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Cold flow modeling of the combustion chamber for a multi-fuel turbine engine 
 

ARTICLE INFO  This article analyses the possibility of using a multi-fuel turbine engine as a primary source in hybrid systems. 
Turbine engines, thanks to their high efficiency and flexibility in using different types of fuels, can play a key role 
in integration with hybrid systems that combine electric drive with traditional energy sources. Additionally, 
different fuels may influence combustion temperatures and soot formation, affecting thermal loads and material 
degradation. The proposed methodology will consist of conduct a comprehensive review of current models of 
combustion chambers in turbine engines, focusing on multi-fuel capability and hybrid applications. As a result, 
it will allow to identify key performance parameters (efficiency, emissions, stability, etc.) and define system 
requirements for hybrid optimization. The article presents a comparative analysis of which geometry performs 
best for multi-fuel combustion. The model results were then compared with literature data. The conducted 
modelling of a multi-fuel combustion chamber intended for use in hybrid turbine systems has shown that the 
choice of fuel significantly influences combustion behaviour, temperature distribution, and emission profiles. 
Nevertheless, the developed model provides a solid foundation for future integration into hybrid propulsion 
architectures, offering adaptability to various fuels and operating regimes. 
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1. Introduction 

The global demand for sustainable and low-emission 
propulsion systems has intensified the search for alternative 
fuels and advanced combustion technologies. Gas turbine 
engines, widely used in power generation and aviation, face 
increasing pressure to adapt to cleaner energy sources while 
maintaining high performance and operational reliability. In 
this context, the combustion of alternative fuels, such as 
hydrogen, synthetic gases, and biofuels, presents both  
a promising solution and a complex engineering challenge. 
The paper [4] describes the challenges of adding hydrogen 
power to gas turbines, including high production costs, 
limited infrastructure, and an underdeveloped value chain. 
All major gas turbine companies are aiming for full hydro-
gen combustion capability by 2030, and some manufactur-
ers, such as Siemens Energy, are already introducing se-
lected hydrogen-capable models. Technical challenges 
include the combustion characteristics of hydrogen, in par-
ticular, lower ignition energy and higher flame speed [7]. 

Sample tests have shown that biofuels can offer similar 
or even better performance compared to conventional fuels, 
although some biofuels may require modifications to the 
injectors or combustion chamber. In terms of cost-
effectiveness, biofuels and synthetic fuels may be more 
expensive to produce, but the environmental benefits and 
potential savings over the long term may make them cost-
effective. The use of biofuels, such as biodiesel, in turbine 
engines can lead to comparable or even better performance 
compared to conventional fuels. However, some biofuels, 
especially those with high viscosity, may require modifica-
tions to the injectors or combustion chamber to ensure 
optimal combustion and avoid operational problems [25]. 
In some cases, especially in aviation, multi-fuel operation 
allows the engine to be adapted to different weather condi-
tions or missions, which can be important for military oper-
ations or specialist missions. 

In recent years, research on combustion chambers in 
turbine engines has focused on optimizing the combustion 
process to ensure better fuel and air mixing, leading to 
higher combustion efficiency and lower emissions of harm-
ful chemicals [20]. In the work [20] an analysis of the com-
bustion chamber of a micro gas turbine engine was present-
ed, which can operate on various fuels such as methane, 
natural gas, and ethanol. The research showed that the ap-
propriate configuration of the outlet holes and the angles of 
the rotor blades significantly affect the performance of the 
combustion chamber. High combustion efficiency (over 
98% for methane and natural gas) and low emissions of 
pollutants, such as nitrogen oxides, were key outcomes of 
this research. In other work, Pasalkar [15] focused on re-
ducing nitrogen oxide (NOx) emissions in jet engine com-
bustion chambers. By changing design parameters and 
using computational fluid dynamics (CFD) simulations, 
researchers significantly reduced NOx emissions, which is 
crucial for the sustainable development of fuel technologies 
[15]. Another article [1] describes the effects of hydrogen-
enriched biogas on combustion and emission of a dual-fuel 
diesel engine. The conclusions of the analysis showed that 
the addition of hydrogen to biogas significantly reduced 
carbon dioxide emissions. At 20% H₂ content in biogas,  
a reduction in CO₂ emissions of up to 56% was observed 
compared to running the engine on biogas alone. 

In the context of hybrid systems, modelling a turbine 
engine will allow for mapping its operating conditions. 
Such systems operate in diesel-electric generators or gas-
electric generators. Such an application is easier to imple-
ment because the turbine operates at a constant speed under 
different loads, which may suggest that certain operating 
parameters are much easier to predict. An example of using 
a turbine as a power generator is shown in Fig. 1. Such an 
application works as a serial hybrid propulsion called Rex 
[8]. Modelling a multi-fuel combustion chamber allows for 
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flexible adaptation to different energy sources, increasing 
practical application possibilities. With advanced simula-
tion tools, such as Ansys Fluent and Creo-6.0, researchers 
can accurately analyse the flow of fuel and air, leading to 
the optimization of the combustion process and the im-
provement of hybrid systems' efficiency. 

 
Fig. 1. Application of a turbine as a generator in heavy goods vehicles [14] 

2. Research problem 
The article describes combustion processes occurring in 

the chamber of turbine engines. By selecting, among others, 
the appropriate shape of the combustion chamber, the 
amount of fuel in the injector and chemical additives, the 
combustion process can be controlled. The types of com-
bustion are presented: diffusion and laminar, together with 
examples of their occurrence. Then, the formation of pollu-
tants and their types are described. The emissions of NOx, 
CO₂, and particulate matter by gas turbines and reciprocat-
ing engines were compared. Ways to reduce gas emissions 
were proposed, among others, by rearranging the aerody-
namics of the combustion chamber, increasing the volume 
of the primary flame zone, or improving fuel atomization. 

