Fig. 

10 presents the operating cycle simulation and calculation 

results for instantaneous parameter changes, including the 

indicator diagram and the polytropic index of the process 

for this engine design at the same flight speed of 800 km/h. 

 

a)                                                      b) 

Fig. 9. Calculated change in instantaneous parameters of the Argus As 014 

pulse jet engine with parameter synchronization over time in the operating 

cycle shown in Fig. 7 and 8 (from top to bottom): pressure, temperature, 
inlet air velocity, heat release rate, polytropic index; a – at zero flight 

 speed uf = 0; b – at flight speed of uf = 800 km/h 

5. Discussion and results analysis 
From the obtained results, it follows that the calculated 

indicator diagram (Fig. 8) for static conditions closely 

matches the diagram constructed solely based on theoretical 

inferences (Fig. 4a). A fairly close match is also observed 

between the diagram of the change in polytropic index (Fig. 

9a) and the diagram shown in Fig. 4a. This confirms the 

fact that the thermodynamic cycle of a valved pulse jet 

engine during stationary operation is a Lenoir cycle. At the 

same time, as shown in the comparison of the diagrams for 

a straight intake engine at 0 and 800 km/h (Fig. 9), increas-

ing airspeed and inlet dynamic pressure produce noticeable 

changes in the indicator diagram. 

First, the significant increase in airflow (Fig. 9b) is un-

derstandable for a straight intake design with an open 

downstream resonance tube. However, this design degrades 

combustion chamber performance at higher airspeeds, as 

the amplitudes of pressure and temperature fluctuations  
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a) 

 

b) 

 

Fig. 10. Results of modeling the workflow of Argus As 014 valved pulse 

jet engine with a side air intake: a – indicator diagram at flight speeds of 0 
and 800 km/h; b – change in instantaneous parameters (top) and polytropic 

 index over cycle time at flight speed of 800 km/h 

 

decrease. This is clearly visible in the indicator diagram 

(Fig. 8), where, as airspeed increases, a drop in maximum 

pressure along the vertical axis is accompanied by a propor-

tional drop in maximum specific volume along the horizon-

tal axis, which is proportional to temperature. It's also sig-

nificant that, as flight speed increases, the air pressure at the 

engine inlet rises due to the dynamic head (accounting for 

the total pressure loss). As a result, in the upper diagram at 

800 km/h (Fig. 9c), the intake phase begins and ends at  

a pressure above atmospheric, although below the total 

free-stream pressure. 

The second major difference observed in the indicator 

diagram of the valved pulse jet engine with a straight air 

intake at 800 km/h (Fig. 8) is a characteristic slope in the 

lower-left corner, absent from the indicator diagram for 

engine operation at zero flight speed. This slope corre-

sponds to a "shelf" in the polytropic index curve at the very 

beginning of the heat release process (Fig. 9b), which is 

also absent at zero speed (Fig. 9a). 

Let's examine this slope in more detail. As shown in 

Fig. 9b, at the end of the gas exchange (intake) process, the 

polytropic index stabilizes for some time at n > 2.5, which 

is significantly higher than in the adiabatic process with  

n = γ. In other words, this is a polytropic pre-compression 

process, but with a significant energy loss. 

Such losses are understandable. Really, in a valved en-

gine, significant hydraulic losses should be expected as air 

flows through the petal valve grid. Furthermore, the Pulse-

jet-Sim program calculates instantaneous pressure and 

temperature values in the combustion chamber, accounting 

for heat losses from all outer engine walls, including the 

resonance tube [18]. Accordingly, heat losses from the 

combustion chamber during the air inlet process are signifi-

cant, as indicated by the increased polytropic index. It fol-

lows that, as flight speed increases, the actual operating 

cycle of a valved pulsejet with a straight air intake corre-

sponds to the Humphrey cycle, not the Lenoir cycle. 

However, the validity of this statement for all valved 

pulsejets should be verified. Thus, in a valved pulse jet 

engine with a side air intake, as follows from the diagrams 

(Fig. 10), the inlet pressure does not increase with increas-

ing flight speed. Accordingly, unlike a straight intake en-

gine (Fig. 8 and 9), a preliminary air deceleration (compres-

sion) section does not occur in a side-entry engine. As  

a result, the indicator diagram changes only slightly with 

increasing speed (Fig. 10a). This is confirmed by the ap-

pearance of the diagram of the change in the polytropic 

index for the such engine workflow (Fig. 10b), as well as 

by its comparison with the diagram of the change in the 

polytropic index for an engine operating at zero flight speed 

(Fig. 9a) – in both cases, no air deceleration section is ob-

served. 

Therefore, a valved pulse jet engine with a side air in-

take, unlike a straight intake engine, continues to operate in 

accordance with the Lenoir thermodynamic cycle even at 

high flight speeds. However, the results of the study con-

firm that, at least within the investigated range of parame-

ters and operating conditions, the thermodynamic cycle of  

a valved pulse jet engine can be represented as a Humphrey 

cycle, which in special cases, at zero flight speed and/or 

with a side air intake, does not have polytropic pre-

compression before the heat supply and corresponds to the 

Lenoir cycle. 

Significantly, a comparison of the pulsejet cycles of dif-

ferent designs (Fig.8 and 10a) at zero flight speed and high-

speed flight indicates a clear advantage of the side-intake 

engine operating on the Lenoir cycle over the classic 

straight intake pulse jet engine operating on the Humphrey 
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cycle. At least, the cycle work, estimated by the area under 

the indicator diagram curve, at high flight speed, is signifi-

cantly higher for the side-inlet engine operating on the 

Lenoir cycle. However, due to limitations in the parameter 

ranges and operating modes considered, as well as the as-

sumptions and errors of the methods used, the results ob-

tained are preliminary and require further study, verifica-

tion, and justification (or refutation). 

6. Conclusions 

A preliminary theoretical analysis of possible thermo-

dynamic cycles of a pulse jet engine revealed that two types 

of thermodynamic cycles – the Lenoir cycle and the 

Humphrey cycle can correspond to the workflow of this 

type of engine. At the same time, a significant difference 

between the theoretical ideal cycle of a pulse-jet engine and 

its actual operating cycle is noted. The characteristics of the 

real operating cycle and the similarity of its processes to 

those of internal combustion engines suggest that it can be 

called the indicator diagram of a pulse jet engine. 

To clarify the type of thermodynamic cycle of a pulse 

jet engine, equations for calculating the polytropic index 

based on instantaneous values of gas parameters in the 

combustion chamber, were derived. The classic Argus As 

014 valved pulse jet engine workflow was simulated using 

the Pulsejet-Sim program at both static condition and at  

a flight speed of 800 km/h. 

The workflow simulation results show that the actual 

thermodynamic cycle of a valved pulse jet engine in static 

condition is the Lenoir cycle. However, in a straight intake 

engine, the shape of the indicator diagram changes with 

increasing flight speed, developing a characteristic slope 

absent at zero flight speed. At the same time, the polytropic 

index curve before the onset of heat release exhibits a brief 

stabilization at n > 2.5, which is significantly higher than in 

an adiabatic process with n = γ and corresponds to a poly-

tropic pre-compression process. This process pattern indi-

cates significant hydraulic and heat losses from the com-

bustion chamber during the air intake process, but confirms 

that the real thermodynamic cycle of a straight intake 

valved pulse jet engine at high flight speed corresponds to 

the Humphrey cycle, not the Lenoir cycle. 

Unlike a straight intake engine, in a side-intake valved 

pulse jet engine, pre-compression of the air does not occur 

as flight speed increases, and the indicator diagram changes 

only slightly. As a result, the valved pulse jet engine with  

a side air intake operates according to the Lenoir thermody-

namic cycle across the entire flight speed range. 

The study results confirm that, at least within the stud-

ied range of parameters and operating conditions, the ther-

modynamic cycle of a valved pulse jet engine can be repre-

sented as a Humphrey cycle. However, in specific cases, 

such as at zero flight speed and/or with a side air intake, 

polytropic pre-compression before heat release is absent, 

and the real operating cycle corresponds to the Lenoir cy-

cle. 

Despite the apparent higher efficiency of the Humphrey 

cycle compared to the Lenoir cycle, due to the design fea-

tures of the valved pulse jet engine, organizing the work-

flow at high flight speeds in accordance with the Lenoir 

cycle (side air intake) may offer advantages in key parame-

ters over the Humphrey cycle (straight air intake). Howev-

er, this issue requires further research and substantiation. 
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ARTICLE INFO  The maritime sector is undergoing a critical transition driven by increasingly stringent emissions regulations 

from the International Maritime Organization (IMO) and the European Commission (EC). Among the leading 
alternative fuels for marine diesel engines, methanol and liquefied natural gas (LNG) have gained significant 

attention. This review synthesizes recent research and industry data to compare the two fuels across physico-

chemical properties, combustion performance, emission behavior, safety, and economic feasibility. Methanol, a 
liquid under ambient conditions, enables easier storage and refueling using existing liquid-fuel infrastructure 

while providing substantial reductions in sulfur oxides (SOx), nitrogen oxides (NOx), and particulate matter 

(PM) emissions. However, its low energy density and the formation of formaldehyde remain drawbacks. In 
contrast, LNG offers higher volumetric energy density and immediate reductions in carbon dioxide (CO₂), SOx, 

and NOx emissions but requires expensive cryogenic storage systems and faces the persistent challenge of 

methane slip. Economically, LNG engines entail higher capital investment yet support short-term regulatory 
compliance, whereas renewable methanol offers a scalable pathway toward long-term carbon neutrality. 

Overall, the optimal choice between methanol and LNG depends on operational profiles and strategic objec-

tives, with LNG serving as a transitional solution and methanol representing a flexible, future-proof option for 
sustainable marine propulsion. 
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1. Introduction 
The global maritime industry stands at an important 

juncture. As international trade volumes continue to ex-

pand, the sector faces growing scrutiny over its environ-

mental footprint. Shipping is responsible for approximately 

3% of global anthropogenic CO₂ emissions and contributes 

a substantial share of global NOₓ (≈ 15%) and SOₓ (≈ 4–

9%) emissions [38, 53, 96, 141]. These pollutants are now 

recognized as major contributors to both climate change 

and regional air quality degradation, driving international 

policy reform. The IMO and the EC have therefore intro-

duced increasingly stringent measures to decarbonize mari-

time transport, including the IMO’s 2023 Greenhouse Gas 

(GHG) Strategy, the Carbon Intensity Indicator (CII) 

framework, and the extension of the European Union (EU) 

Emissions Trading System (ETS) to the shipping sector [4, 

17, 31, 33, 136, 182]. The IMO’s 2023 GHG Strategy for 

shipping sets an ambition for the sector to reduce carbon 

intensity by at least 40% by 2030 (vs 2008) and to achieve 

net-zero greenhouse-gas emissions by or around 2050. 

Meanwhile, the EU’s FuelEU Maritime Regulation (Regu-

lation (EU) 2023/1805) mandates the use of renewable and 

low-carbon fuels on board ships calling at EU ports from 1 

January 2025 [30, 31, 33, 44, 110]. 

Conventional marine fuels such as heavy fuel oil (HFO) 

and marine diesel oil (MDO) have long dominated the 

sector due to their low cost and established infrastructure, 

but they have been increasingly criticized for their contribu-

tion to air pollution and climate change [20, 115, 159]. The 

combustion of these fuels releases high levels of SOₓ, NOₓ, 
CO₂, and particulate matter (PM), leading to both local air-

quality degradation and global warming impacts [45, 71, 

134, 150]. Consequently, identifying and adopting alterna-

tive marine fuels that can ensure energy security, regulatory 

compliance, and long-term sustainability has become a 

strategic priority across the maritime industry [20, 27, 51]. 

A broad spectrum of alternative energy carriers has been 

proposed, including hydrogen, ammonia, biofuels, LNG, 

and methanol, as well as emerging options such as synthetic 

(e-)fuels and hybrid-electric systems [20, 123, 179]. Each 

pathway offers unique advantages and challenges in terms 

of energy density, handling safety, storage requirements, 

infrastructure availability, and overall lifecycle emissions 

[94, 166]. However, among these options, LNG and metha-

nol have emerged as the most technically mature and com-

mercially deployable alternatives for near- and medium-

term adoption in the maritime sector [121, 179]. 

While hydrogen and ammonia offer significant decarbon-

ization potential, their storage complexities, toxicity risks, 

and limited infrastructure pose major barriers to large-scale 

deployment in the current decade [103, 155, 156]. Similarly, 

biofuels face challenges of feedstock sustainability, cost 

volatility, and an uncertain lifecycle emissions-reduction 

potential [20, 80, 107]. In contrast, LNG and methanol occu-

py a pragmatic middle ground – they are compatible with 

current engine technology and logistics, can be produced 

from both fossil and renewable sources, and are supported by 

established industrial supply chains. Their comparative read-

iness makes them strong candidates for transitional and ear-

ly-adopter decarbonization strategies under the IMO’s 2030 

and 2050 frameworks [20, 94, 123, 179]. 

However, despite growing deployment, the two fuels em-

body fundamentally different decarbonization philosophies. 

LNG offers an incremental, bridge-fuel approach, providing 

immediate reductions in SOₓ, NOₓ, and PM, albeit con-
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strained by methane slip and upstream leakage [8, 10, 56, 69, 

154]. Methanol, conversely, presents a transformational long-

term solution, capable of achieving near-zero life-cycle emis-

sions when produced from renewable hydrogen and captured 

CO₂ (“green” methanol) [5, 20, 40, 105]. 

The literature contains numerous studies addressing ei-

ther LNG or methanol independently. However, a unified 

comparative review that synthesizes the latest data on per-

formance, lifecycle emissions, safety, infrastructure, and 

economics, particularly for dual-fuel (DF) marine diesel 

engines, remains limited. This paper addresses that gap by 

providing a comprehensive, integrative analysis of both 

fuels, combining recent findings from peer-reviewed litera-

ture, life-cycle assessments (LCAs), and industry data. It 

aims to clarify the relative advantages, trade-offs, and stra-

tegic implications of choosing between LNG and methanol 

as alternative fuels for diesel engines, and to identify key 

research needs for supporting the maritime sector’s ongoing 

transition toward carbon neutrality. 

2. Methodology 

2.1. Search strategy and information sources 

This review followed the Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses (PRISMA 2020) 

guidelines. Literature searches were conducted on 15 Sep-

tember 2025 across three major databases: Scopus, Web of 

Science Core Collection, and ScienceDirect. The search 

covered the period from January 2010 to September 2025 

and was limited to English-language, peer-reviewed journal 

papers. 

Exact search strings: 

Scopus: 

TITLE-ABS-KEY(("methanol" OR "liquefied natural 

gas" OR LNG) AND ("marine fuel" OR "ship" OR "diesel 

engine" OR "dual-fuel") AND ("emission" OR "perfor-

mance" OR "life cycle" OR "LCA" OR "well-to-wake")) 

Web of Science: 

TS=(("methanol" OR "liquefied natural gas" OR LNG) 

AND ("marine fuel" OR "shipping" OR "dual-fuel engine") 

AND ("emission" OR "LCA" OR "life-cycle" OR "effi-

ciency")) 

ScienceDirect: 

"methanol" OR "LNG" AND ("marine fuel" OR "dual-

fuel engine") AND ("emission" OR "LCA" OR "perfor-

mance") in Title, Abstract, Keywords. 

Manual searches of Energy Conversion and Manage-

ment, Fuel, Journal of Marine Engineering & Technology, 

Journal of Marine Science and Engineering, and Applied 

Energy were also performed to capture in-press or early-

view articles. Reference lists of key papers were hand-

checked to identify additional studies. 