The next step is to describe the fuels used to power gas 
turbines. The main problems of the combustion process are 
described, including maintaining the initiation of combus-
tion in a very stable flow, or a lack of stability [22]. For 
example, blends of biofuels with traditional aviation fuels 
can reduce particulate and CO2 emissions without signifi-
cant loss of efficiency. Specific blends, such as bioethanol 
with jet fuel, have shown a 15% reduction in CO2 emissions 
and improved lubricity. The use of hydrogen as a fuel in 
gas turbines reduces CO2 emissions by 100% and NOx by 
90% compared to conventional fuels [21]. Additionally, 
hydrogen as a fuel improves the efficiency of turbines at 
high temperatures. Other studies have shown that biogas 
can be effectively used in gas turbines, which allows for  
a 20–30% reduction in CO2 emissions. Mixing biogas with 
natural gas does not significantly affect engine efficiency 
[16]. The use of gas turbines, for example, as generators or 
in industry, is discussed. Turbine engines can be used in 
hybrid motor vehicles as a generator to charge batteries, 
which allows for increased range and energy efficiency of 
vehicles. 

The following section describes the research stand used 
for the simulation tests and specifies the operation of the 
stand, specifying the individual components of the system. 

In the research part of the work, the combustion cham-
ber of the tested engine was first modelled in the Ansys 
Fluent simulation environment. It detailed the calculation of 
boundary conditions and preparation of the model for the 

needs of the analysis. The next part included the results of 
simulation studies of the flow of the working medium 
through the combustion chamber, taking into account the 
selection of an appropriate volumetric mesh for the cham-
ber and the simulation of cold air flow. Finally, the results 
of the simulation were compared with their analysis. The 
obtained assessment of the numerical analysis allowed for 
undertaking design changes in the future for the combustion 
chamber and highlighted further development possibilities 
of the turbine engine for further research and simulation. 
The numerical calculations performed using the models and 
mechanisms available in the Ansys Fluent program can be  
a starting point for the modernization of the existing re-
search engine. The author will focus on the analysis of the 
flow through the above-mentioned combustion chamber in 
order to verify the design solution selected by the team 
building the turbine engine. 

In diffusion combustion, fuel and air mix immediately 
prior to ignition, and the mixing process continues even 
after combustion has begun. This type of combustion oc-
curs within the boundary layer where the fuel gas stream 
meets the still oxidizing environment. A classic example is 
a candle flame, where a visible glowing zone forms at the 
point where the amount of fuel and oxidizer is in stoichio-
metric balance. Depending on the nature of the gas flow, 
diffusion combustion can be categorized as either laminar 
or turbulent. 

Laminar combustion is represented as molecular. Lami-
nar flame velocity is defined as the propagation rate of the 
normal flame front relative to the unburned mixture (homo-
geneous combustible mixture). This is an important proper-
ty for a mixed flame because it contains basic information 
about the diffusivity and exothermicity of the combustible 
hydrocarbon mixture. At a practical level, laminar flame 
velocity is related to the combustion rate in the chamber, 
which can affect combustion efficiency and exhaust emis-
sions. Laminar flame speed values can be applied directly 
in turbulent combustion modelling or used indirectly to 
validate chemical kinetic models. 

The theory shows that the creation of swirl and an inter-
nal recirculation zone significantly improves the flame 
stability in the combustion chamber. On the other hand, the 
increase in the number of inert gases causes a decrease in 
the laminar velocity, which causes a deterioration in the 
flame stability. There are many other models for describing 
turbulent combustion. Currently, the most commonly used 
model is the Launder and Spalding model, i.e., the model  
k-ε, where k denotes the kinetic energy, while the rate of 
dissipation of kinetic energy. They are described by a two-
equation model - the first equation of kinetic energy 
transport, the second of dissipation. Turbulent viscosity in 
this model is expressed by the formula ε–ε: 

 ut = Cμ ∗ ρ ∗
k2

ε
   (1) 

where Cμ in the formula means constant, while ρ – density.  
The dissipation energy is equal to the energy of large-

scale motion, which later transforms into motion with ener-
gy of smaller and smaller scale. For the level of fibbers of 
the smallest scale (Kolmogorov), the energy eventually 
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dissipates (spreads). Therefore, the dissipation energy is 
described by the ratio: ρ 

 ε~
u′3

l
=

k3/2

l
  (2)  

where, l – macroscale of turbulence, u' – speed pulsation. 
Stability is a key characteristic of the combustion pro-

cess in turbine engine chambers. Flame stability depends on 
two main factors: resistance to flame blow-off and re-
sistance to flashback. In combustion chambers, flame blow-
off is the primary cause of instability. This occurs when the 
flow velocity exceeds the flame propagation speed and 
there is no mechanism in place to stabilize the flame. Stabi-
lization can be achieved by placing an obstruction in the 
airflow or by generating a swirling motion in the air. This 
swirl can be produced either by adjusting the air nozzles or 
by incorporating a swirler into the airstream. 

In the exhaust gases, we can find unwanted pollutants 
that are created in the combustion chamber. There are four 
main pollutants that occur in the largest quantities [5]: 
 unburned hydrocarbons (unburned fuel) 
 smoke (carbon particles) 
 carbon monoxide 
 nitrogen oxides. 

Gas turbines emit significantly lower levels of NOx, 
CO2, particulates, and other pollutants compared to recipro-
cating engines. This difference is due to the distinct com-
bustion methods used: internal combustion engines produce 
power through thousands of high-temperature explosions 
within the cylinders, whereas gas turbines operate with  
a continuous combustion process that maintains a lower and 
more consistent temperature profile. 

To substantially lower CO₂ emissions, achieving maxi-
mum net efficiency is essential, as greater efficiency leads 
to lower specific CO₂ emissions measured in grams per 
kilowatt-hour (kWh) of energy produced. For illustration, 
Fig. 2 presents data on the concentration of harmful com-
pounds measured from a turboprop engine. 

  
Fig. 2. Content of chemical compounds during measurement of exhaust 
 gas composition concentration in the time domain [13] 

 
When the engine is started, a sharp increase in the concen-

tration of hydrocarbons can be seen, associated with the deliv-
ery of the mixture to the combustion chamber. With the initia-
tion of ignition, there is an increase in the amount of carbon 
monoxide compounds, carbon dioxide, as well as hydrocar-

bons. The concentrations of the aforementioned compounds 
decrease in the further stage of engine warm-up [13]. 