2.2. Eligibility criteria (PICO framework) 

The review used the PICO framework to identify publi-

cations. In which: 

 Population (P): Marine diesel or DF engines and ship 

propulsion systems 

 Intervention (I): Operation using methanol or liquefied 

natural gas (LNG) as an alternative or DF 

 Comparison (C): Conventional marine diesel oil 

(MDO), and heavy fuel oil (HFO) 

 Outcomes (O): Engine performance (BTE, power out-

put), regulated and unregulated emissions, well-to-wake 

(WtW) greenhouse-gas emissions, techno-economic 

metrics, and safety or infrastructure aspects. 

Only peer-reviewed original research and review arti-

cles providing experimental, numerical, or life-cycle-based 

data were included. Exclusion criteria comprised: (a) con-

ference abstracts without full text, (b) non-English papers, 

(c) studies lacking clear methodology or quantitative re-

sults, (d) conceptual opinion papers, and (e) non-marine or 

unrelated power applications. 

2.3. Screening and selection protocol 

All retrieved records (n = 523) were imported into 

EndNote X21 for de-duplication, leaving n = 412 unique 

records. Two independent reviewers screened titles and 

abstracts. Disagreements were resolved by discussion with 

a third reviewer. During title and abstract screening, 288 

records were excluded for the following reasons: out of 

scope (n = 156), non-English language (n = 42), conference 

abstracts without full text (n = 47), and studies lacking 

quantitative engine or LCA data (n = 43). After initial 

screening, 124 full-text papers were evaluated for eligibil-

ity. Finally, 48 studies were included in the qualitative 

synthesis, and 36 in the quantitative comparison. The 

PRISMA 2020 flow diagram summarizing identification, 

screening, eligibility, and inclusion is shown in Fig. 1. 

 

Fig. 1. PRISMA 2020 flow diagram 

2.4. Quality evaluation and data extraction 

Each included study underwent methodological quality 

assessment using the Critical Appraisal Skills Program 

(CASP) checklist for quantitative studies, complemented by 

ROBINS-I for risk-of-bias evaluation where applicable. 

Scores were assigned on a 10-point scale; papers scoring  

< 6 were excluded from quantitative synthesis but discussed 

qualitatively. 

Key variables extracted included: fuel type and proper-

ties, engine configuration and operating conditions, emis-
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sion metrics (CO₂, CH₄, NOₓ, SOₓ, PM, aldehydes), LCA 

boundary assumptions, and techno-economic indicators 

(CAPEX, retrofit cost, fuel price). Extraction was per-

formed independently by two reviewers using standardized 

forms to ensure consistency. 

3. Fuel properties and characteristics 

3.1. Properties of methanol (CH₃OH) 

Methanol is a colorless, volatile liquid with a faintly 

sweet, alcohol-like odor and is completely miscible with 

water [158]. One of its most notable characteristics is its 

low energy density. By weight, it has an energy density of 

approximately 22 MJ/kg, and by volume, this figure is only 

15.7 MJ/L [128, 187]. This means that methanol has a sig-

nificantly lower energy density than both diesel and LNG. 

In terms of combustion properties, methanol has a very 

low cetane number (below 5) and a high octane number 

(109), making it unsuitable for direct use in conventional 

compression-ignition engines (CIEs). Another property to 

note is that methanol burns with a faint, nearly invisible 

blue flame that produces no smoke or soot [158, 187]. 

3.2. Properties of LNG 

LNG is natural gas, primarily methane (CH4), that has 

been cooled to an extremely low temperature of approxi-

mately −162°C to convert it to a liquid. This process reduc-

es its volume to about 1/600
th

 of its gaseous state. In its 

liquid state, LNG is colorless, odorless, non-corrosive, and 

non-toxic [82, 130, 151]. 

LNG has a higher energy density than methanol, with a 

volumetric density of 23.4 MJ/L. By weight, it has an ener-

gy density of 53.6-55 MJ/kg [185]. A critical parameter for 

LNG is the Methane Number (MN). This parameter indi-

cates a fuel's resistance to knocking in an engine; a higher 

MN value (above 80) indicates better fuel quality and opti-

mized engine performance. The MN is highly dependent on 

the composition of the LNG. In which "heavy LNG" (with 

a higher content of ethane and propane) has a lower MN 

than "light LNG" (with a higher methane content) [84]. 

3.3. Synthesis of fuel characteristics 

A fundamental difference between these two fuels lies 

in the trade-off between volumetric energy density and 

handling complexity. As mentioned, methanol has a lower 

energy density than both LNG and diesel [117, 132]. This 

directly results in the need for larger storage tanks to 

achieve the same operating range. However, methanol is a 

liquid at ambient temperature and pressure, allowing it to 

be handled and stored similarly to conventional fuels, 

though with safety and corrosion considerations [68]. 

Conversely, LNG's higher energy density is tied to its 

cryogenic state. This requires specialized, highly insulated 

storage systems that are more complex and expensive. 

LNG's higher energy density, an advantage, is offset by the 

complexity of cryogenic storage, a major disadvantage. 

Meanwhile, methanol's low energy density, a disadvantage, 

is offset by its simple physical state, a major advantage. 

This is not just a list of facts but a fundamental, causal 

trade-off that affects design, cost, and logistics [6, 52, 165]. 

A comparison of the physical and chemical properties of 

methanol and LNG is presented in Table 1. 

Table 1. Comparison of methanol and LNG physical and chemical proper-

ties 

Property Methanol (CH₃OH) LNG (Primarily CH₄) 

Physical state Liquid (at ambient 

temp. & pressure) 
[173] 

Cryogenic Liquid (at 

approx. −162°C) [101, 
130] 

Energy density 

(MJ/L) 
15.7 [158, 187] 23.4 [185] 

Energy density 

(MJ/kg) 
22 [158, 187] 53.6–55 [185] 

Cetane number < 5 [158, 187] N/A (requires methane 

number) [84] 

Octane number 109 [158, 187] > 120 [13] 

Flash point 12°C [108] −188°C (volatile) [148] 

Flame charac-

teristics 

Invisible, blue flame 

[108] 

Visible when burning 

[133] 

4. Engine technology and performance 

4.1. Methanol DF engine systems 

Methanol has a very low cetane number, which means it 

cannot self-ignite in a traditional diesel compression-

ignition cycle [59, 178]. Therefore, its combustion requires 

a catalyst, most commonly a small amount of diesel fuel in 

a pilot injection system [39]. 

DF technologies, such as High-Pressure Direct Injection 

(HPDI), work by injecting a small amount of diesel to initi-

ate combustion, which raises the temperature and pressure 

inside the cylinder, followed by the injection of methanol 

into the combusting mixture [90, 118, 137, 161-164, 175, 

186]. Other injection strategies have been proposed and 

tested to optimize performance and reduce knocking, in-

cluding injecting methanol before or after the diesel injec-

tion, or even in a split-injection mode [97]. 

Existing engine conversion solutions are available from 

major manufacturers such as Wärtsilä and Everllence (for-

merly MAN B&W). These conversions require the addition 

of new components and double-walled piping systems to 

ensure safety [39]. Real-world projects have demonstrated 

the successful conversion of small tugboats and large con-

tainer vessels to run on methanol [32]. 

4.2. LNG DF engine systems 

LNG can be used in two main types of engines: Low-

Pressure Dual-Fuel (LPDF, Otto-cycle premixed combus-

tion) engines and High-Pressure Dual-Fuel (HPDF, based 

on high-pressure direct injection – HPDI) [18, 79, 127, 

131]. HPDF, often referred to as the Diesel-cycle engines, 

is becoming increasingly popular in heavy-duty applica-

tions. Similar to methanol, the HPDI system utilizes a small 

amount of diesel (approximately 5% of the total fuel vol-

ume) as a "liquid spark plug" to initiate combustion [18, 79, 

127, 129, 131]. 

However, converting a diesel engine to run on LNG of-

ten requires a "complete overhaul" [13, 34, 109, 114]. This 

involves fundamental mechanical changes, such as modify-

ing pistons to lower the compression ratio and installing 

spark plugs, modifying injection systems, adding a gas 

supply, and installing safety systems, particularly for Otto 

cycle engines [13, 18, 34, 79, 109, 114, 131]. The system 

also requires a high-pressure cryogenic pump to convert 

low-pressure liquid LNG into a high-pressure gas ready for 

injection [72, 79]. Table 2 summarizes the key technical 
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and strategic differences between methanol- and LNG-

fueled marine engine systems. 

 
Table 2. Conceptual comparison of methanol and LNG dual-fuel marine 

engine systems 

Aspect Methanol D) engine LNG DF engine 

Fuel Physical State 
Liquid at ambient 
temperature and 

pressure 

Cryogenic liquid 

(approx. −162°C) 

Onboard Storage 

Non-pressurized 
tanks; conventional 

liquid-fuel storage 

with material compat-
ibility measures 

Cryogenic Type C 

insulated tanks; 
vacuum insulation; 

boil-off management 

Fuel Supply System 

Low-pressure liquid 

fuel supply; double-

walled piping; leak 
detection systems 

Cryogenic pumps, 

vaporizers, high-

pressure gas lines; 
insulated piping 

Injection Strategy 
Diesel pilot injection 

+ direct methanol 
injection 

Diesel pilot injection 

+ high-pressure gas 
injection (HPDF) or 

low-pressure pre-

mixed injection 
(LPDF) 

Combustion Mode 
Compression-ignition 
(CI)-based dual-fuel 

operation 

HPDF: Diesel-cycle 

stratified combus-
tion; LPDF: Otto-

cycle premixed 

combustion 

Engine Modification 

Level 

Incremental retrofit; 
addition of fuel sys-

tem and safety com-

ponents 

Major modification 
or complete over-

haul (especially 

LPDF conversions) 

Brake Thermal 

Efficiency (Typical 
Range) 

approx. 40–46% 
(optimized high-load 

operation may exceed 

diesel baseline) 

HPDF: approx. 44–

46% (diesel-like); 

LPDF: approx. 38–
44% depending on 

load 

Tank-to-Wake 
Emission Character-

istics 

SOx: approx. 99% 

reduction; PM: ap-
prox. 95–99% reduc-

tion; NOx: approx. 

40–80% reduction; 
possible increase in 

aldehydes (formalde-

hyde) 

SOx: approx. 100% 

reduction; PM: 

approx. 100% 
reduction; NOx: 

approx. 80–90% 

reduction; methane 
slip possible 

Well-to-Wake 

Climate Perfor-
mance 

Grey methanol: may 

exceed diesel CO₂e; 

Green methanol: 
approx. 50–70% 

reduction 

HPDF LNG: approx. 
15–23% reduction; 

performance sensi-

tive to methane slip 

Infrastructure Re-

quirements 

Compatible with 
existing liquid-fuel 

logistics; simpler 

bunkering 

Requires cryogenic 
infrastructure; 

complex bunkering 

procedures 

Safety Profile 

Toxicity risk; low 

flash point; invisible 

flame; requires con-

tainment and gas 
detection 

Cryogenic hazards; 

vapor cloud explo-

sion risk; methane-

air flammability (5–
15%) 

Strategic Decarboni-
zation Role 

Long-term pathway 

toward carbon neutral-

ity via green methanol 

Transitional “bridge 

fuel”; near-term 
regulatory compli-

ance advantage 

4.3. Performance and efficiency 

Methanol-fueled engines can achieve high brake ther-

mal efficiency (BTE), even outperforming the original 

diesel engine under certain conditions, thanks to their high 

octane number and high heat of vaporization. Guo et al. 

reported that a marine DF engine with approx. 90% metha-

nol energy fraction, with methanol injection at approx. 

80°CA (crank angle) BTDC (before top dead center) and 

diesel pilot at approx. 12°CA BTDC, has thermal efficien-

cies of about 46% at high loads, approx. 45% at medium, 

and approx. 43% at low loads. The study highlights that 

thoughtful timing and injection strategies can leverage 

methanol’s characteristics (e.g., heat of vaporization, etc.) 

to approach or exceed diesel-mode efficiency in many load 

cases [58]. Karvounis et al. noted that methanol’s high 

latent heat of vaporization reduces in-cylinder temperatures, 

thereby reducing heat losses and, under some conditions, 

improving indicated or BTE [77]. Lebedevas and Milašius 

reported that the marine engine cycle modeling with ap-

prox. 95% methanol injected (direct injection) alongside a 

diesel pilot, under optimized conditions, produced an ap-

prox. 4.2% higher thermal efficiency compared to diesel in 

that mode [91]. Liu et al. showed that methanol, when used 

in high-compression-ratio engines, has the potential to 

achieve high indicated efficiency. Methanol’s latent heat of 

vaporization is approx. 2.6 times higher than that of diesel 

per unit mass, which cools the intake charge and lowers the 

in-cylinder temperatures, which reduces heat transfer losses 

[99]. Pu et al. mentioned that methanol engines (including 

turbocharged and high-compression concepts) reach very 

high thermal efficiencies. The review reported a peak BTE 

of approx. 43% in a turbocharged engine with a compres-

sion ratio (CR) of 19.5. The authors explicitly connect such 

high efficiencies to operation strategies that exploit metha-

nol’s high octane and strong charge-cooling (high latent 

heat) to enable advanced phasing and lean/low-temperature 

combustion modes [132]. Treacy et al. reported in [153] 

that under optimized intake temperature, injection timing 

and higher CR, methanol direct-injection (DI) compression-

ignition (CI) operation can achieve competitive indicat-

ed/thermal efficiency. The paper emphasizes the latent heat 

and mixing/auto-ignition roles of methanol, as well as the 

need for intake preheating to stabilize combustion. This 

explains how high heat of vaporization cools the in-

take/charge air, enabling favorable combustion phasing and 

reduced heat losses. Karvounis et al. summarized that many 

bench studies have shown that methanol, when used in 

partial- or DI strategies, increases BTE under medium-to-

high loads when injection timing, CR, and intake tempera-

ture are optimized. They review and attribute efficiency 

gains to methanol’s higher resistance to knock (high 

RON/RON-like behavior in premixed strategies) and its 

charge-cooling effect, which reduces combustion/heat loss-

es [77]. A single-cylinder experimental work reported a net 

fuel conversion efficiency of approx. 42.5% for methanol in 

a high-compression research engine under stoichio-

metric/controlled conditions. The efficiency of methanol in 

this study is higher than several alternative fuels tested. The 

study results demonstrate practical efficiency benefits 

traceable to methanol’s favorable knock resistance (allow-

ing higher compression) and its cooling during vaporiza-

tion, which alters heat transfer/loss profiles [49]. An exper-

imental and parametric study on a marine engine showed 

that optimized methanol injection timing and injection 

strategy (single-point vs multi-point) produced BTE in-

creases up to approx.4–5% relative to diesel-only operation 

in certain configurations. The authors explicitly link the 
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BTE gains to phasing changes enabled by methanol proper-

ties (cooling during vaporization that reduces heat loss and 

high knock resistance) [58]. However, some studies have 

shown a slight decrease in engine performance (power 

output) with methanol blends, offset by a significant reduc-

tion in emissions. Hassan et al. showed that low-to-

moderate methanol blends can reduce peak power slightly 

while lowering carbon monoxide (CO), unburnt hydrocar-

bon (uHC), and soot, and improving brake-specific fuel 

consumption (BSFC) at many operating points [60]. Kad-

him et al. reported measurable reductions in CO, uHC, and 

PM with increasing methanol fraction, along with small 

reductions in power output at some loads [74]. Vișan et al. 

showed that methanol/biofuel blends can cause a few per-

cent decrease in brake effective power relative to pure die-

sel while substantially reducing particulate and uHC emis-

sions [160]. Vargün et al. reported slight reductions in peak 

power with methanol addition in some blends, coupled with 

reduced PM and CO emissions and mixed NOx response 

depending on operating point [157]. 

Regarding LNG-fueled engines, the HPDI system in 

HPDF engines that injects gaseous fuel at high pressure 

near top dead center (TDC), producing diesel-like stratified 

combustion but with NG as the primary fuel. This preserves 

the diesel combustion phasing and in-cylinder thermody-

namics that give diesel its high BTE. Recent experimental 

and review studies report that HPDF engines achieve ther-

mal efficiencies similar to those of diesel engines. The 

HPDF concept is explicitly shown to approach diesel BTE 

while keeping the emissions benefits of gaseous fuels [28]. 

Babayev et al. reported in a numerical study that HPDF 

preserves diesel-like thermodynamic behavior and can 

achieve high thermal efficiency with appropriate injec-

tion/combustion phasing [14]. Recent review of new DF 

combustion modes (pre-chamber-ignited HPDF, premixed 

stratified, etc.) concluded that PI-HPDF and related high-

pressure concepts can achieve diesel-like BTE while reduc-

ing PM and SOx [23]. Zhang et al. reported that advancing 

pilot diesel injection timing increases power and thermal 

efficiency in a pilot-ignited NG engine, but also affects 

NOx and CH₄ slip [183]. Wei et al. reported that split/high-

pressure injection strategies can optimize heat release and 

increase BTE in NG HPDF engines while reducing me-

thane slip [170]. 

Meanwhile, the LPDF and port-injection DF systems, in 

which gas is supplied at low pressure and premixed with 

intake air, result in more premixed combustion and can 

shift heat release earlier, sometimes increasing knock/uHC 

or requiring pilot diesel for ignition. The efficiency depends 

strongly on load and gas fraction. Several reviews and field 

studies show LPDF engines often have somewhat lower 

BTE at low loads or at high gas substitution, though at 

medium–high loads, efficiency can be near diesel if opti-

mized. A comparative analysis shows that LPDF and port-

injection systems are simpler but often show lower BTE at 

part load than HPDF [22]. Overall, HPDF tends to show the 

best chance of matching diesel [124, 149].  

The conversion of diesel engines to LNG has many dif-

ferences compared to methanol. The literature consistently 

describes converting diesel engines to LNG-fueled engines 

as a "complete overhaul", involving fundamental mechani-

cal changes such as piston modification and the addition of 

spark plugs. This implies a more complex and costly pro-

cess [21, 50, 73, 106, 146, 152]. In contrast, methanol con-

versions are described as "retrofit solutions" and the "addi-

tion of components" to the existing diesel cycle [167]. 

 
Table 3. Comparative performance and thermal efficiency of methanol- and LNG-fueled engines 

Fuel 
Engine configuration/ 

operating mode 
Typical BTE [%] Performance characteristics and key observations 

Refer-
ences 

Methanol 

DF marine engine (≈90% 

methanol, diesel pilot) 

High load: 46%; 
Med. load: 45%; 

Low load: 43% 

Optimized methanol injection (~80°CA BTDC) and pilot diesel 

(~12°CA BTDC) achieve BTE approaching or exceeding diesel at 

all loads. High octane and strong charge-cooling enable efficient 
combustion phasing. 

[58] 

DI DF marine engine (≈95% 

methanol, pilot diesel) 

Increase 4.2% vs. 

diesel 

Modeling shows ~4.2% higher cycle efficiency vs. diesel due to 

optimized combustion phasing and methanol’s latent heat. 
[91] 

Turbocharged methanol engine 
(CR ≈19.5) 

approx. 43% 

High compression ratio and turbocharging leverage methanol’s 

charge-cooling and knock resistance; high efficiency under lean 

operation. 

[132] 

High-compression research 
engine (stoichiometric DI) 

approx. 42.5% 
Methanol exhibits higher efficiency than other tested fuels due to 

reduced heat losses and favorable autoignition control. 
[49] 

General DF/DI strategies 

(medium–high load) 
40–46% 

Methanol’s high latent heat reduces in-cylinder temperatures and 

heat transfer losses; injection timing and CR strongly influence 
BTE. 

[58, 77, 

99, 153] 

Blended operation (methanol–

diesel or methanol–biofuel) 

Slightly reduced 

power (–1–3%) 

Small reduction in power output offset by improved BSFC, lower 

CO, uHC, and PM emissions. 

[60, 74, 

157, 160] 

LNG 

(high-

pressure) 

HPDI (high-pressure direct 

injection) DF engine 
44–46% (≈Diesel) 

Maintains diesel-like combustion and thermodynamic cycle; high 
efficiency with diesel pilot ignition and late high-pressure gas 

injection; low PM/SOx. 

[14, 23, 
28, 170, 

183] 

Pre-chamber or stratified HPDI 

concepts 
43–45% 

Advanced HPDI and PI-HPDI systems achieve near-diesel BTE 

with lower soot and improved combustion control. 
[14, 23] 

HPDI with split/advanced 

injection 

Increase 1–2% 

over baseline 

Optimized injection strategies improve heat release, enhance BTE, 

and reduce CH₄ slip. 

[170, 

183] 

LNG 

(low-
pressure) 

LPDF/port-injection DF engine 38–44% 

Simpler system, lower pressure, higher substitution possible, but 

lower BTE at part load due to earlier heat release and incomplete 
combustion at high gas fractions. 

[22, 124, 

149] 

Complete overhaul or spark-

ignited conversions 
– 

Requires complete mechanical overhaul (spark plugs, piston 

redesign). Higher complexity and cost than methanol retrofit. 

[21, 50, 

73, 106, 
146, 152] 
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This suggests that an LNG conversion requires a fun-

damental shift in the engine's operating principle (from 

compression-ignition to spark-ignition), whereas a metha-

nol conversion is an incremental modification to the exist-

ing diesel combustion process [35, 39, 83, 184]. This dif-

ference has direct implications for the capital cost, down-

time, and technical complexity of a conversion project. A 

comparative performance and thermal efficiency of metha-

nol- and LNG-fueled engines is presented in Table 3. 

5. Environmental and emission profile 

5.1. Tank-to-wake emissions 

Methanol combustion is extremely clean. It significantly 

reduces SOx emissions by up to 99%, NOx by up to 60%, 

and PM by up to 95% compared to conventional fuels [9, 

111]. Parris et al. also reported in [123] that methanol dra-

matically reduces SOx (up to approx. 99%) and PM (up to 

approx. 95%), while NOx is reduced by up to approx. 80% 

compared to HFOs. Methanol Institute reported the same 

tendency [66]. Aakko-Saksa et al. stated that methanol and 

LNG yield near-complete elimination of SOx and large 

reductions in PM compared to HFO/MDO, and provide 

comparative ranges for NOx benefits [2]. IMO reported in 

GreenVoyage2050 that methanol can achieve approx. 92–

99% SOx reduction, approx. 55% NOx reduction (lifecycle 

average), and very large PM reductions when replacing 

HFO/MDO [64]. 

Multiple experimental and numerical studies reported 

that methanol combustion tends to produce higher levels of 

unregulated aldehydes (notably formaldehyde) and other 

partial-oxidation products than conventional hydrocarbon 

fuels [169, 171]. Methanol oxidation proceeds through 

partial-oxidation intermediates (CH₃OH → HCHO → 

HCOOH → CO/CO₂). Under engine conditions, especially 

in quench zones, crevices, or regions with short residence 

time / low local temperature, oxidation can stop at formal-

dehyde, which is less oxidized and can be emitted. Crev-

ice/quenching and incomplete mixing effects (and certain 

low-temperature or lean-combustion modes) increase the 

fraction of formaldehyde escaping the cylinder [102]. Wil-

liams et al. reported that formaldehyde is the dominant 

aldehyde emitted from methanol combustion and that 

HCHO emissions are substantially higher when methanol 

(or methanol blends) are used compared with gasoline 

[172]. Ma et al. reported in [102] that formaldehyde forms 

in crevice/quench regions and can be emitted. Chao et al. 

showed that adding methanol to diesel can increase formal-

dehyde emissions by up to 4.5 times at low engine loads 

[26]. A summary of the emission-reduction effectiveness of 

methanol and LNG compared with conventional marine 

fuels is presented in Tables 4 and 5, respectively. 

Regarding LNG, multiple studies and real-world meas-

urements show that LNG combustion can reduce SO₂ and 

PM emissions by nearly 100% relative to MDO and yield 

NOx reductions of 80–90% [2, 62, 100, 116]. Aakko-Saksa 

et al. reported that LNG-fueled ships have demonstrated 

nearly complete elimination of SOx and PM emissions and 

approx. 90% reduction in NOx compared to conventional 

marine fuel oil engines [2]. Lebedevas et al. stated that 

switching from diesel to LNG fuel resulted in the reduction 

of SO₂ by approx. 91% and NOₓ by 65%, while CO₂ de-

creased by about 23% [92]. Anderson et al. reported that 

LNG operation resulted in near elimination of sulfur and 

particulate emissions and an approx. 85–90% reduction in 

NOx relative to HFO [10]. 

 
Table 4. Summary of methanol's emission reduction effectiveness in 

comparison to conventional marine fuels (HFO/MDO) 

Pollutant Max/typical reductions References 

SOx approx. 92–99% [64, 66] 

PM approx. 90–99% [48, 66] 

NOx approx. 40–60% [2, 64] 

 
Table 5. Summary of LNG's emission reduction effectiveness in compari-

son to conventional marine fuels 

Researchers NOₓ  

reduction 

SOₓ 

reduction 

PM 

reduction 

Refer-

ences 

Livaniou et al. 83.7% approx. 

100% 

approx. 

100% 

[100] 

Aakko-Saksa et 

al. 

approx. 

90% 

approx. 

100% 

approx. 

100% 

[2] 

Lebedevas et al. 65% 91% — [92] 

Anderson et al. 85–90% approx. 

100% 

approx. 

100% 

[10] 

Heikkilä et al. 88% 99% 97% [62] 

5.2. Well-to-wake emissions 

While both methanol and LNG are cleaner than diesel, 

they each pose unique challenges regarding non-CO2 emis-

sions. For methanol, it is the increase in unregulated alde-

hyde emissions [26, 102, 169, 171, 172]. For LNG, it is 

"methane slip", the leakage of unburned methane from the 

engine exhaust. Of these, methane slip is the more concern-

ing issue. 

Methane is a potent GHG, with a Global Warming Po-

tential (GWP) of up to 28–36 times that of CO2 over a 100-

year timescale (GWP₁₀₀ = 28–36) [16, 78]. Methane slip is 

increasingly recognized as a major challenge for realizing 

the climate benefits of LNG in marine propulsion [12, 61, 

70, 85-89, 139, 154, 176, 181]. Methane slip is particularly 

concerning for LPDF engines and at low engine loads (e.g., 

in port or during maneuvering). Multiple onboard studies 

reported that methane slip rises sharply at low engine loads. 

Engine load monitoring on a RoPax vessel with an LPDF 

engine measured a yearly average fuel-slip coefficient of 

approx. 1.57% [142]. The primary causes identified are 

incomplete combustion due to low-pressure injection or 

poor mixing, quenching or crevice-volume losses, and low 

temperatures [95]. Mitigation strategies under study include 

catalytic aftertreatment, design optimizations (reduced 

crevices, improved injection pressure), and operational 

measures such as minimizing low-load operation [12, 139, 

176, 181]. Unregulated aldehyde and methane slip create a 

direct trade-off: the choice between a powerful but short-

lived GHG (methane) and a pollutant with harmful health 

effects (formaldehyde). This decision is a choice between 

global environmental impact and local air pollution. 

Another critical difference lies in the decarbonization 

pathway. Based on analysis from several sources, fossil 

LNG (often called “grey LNG”) provides an immediate and 

significant GHG emissions reduction on a WtW basis, up to 

23% compared to conventional fossil fuels, especially with 

high-pressure engines [69, 125]. LNG is widely recognized 
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as a transitional marine fuel capable of delivering measura-

ble WtW GHG reductions compared with conventional 

marine fuels. The magnitude of this benefit depends strong-

ly on engine technology, operational conditions, and up-

stream methane management. LCAs have demonstrated that 

low-speed, high-pressure DF (HPDF) engines, which oper-

ate on the Diesel cycle and exhibit minimal methane slip, 

offer the most substantial WtW GHG reductions, typically 

in the range of 15–23% relative to very-low-sulfur fuel oil 

(VLSFO) or MDO [3, 69, 143]. In contrast, LPDF engines 

can offset these gains through higher unburned methane 

emissions [3, 125]. The comprehensive industry LCA by 

Sphera and SEA-LNG [143] reported up to 23% WtW 

reduction for LNG in HPDF configurations, a finding 

broadly supported by independent peer-reviewed studies [3, 

69]. However, the potential advantage is sensitive to me-

thane slip and upstream leakage, as emphasized by the 

International Council on Clean Transportation (ICCT) 

[125], underscoring that the overall climate performance of 

LNG as a marine fuel hinges on both engine design and 

methane management across the supply chain. 

In contrast, fossil methanol (often called “grey” or 

“brown” methanol) has a worse WtW CO2 footprint than 

diesel, meaning it is not a viable long-term decarbonization 

solution on its own. Multiple recent LCAs and reviews 

showed that methanol made from fossil feedstocks (NG or 

coal) often has higher WtW CO₂e emissions than conven-

tional MDO, because methanol production (steam methane 

reforming, gas-to-methanol, or coal-to-methanol) is energy-

intensive and emits CO₂s upstream; when these upstream 

emissions are included in a WtW accounting, “grey/brown” 

methanol can exceed diesel’s CO₂e footprint unless low-

carbon electricity, carbon capture, or renewable feedstocks 

are used [56, 93, 126, 140, 180]. Fossil methanol produc-

tion requires conversion of carbon feedstock to synthesis 

gas and then to methanol; these steps consume heat and 

generate CO₂ (and fugitive methane in upstream stages), so 

that well-to-tank (WtT) emissions are high and may out-

weigh any modest combustion-phase benefits, producing 

WtW CO₂e greater than diesel for certain production routes 

and assumptions [93, 126, 140, 180]. 

However, “blue” and “green” methanol offer dramati-

cally improved climate performance compared to fossil 

methanol, provided production is powered by low-carbon 

energy and/or paired with carbon capture. LCAs show that 

“green” methanol (bio- or electro-methanol) can reduce 

WtW GWP₁₀₀ emissions by approximately 50-70% relative 

to conventional diesel under favorable conditions (e.g., 

imported “green” methanol offers approx. 66% reduction; 

local “green” methanol offers approx. 57% reduction) [7, 

166]. “Blue” methanol, industrial methanol with upstream 

CO₂ capture (or using renewable CO₂), delivers moderate 

improvements over “grey” methanol and diesel, but per-

formance depends heavily on capture rate, feedstock sup-

ply, and upstream emissions; in some cases “blue” metha-

nol still falls short of the reductions achievable by “green” 

methanol [166]. Hence, while “blue” methanol can serve as 

a transitional pathway, only “green” methanol constitutes a 

viable long-term decarbonization solution for marine pro-

pulsion, assuming scale-up of renewable hydrogen or sus-

tainable biomass use [120]. 

Although biomethane (bio-LNG) and synthetic methane 

(e-LNG) can be produced and used as low-carbon marine 

fuels, multiple techno-economic and life-cycle studies con-

cluded that there is no direct “green-LNG” pathway that is 

as practical and scalable as “green” methanol. Green (e or 

bio) methanol benefits from higher synthesis efficiency, a 

mature synthesis industry, and more favorable economics 

and scaling potential (power-to-methanol), whereas power-

to-methane followed by liquefaction suffers larger conver-

sion losses, higher costs, and greater constraints on sustain-

able biomass availability for biomethane. Hence, e-/bio-

LNG remains less favorable in most near-term decarboniza-

tion scenarios [29, 37, 46, 55, 76]. This distinction points to 

a strategic trade-off. The choice between the two fuels is 

between immediate benefits (LNG) and a long-term, deep-

decarbonization potential that requires a leap of faith in the 

development of the green supply chain (methanol). 