In conditions of optimal excess air coefficient (in the 
starting range) and high combustion temperature, the great-
est amount of NOx occurs. One way to reduce them is to 
use a recirculation zone in the combustion chamber (Fig. 3). 
Its task is to stabilize the flame, lower its temperature, and 
separate it from the flame tube, which is the internal part of 
the combustion chamber [5]. The fuel burns with high in-
tensity in a stream of strongly swirled air. The use of lean 
kinetic flames reduces NOx emissions compared to diffu-
sion flames (flame temperature exceeds 1900°C). Thanks to 
the presence of turbulence zones in the combustion cham-
ber, the combustion process can be maintained within wide 
limits of pressure changes, flow velocity, and mixture com-
position. Another concept aimed at reducing nitrogen ox-
ides is the use of catalytic combustion. It involves the use 
of catalysts to accelerate the chemical reaction and initiate 
the combustion process at very low temperatures, which 
radically reduces NOx emissions. 

 
Fig. 3. Individually separated zones in the combustion chamber of a tur-
 bine engine [17] 

 
All changes in the combustion chamber must be the re-

sult of a compromise between changes in combustion pa-
rameters and permissible emission of toxic components. It 
should be remembered that current standards require  
a reduction in the components of incomplete combustion – 
carbon monoxide and unburned hydrocarbons – both fuels 
ejected from the combustion chamber in the form of drop-
lets or vapours, and products of partial decomposition of 
hydrocarbons into hydrocarbons with a lower molecular 
weight. 

The most common way of classifying fuels is to divide 
them into gaseous and liquid fuels, and within gaseous 
fuels, they can be distinguished according to their calorific 
value. Table 1 presents the classification of fuels, which is 
divided into natural gas (mainly methane with small 
amounts of volatile hydrocarbons and inert gases), and high 
calorific value gases. 

They consist of volatile hydrocarbons with small frac-
tions of inert gases, which are usually very clean and work 
well in gas turbines. This can be propane, butane, or a mix-
ture of them. They often contain some hydrogen and are 
usually available as by-products of refineries. Additionally, 
there are medium calorific value gases. These fuels contain 
methane additives with a high content of inert substances 



 

Cold flow modeling of the combustion chamber for a multi-fuel turbine engine 

6 COMBUSTION ENGINES, 2026;204(1) 

(CO2, N2), or they are also processing gases or gasifier coal. 
The latter, i.e., low calorific value gases, contain carbon 
monoxide and hydrogen diluted with inert components, 
namely nitrogen and carbon dioxide. They come from the 
chemical, oil and gas, or steel sectors; many of these fuels 
cannot be transported or stored, and their main advantage is 
to reduce the fuel supply in industrial plants in a carbon-
constrained environment [11]. 

 
Table 1. Classification of fuels for turbine engines [11] 

Fuel  
category 

Typical  
composition 

Lower Heat-
ing Value 
[kJ/Nm³] 

Typical specific 
fuels 

Ultra/Low 
LHV gaseous 
fuels 

H₂ < 10% 
CH₄ < 10% 
N₂ + CO₂ > 

40% 

< 11,200 
(< 300) 

Blast furnace 
gas (BFG), air 
blown IGCC, 

biomass gasifi-
cation 

High hydro-
gen gaseous 
fuels 

H₂ > 50% 
CH₄ = 0–40% 

5,500–11,200 
(150–300) 

Refinery gas, 
petrochemical 
gas, hydrogen 

power 
Medium LHV 
gaseous fuels 

CH₄ = 10–50% 
N₂ + CO₂ = 30–

50% 
H₂ = 10–50% 

11,200–
30,000 

Weak natural 
gas, landfill gas, 
coke oven gas, 

corex gas 
Natural gas CH₄ ≈ 90% 

C₂H₆ ≈ 5% 
Inert ≈ 5% 

30,000–
45,000 

Natural gas, 
liquefied natural 

gas 
High LHV 
gaseous fuels 

CH₄ and higher 
hydrocarbons 
C₃H₈ > 10% 

45,000–
190,000 

Liquid petrole-
um gas (butane, 

propane), 
refinery off-gas 

Liquid fuels CₙHₘ with  
n > 6 

32,000–
45,000 

Diesel oil, 
naphtha crude 
oils, residual 

oils, bio-liquids 
 
Hydrogen's relatively low power density compared to 

other fuels like gasoline or natural gas underscores the 
difficulties in using it as an energy source. Moreover, hy-
drogen can cause embrittlement in certain materials, poten-
tially compromising the safety and durability of storage and 
transport systems, making material compatibility a crucial 
consideration. When used in fuel cells to produce electrici-
ty, hydrogen also suffers energy losses during conversion, 
which further decreases the overall power density of hydro-
gen-based systems [2]. Another significant challenge is 
hydrogen’s broad flammability range spanning from 4% to 
75% by volume in air, which makes it more prone to igni-
tion than fuels with narrower flammability limits. Addition-
ally, its low ignition energy means it can be ignited by 
minimal energy sources, such as sparks or hot surfaces. As 
a result, minimizing ignition sources is critical to safety 
when working with hydrogen. Finally, the shock wave 
created by a hydrogen detonation can propagate at very 
high speeds, causing significant damage to structures and 
equipment. Therefore, managing and mitigating the risk of 
detonation is essential in any hydrogen project [2]. The 
high temperatures and pressures associated with hydrogen 
combustion can cause wear and damage to engine compo-
nents. In addition, hydrogen's reactivity poses a risk of 
corrosion, and its low density creates challenges in fuel 
injection systems. To address these challenges, special 
materials are used in engine components exposed to high 

temperatures and pressures. In addition, corrosion-resistant 
materials are used in components exposed to hydrogen to 
mitigate the potential effects of corrosion. 

In article [22], a novel concept for a gas turbine engine 
utilizing pressure gain combustion (PGC) was introduced. 
This design effectively addressed challenges related to the 
precise timing of combustion chamber opening and closing. 
The proposed valve timing system optimized gas flow, 
enhancing the conversion of high-pressure gas into mechan-
ical energy. The use of rotary combustion chambers al-
lowed for an efficient sealing solution. Notably, the design 
stands out for its simplicity and potentially low power-to-
weight ratio [22]. CFD simulations demonstrated high effi-
ciency and low specific fuel consumption, highlighting the 
promise of this hybrid gas turbine engine. It achieved  
a notable energy efficiency of 37% and a specific fuel con-
sumption of just 219.9 g/kWh, all while maintaining a po-
tentially low power-to-weight ratio. The engine's straight-
forward construction could reduce manufacturing costs 
compared to traditional engines with isobaric combustion. 
It incorporates elements common in piston engines, such as 
fuel injection systems and turbochargers, but eliminates the 
need for a crankshaft. Additionally, the use of an advanced 
ceramic sealing system in the rotating combustion cham-
bers further enhances performance [22]. 