5.3. Emission reduction effectiveness of methanol and 

LNG compared to conventional marine fuels 

Methanol and LNG both demonstrate substantial emis-

sion reduction potential compared to conventional marine 

fuels (HFO and MDO). On a tank-to-wake (TtW) basis, 

methanol offers nearly complete elimination of SOx emis-

sions (~ 99%) and significant reductions in PM (~ 95%) 

and NOx (~ 55–80%), owing to its sulfur-free composition 

and oxygenated nature, which promote more complete 

combustion [2, 9, 64, 66, 111, 123]. However, methanol 

combustion tends to form unregulated aldehydes (particu-

larly formaldehyde) through partial oxidation pathways 

(CH₃OH → HCHO → HCOOH → CO/CO₂), especially 

under low-temperature or quench-zone conditions [26, 102, 

169, 171, 172]. LNG, in contrast, also yields near-total 

elimination of SOx and PM emissions and achieves 80–90% 

reductions in NOx due to its clean-burning characteristics 

and high hydrogen-to-carbon ratio [2, 10, 62, 92, 100, 116]. 

On a WtW basis, fossil LNG (“grey” LNG) offers an 

immediate and measurable GHG reduction potential of up 

to approx. 23% relative to conventional fuels, particularly 

in HPDF Diesel-cycle engines with minimal methane slip 

[3, 69, 124, 143]. However, methane slip from LPDF en-

gines, especially under low load conditions, can partially or 

completely offset these gains [12, 61, 70, 85-89, 95, 139, 

142, 154, 176, 181]. Fossil methanol (“grey” or “brown” 

methanol) generally exhibits a higher WtW CO₂e than die-

sel, mainly due to the CO₂-intensive upstream reforming 

and synthesis processes [56, 93, 126, 140, 180]. Converse-

ly, “blue” methanol (fossil-based methanol with carbon 

capture) and “green” methanol (bio- or electro-methanol 

from renewable sources) offer substantial WtW emission 

reductions—approx. 50–70% lower than diesel, depending 

on feedstock and energy source [7, 120, 166]. In contrast, 

bio-LNG and e-LNG pathways exist but remain less favor-

able due to higher conversion losses and costs, with limited 

scalability compared to methanol-based alternatives [29, 

37, 46, 55, 76]. The comparative emission profile of metha-

nol and LNG is presented in Table 6. 
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Table 6. Comparative emission profile of methanol and LNG 

Fuel Emission 

category 
Reduction vs. HFO/MDO Key characteristics Main challenges References 

Meth-

anol 

(TtW) 

SOx approx. 99% reduction Sulfur-free fuel — 

[2, 9, 64, 66, 111, 123] 

NOx approx. 55–80% reduction Lower combustion temperature, 

oxygenated molecule 

A slightly lower flame 

temperature may affect 

performance 

PM approx. 95–99% reduction Clean, oxygenated combustion — 

Unregulated 

aldehydes 
Increase (Formaldehyde dominant) Partial oxidation intermediates 

(HCHO, HCOOH) 

Local air toxicity, 

health risk 

[26, 102, 169, 171, 

172] 

LNG 

(TtW) 

SOx approx. 100% reduction No sulfur content — 
[2, 10, 62, 92, 100, 

116] 
NOx approx. 80–90% reduction Lean premixed combustion Engine-type dependent 

PM approx. 100% reduction No heavy hydrocarbons — 

LNG 

(WtW) 

CO₂e approx. 15–23% reduction (HPDF 

engines) 

High efficiency, lower carbon 

ratio 

Methane slip (up to 1–

2%) 

[3, 12, 61, 69, 70, 85-

88, 95, 124, 139, 142, 
143, 154, 176, 181] 

Meth-

anol 

(WtW) 

CO₂e Grey/Brown: more than Diesel 

(increase) 

Fossil feedstock (coal/natural 

gas) 

High upstream CO₂ 
[56, 93, 126, 140, 180] 

CO₂e Blue: Moderate reduction Fossil methanol + CO₂ capture Capture efficiency 

critical 
[7, 120, 166] 

CO₂e Green: approx. 50–70% reduction Renewable H₂ + CO₂ captured 

from air/biogenic 
Cost and scalability 

e-/bio-

LNG 
CO₂e Potential Moderate reduction, but 

less than “green” methanol 
Renewable methane synthesis High cost, low effi-

ciency 
[29, 37, 46, 55, 76] 

 

5.4. Limitations and uncertainty 

Despite extensive literature coverage and methodologi-

cal harmonization, several limitations and uncertainties 

should be acknowledged when interpreting the comparative 

findings of methanol and LNG as alternative marine fuels. 

First, LCA heterogeneity remains a key challenge. Pub-

lished WtW studies differ substantially in their system 

boundaries, allocation methods, and upstream process 

emission factors. Some include full supply-chain emissions 

from extraction to combustion, whereas others limit the 

scope to WtT or TtW phases. These methodological incon-

sistencies introduce uncertainty of up to ±20–30% in the 

reported WtW GHG reduction potential. 

Second, methane slip variability significantly affects the 

real-world climate performance of LNG-fueled engines. 

Reported slip rates range from below 0.2% for HPDF en-

gines to over 3% for LPDF engines, depending on engine 

type, operating load, and maintenance conditions. Even 

small deviations in slip rates can negate much of LNG’s 

nominal CO₂ advantage over diesel on a GWP₁₀₀ basis, 

particularly under low-load or maneuvering operation. 

Third, there is considerable uncertainty surrounding the 

scalability and supply chain maturity of green methanol. 

Current global production capacity for electro- and bio-

methanol is limited, and its cost remains several times 

higher than that of fossil methanol or LNG. The climate 

benefits of green methanol are strongly dependent on the 

carbon intensity of the hydrogen source and the capture 

efficiency of the CO₂ feedstock. Supply-chain emissions 

associated with renewable electricity generation and CO₂ 

transport also introduce variability across case studies. 

Finally, data transparency and measurement gaps, par-

ticularly the lack of consistent onboard monitoring of me-

thane emissions and aldehyde formation, limit the ability to 

validate modeled or laboratory results under operational 

conditions. In addition, the dynamic regulatory landscape 

(e.g., updates to IMO GHG strategy and FuelEU Maritime) 

adds uncertainty to long-term economic projections and 

compliance costs. 

Future research should prioritize: 

1. Standardized WtW methodologies for marine fuels that 

harmonize functional units, GWP metrics, and boundary 

definitions. 

2. Continuous onboard monitoring of methane slip and 

unregulated emissions to build real-world datasets for 

model validation. 

3. Techno-economic optimization studies evaluating the 

integration of carbon capture and renewable hydrogen 

for scalable green methanol pathways. 

4. Cross-sectoral LCA databases with transparent data 

sharing to reduce duplication and improve comparabil-

ity across studies. 

Together, these actions would enhance the robustness of 

future assessments and support evidence-based decision-

making in the maritime decarbonization transition. 

6. Infrastructure, storage, and safety 

6.1. Onboard storage and space requirements 

Methanol has a volumetric energy density of approx. 

15.7 MJ/L versus approx. 36.6 MJ/L for MDO. Therefore, 

on an equal-energy basis, methanol requires roughly 2.2–

2.5 times of the tank volume of MDO to achieve the same 

range [65, 66, 104]. Because methanol is a liquid at ambient 

temperature and pressure, it can be stored in simple, non-

pressurized tanks and handled with conventional liquid-fuel 

systems (with material compatibility and gas detection 

precautions), and several retrofit studies and pilot projects 

have demonstrated that existing ballast tanks can be repur-

posed as methanol fuel tanks (subject to coatings, coffer-

dams and safety segregation) when performing a conver-

sion [36, 66, 123]. 

LNG fuel storage generally requires significantly more 

volume than MDO to achieve the same operational range. 
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The difference arises primarily from LNG’s lower volumet-

ric energy density (approx. 22 MJ/L) compared with MDO 

(approx. 36.6 MJ/L). Peer-reviewed analyses indicated that 

the net LNG fuel volume required to supply equivalent 

energy is typically about 1.6–2.0 times that of MDO [63, 

122, 135]. However, when system-level factors, such as 

cryogenic insulation, structural supports, and safety spac-

ing, are considered, the effective installed volume of LNG 

tanks can reach 2.5–4.0 times that of MDO tanks. This 

higher space requirement results from the need for special-

ized, highly insulated cylindrical or spherical Type C con-

tainment systems that minimize boil-off and maintain cryo-

genic conditions [122]. Consequently, LNG fuel storage 

imposes additional design constraints on ship layout, in-

creases overall weight, and can reduce available cargo ca-

pacity, particularly for retrofit installations or small vessels 

[63, 135]. In summary, while the intrinsic physical energy 

properties of LNG dictate roughly double the fuel volume 

requirement, practical marine engineering considerations 

amplify this to an overall onboard space penalty of approx. 

3-4 times that of MDO. 

6.2. Bunkering Infrastructure 

Methanol bunkering is operationally simpler and less 

capital-intensive than LNG bunkering. As a liquid at ambi-

ent temperature and pressure, methanol can be handled, 

stored, and transported using conventional chemical-

industry infrastructure, allowing existing tankage and pipe-

lines to be adapted with minor modifications [81, 123, 168]. 

Bunkering can be performed via truck-to-ship (TtS) or ship-

to-ship (StS) operations without cryogenic or high-pressure 

systems, leading to shorter transfer times, typically reported 

as up to 50% faster than LNG operations in industry prac-

tice [66, 123]. Comparative techno-economic analyses 

confirmed that methanol infrastructure investment and 

handling costs are significantly lower than those for LNG, 

largely due to the absence of specialized insulation, vapor 

recovery systems, and safety clearances required for cryo-

genic fuels [123, 179]. Furthermore, methanol distribution 

benefits from mature global supply chains, with storage 

facilities already available at over 100–125 major ports 

worldwide according to the Methanol Institute, a figure 

reported and cited in peer-reviewed assessments of port 

readiness [81, 168]. This extensive infrastructure base, 

combined with simplified logistics and lower capital costs, 

underpins methanol’s growing attractiveness as a near-term 

marine fuel alternative to LNG. 

Unlike methanol, LNG bunkering is a complex and cap-

ital-intensive process due to its cryogenic nature and the 

stringent safety requirements involved. LNG must be stored 

at approx. −162°C, necessitating double-walled, vacuum-

insulated storage systems and specialized transfer pipelines 

[20, 177]. The bunkering process involves multiple safety 

zones, inert gas purging, and boil-off gas management, all 

of which contribute to longer bunkering times and higher 

operational costs compared to conventional liquid fuels [15, 

20]. Typical LNG bunkering operations take roughly twice 

as long as those for methanol or MDO and require exten-

sive crew training and emergency procedures to mitigate 

cryogenic and flammability hazards [177]. Infrastructure 

availability also remains limited. As of 2024, LNG bunker-

ing is supported at approx. 200 ports worldwide, far fewer 

than the more than 125 ports capable of handling methanol 

[15, 177]. Consequently, while LNG provides substantial 

emission benefits, its high infrastructure cost, operational 

complexity, and logistical constraints hinder rapid deploy-

ment compared to methanol, which leverages existing liq-

uid fuel handling systems and port facilities. 

In conclusion, methanol and LNG differ substantially in 

terms of bunkering logistics, infrastructure requirements, 

and operational complexity. Methanol, being a liquid at 

ambient temperature and pressure, can be handled using 

conventional fuel storage and transfer systems, allowing for 

easy integration into existing port infrastructure. Methanol 

bunkering is considered to be relatively simple, less expen-

sive, and can typically be completed in about half the time 

required for LNG refueling. Moreover, methanol benefits 

from a well-established global logistics network, with stor-

age and handling facilities already available at more than 

125 of the world’s largest ports. Its compatibility with ex-

isting liquid-fuel supply chains allows for retrofitting of 

conventional bunkering terminals with minimal modifica-

tions. 

In contrast, LNG bunkering presents more stringent 

technical and safety challenges. LNG must be stored at 

cryogenic conditions of approx. −162°C, requiring double-

walled, vacuum-insulated tanks and specialized transfer 

systems equipped with boil-off gas management and inert 

gas purging. These design and operational constraints sig-

nificantly increase both the capital cost and complexity of 

LNG bunkering operations. Typical LNG refueling takes 

roughly twice as long as that for methanol or MDO and 

demands strict adherence to safety protocols and crew train-

ing standards. Although LNG bunkering infrastructure has 

expanded rapidly, reaching roughly 200 ports worldwide by 

2024, it still lags behind methanol in terms of global availa-

bility and logistical flexibility. Consequently, while LNG 

provides substantial emission reduction potential, its de-

ployment is limited by the higher cost, operational com-

plexity, and infrastructure demands associated with cryo-

genic fuel systems, whereas methanol’s ambient liquid state 

and compatibility with existing infrastructure position it as 

a more practical near-term solution for low-carbon marine 

fuels. 

6.3. Safety and handling 

The safety profiles of methanol and LNG are fundamen-

tally different and require distinct mitigation strategies. 

Methanol’s hazards are primarily static, stemming from its 

inherent chemical properties. It is highly toxic through 

ingestion, inhalation, or skin absorption, exposure to as 

little as 30 mL can cause blindness or death, and its low 

flash point of approx. 12°C makes it easily flammable with 

an almost invisible flame under sunlight, posing significant 

fire risks during handling and operation [1, 68, 123]. Con-

sequently, methanol safety management emphasizes con-

tainment integrity, double-walled fuel systems, continuous 

gas detection, and specialized crew training [68, 123]. 

In contrast, LNG’s hazards are dynamic, associated with 

its cryogenic physical state and the risks arising from phase 

change. In its liquid form, LNG is neither flammable nor 

explosive; however, when vaporized, methane–air mixtures 
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within 5–15% concentration become flammable and can 

form large vapor clouds capable of ignition or explosion 

[24, 57]. Additionally, contact with cryogenic LNG can 

cause severe cold burns and structural embrittlement, while 

the rapid vaporization of a small spill may displace oxygen, 

leading to asphyxiation hazards. Therefore, LNG risk miti-

gation primarily focuses on preventing and controlling 

vapor releases, maintaining cryogenic containment integri-

ty, and ensuring safe venting and insulation practices [24, 

57, 119]. 

7. Economic viability and total cost of ownership 

7.1. Capital and operating costs 

The capital cost implications of adopting alternative ma-

rine fuels vary considerably between methanol and LNG. 

Industry and peer-reviewed studies consistently indicate 

that LNG-fueled new buildings require substantially higher 

capital expenditure (CAPEX) than conventional MDO 

designs, typically approx. 22–40% higher, due to the need 

for cryogenic tanks, double-wall piping, and complex fuel-

gas handling systems. In contrast, methanol-fueled new-

builds show smaller CAPEX premiums, commonly in the 

range of 10–25%, because methanol can be stored at ambi-

ent temperature and pressure using simpler fuel-delivery 

equipment [19, 144]. 

For existing tonnage, retrofit costs for methanol engines 

are estimated at roughly €250–€650 per kW, encompassing 

engine conversion, fuel-supply system, and safety upgrades, 

with lower values expected for subsequent retrofits as expe-

rience grows [67, 174]. Comparable LNG retrofits general-

ly demand higher investment because of cryogenic storage 

and gas-handling complexity. Collectively, these data illus-

trate that methanol offers a less capital-intensive pathway to 

compliance and early decarbonization than LNG, albeit 

with smaller immediate GHG benefits. 