In gas turbine power systems, including hybrid fuel cell 
plants, transitioning from conventional fuels to pure hydro-
gen or hydrogen-natural gas blends is a critical develop-
ment. However, this shift presents several challenges, such 
as the risk of flashback, acoustic combustion instabilities, 
higher temperatures on smoke tube walls, and, in some 
instances, increased nitrogen oxide emissions. The study in 
[20] focuses on enhancing the efficiency of gas turbine 
power systems by utilizing pure hydrogen and hydrogen-
natural gas mixtures as fuels. The paper examines the oper-
ational setup of both premixed combustion chambers and 
chambers with sequential injection of eco-friendly, energy-
efficient steam, specifically for Aquarius-type power plants. 
The research evaluates the key aerodynamic and energy 
characteristics of combustion chambers fuelled with hydro-
gen-containing gases, using conservation and transport 
equations within a multicomponent reactive system. A four-
step chemical reaction model for burning the hydrogen-
natural gas mixture was applied, enabling the calculation of 
optimal parameters for environmentally sustainable com-
bustion systems. The premixed combustion chamber can be 
recommended only for working with natural gas-hydrogen 
mixtures with a hydrogen content not exceeding 20% (by 
volume). An increase in the hydrogen content leads to the 
formation of flashback zones and fuel combustion inside 
the swirler channels (Fig. 4). In the case of the combustion 
chamber of the Vodoley combined-cycle power plant, when 
operating on pure hydrogen, there are no flashback zones. 

In study [17], the impact of hydrogen co-combustion on 
aircraft engine performance and emissions was examined. 
Researchers utilized zero-dimensional models of the JetCat 
P140 RXI and DGEN 380 engines, developed using the 
GSP (Gas Turbine Simulation Program). Combustion simu-
lations in GSP rely on a real gas model and the NASA 
Chemical Equilibrium Applications (CEA) equations. The 
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study evaluated engine performance using Jet A-1 fuel as 
well as blends containing hydrogen or methane. Simula-
tions were conducted both at ground-level design condi-
tions and during flight at selected altitudes and speeds. 
Results showed that as the proportion of gas in the fuel 
mixture increased, there was a slight rise in both thrust and 
turbine outlet temperature, while specific fuel consumption 
decreased due to the higher energy content of hydrogen and 
methane [17]. The performance of JetCat and DGEN 380 
engines was calculated for kerosene mixtures with methane 
or hydrogen. This knowledge will be used to convert these 
engines to gas fuels. When it comes to fuels and emissions, 
GSP has limitations related to the set of available chemicals 
and the zero-dimensional combustion chamber model. 

a) 

 

 

b) 

 

 

Fig. 4. Contours of velocity values [m/s] inside the combustion chamber 
 with premixing of components (a) and with steam injection (b) [19] 

 
Generalized Spray Combustion (GSC) modelling was 

also used to predict the performance of JetCat and DGEN 
engines fuelled with kerosene-methane or hydrogen blends. 
As the gas content in the fuel increased, both thrust and 
exhaust gas temperature rose slightly, while specific fuel 
consumption decreased due to the higher energy content of 
hydrogen and methane [17]. These results demonstrate the 
impact of hydrogen co-combustion on engine performance, 
which is crucial for planning experiments and redesigning 
fuel systems. Basic aircraft missions were simulated to 
compare fuel consumption under various conditions. How-
ever, accurately modelling off-design operating conditions 
requires detailed compressor and turbine characterization 
along with model validation. Additionally, emission predic-

tions necessitate a multireactor approach with the combus-
tion chamber divided into separate zones. 

This paper [12] introduces a new mathematical model 
that incorporates the effects of fuel chemistry on the com-
bustion process in turbine engines. The model was initially 
validated using tests on the Minijet Rig bench. It can be 
applied to analyse how various fuel components impact 
combustion, specifically mixtures of Jet A1 with synthetic 
paraffinic hydrocarbons C15 and C17 blends added at 10% 
concentration, and C8 and C11 blends added at 10%. The 
findings indicated that the variation in the reactivity coeffi-
cient (α88/39) between the two fuel types aligns with the 
experimentally observed differences in combustion behav-
iour. 

3. Description of the tested system and research 
methodology 
The work began with a thorough analysis of the existing 

literature on combustion chambers in multi-fuel engines 
and hybrid systems. We focused on research related to 
combustion mechanisms, fuel efficiency, and emission 
levels under various operating conditions. The key prob-
lems identified were: optimizing the engine's fuel efficien-
cy, reducing harmful emissions, and improving combustion 
stability when using different fuels (e.g., natural gas, diesel, 
biofuels).  

The first stage was to develop a preliminary design of  
a test stand for turbine engines based on a radial compres-
sor. The design was created so that in the future it would be 
possible to conduct analyses of flows in the combustion 
chamber and to study the concentration of gaseous exhaust 
components when powered by different fuels. This will 
allow for the selection of the best fuel supply on the dyna-
mometer, as well as the possibility of powering full-size 
structures with it. When building a test stand for a radial 
engine based on a car turbocharger, it was necessary to 
initially determine the requirements on which the design 
would be based: selection of an appropriate compressor, 
design of the combustion chamber, testing of designed 
elements in numerical analysis programs, design of systems 
cooperating with the engine, assembly of finished elements 
and systems on the base. Fig. 5 shows what the stand con-
sists of: housing, wiring, control elements, pressure sensors, 
oil, control buttons, turbine, combustion chamber, injector, 
intake duct, ignition system, and fuel (gas). 

In order to correctly model the chamber, it was neces-
sary to first determine the values needed to assign boundary 
conditions. In order to correctly design the combustion 
chamber, it was necessary to calculate and determine the 
parameters of the working medium at its inlet. The input 
data for thermo-gas-dynamic calculations were selected 
based on the compressor characteristics available on its 
manufacturer's website. 