 

 

7.2. Fuel costs and regulatory impact 

Economic and techno-environmental analyses indicate 

that the total cost of ownership (TCO) and lifetime fuel 

costs of LNG and methanol pathways depend strongly on 

engine technology, regulatory context, and fuel price as-

sumptions. Peer-reviewed LCAs and cost studies show that 

while both fuels entail higher capital expenditure than con-

ventional designs, their operational and compliance costs 

vary substantially across scenarios [54, 75, 93, 174, 179]. 

Kanchiralla et al. [75] and Gore et al. [54] demonstrated 

that the economic competitiveness of LNG and methanol is 

highly sensitive to carbon pricing and upstream energy 

intensity. Similarly, Lee et al. [93] and Zamboni et al. [179] 

reported that methanol’s viability improves markedly under 

decarbonization policies such as FuelEU Maritime, while 

LNG remains favorable in low-carbon-price contexts due to 

lower near-term compliance costs. Wu et al. [174] per-

formed a full TCO analysis and concluded that methanol 

DF vessels exhibit only a modest cost premium compared 

with conventional diesel ships when lifetime operating 

costs and potential carbon charges are included. Industry 

analyses corroborate these findings: the SEA-LNG consor-

tium reported that the lifetime fuel cost of the LNG path-

way can be approx. half that of methanol when regulatory 

compliance costs are considered [42], reflecting the fact 

that grey LNG already meets short- to mid-term GHG com-

pliance thresholds, whereas grey methanol requires imme-

diate blending with costly green fuels. Conversely, a DNV 

commercial case study found that the TCO for a methanol-

fueled 5,500 TEU container vessel was only 0.4% higher 

than a conventional counterpart over a 25-year life cycle, 

emphasizing that the increased fuel-flexibility capability 

comes at little to no extra cost [41]. Overall, these results 

suggest that the modest CAPEX premium for methanol-

capable designs represents a strategic investment in long-

term fuel optionality, while LNG offers short-term econom-

ic advantages under current compliance regimes. The com-

parative economic indicators for Methanol and LNG as 

marine fuels are presented in Table 7. 

 
Table 7. Comparative economic indicators for methanol and LNG as marine fuels 

Parameter Methanol LNG References 

Newbuilding CAPEX 

Increase 10% over conventional diesel vessels 

(typical range: increase 8–12%) due to minor 

engine and tank modifications. 

Increase 22% over conventional diesel vessels 

(typical range: increase 20–25%) due to cryogen-

ic storage systems, double-walled piping, and 
safety equipment. 

[41, 75, 174, 179] 

Retrofit Cost 

Estimated €250–650 per kW depending on 

engine type and tank design. Retrofit usually 
involves add-on components (fuel system, 

tanks, control upgrades). 

Requires near complete overhaul of fuel system 

and engine; cost can exceed €800–1,200 per kW. 
[41, 174, 179] 

Fuel Price (2024 

average) 

Fossil methanol approx. $500–650 / t; “green” 

methanol approx. $1,200–1,800 / t (price 

volatility high; limited supply). 

Fossil LNG approx. $350–450 / t; Bio-LNG/e-

LNG approx. $1,000–1,500 / t. 
[42, 54, 75, 93] 

Cost of Compliance 

(FuelEU Maritime, 

2025–2040) 

Requires immediate blending with “green” 

methanol to meet GHG targets; high short-term 

compliance cost but low long-term penalty 
once green supply scales. 

Fossil LNG provides sufficient GHG reduction 

for compliance until approx. 2040 under FuelEU 

Maritime; blending not required initially. 
[41, 42, 93] 

Total Cost of Owner-

ship (TCO) 

approx. +0.4% higher than diesel over 25 

years; flexible transition pathway to “green” 

methanol. 

Lifetime fuel cost approx. 50% lower than meth-

anol pathway due to lower compliance costs and 

established infrastructure. 
[41, 42, 174] 

Strategic Outlook 

“Future-proof” long-term decarbonization 

option with seamless transition to “green” 

methanol. 

“Bridge fuel” offering immediate compliance and 

cost advantages but challenged by methane slip 

and long-term GHG limits. 

[41, 42, 54, 75, 93, 

174, 179] 
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8. Real-world applications and market outlook 

8.1. Case studies and pilot projects 

Methanol adoption in shipping has accelerated in recent 

years, driven by both commercial orders and demonstration 

projects that signal market confidence in the fuel pathway. 

Recent review and comparative studies document growing 

interest in methanol as a near-term low-carbon fuel and 

summarize the expanding project pipeline [123, 179]. A.P. 

Moller-Maersk’s strategic decision to order multiple meth-

anol-capable vessels in mid-2023 represents a major market 

signal, demonstrating that leading container operators view 

methanol as a credible primary decarbonization route [113]. 

Real-world demonstrations further underline progress: the 

Port of Antwerp–Bruges-supported “Methatug” project 

delivered the world’s first methanol-powered tug, and in-

dustry announcements describe the retrofit of the container-

ship Maersk Halifax to DF methanol operation, both mile-

stones that illustrate technical and operational feasibility at 

different vessel scales [11, 112, 147]. By contrast, LNG has 

a much longer maritime history (the first seaborne LNG 

operations date to the Methane Pioneer era in the late 

1950s) and today there are substantially more LNG DF 

vessels in service and on order than methanol ships; indus-

try fleet databases and independent analyses report hun-

dreds of LNG-fueled vessels and a continuing orderbook, 

with major operators such as CMA CGM committing to 

large-scale LNG deployment alongside other fuel strategies 

[20, 25, 43, 98, 145]. The major milestones in the adoption 

of Methanol and LNG as marine fuels are presented in 

Table 8. 

8.2. Strategic outlook 

LNG’s longer history in commercial shipping has pro-

duced a clear first-mover advantage, an established in-

stalled base of DF vessels, bunkering infrastructure and 

supply chains, which generates positive feedbacks that 

lower unit costs and further entrench LNG as a pragmatic 

near-term option [47, 140]. However, recent strategic 

commitments by major shipowners, most notably A.P. 

Møller-Maersk’s large methanol orders and upstream sup-

ply agreements, signal a competing industry vision that 

prioritizes a fuel pathway with a clearer long-term route to 

deep decarbonization, even if that choice requires a more 

active role in developing green supply chains and policy 

frameworks [123, 138]. The academic literature frames this 

divergence as two legitimate strategic approaches to the 

maritime energy transition: an incremental/bridge strategy 

(LNG) that reduces near-term emissions and leverages 

existing infrastructure, and a transformational strategy 

(methanol/e-methanol/bio-methanol) that seeks long-term 

carbon neutrality but depends on the emergence of scalable 

green feedstocks and supportive regulation [93, 138, 179]. 

Empirical studies and techno-economic modelling demon-

strate that the economic attractiveness of each path is highly 

scenario-dependent, sensitive to carbon pricing, methane-

slip performance, and the pace and cost of green fuel de-

ployment, so fleet decisions increasingly reflect corporate 

risk profiles and regulatory expectations as much as current 

fuel price differentials [93, 179]. 

9. Conclusions and strategic recommendations 

9.1. Conclusions 

This review provides a structured, PRISMA-based 

comparative synthesis of methanol and LNG as alternative 

fuels for marine diesel engines, integrating engine thermo-

dynamics, TtW emissions, WtW LCAs, infrastructure con-

straints, safety considerations, and techno-economic per-

formance into a unified decision-oriented framework. 

Key scientific contributions of this review 

1. Integrated multi-dimensional comparison 

Unlike prior fuel-specific reviews, this study consoli-

dates performance, lifecycle emissions, safety, infrastruc-

ture, and cost data into a single comparative structure, ena-

bling cross-domain evaluation rather than parallel narrative 

discussion. 

 

 
Table 8. Major milestones in the adoption of Methanol and LNG as marine fuels 

Year Fuel Milestone/Project Description and Significance References 

1959 LNG Methane Pioneer voyage 

First-ever seaborne LNG cargo; marked the start of 
LNG marine transportation and development of cryo-

genic fuel systems. 
[20] 

2014–2019 LNG 
Early commercial DF 

vessels 

Widespread adoption of LNG DF engines (MAN ME-

GI, Wärtsilä DF) for ferries, container ships, and tank-

ers; proven operational safety and reliability. 

[20, 145] 

2022 LNG 
CMA CGM fleet expan-

sion 

CMA CGM confirms large-scale LNG strategy, plan-

ning > 150 DF vessels by 2029, combining LNG and 

biomethane options. 
[25, 98] 

2023 Methanol 
Maersk methanol vessel 

order 

Maersk orders six methanol-powered container ships—

first global top-tier liner commitment to methanol as a 

decarbonization pathway. 
[113] 

2024 Methanol 
Methatug project (Port of 

Antwerp–Bruges) 

Delivery of the world’s first methanol-fueled tugboat, a 

milestone for port operations and small-vessel decar-
bonization. 

[11] 

2024 Methanol Maersk Halifax retrofit 

World’s first large container ship converted to DF 

methanol operation, proving retrofit feasibility at com-
mercial scale. 

[112, 147] 

2025 LNG 
Record LNG-fueled order-

book 

DNV reports “unprecedented year” for LNG-fueled 

ship orders; LNG remains dominant among alternative-

fuel designs. 
[43, 145] 
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2. Technology-dependent climate differentiation 

The analysis demonstrates that LNG’s climate benefit is 

not fuel-intrinsic but engine-configuration-dependent. 

HPDF engines can achieve approx. 15–23% WtW GHG 

reduction, whereas low-pressure systems may negate this 

advantage due to methane slip variability (0.2–3%). Thus, 

LNG’s decarbonization effectiveness is conditional rather 

than universal. 

3. Pathway-dependent methanol performance 

Fossil (“grey”) methanol does not offer WtW climate 

advantages over diesel, while “green” methanol can reduce 

WtW emissions by approx. 50–70%, making feedstock 

origin the decisive factor in its long-term viability. 

4. Strategic trade-off clarification 

The LNG–methanol choice is fundamentally a trade-off 

between: 

 Immediate regulatory compliance with moderate GHG 

reduction (LNG), and 

 Long-term carbon neutrality potential with supply-chain 

uncertainty (green methanol). 

Decision-oriented strategic synthesis 

Based on the integrated findings: 

 For short-term (2025–2040) compliance under FuelEU 

Maritime or IMO CII frameworks, LNG – particularly 

in HPDF configuration – offers lower compliance risk 

and stronger near-term economic competitiveness. 

 For long-term net-zero alignment (post-2040 scenarios), 

methanol provides a clearer decarbonization trajectory 

due to its compatibility with scalable renewable hydro-

gen pathways. 

 For retrofit feasibility and infrastructure simplicity, 

methanol presents lower CAPEX premiums (≈10–25% 

vs 22–40% for LNG newbuilds) and reduced bunkering 

complexity. 

 For vessels sensitive to cargo-space penalties, LNG 

imposes higher volumetric installation penalties (up to 

3–4× effective tank volume vs MDO when system fac-

tors are included). 

Overall strategic conclusion 

LNG should be regarded as a bridge fuel whose climate 

credibility depends on methane-slip control, while methanol 

should be considered a platform fuel whose ultimate suc-

cess depends on green production scale-up. 

Therefore, the optimal fuel pathway is not universal but 

scenario-dependent, shaped by: 

 Carbon pricing trajectories 

 Methane regulation intensity 

 Renewable hydrogen deployment speed 

 Vessel lifetime and retrofit horizon. 

Future research must prioritize standardized WtW 

methodologies, real-world methane monitoring, and techno-

economic optimization of green methanol production to 

reduce decision uncertainty. 

Table 9 synthesizes the integrative strategic comparison 

between methanol and LNG under different regulatory and 

technological scenarios. 

 

Table 9. Decision-oriented strategic comparison of Methanol and LNG as 

marine fuels 

Decision 

dimension 

Methanol 

pathway 
LNG pathway 

Strategic 

implication 

Near-Term 

Regulatory 

Compliance 
(2025–2040) 

Requires blend-

ing with green 

methanol to 
meet stringent 

GHG targets 

HPDF LNG 

provides imme-

diate approx. 
15–23% WtW 

GHG reduction 

LNG favored 

for short-term 

compliance 
under moder-

ate carbon 

pricing 

Long-Term 
Net-Zero 

Alignment 
(Post-2040) 

Green methanol 
enables approx. 

50–70% WtW 
reduction; 

scalable with 

renewable H₂ 

Fossil LNG 
limited by 

methane slip; e-
/bio-LNG less 

scalable 

Methanol 

favored for 
long-term 

deep decar-
bonization 

Engine Tech-
nology Ma-

turity 

Retrofit-
friendly; incre-

mental modifi-

cation of CI 
engines 

HPDF mature; 
LPDF sensitive 

to methane slip 

Both techni-
cally viable; 

LNG perfor-

mance more 
configuration-

dependent 

Methane / 
Aldehyde 

Risk 

Formaldehyde 
formation (local 

toxicity con-

cern) 

Methane slip 
(high GWP 

climate con-

cern) 

LNG risk 
more critical 

for global 

climate met-
rics 

Onboard 

Space Re-

quirement 

approx. 2.2–

2.5× MDO tank 

volume 

Effective 3–4× 

MDO volume 

(system-level) 

Methanol 

more favora-

ble for space-
constrained 

retrofits 

Infrastructure 
Complexity 

Compatible 
with existing 

liquid-fuel 

logistics 

Requires cryo-
genic bunkering 

and safety 

zones 

Methanol 
easier for 

rapid infra-

structure 
scaling 

Capital  

Expenditure 
(Newbuild) 

approx. +10–

25% vs diesel 

approx. +22–

40% vs diesel 

Methanol 

lower upfront 
premium 

Strategic Role Platform fuel 

for green 

transition 

Transitional 

bridge fuel 

Choice de-

pends on 

corporate risk 
horizon 

9.2. Strategic recommendations 

 Shipowners: Adopt methanol-ready or DF designs to 

ensure compliance flexibility under progressively strin-

gent carbon-intensity and fuel life-cycle regulations 

(e.g., IMO CII, FuelEU Maritime) 

 Engine manufacturers: Prioritize R&D on methanol 

combustion optimization and high-pressure LNG sys-

tems that minimize methane slip and maximize thermal 

efficiency 

 Policy-makers: Implement targeted incentives for re-

newable methanol and bio-LNG infrastructure, includ-

ing carbon credits, green corridor support, and certifica-

tion frameworks to accelerate scale-up 

 Researchers: Harmonize WtW LCA methodologies and 

expand real-world measurement campaigns on unregu-

lated aldehyde emissions (methanol) and methane slip 

(LNG) 

 Port authorities and regulators: Establish a coordinated 

international framework to standardize methanol bun-

kering safety protocols and mandate transparent moni-

toring and reporting of methane slip from LNG-fueled 

vessels. These measures will ensure safe fuel handling, 

enhance inter-port data consistency, and underpin glob-
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ally harmonized compliance systems aligned with the 

IMO’s 2023 GHG Strategy. 