The next step was to utilize Computational Fluid Dy-
namics (CFD) software to simulate the combustion process 
within the chamber. A three-dimensional geometric model 
of the chamber was created, taking into account all signifi-
cant physical and chemical parameters. The simulations 
allowed us to analyse cold flow and heat transfer under 
various operating conditions. 
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Fig. 5. Miniature jet engine station; 1 – air blower, 2 – control system, 3 – 
fuel pump, 4 – control display, 5 – oil pump, 6 – ignition system, 7 – 
 turbine engine 

 
One of the most important points in the preparation of  

a combustion simulation is the selection of a reaction kinet-
ics model. It depends primarily on the fuel used and the 
available computing power. The article [18] presents simu-
lations of propane combustion based on a one-equation 
combustion model. Another paper using propane as a fuel 
uses a five-equation combustion model that includes the 
following reactions: oxidation of propane, oxidation of 
carbon monoxide, oxidation of hydrogen, and conversion of 
carbon monoxide with water vapor [26]. In the articles 
[9,26] simulations were made using the one-equation West-
brook-Dryer model. The Ansys Fluent program allows 
simulation of kinetic and diffusion combustion. Depending 
on the selected model, the approach differs from the point 
of view of the ,,solver” according to the division in the user 
manual [3]. 

4. Assumptions for numerical modelling 
After the first engine start-up, it turned out that the 

compressor was working at a point other than the one origi-
nally selected for calculations. The compression ratio was 
2.5, while the rotational speed was about 168,000 rpm. The 
mass air flow rate measured at the engine inlet was 0.11 
kg/s. The actual operating point was plotted on the com-
pressor characteristic, which is shown in Fig. 6. 

The photos of the stand shown in Fig. 5 show that the 
air inlet to the combustion chamber is connected to the air 
outlet from the compressor diffuser by a copper connector. 
At first glance, it seems to cause total pressure losses. Con-
sequently, assuming the air parameters at the inlet to the 
combustion chamber as equal to those at the compressor 
outlet seems to be too much of an oversimplification. Ac-
cording to the author of this paper, first performing simple 
simulations of the flow through the aforementioned con-
nector will allow us to estimate, with an acceptable degree 
of uncertainty, the thermodynamic parameters of the air 
flowing into the combustion chamber. 

 
 Fig. 6. Selected point of the turbocharger operating characteristic [24] 

 
The study began with the discretization of the computa-

tional domain of the copper connector, which links the air 
inlet to the combustion chamber with the outlet from the 
compressor diffuser. The size and quality of the computa-
tional mesh significantly influence the effectiveness of 
numerical methods. Simulation results are highly sensitive 
to the number of mesh elements – generally, the more ele-
ments used, the higher the accuracy of the results. Howev-
er, excessively refined meshes drastically increase compu-
tational requirements and do not always yield significantly 
improved precision. Therefore, a mesh independence study 
is conducted to assess how variations in mesh density affect 
the results. The goal of this approach is to determine the 
coarsest mesh that still captures the key physical phenome-
na within the studied system. 

Two polyhedral meshes were prepared for the analysis. 
The first consisted of 19,570 elements with an orthogonal 
quality value of 0.52. The second, more refined mesh con-
tained 30,302 elements and had an orthogonal quality of 
0.35. An example of one of the generated meshes is shown 
in Fig. 7. 

 
 Fig. 7. Example of a connector mesh created in Ansys Fluent 
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Due to the lack of information about pressure and veloc-
ity in the outlet cross-section of the connector, an “outflow” 
boundary condition was applied at the domain’s exit.  
A drawback of this condition is the necessity to define  
a “velocity inlet” boundary condition at the domain en-
trance. 

The input data for the calculations are summarized in 
Table 2. 

 
Table 2. Input data of the model being tested 

Parameter Value [unit] 
ṁ (compressor air mass flow rate) 0.11 [

kg

s
] 

T2(measured air temperature at pipe 
inlet/compressor outlet) 

448.15 [K] 

p2(air pressure at pipe inlet/compressor 
outlet) 

202600 [Pa] 

R (gas constant for air) 287 [ J

kg∗K
] 

D (diameter of the connecting pipe 
cross-section) 

0.034 [m] 

 
Using the Clapeyron equation, the air density in the 

cross-section behind the compressor can be calculated: 

  ρpow =
p2

R∗T2
= [

Pa
J

kg∙K
∙K

=
N

m2

N∙m

kg

=
kg

m3]  (3) 

ρpow =
202600

287 ∙ 448.15
= 1.575 

kg

m3
 

Having calculated the air density, the velocity can be 
determined from the flow continuity equation: 

 ṁ = ρpow ∙ v ∙ A  (4) 

where: A – cross-sectional area perpendicular to the direc-
tion of movement, v – flow velocity. 

We determine the cross-sectional area of the pipe from 
the equation: 

 A = π ∙ (
D

2
)2  (5) 

A = 3.14 ∙ (
0.034

2
)

2

= 0.00091 m2 

Therefore: 

 v =
ṁ

ρpow∙A
= [

kg

s
kg

m3∙m2
=

kg

s
∗

m

kg
=

m

s
]  (6) 

v =
0.11

1.575 ∙ 0.00091
= 76.75

m

s
 

In the Ansys Fluent Solution program, a boundary con-
dition was given at the pipe inlet – the calculated velocity 
was 76.75 m/s. Additionally, the static pressure value was 
entered as 250,000 Pa. The k – omega SST turbulence 
model was adopted for the calculations. 

As a result of the analysis, pressure losses due to air 
flow through the connector were estimated. For this pur-
pose, the relationship was used: 

 pinl−pout

pinl
∙ 100 %  (7) 

where: pinl – air pressure at the chamber inlet, pout – air 
pressure at the outlet to the chamber. 

The combustion chamber was modelled based on the 
technical data available in the research engine documenta-
tion. The CAD model of the chamber was made using the 
SolidWorks program (Fig. 8). 