Collectively, these actions will enable a balanced transi-

tion – leveraging LNG’s readiness for near-term compli-

ance while building the foundation for a methanol-based, 

carbon-neutral maritime sector in the coming decades. 
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Nomenclature 

bio-LNG biomethane 

BSFC brake-specific fuel consumption 

BTDC before top dead center 

BTE brake thermal êfficiency 

CA crank angle 

CAPEX capital expenditure 

CH₃OH methanol 

CH4 methane 

CIEs compression-ignition engines  

CII carbon intensity indicator  

CO carbon monoxide  

CO₂ carbon dioxide  

CR compression ratio  

DF dual-fuel 

DI direct-injection 

EC European Commission  

e-LNG synthetic methane 

ETS emissions trading system  

EU European Union  

GHG greenhouse gas  

GWP global warming potential  

HFO heavy fuel oil  

HPDI high-pressure direct injection  

ICCT International Council on Clean Transporta-

tion 

IMO International Maritime Organization 

LCAs life-cycle assessments  

LNG liquefied natural gas  

MDO marine diesel oil  

MN methane number 

NOx nitrogen oxides 

PM particulate matter  

R&D research and development 

SOx sulfur oxides 

StS ship-to-ship  

TCO total cost of ownership  

TDC top dead center  

TtS truck-to-ship  

TtW tank-to-wake  

uHC unburnt hydrocarbon  

VLSFO very-low-sulfur fuel oil  

WtW well-to-wake  
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 Engines used in modern unmanned aerial vehicles 
 
ARTICLE INFO  For several years, a rapid growth in interest in unmanned aerial vehicles (UAVs) in many applications has been 

observed. The UAVs are seen as both entertaining equipment for kids and sophisticated tools for agriculture, 

archaeology, and terrain scanning. There are also military applications for these flying objects across various 
missions. This allows multiple UAV configurations to be observed, thereby addressing specific requirements. 

The wide variety of UAV applications requires a wide range of propulsion systems. In the present paper, the 

authors sought to present and evaluate specific engine parameters used in modern UAVs. There are described 
electric motors, piston engines, and turbine engines that produce from about 18 W to 900 kW of power. That is a 

very wide power range, so the presented engines cannot be compared directly. However, after obtaining the 

power-to-weight ratio, it can be seen that, in most cases, it stays between 0.1 and 0.15 kW/kg. In some specific 

cases, this ratio has different values. 
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1. Introduction 
Unmanned aerial vehicles are often presented as a syno-

nym of modernity, yet their history dates back about 100 

years, to 3rd September 1924, when the first successful 

flight of a radio-controlled aircraft without a safety pilot 

was performed. In 1933, the UAF was first used as a target 

drone, and in 1944, both Germany and the USA first used 

UAVs in combat missions [7]. 

Recently, the unmanned aerial vehicle market has been 

growing rapidly. The forecast for 2022-2028 predicts an 

average annual increase in the value of unmanned aerial 

vehicle sales worldwide of 21.6% [52]. This is because 

unmanned aerial vehicles are increasingly used, both in 

civil and military applications [41, 42]. The variety of re-

quirements placed on UAVs results in a range of structures 

differing in configuration and size. This entails different 

requirements placed on the propulsion units. In this paper, 

the units used to propel civil and military unmanned aerial 

vehicles will be analyzed from multiple perspectives. 

Apart from the recreational use of unmanned aerial ve-

hicles, in utility applications, such objects have numerous 

advantages over the use of manned aircraft, such as [44, 

51]: 

 Mass – no need to carry the pilot (or crew) and their 

equipment (seats, operational instruments and installa-

tions); this is a very important parameter in agricultural 

aviation or military applications 

 Shape – no need to integrate the crew cabin, so the 

design could be focused on aerodynamic or useful prop-

erties 

 Safety – the UAVs can enter areas, which could be 

dangerous for humans, like biological research, polar or 

volcanic research, disaster areas with high risk (flood, 

fire areas) of an accident or areas with radiation, mili-

tary reconnaissance 

 Efficiency – Some of the UAVs can perform autono-

mous or predefined missions, including the collection of 

specific data 

 Higher maneuverability because the pilot's resistance to 

overloads during flight does not have to be taken into 

account, which is especially important in military appli-

cations. 

There are applications where UAVs are the only possi-

ble solution. Such an area is training on air defense sys-

tems, where the target is to destroy the target [43]. 

An important factor in the use of military unmanned 

aerial vehicles is the lack of fear of losing the pilot, which, 

aside from the humanitarian factor, represents a loss of 

money spent on the pilot's training. According to U.S. Air 

Force data, for military pilots, costs can range from 1.1 

million USD to about 11 million USD [49]. 

 

Fig. 1. The cost of training U.S. Air Force Pilots for different types of 

 aircraft [49] 

 

The aim of the paper is to present and evaluate specific 

parameters of engines used in modern UAVs. In the follow-

ing chapters, the authors will describe the classification of 

UAVs and then the types of engines used to propel different 

types of UAVs. In that chapter, the data of engines used to 

propel the selected UAVs will also be presented. The next 

chapter will present an evaluation of parameters character-

izing the analyzed engines and the flight parameters of the 

UAVs powered by them.  

http://orcid.org/0000-0003-1966-0423
http://orcid.org/0009-0001-5891-1806
http://www.combustion-engines.eu
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2. Unmanned aerial vehicles classification 
Due to the variety of available UAVs, there are many 

criteria for categorizing them. In the literature, you can find 

classifications based on parameters such as weight, flight 

range, flight duration, wing loading, maximum ceiling, and 

engine type [16]. Among the most popular classifications 

are those based on takeoff mass and range. According to the 

literature, 5 takeoff mass classes are listed (Table 1) [7]. 

Classification by UAV range comprises three classes that 

also depend on flight endurance (Table 2) [7]. 

 
Table 1. UAV classification according to takeoff mass [6, 7, 31, 45, 46] 

Class UAV mass [kg] Example 

Super heavy Over 2000 RQ-4B Global Haewk 

Heavy  200–2000 Bayraktar TB2 

Medium 50–200 HESA Shahed 136 

Light 5–50 Albatros 

Micro Less than 5 Hee Wing Ranger T1 

 
Table 2. UAV classification according to UAV range and endurance [7, 

13, 25] 

Class 
UAV range 

[km] 
UAV endurance 

[hr] 
Example 

High Over 1500 Over 24 MQ-9 Reaper 

Medium  100–400 5–24 Camcopter S-100 

Low Less than 100 Less than 5 
AeroVironment FQM-

151 Pointer 

 

The most popular and easily noticeable UAV classifica-

tion is according to its configuration, following types of 

UAVs can be distinguished (Fig. 2) [1, 48, 55]: 

 Fixed-wing 

 Multirotor (Rotary-wing) 

 VTOL (Hybrid). 

 

 Fig. 2. Example of UAV classification [1] 

 

In some classifications, different types are also listed, 

such as helicopters (which can be considered a type of 

rotary-wing configuration), blimps, and flapping-wing 

aircraft [55]. 

Due to the widespread use of UAVs, categories are 

sometimes created that incorporate multiple classification 

criteria. This is how the MALE (Medium-Altitude Long-

Endurance) and HALE (High-Altitude Long-Endurance) 

classes were created. These classes refer mainly to drones 

in fixed-wing configuration, which are used both for mili-

tary and civil purposes [36, 50] 

Fixed-wing aircraft are designed to monitor large areas. 

This type of platform often resembles a typical aircraft (Fig. 

3). It is particularly suitable for mapping terrain, monitoring 

high-voltage lines, or performing reconnaissance missions. 

This type of platform is characterized by higher cruising 

speeds and lower energy consumption than multi-rotors, 

which makes them well-suited for flights over longer dis-

tances. This type of UAV platform is less popular than multi-

rotors due to the requirement of a more experienced pilot, 

more space for take-off and landing, and legal restrictions on 

flights beyond visual line of sight (BVLOS) [47]. 

 

 Fig. 3. Example of UAV in fixed-wing configuration [54] 

 

Multi-rotor platforms, in addition to standard flight, are 

characterized by their ability to hover and move at low 

speeds. The hovering feature, similar to helicopters, is par-

ticularly useful during monitoring point infrastructure and 

work requiring precision or time to collect the appropriate 

amount of data (Fig. 4). Another advantage of this type of 

platform is the possibility of vertical take-off and landing, 

which allows the mission to start and end on a small piece 

of flat terrain. This feature allows to work in difficult envi-

ronments, such as urban or forested areas. These platforms 

are typically equipped with electric motors that drive pro-

pellers (main rotors), mounted symmetrically on the arms. 

The most common configurations of multi-rotor aircraft use 

4 to 8 rotors [47]. 

 

 Fig. 4. Example of UAV in multirotor configuration [34] 

 

The solution that combines the advantages of both pre-

sented technical solutions is a hybrid VTOL platform (Fig. 

5). It is most often built as a fixed-wing aircraft with a push 

or pull propeller and additional rotors, enabling vertical 

take-off and landing. Of course, this type of solution slight-

ly disrupts aerodynamic properties during flight or reduces 

the payload, but these are small compromises compared to 

the wide range of flight properties. This type of construc-

tion is used in the unmanned transport of blood samples on 

the Warsaw-Sochaczew and Warsaw-Pułtusk lines. 
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 Fig. 5. Example of VTOL UAV platform [23] 

 

In a fixed-wing configuration, most objects use only one 

engine to maintain the thrust to fly. Unmanned aircraft base 

their flight characteristics mainly on the strong lift generat-

ed by the wing. The engine, engine-gearbox-propeller as-

sembly, or combination provides the necessary thrust to 

maintain flight conditions. Models with this solution take 

off in a conventional way, via a runway run, or with  

a launcher (pneumatic or mechanical), or manually (from 

"hand"). This group also includes unmanned helicopter 

models. 

Fixed-wing aircraft can also use two engines. They use 

the same flight mechanics principle as the machines in the 

above-mentioned category with one engine. Two engines 

can be used, for example, to distribute thrust, allowing us to 

use cheaper engines that often generate less thrust as  

a single drive. The methods of getting into the air are also 

duplicated from the second paragraph of this subsection, 

but with some exceptions. Some concept models can take 

off vertically – these are the so-called “Tailsitters”. They 

take off from a parking position, resting on their tail. Re-

mote-controlled helicopters can also fall into this category. 

Devices using three or more drive units are the largest 

group, including popular multi-rotor, fixed-wing, and 

tiltrotor aircraft. Remotely controlled multi-engine fixed-

wing aircraft, however, are mainly found in hobby designs, 

e.g., models reproducing aircraft from the events of the last 

century. 

Multirotor platforms typically use an even number of 

engines, such as four, six or eight (higher numbers are less 

common), but designs with three engines also exist. 

3. Engines in unmanned aerial vehicles 
Most commonly used propulsion systems are electric 

motors and combustion engines, which drive a propeller 

directly or via a gearbox. Additionally, in UAVs, turbine 

engines are used, which generate thrust via a propeller. The 

smallest group is the turbojet engines, which generate thrust 

directly by the exhaust gases leaving the engine. 

Electric drives consist of an electric motor assembly di-

rectly connected to a propeller, with various parameters 

such as diameter, pitch, and number of blades, depending 

on the needs of the structure. 

Electric motors themselves can be divided into three 

categories: 

1. Due to the shaft arrangement: 

 with an internal shaft (so-called Inrunner): the housing is 

stationary, the shaft is inside, and it transmits the power 

 with an external shaft (so-called Outrunner): the mova-

ble housing transmits the torque, the shaft is embedded 

in it. 

2. Due to the power supply method: 

 single phase or DC power supply – only two wires re-

quired 

 three phase power supply – minimum three wires re-

quired.  

3. Electric motors may or may not contain brushes. 

Internal shaft motors are also most often brush motors. 

This design is being replaced in many applications by 

brushless phase motors, but is still used in cheaper designs 

due to its low cost and simple operation and production. 

Such motors have different shapes and sizes. Such units are 

powered by direct current. 

Brushless electric outrunner motors are the most popu-

lar type of this drive. They are characterized by high torque 

and high efficiency. They are powered by one or three 

phases. This motor, thanks to the shaft attached directly to 

the housing, which contains a certain (even) number of 

magnets, does not require the use of brushes, because the 

winding creating the magnetic field is located on the stator 

placed inside the housing.  

The control system is usually implemented as a power 

amplifier based on switching transistors, the number of 

which depends on the number of stator windings. It per-

forms basic functions such as changing the rotational speed, 

regulating acceleration, and analyzing rotor position infor-

mation from feedback. 

 
Table 1. Specifications of selected UAV equipped with electric motors [2–

6, 11, 12, 19, 20, 29, 30, 38] 

UAV name 

UAV 

mass 

[kg] 

Range 

[km] 

Flight 

time 

[hh:mm] 

Max 

ceiling 

[m] 

Power of 

one 

engine 
[W] 

DJI Mini 31 0.25 18 00:38 4000 22.3 

Helion 101  0.95 10 00:30 7000 2143.8 

BETA FPV Cetus X1 0.055 0.1 00:05 100 18.5 

DJI Agras T251 32 2 04:00 120 1305 

Altura Zenith ATX 81  9.65 1 00:40 1000 400 

Albatros2  10 280 04:00 10000 260 

Hee Wing Ranger T1 

VTOL2  
0.75 30 01:05 1000 206 

1 – Multirotor, 2 – Fixed-wing 

 

An example of UAVs powered by electric motors is 

shown in Fig. 6 and 7. The first object is a typical recrea-

tional UAV, and the second is more professional in a fixed-

wing configuration. Electric-motor UAVs are the most 

popular, especially in civil applications (recreational and 

professional). In fixed-wing applications, a single engine is 

often sufficient (Fig. 7). In contrast, multirotor platforms 

require multiple engines (Fig. 6). 

Piston engines in the described designs are most often 

four-stroke units, with an even number of pistons (usually 

four). The cylinder arrangement is most often a boxer, 

though there are units with a linear or "V" arrangement. 

The ignition method in UAV engines is dominated by spark 

ignition (SI) with a carburetor, but compression ignition 

(CI) has been implemented, e.g., in the MQ-1C Gray Eagle, 
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Table 2. Specifications of selected UAVs equipped with piston combustion engines [9, 13–16, 22, 24, 25, 31, 33, 35, 37, 39, 53] 

UAV name Engine name UAV mass [kg] Range [km] 
Flight time 

[hh:mm] 

Max ceiling 

[m] 

Power of one 

engine [kW] 

Bayraktar TB21  Rotax 914 700 300 27:00 5486 75 

Elbit Hermes 9001  Rotax 916 1270 1000 36:00 9100 160 

HESA Shahed 1361 Mado MD-550 200 2500 --:-- 4000 37.3 

MQ 1 Predator1  Rotax 914 1020 1250 24:00 7600 86 

MQ 1C1  Thielert Centurion 1.7 1633 400 27:00 7600 123 

IAI Heron1 Rotax 914 1150 1000 45:00 10500 160 

Mohajer 61  Rotax 914 670 200 12:00 5500 84.6 

Wing Loong I1  Rotax 914 1100 4000 20:00 5000 75 

Kronsztadt Skorpion1 Itłan APD-115T 1150 1440 24:00 7500 86 

Forpost1  APD-85 454 350 16:00 5797 58.85 

Falco Xplorer1  Rotax 914 1300 300 24:00 9144 86 

Camcopter S-1002  AE-50R 200 100 06:00 5900 40.4 

1 – Fixed-wing, 2 – Helicopter 

 

which uses the Thielert Centurion 1.7 HFE (Heavy Fuel 

Engine). It can be seen that many unmanned aerial vehicles 

use engines used in small aviation, such as the Rotax 914, 

which is used not only in UAVs but also in many small 

manned aircraft. 

 

 Fig. 6. DJI Mini 3 [19] 

 

 Fig. 7. UAV Albatros [6] 

 

Combustion engines used in UAVs are divided into pis-

ton engines and turbine engines: turboshaft, turboprop, or 

turbojet. Each of them is connected to the propeller via an 

appropriate gearbox, except for turbojet engines, which 

generate thrust directly (they do not drive propellers). It 

should be emphasized at this stage that the use of a combus-

tion engine by civilian unmanned aerial vehicles is legally 

prohibited (except for model and specialist models) - such 

designs are not classified in the open category. Therefore, 

we can expect these engines to be used in specialist and 

military designs. 