 
 Fig. 8. Combustion chamber cross-section model 

 
When selecting an appropriate combustion model, flame 

stability should be taken into account. On the one hand, an 
increase in the number of inert gases causes a decrease in 
the laminar combustion velocity, which means a deteriora-
tion in flame stability. However, the creation of a swirl and 
an internal recirculation zone significantly improves this 
stability. The selection of boundary conditions and the 
turbulence or combustion model strictly depends on the 
expected simulation results and how complex the simula-
tion will be. It was decided to select the non-premixed 
combustion diffusion model due to the possibility of select-
ing the equation used to determine the temperature, defin-
ing the parameters of the unburned and burned medium, 
determining the reaction progress equation and the progress 
variable at the inlets and outlets, and the option of selecting 
the flame propagation speed model. When generating the 
mesh of the tested combustion chamber, it was decided to 
compare both types of meshes (unstructured and hybrid) 
and decide which one would be used for CFD analysis. It 
was decided to discretize the "fluid" domain, which con-
tains the internal volume of the combustion chamber. For 
this purpose, a chamber volume was created in ANSYS 
Space Claim (Fig. 9) by replacing the chamber body with  
a fluid-filled structure of a given volume. 

 
 Fig. 9. Ready domain in the form of combustion chamber volume 
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For comparison purposes with the polyhedra mesh,  
a poly-hexcore mesh was generated in the next step. For 
this mesh, a min. Orthogonal Quality = 0.4. In the vicinity 
of the walls of the fire tube chamber, it was noted that there 
was a step change in volume of 1:8. This can cause numeri-
cal errors during solution. The hexcore mesh also obtained 
a larger number of elements, which would increase the 
calculation time of the program. A summary of both mesh-
es is shown in Table 3. The most advantageous mesh pa-
rameters were demonstrated by the Polyhedral mesh. It was 
decided to select this mesh for further numerical tests of the 
combustion chamber. Also, compared to the Poly-hexcore 
mesh, it has a smaller number of elements, which will allow 
for shorter calculation times. The generated mesh meets the 
requirements for a good quality mesh - all parameters are 
within the ranges of permissible coefficient values, and the 
use of an increase in the mesh perpendicular value to 0.4 
allowed for a reduction in skewness while maintaining 
good mesh quality. 

 
Table 3. Input data of the model being tested 

Grid type Skewness Orthogonal 
Quality 

Number of 
elements 

Polyhedra 0.5984901 0.4 254009 
Poly-hexcore 0.79976186 0.4 398248 

 
After the first attempt to simulate cold flow through the 

combustion chamber, it was checked that the Y+ parameter 
(dimensionless distance factor from the wall) reached max-
imum values of about 250 in the lower parts of the body, so 
it does not exceed acceptable values (about 500) and there 
is no need to compact the grid. 

5. Simulation results and analysis 
This part of the paper presents the results of CFD anal-

yses for the previously selected settings in the Ansys Fluent 
program. Due to the significant computational cost and 
model complexity, it was decided to start the numerical 
studies by modelling the flow of the working medium 
through the chamber, without the combustion process (so-
called cold flow). After completing the analysis, the simula-
tion results were developed in the CFD Post post-processor. 
The first result of the analysis shows a map of the stream-
line distribution inside the combustion chamber (Fig. 10). It 
is clearly visible that some of the air flows into the interior 
of the glow tube through the holes and is swirled. The rest 
of the air flows around the outer part of the glow tube. 
Initially, it can be stated that this flow is close to the theo-
retical one. For a more accurate visualization of the flow 
through the chamber, the velocity vectors were projected 
onto the plane of symmetry of the chamber (Fig. 10). 

The highest values are obtained in the holes from the 
glow tube and at the narrowing of the outlet from the 
chamber. The obtained velocities reach maximum values of 
approximately. 100 m/s, which is a realistic value. In the 
primary zone of the chamber, the formation of small recir-
culation vortices can be seen on the velocity vector maps 
near the areas of the tube holes. This increases the turbu-
lence of the micro flow scale needed for an effective mix-
ing process, however, in the author's opinion, the vortices 
created as a result of the simulation are insufficient to fulfil 

their function. The increase in velocity and the reflection of 
the airflow from the small openings lead to the formation of 
backflow, which causes air to recirculate into the mixing 
zone. Distributed large holes lead to the formation of cold 
areas in the flow, which are a result of cold streams, which 
can be a result of generating additional thermal stresses [12]. 

Comparing the results obtained with those presented in 
[10] for the GTD 350 turboshaft engine, which has a com-
bustion chamber of a similar type, it can be seen that large 
symmetrical pairs of air vortices, which are recirculation 
zones, are formed in it. In the case under review, such vor-
tices are absent. There is a lack of air vortices that would 
keep the flame “in place”. The increase in velocity and the 
reflection of the air stream from small holes lead to the 
formation of a reverse flow, which causes air recirculation 
to the mixing zone. 

a) 

 

b) 

 

 

Fig. 10. Maps: a) view of the velocity line layout inside the pipe, b) veloci-
ty vector map for the tested chamber 

 
In the further dilution zone, the formation of undesirable 

vortex zones can be observed. The flow is disturbed there. 
The velocity in the upper part of the combustion chamber 
outside the glow tube has significantly lower values than in 
the lower part. 
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In the case of velocity distribution, a lack of symmetry 
can be seen on both sides of the glow tube. The lack of 
symmetry on both sides of the flame tube in a gas turbine 
engine combustion chamber can lead to uneven temperature 
distribution, affecting efficiency and component durability. 
In article [6], the design of the flame tube in micro gas 
turbines was analyzed. The authors emphasized key dimen-
sions, such as the total length of the flame tube, which can 
influence flow symmetry and the combustion process. This 
thesis [23] demonstrated that combustion primarily occurs 
within the combustion chamber. When a shorter combus-
tion chamber was used, flames were present in the initial 
phase, suggesting that asymmetry may influence the com-
bustion process. In the upper part of the combustion cham-
ber, the air is accelerated through small holes, while at the 
bottom, the increase in velocity has much smaller values. 
However, before this, the flow velocity drops to zero, 
which does not favour changes in pressure at the chamber 
inlet. A compromise should be sought between a large 
number of small holes and a smaller number of larger holes. 
A large number of small holes allows for a uniform circum-
ferential temperature distribution; on the other hand, it 
clearly inhibits the main flow (the flow velocity decreases). 
On the other hand, too sparsely distributed large holes lead 
to the formation of cold areas in the flow, which are a result 
of cold streams, which can be a result of generating addi-
tional thermal stresses, e.g., on the turbine blades. In the 
analysed chamber, the temperature distribution is omitted 
due to the fact that hot exhaust gases reach the diffuser of 
the centripetal turbine, which is resistant to this type of 
disturbance. It can be concluded that the flow through the 
holes of the glow tube not only depends on their size and 
pressure drop, but also on the geometry of the holes and the 
flow conditions in their vicinity. 

6. Summary and remarks 
1)  In the context of research into new fuel technologies, 

multi-fuel engines can be tested for their performance 
and combustion efficiency of different fuel types, which 
can lead to innovations in the field of power supply. 

2)  It is worth noting that the use of multi-fuel engines may 
require special design and technological solutions to en-
able efficient combustion of various substances, as well 
as maintain the necessary performance parameters. 

3)  The use of a multi-fuel turbine engine in hybrid systems 
brings a number of benefits due to its dimensions and 
the process of preparing it for the combustion process. 
By using different fuels, it is possible to adapt to the 
types of fuel available in a given region, which can re-
duce operating costs and dependence on a single fuel 
source (e.g. diesel oil, gas, biofuel). 

4)  The conclusions indicate that multi-fuel turbine engines 
have the potential to greatly enhance the energy effi-
ciency and environmental impact of hybrid systems, 
presenting new possibilities for future mobility solu-
tions. In research focused on emerging fuel technolo-
gies, these engines can be evaluated for their efficiency 
and combustion performance with various fuel types, 
potentially driving innovations in power generation. It is 
important to highlight that employing multi-fuel engines 
may demand specialized design and technological ap-
proaches to ensure efficient combustion of diverse fuels 
while maintaining the required performance standards. 

5)  Analysing the flow velocity distribution, in the author's 
opinion, the geometry of the glow tube should be 
changed by using a less frequent arrangement of smaller 
holes, the diameters should be selected so that the air 
flow velocities are equal in the upper and lower parts of 
the chamber, so as to obtain flow symmetry. Additional-
ly, it may be necessary to slightly enlarge the holes in 
the primary zone, which would result in the possibility 
of creating larger air turbulence zones. 

6)  The usefulness of numerical simulations in identifying 
and shaping mixing and combustion zones has been 
demonstrated. As a result of the conducted research, the 
conditions and methods for forming a combustible mix-
ture enabling efficient operation of a pulsating combus-
tion chamber (particularly suitable for heating applica-
tions) were determined. The considerations presented in 
this study may serve as a starting point for the afore-
mentioned extensive research program involving mod-
ern measurement techniques. 
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ARTICLE INFO  Simplified vehicle models dominate the literature on autonomous driving, with the 3 degrees of freedom  

(3 DoF). The model is the most frequently used due to its high computational efficiency. However, such models 
have significant limitations, particularly in their inability to account for detailed tire–road interactions. 
This study proposes an extended model with ten degrees of freedom (10 DoF), developed using the Newton–
Euler formalism. Analytical derivation of the mass matrix and the vector of right-hand sides enables a signifi-
cant reduction in computation time by eliminating matrix operations. For comparison, another 10 DoF model 
based on the homogeneous and joint coordinate transformation method is also considered. The aim is to assess 
how the choice of modeling formalism affects both computational efficiency and the fidelity of real-world motion 
representation. 
All three models (3 DoF and both 10 DoF variants) were tested in simulations of an overtaking maneuver under 
varying weather conditions. The analysis focused on differences in steering angle trajectories and tracking 
errors. Additional evaluations included a lane-change maneuver and a 736-meter driving scenario. 
Results show that extended models provide improved accuracy and better capture of dynamic vehicle behavior. 
In particular, the Newton–Euler-based 10 DoF model offers significant computational advantages. The maxi-
mum observed difference in steering angle between models reached 2 degrees, attributed to the 3 DoF model’s 
simplified treatment of tire forces and lack of friction coefficient consideration. The proposed models show 
strong potential for implementation in motion planning for autonomous vehicles. 
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1. Introduction 

Two major contemporary research areas related to vehi-
cles focus on pollutant emissions and the broadly defined 
domain of autonomous driving [20, 26]. The present work 
addresses the application of vehicle dynamic models in the 
context of motion planning for autonomous vehicles. Au-
tonomous vehicle motion planning consists few stages, 
among them we can distinguish: route planning, path plan-
ning, path following, trajectory realization (Fig. 1). 

 
 Fig. 1. Scheme of planning the motion of an autonomous vehicle 

 
Vehicle dynamics models are frequently used in the 

path following task. The 3 degrees of freedom models dom-
inate in the literature; they may also be called bicycle mod-
els [9, 24, 25]. Figure 2 presents a classic model of a vehi-
cle with 3 degrees of freedom. The rotational motion of 
wheels is not taken into consideration. 

This model takes into account the flat motion only, i.e., 
displacement in the xy plane and yaw angle ψ around the z' 
axis of the local system {C}', parallel to the z axis of the 
roadway system {O}. The generalized coordinates vector 
has the form: 

 𝐪 = [

Vx
′

Vy
′

ψ

] (1) 

where: Vx
′, Vy

′  – are components of the vehicle speed vector 
in vehicle's body coordinate system {C}′, ψ – is the vehi-
cle's body yaw angle marked in the Fig. 2 as the angle of 
the vehicle's longitudinal axis x' to the axis x of the road-
way system {O}. 

 
 Fig. 2. Classic bicycle-type model [4] 

 
In some cases, the bicycle model can be understood as  

a model with 2 degrees of freedom rather than 3 degrees of 
freedom [15, 23]. Model of a vehicle with 3 DoF can also 
be formulated in the roadway system [5], then vector of 
generalized coordinates is: 

 𝐪 = [

xc

yc

ψ
] (2) 

where xc and yc are coordinates of the vehicle's center of 
mass in the roadway system. 

http://orcid.org/0000-0001-9272-6594
http://orcid.org/0000-0001-9552-025X
http://orcid.org/0000-0002-3550-9953
http://www.combustion-engines.eu
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In the paper [21], a 3 degrees of freedom model was 
compared with a 9 degrees of freedom model. The authors 
have proved that the classic model with 3 degrees of free-
dom can be successfully used in a path following task, 
assuming that lateral acceleration fulfils the condition 
ay

′  < 0.5 g. This assumption has practical significance be-
cause it confirms the possibility of using a simple vehicle 
model while at the same time defining specific conditions 
for its application. 