 

Piston engines are mostly used in fixed-wing UAVs, but 

this type of powerplant also propels other UAV configura-

tions, such as helicopters (Fig. 8 and Fig. 9). This type of 

propulsion system is used more in military than in civil 

applications. 

 

 Fig. 8. UAV Bayraktar TB 2 [10] 

 

 Fig. 9. Unmanned helicopter Camcopter S-100 [17] 

 

Turbine engines in UAV systems are of three types: tur-

boshaft, turboprop, and turbojet. Two of the three types 

predominate in implementation. Turboshaft and turboprop 

engines allow for a significant increase in power while 

slightly increasing weight. They also enable flights at much 

higher altitudes, resulting in increased flight time and 

range. 

Jet engines are used in the heaviest unmanned aerial ve-

hicles and are mainly used in structures intended for mili-
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tary purposes. Currently, only two such machines are used 

– the RQ-4B Global Hawk and the Guizhou WZ 7 Soaring 

Dragon (it should be mentioned that other producers work 

on that type of UAVs). Both designs are specialized ma-

chines, though their tasks differ slightly. The Global Hawk 

is a machine with an almost global range, which acts as  

a machine for collecting radio-electronic and radar infor-

mation about the battlefield (e.g. SIGINT – Signal Intelli-

gence). The mission specification of the WZ 7 is not fully 

known, though it is assumed to be a heavy-strike drone. 

 
Table 3. Specifications of selected UAVs equipped with turbine engines 

[8, 13, 26, 27, 32, 40, 45] 

UAV 

name 
Engine name UAV 

mass 

[kg] 

Range 

[km] 

Flight 

time 

[hh:mm] 

Max 

ceiling 

[m] 

Power 

of one 

engine 

[kW*] 

MQ-81 RR 250 1430 203.7 08:00 6100 313 

IAI 

Eitan2 
PT6-67A 5400 7400 30:00 14000 900 

Bay-

raktar 
AKINCI2  

– 6000 7500 24:00 13750 560 

MQ-9 

Reaper2 
TPE331-10 2223 1900 27:00 15420 671 

RQ-4B2  
F137-RR-

100 
14628 22800 34:00 18000 34 kN 

UZGA 

AL-
TIUS2  

WK-800S 7500 3600 48:00 12000 589 

Guizhou 

WZ 72 

Guizhou 

WP-13 
7500 7000 10:00 18000 

43.1 

kN 

1 – Helicopter, 2 – Fixed-wing 

* – beyond another unit in the cell 

 

The turbine engines are used mostly in military drones, 

like RQ-4B Global Hawk (Fig. 10). In most civil applica-

tions sufficient power is delivered by electric motors or 

piston engines. 

 

 Fig. 10. RQ-4B Global Hawk in flight [28] 

4. Comparison of UAV engines 
Small UAVs powered by electric motors have different 

applications, which implies different efficiencies across the 

criteria shown in the above graphs. The Helion 10 UAV is  

a system designed to fly in FPV (First Person View) mode, 

allowing real-time observation of the drone's flight from the 

camera's perspective. Such systems are characterized not 

necessarily by a large range but by a very high engine pow-

er-to-weight ratio, which ensures high maneuverability and 

speed of the remotely controlled multi-rotor. 

It should be noted that for legal reasons, civilian UAVs 

do not use combustion engines, except for strictly model-

oriented designs (the author of the article noted the domi-

nance of single-cylinder two-stroke piston engines in this 

area of use) or special-purpose designs (however, these 

designs/systems require certification, e.g., from the domes-

tic Civil Aviation Authority). The list included in this arti-

cle includes all designs, therefore, as military, special-

purpose, and/or experimental. Such a decision is also driven 

by the desire to achieve, for example, greater UAV perfor-

mance, such as flight endurance. Of course, today the army 

also uses UAVs powered by electric motors (e.g. the Polish 

Warmate system from the WB Electronics Group), but it is 

not limited only to them, as is the case with civilian cus-

tomers. 

The range of UAVs produced for different applications 

is very broad. The mass of those objects ranges from about 

100 g to 8000 kg. Also, drones are produced for different 

uses, which is why engine power ranges from about 18 W 

to 900 kW (Fig. 11). As shown in the figure, electric drones 

are very close to zero at the left edge of the graph. Also, the 

piston-engine drones differ by only a very narrow range, 

which is why there are additional graphs for electric UAVs 

(Fig. 12) and piston-engine UAVs (Fig. 13). Of course, the 

most powerful are the turbine-engine UAVs. Of course, the 

turbine drones are the heaviest too – up to 7500 kg for the 

analyzed objects. However, the turbine engine-propelled 

drones, in case of their application, operate at higher speeds 

and altitudes than other UAVs. 

 

Fig. 11. Engine power as a function of UAV mass in all categories of 

 analyzed UAVs 

 

In the presented UAVs which use an electric motor, 

there are only civil drones. Despite it the motor power and 

UAV mass vary respectively from about 2 W to 2.1 kW and 

from 100 g to 32 kg (Fig. 12). These values range, because 

also in that class of UAVs, there can be several applications 

listed, like: recreational use with camera (DJI Mini), very 

fast flying (Helion 10) and agricultural application, where 

payload is also important (DJI Agras). 

The power and weight parameters of UAVs with piston 

engines vary between 40 kW to 160 kW and 200 kg to 1600 

kg (Fig. 13). 
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Fig. 12. Electric motor power as a function of UAV mass in electric mo-

tor-propelled UAVs 

 

Fig. 13. Piston engine power in function of UAV mass in piston engine-
powered UAVs 

 

An interesting comparison is the power-to-mass ratio in 

kW of engine power per 1 kg of UAV mass (Fig. 14). Most 

drones have values around 0.1 kW/kg. That value is espe-

cially relevant for a fixed-wing configuration. There are 

higher values of that parameter in some multirotor or heli-

copter configurations, like Camcopter (0.2 kW/kg) or BE-

TA FPV Cetus X (0.34 kW/kg). Higher values are observed 

for special-purpose objects, such as the MQ-9 Reaper (0.3 

kW/kg). 

 

 Fig. 14. Power-to-mass ratio for analyzed UAVs 

 

Similar observations could be formulated in the case of 

the presented UAVs range (Fig. 15). Most of these objects 

can fly up to a few hundred kilometers. Some fixed-wing 

aircraft can fly around 1000 km, and some specialized ap-

plications can reach up to 7500 km (Bayraktar AKINCI and 

IAI Eitan). 

 

 Fig. 15. Range for analyzed UAVs 

 

It should be noted that at this point, UAVs with jet en-

gines have been omitted due to the difference in the method 

of generating thrust. The graphs include unmanned systems 

powered by internal combustion turbine engines of the 

turboshaft or turboprop type. 

The use of an internal combustion turbine engine is as-

sociated with higher costs of purchasing and maintaining 

the drive unit than the previously mentioned types of en-

gines. However, it should be noted that these are also the 

most powerful engines of the types described in this article, 

allowing one to reach nearly any place in the world and to 

reach the highest altitudes. 

Summary 
Work on UAVa began shortly after the first flight of an 

aircraft – the first launch of an unmanned aircraft took 

place in 1922. That was a RAE 1921 Target for training 

purposes. After the mentioned date, the development of 

military drones accelerated, culminating in the first combat 

mission in 1944 [7]. However, last years make the UAVs 

more popular in civil applications, which can be used for 

transport of goods, archaeology, agriculture, or even  

a drone can be a play for kids. Very often in some applica-

tions, the UAVs have to carry some specific equipment, 

like cameras, lidar or ground penetrating radar. Agricultural 

drones have to carry the spraying equipment, along with 

fertilizers or plant protection agents. Even more sophisti-

cated requirements are sometimes set for military drones, 

because the agricultural drone, even if it has to carry some 

load, does not have to fly to another continent; it can just 

turn around to charge or change the battery, whereas the 

military drone often has to fly longer distances and/or stay 

in the air for a long time. 

Above listed requirements resulted in a very wide range 

of UAVs on the market. If we assume the drone's mass as  

a criterion, we can find a drone weighing about 100 g, 

while on the other end of the scale, a drone weighing about 

8000 kg. The different masses of objects that should be 

propelled result in the power of a single engine, which 

varies from about 18 W for Beta FPV Cetus X to 900 kW in 

IAI Eitan. 

Only the engine's power isn't everything. The character-

istics of every drone can vary depending on the type of 

engine used, which can also affect the power-to-weight 

ratio. For recreational use, only electric motors are used. 

This type of propulsion is also used in military drones, 
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where the electric motor provides silent operation. Another 

type is the piston engine, which is used in heavier UAVs. 

Also, this type of engine is used when a longer range is 

needed, because liquid fuels have a higher energy density 

than electric batteries. The largest UAVs with the highest 

ceiling use turbine engines. 

Interesting results are observed regarding the power-to-

mass ratio. In that case, most of the analyzed UAVs repre-

sent values at around 0.1 kW/kg. It can be observed that 

this value is specific to the aircraft (fixed-wing configura-

tion). The multirotor and helicopter configurations are more 

likely to exhibit higher power-to-weight ratios. Also, some 

specialized application drones exhibit higher values of the 

mentioned ratio, such as the MQ-9 Reaper (0.3 kW/kg). 

The presented material shows the variety of UAVs and 

their engines. According to the analysis in this paper, 

drones used for civil applications are propelled by smaller, 

less powerful engines. The reasons are the operational pa-

rameters, which, compared to military drones, are: mostly 

lower mass (less than 50 kg), lower flight speed, and lower 

ceiling. It should also be noted that turbojet engines are not 

considered in this paper. Turbojet engines are characterized 

by thrust rather than power, so it will be problematic to 

compare all the powerplants together. Nevertheless, it can 

be very valuable to include that type of engine in the com-

parison in the future, thereby making the study more com-

plex. This type of drive will become increasingly popular as 

new UAVs are developed (e.g., Bayraktar Kizilelma). 
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Comparison of magnetic induction emissions in electric, hybrid and conventional 

cars 
 
ARTICLE INFO  The article analyses magnetic induction levels in vehicles with three different drive types: electric, hybrid, and 

conventional. The aim of the research was to determine the intensity of low-frequency magnetic fields generated 
by the drive systems and their effect on the driver and passengers of the vehicle. The paper describes methods 

for measuring magnetic induction at various locations within the vehicle, including the engine compartment and 
the power supply system. Measurements of magnetic induction were also performed during the charging of an 

electric car. The research results indicate that the highest magnetic induction occurs in electric cars and in the 

charging area during charging. In conventional drive cars, magnetic induction is mainly limited to the operation 
of the alternator. The power of the drive system significantly affects magnetic induction. In the case of measure-

ments of magnetic flux density emitted by the power supply system and drive systems of fully electric and hybrid 

cars, the studies also showed that the location of elements such as the DC/AC converter and the cables connect-
ing the converter to the electric motor and their distance from the driver's and passenger seats significantly 

affect their exposure level. 
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1. Introduction 
The electromagnetic field (also called electromagnetic 

radiation), abbreviated as EMF, is the effect of electric and 

magnetic fields. The magnetic field is a manifestation of the 

electromagnetic field with frequencies in the range from  

0 Hz (constant fields) to 300 GHz (microwave radiation). 

Above the upper limit of the indicated range, the following 

radiations are distinguished: infrared, visible, ultraviolet,  

X-ray, gamma and cosmic radiation. Electromagnetic fields 

are divided into natural and artificially generated. Natural 

magnetic fields are associated with phenomena occurring in 

the atmosphere (e.g. lightning during a storm), while artifi-

cially generated fields are a manifestation of human activi-

ty. They may differ in wavelength and frequency. An alter-

native quantity to the magnetic field intensity – magnetic 

induction – is often used to characterize low-frequency 

magnetic fields. Magnetic induction (B) is a component of 

the magnetic field, which is measured in teslas (T) or gauss 

(G). This is a quantity related mainly to the magnetic field, 

regardless of whether it is constant (e.g. the field of a mag-

net) or variable (e.g. around a conductor with alternating 

current). Magnetic induction is presented by formula (1) [7, 

12]: 

 B = µH   (1) 

where: B – magnetic induction, T, µ – magnetic permeabil-

ity, T∙m/A, H – magnetic field intensity, A/m. 

The main difference between electromagnetic field 

measurement and magnetic flux density measurement is 

that magnetic flux density measurement deals only with the 

magnetic component of the field, whereas electromagnetic 

field measurement includes both electric and magnetic 

components, often in the context of electromagnetic waves. 

It should be emphasized that measuring the electromag-

netic field differs significantly from measuring magnetic 

flux density. EMF measurement encompasses both the 

electric and magnetic components of the field and is typi-

cally used to analyze electromagnetic waves, especially in 

the high-frequency range. Magnetic induction measure-

ment, on the other hand, concerns only the magnetic com-

ponent and is primarily used to analyze low-frequency 

fields, such as those in the immediate vicinity of electrical 

devices and test vehicles [5–7]. 

2. Electromagnetic field in motor vehicles 
Electric car engines and the AC power supply system 

emit frequencies from 20 Hz to 600 Hz, depending on the 

driving mode. Battery charging stations emit EMF with 

frequencies from 20 kHz to 100 kHz. The vehicle structure 

is largely made of metal elements, which at operating fre-

quencies of 0.8–150 kHz constitute a barrier against elec-

tromagnetic field emissions. The electromagnetic field in 

electric vehicles ranges from low-frequency fields to mi-

crowave radiation. The engines and the inverter with wires 

in electric cars, as well as the alternator in combustion cars, 

emit low-frequency magnetic fields, i.e. magnetic induction 

[6–9, 13, 15]. 

Main sources of magnetic induction in electric cars: 

 Electric motor – in the motor, the flow of current 

through the stator windings generates a magnetic field 

that affects the rotor. Since the rotor is often made of 

magnetic materials (e.g. permanent magnets or ferro-

magnetic cores), this field creates magnetic induction, 

which creates torque and drives the wheels. 

 High-voltage cables – electrical cables and connections, 

e.g. between the battery and the inverter, also generate  

a magnetic field. 

 Inverter – controls the flow of current to the motor, 

converting direct current (DC) from the battery to alter-
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nating current (AC). The alternating current in the mo-

tor windings creates an alternating magnetic field. 

 Batteries and charging systems – although the batteries 

themselves do not generate an alternating magnetic field 

(DC), alternating currents can occur during charging 

(e.g. in chargers). 

In a conventional car, the sources of magnetic induction 

(B) differ from those in an electric car, but they still occur. 

The main sources are: 

 Alternator – the main source of the magnetic field. In-

side the alternator, the rotor with the winding generates  

a variable magnetic field. 

 Ignition coil and high-voltage wires – change the volt-

age from 12V to several thousand volts to generate  

a spark in the spark plug. The flow of current through 

the coil creates a strong magnetic field, which then dis-

appears, inducing high voltage. 

 Starter motor – generates a magnetic field in the wind-

ings. Although it works only for a moment, it generates 

strong magnetic field pulses [1, 2, 15,16, 19–22]. 

In hybrid vehicles, the classic alternator and starter are 

replaced by one or more electric motor–generator units, 

which can function as both a drive motor and a generator to 

charge the traction battery. These components, such as 

electric motors, inverters, DC/DC converters, and high-

voltage cables, generate magnetic fields due to the flow of 

current [1, 3]. 

The scientific literature contains numerous studies on 

magnetic field emissions from vehicles with different drive 

types. Tell et al. measured magnetic field intensity in elec-

tric and combustion cars, showing that electric vehicles 

generate significantly higher magnetic fields, especially in 

the drive systems and passenger compartment. The greatest 

exposure was in the area around the driver's and front pas-

senger's legs [17]. 

He et al. studied the effects of static magnetic fields 

generated by electric vehicles on drivers' cognitive func-

tions. Their results suggest that even fields with intensity 

consistent with applicable standards may affect the nervous 

system and reaction time during long-term exposure [6]. 

In Poland, studies by Gryz et al. found higher magnetic 

induction levels in hybrid and electric vehicles than in con-

ventional vehicles. It was indicated that the main sources of 

emissions are inverters, high-voltage cables, and electric 

motors, and that field values in the area of the driver's feet 

can reach 10–15 µT [7]. 

In turn, Wang et al. [20] conducted long-term monitor-

ing of low-frequency magnetic fields in electric vehicles 

and observed significant variations in emission levels de-

pending on driving mode, load and arrangement of drive 

system components. The highest values were recorded 

during acceleration and battery charging [21]. 

The conclusions from the cited studies clearly indicate 

that electric and hybrid vehicles exhibit higher levels of 

magnetic field emissions, and user exposure is significantly 

influenced by the power of the drive system, component 

arrangement, and distance from the field sources [6, 22]. 

3. The effects of electromagnetic fields on humans 
An electromagnetic field can stimulate excitable tissue 

by inducing electric currents in the body. This phenomenon 

is most significant at frequencies lower than several hun-

dred kHz. In addition, tissue heating occurs due to the ab-

sorption of field energy (the so-called thermal effect), and 

the most important aspect is its occurrence at frequencies 

above 1 MHz. Moving in an electromagnetic field can also 

cause, among other things, dizziness, nausea, and impaired 

eye-hand coordination. They stop after moving away from 

the source. An electromagnetic field can cause undesirable 

changes in the body's functioning. The results of scientific 

research indicate that possible effects of electromagnetic 

fields include disorders of the nervous, cardiovascular, and 

immune systems, neoplastic processes, and subjective com-

plaints such as headaches, fatigue, and memory disturb-

ances. A large number of diseases are reported in people 

living near transmission lines, electricity generators and 

similar interfering devices. A 1979 study by physicist Ed 

Leeper showed that children exposed to just 0.3 µT had 

twice the incidence of leukemia. In 1998, the New York 

State Department of Health repeated the study and con-

firmed the previous study's results. Studies show that the 

protective threshold for direct exposure to an AC electric 

field should not exceed 5 V/m at ground potential and 1.5 

V/m without ground potential. The AC magnetic field 

emission should not exceed 0.1 µT. [6–11, 13, 14, 22, 23]. 

4. Apparatus and subject of research 
The measurements were carried out using two electro-

magnetic field meters, TM-191 and TM-196. The TM-191 

meter operates in the range of 30–300 Hz, while the TM-

196 meter operates in the range from 10 MHz to 8 GHz.  
 

 

Fig. 1. Electromagnetic field meter TM-191 [17] 

 
Table 1. Technical parameters of the TM-191 electromagnetic meter [17] 

Feature Value 

Measured field Very low frequency (LF) magnetic field  

30–300 Hz 

Measurement method Single-axis sensor 

Measurements For frequencies 30–300 Hz 

H (magnetic field) 200.0/2000 mG; 20.00/200.0 µT 

Accuracy ±2.5% for frequencies 50/60 Hz 

X, Y, Z measurement none 

 

Bench measurements were performed, as were magnetic 

induction measurements during charging of an electric 
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vehicle at a charging station. To avoid interference with the 

measurements, the radio and other electronic devices were 

turned off for the duration of the measurement. 

 

Fig. 2. Electromagnetic field meter TM-196 [17] 

 
Table 2. Technical parameters of the TM-196 electromagnetic meter [17] 

Feature Value 

Measured field Radio frequency electromagnetic 

field 10 MHz–8 GHz 

Measurement method Digital measurement 3-axis 

Directional characteristic Isotropic, triaxial 

CAL coefficient Settable in the range 0.10–9.99 

(default 1) 

Measurements CW signal (f > 50 MHz) 

E (electric field) 38.0 mV/m; 11.0 V/m 

H (magnetic field) 53.0 µA/m.; 28.64 mA/m 

S (power density) 0.1000 µW/m2; 309.3 mW/m2 

Dynamic ranges 0.1000 µW/cm2; 30.93 µW/cm2 

Accuracy 75 dBm 

Isotropic deviation Absolute error ±0.1 dBm at 1 mV/m 

and 2.45 GHz 

X, Y, Z measurement Selection: all axes, X-axis, Y-axis 

or Z-axis 

 

The research object is three passenger cars. A conven-

tional drivetrain car of the Dacia Sandero III brand with  

a 1.0 Tce petrol engine with a turbocharger with an output 

of 67 kW. An electric car of the Dacia Spring brand with  

a synchronous motor with a permanent magnet with an 

output of 33 kW [4, 5]. A hybrid drive car of the Toyota  
 

a) Conventional drive vehicle 

  

Fig. 3. Conventional drive car Dacia Sandero 

 
Table 3. Technical data of the Dacia Sandero [5] 

Model Dacia Sandero III Hatchback; 2021 

Drivetrain type ICE 

Engine 1.0 Tce petrol turbocharged 

Displacement 999 cm3 

Engine power 67 kW, 90 HP for 4600 rpm 

Torque 160 Nm for 2100–3750 rpm 

Drive Front axle 

Range 962 km 

Current weight 1152 kg 

 

C-HR brand with a 1.8 internal combustion engine with 

an output of 72 kW and an electric motor with an output of 

53 kW. The total power of the hybrid system is 90 kW [18]. 

All vehicles were manufactured in 2021 and had Crossover 

bodies. However, this brand does not offer a hybrid car, 

which is why a Toyota hybrid drive [3] was selected for 

comparison. 

b) Battery electric vehicle 

  

Fig. 4. Electric drive car Dacia Spring 

 
Table 4. Technical data of the Dacia Spring [4] 

Model Dacia Spring Crossover Electric; 2021 

Drivetrain type Electric 

Engine Permanent magnet synchronous 

Engine power 33 kW, 45 HP for 3000–8200 rpm 

Torque 125 Nm for 500–2500 rpm 

Drive Front axle 

Battery lithium-ion 

Gross battery capacity 27 kWh 

Charging time socket/fast  13 h/1h 

Range 230 km 

Own weight 920 kg 

c) Hybrid electric vehicle 

  

Fig. 5. Toyota C-HR hybrid car – view under the engine cover 

 
Table 5. Technical data of the Toyota C-HR [18] 

Model Toyota C-HR Crossover SUV; 2021 

Drivetrain type Hybrid (HEV) 

Engine 1.8 Hybrid 

Engine system power Power 90 kW, 122 HP at 5200 rpm 

Petrol engine power 72 kW, 98 HP at 3600 rpm 

Petrol engine torque 142 Nm at 3600 rpm 

Electric engine power 53 kW, 72 HP 

Electric engine torque 163 Nm 

Battery lithium-ion 

Gross battery capacity 1 kWh 

Gearbox type Automatic e-CVT 

Range 895 km 

Current weight 1380 kg 

  



 

Comparison of magnetic induction emissions in electric, hybrid and conventional cars 

240 COMBUSTION ENGINES, 2026;206(3) 

5. Research 

5.1. Stationary measurements 

a) Conventional drive vehicle 

In a conventional drive car, magnetic induction meas-

urements were taken in the vicinity of the alternator. Each 

time, 20 measurements were taken directly at the device 

and at distances of 0.2 m and 0.5 m. During the measure-

ments, the temperature was about 15°C. 

 

Fig. 6. Magnetic induction in the vicinity of the alternator – conventional 
 vehicle 

 

During bench tests, the magnetic induction in a conven-

tional car with an ICE near the alternator was recorded at a 

level of 2.25 µT, which at a distance of 20 cm was already 

below 1 µT. 

b) Battery electric vehicle 

 

Fig. 7. Magnetic induction – electric vehicle 

 

Fig. 8. Magnetic induction in the area of the charger during charging of an 
electric vehicle 

In the electric car, during the bench test, magnetic in-

duction occurred in the vicinity of the inverter and cables (5 

µT) and near the engine (3.3 µT), while in the case of the 

alternator in a combustion engine vehicle, after moving 

away from the source by 20 cm, it was only from 0.4 µT to 

0.6 µT. The highest magnetic induction was recorded dur-

ing charging of the electric car in the vicinity of the charger 

and high-voltage cables. It amounted to 41.7 µT. At the 

charger cable, it was 3.9 µT, and in the vicinity of the in-

verter and vehicle cables, 2.2 µT. 

c) Hybrid electric vehicle 

In the hybrid car, magnetic induction measurements 

were taken in the vicinity of the generator, electric motor, 

inverter, and high-voltage cables. Each time, 20 measure-

ments were taken directly at the device and at distances of 

0.2 m and 0.5 m. During the measurements, the temperature 

was around 15°C. 

 

 Fig. 9. Magnetic induction – hybrid vehicle 

 

During tests in a hybrid car, magnetic induction of 62.7 

µT was recorded near the electric motor, 20 µT near the 

inverter and cables, and 12.6 µT near the generator. At  

a distance of 20 cm from the sources, it was: 12.4 µT for 

the engine, 6.5 µT for the inverter, and 4 µT for the genera-

tor. 

5.2. Measurements while driving 

The magnetic field intensity measurements were con-

ducted inside each of the three vehicles across four driving 

conditions. The measurements were taken with a TM-196 

three-axis electromagnetic field meter operating in the high-

frequency range. The first measurements were taken in city 

traffic at 30 km/h and 50 km/h, then in motorway traffic at 

100 km/h and 140 km/h. During measurements at 30 km/h, 

only the electric motor was running in the hybrid car; at 

other speeds, the combustion engine was running. Each 

time, 20 measurements were taken. The measurements were 

taken in the afternoon and evening, with temperatures 

around 15°C. There was no wind and no precipitation. 

There was no snow cover. The meter was mounted near the 

driver's seat. To avoid interference with the measurements, 

the radio and other electronic devices were turned off for 

the duration of the measurement. The results presented are 

the result of the X, Y, and Z axes (geometric sum). Meas-

urements are presented as an arithmetic mean of the col-

lected results, excluding the lowest and highest values. 

Error bars are marked on the graphs. 
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a) 30 km/h 

 

Fig. 10. Summary results of magnetic field intensity measurements at 

 vehicle speeds of 30 km/h 

b) 50 km/h 

 

Fig. 11. Summary results of magnetic field intensity measurements at 

 vehicle speeds of 50 km/h 

 

During city driving, the magnetic field strength was 

highest for the hybrid vehicle (3.6 mA/m), slightly lower 

for the electric vehicle (2.8 mA/m), and lowest for the con-

ventional vehicle (1.2 mA/m) at 30 km/h. At 50 km/h, the 

values were highest for the electric vehicle (7.2 mA/m), 

followed by the hybrid vehicle (5 mA/m), and lowest for 

the conventional vehicle (2.6 mA/m). The hybrid vehicle 

emitted lower values when the conventional rather than the 

electric system operated at higher speeds. 

c) 100 km/h 

 

Fig. 12.  Summary results of magnetic field intensity measurements at 

 vehicle speeds of 100 km/h 

d) 140 km/h 

 

Fig. 13. Summary results of magnetic field intensity measurements at 
 vehicle speeds of 140 km/h 

 

During motorway driving at 100 km/h, the magnetic 

field strength was highest for the electric vehicle (9.7 

mA/m), lower for the hybrid (3.4 mA/m) and lowest for the 

conventional vehicle (2.9 mA/m). At 140 km/h, it was the 

highest for the electric vehicle (8.5 mA/m), lower for the 

conventional vehicle (3.1 mA/m) and lowest for the hybrid 

(2.5 mA/m). 

6. Conclusions 
The conducted tests allowed obtaining different values 

of magnetic flux density depending on the type of vehicle, 

the measurement location, and the distance from the source 

of field emission. In a car with a conventional drive (Dacia 

Sandero), the highest value of the magnetic field was rec-

orded in the immediate vicinity of the alternator and 

amounted to 2.25 µT. This value decreased rapidly with 

increasing distance–already at a distance of 20 cm the mag-

netic field dropped below 1 µT, which indicates a limited 

range of this source and low exposure of the driver and 

passengers to magnetic flux density. 

In the electric vehicle (Dacia Spring), the field values 

were much higher. During operation of the drive system, 

the maximum magnetic flux density was 5.0 µT in the vi-

cinity of the inverter and high-voltage cables, and 3.3 µT at 

the engine. After moving away by 20 cm, these values 

dropped to 0.4–0.6 µT, confirming the strong dependence 

of the field intensity on distance from the source. However, 

the highest magnetic field emission was recorded during 

vehicle charging, when the field reached 41.7 µT in the 

immediate vicinity of the charger, 3.9 µT at the charging 

cable, and 2.2 µT in the inverter area inside the vehicle. The 

measured value of 41.7 µT indicates a potential health risk 

from prolonged exposure in the immediate vicinity of the 

charger. The highest magnetic field values were recorded in 

the hybrid vehicle (Toyota C-HR). The field strength in the 

area of the electric motor was 62.7 µT. Values of around 20 

µT were measured near the inverter and high-voltage ca-

bles, and 12.6 µT near the generator. Even at a distance of 

20 cm from the source, the values were significant: 12.4 

µT, 6.5 µT and 4.0 µT respectively. Such high values in  

a hybrid vehicle may be due to the drive system's higher 

power and the more complex electrical system configura-

tion compared to a lower-power electric vehicle. Summa-

rizing the results of measurements during driving, the high-
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est magnetic field strengths occur in electric vehicles, espe-

cially at higher speeds, due to the continuous, intensive 

operation of the electrical system, including the inverter, 

engine, and high-voltage cables. In hybrid vehicles, the 

magnetic field is higher at lower speeds because the electric 

motor is used more often in urban conditions. At higher 

speeds, the hybrid drive system primarily runs on the com-

bustion engine, reducing field emissions. Conventional 

vehicles generate the lowest values, because their field 

sources–such as the alternator or ignition system – work 

less intensively and have a smaller share in generating the 

magnetic field compared to electric vehicles. The compara-

tive analysis showed that electric and hybrid cars generate 

significantly higher magnetic fields than conventional-drive 

vehicles. The value of the magnetic flux density is signifi-

cantly influenced by the power of the drive system and the 

location of components, such as the electric motor, inverter, 

or high-voltage cables, relative to the vehicle users. In addi-

tion, the measurements confirmed that the field intensity 

decreases exponentially with distance from the source, 

which is crucial for protecting the driver's and passengers' 

health. The field values measured in the immediate vicinity 

of the devices, especially during charging of the electric 

vehicle or operation of the electric motor in a hybrid vehi-

cle, approach the limits permitted by international stand-

ards. Therefore, the choice of the drive system components' 

locations and the design of their shields should aim to min-

imize the user's exposure to the magnetic field. All ob-

served values are below the permissible levels specified by 

the International Commission on Non-Ionizing Radiation 

Protection (ICNIRP), which sets a limit of 100 µT (for 

magnetic flux density) or about 80 mA/m (for field intensi-

ty) for magnetic fields at vehicle frequencies (approximate-

ly 50–60 Hz). This means that despite clear differences 

between vehicles, the level of exposure of drivers and pas-

sengers remains within safe limits. However, long-term 

exposure in the immediate vicinity of some sources (e.g.  

a charger when charging an electric vehicle) may require 

further monitoring, especially in the context of possible 

effects on particularly sensitive individuals. 

 

Nomenclature 

AC alternating current 

DC direct current 

EMF  electromagnetic field 

ICE   internal combustion engine
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