From the analysis of the literature, it is seen that the  
3 degrees of freedom model is the most commonly used in 
the issues of motion planning and in autonomous vehicle 
control. However, its application is limited to modeling 
motion with small lateral accelerations [21]. Attempts are 
being made to circumvent this limitation. Paper [1] presents 
a model and a controlling algorithm ensuring the imple-
mentation of the trajectory of motion in the condition of 
slip. In the study [7], a 3 degrees of freedom model was 
implemented to model a vehicle's motion in a muddy ter-
rain, which required the development of a model of the 
contact of the road wheel (tire model) with soft ground. In 
the study [12], the use of a 3 degrees of freedom model in 
the execution of the control with additional consideration of 
a simplified model of the steering system and differential 
mechanism was discussed. The authors of [2] present an 
application of the bicycle model enhanced with the ability 
to account for the tire-road friction coefficient. They im-
plement it for a route with varying curvature. In studies [3, 
14], the bicycle model is used in a path-tracking task in 
combination with a model predictive control (MPC) ap-
proach.  

In contrast, in study [13], this model is applied to vehi-
cle control during parking maneuvers. Meanwhile, in [28], 
the bicycle model is used to address the control problem of 
a vehicle driving on a highway. In summary, the bicycle 
model is applicable to vehicle control across a wide range 
of driving speeds.  

Models with a higher complexity can be met rather sel-
dom in the literature on autonomous vehicles. Paper [7] 
presents a flat (2D) model with 5 degrees of freedom. Ex-
cept from three degrees of freedom present in the bicycle 
model, rotation angles of the front and rear wheels were 
also additionally taken into consideration (connecting suit-
ably two road wheels and presenting them as one), what has 
enabled introduction of driving and braking torques into the 
considerations and simulations, as well as adoption of tire 
model. Model with 7 degrees of freedom, considering flat 
motion (Vx

′, Vy
′ , ψ) and rotation angles of road wheels 

γ(1), γ(2), γ(3), γ(4) was presented in the papers [16, 17, 27]. 
In the present paper, a vehicle dynamic model with 

3 DoF, defined in the roadway system, and hence with a 
vector of generalized coordinates defined in [2], and two 
models with 10 DoF differing in formalism used in the 
course of their formulation are presented. 

2. Vehicle model with 10 DoF 
Vehicle model presented below (Fig. 3) take into ac-

count motion of vehicle's body as a rigid element (together 
with attached masses of suspensions) with 6 degrees of 

freedom, motion of which is described by components of 
the vector: 

 𝐪b = ⌊
𝐫c

𝛟⌋ (3) 

where: 𝐫c = [

xc

yc

zc

] – denotes position vector of the center of 

mass, 𝛟 = [

ψ
θ
φ

] – is the vector defining orientation, i.e., the 

Euler angles ZYX: ψ, θ, φ. 

 
 Fig. 3. Scheme of a vehicle model with 10 degrees of freedom 

 
Transformation of the coordinates from the vehicle’s 

body system {C}′ to system connected with the road {O} is 
performed according to the dependency: 
 𝐫 =  𝐫c + 𝐑𝐫′ (4) 

where: 𝐫c = [xc yc zc]T − determines location of the 
local system origin {C}′ in the roadway system {O}, 𝐫 – 
coordinate vector in the roadway system {O}, 𝐫′ – coordi-
nate vector in the local system {C}′,  

 𝐑 =  [
cos ψ − sin ψ 0
sin ψ cos ψ 0

0 0 1
] [

cos θ 0 sin θ
0 1 0

− sin θ 0 cos θ
] [

1 0 0
0 cos φ − sin φ
0 sin φ cos φ

]. 

To perform transformation of the coordinate between 
the {C}′ and {O} systems, therefore two operations on the 
vectors are needed (multiplying the vector by the matrix 
and adding the vectors). When homogeneous coordinates 
are used (extension of the vectors describing displacements 
by the fourth coordinate equal to 1), the transformation is 
performed by means of a single operation of multiplying 
the matrix by the vector: 
 𝐫 = 𝐁𝐫′ (5) 

where: 𝐫 =  [

x
y
z
1

] – coordinates vector in the roadway sys-

tem {}, 𝐫′  =  [

x′
y′

z′
1

] – coordinates vector in the local system 

{C}′, 𝐁 =  𝐁(𝐪b)  =  [
𝐑 𝐫c

𝟎 1
] – matrix of homogeneous 

transformations. 
Motion of the wheels relative to the vehicle's body is 

described by: steering angle δi and rotation angles γi, 
i =  1, 2, 3, 4 (Fig. 4a). 

Coordinates from the wheel system {i}u
^  to the system 

{C}′ are transformed according to the dependency: 
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 𝐫i
′ = (𝐫s

′ + 𝛀(i)𝐫̂u
(i)) (6) 

where: 𝐫s′ = [xs
′(i)

ys
′(i)

zs
′(i)]

T
, 𝐫̂u

(i) − coordinate vector 

of a point in the system {i}u
^ , 𝛀(i) = [

cδ(i) −sδ(i) 0
sδ(i) cδ(i) 0

0 0 1

], 

 

 
Fig. 4. Forces acting on the wheel a) coordinate systems, b) brush tire 
 model 

 
when the homogeneous transformations are not used, and 
according to the formula: 

 𝐫i
′ = 𝐃i𝐖i𝐫′w,i (7) 

where: 𝐃i  =  [
𝛀i 𝐫′s

𝟎 1
], 𝛀i =  [

cos δi −sin δi 0
sin δi cos δi 0

0 0 1

],  

𝐖i  =  [
𝚲i 0
𝟎 1

], 𝚲i = [

cos φi 0 sin φi

0 1 0
− sin φi 0 cos φi

], when homo-

geneous transformations are used. 
In the present study it was assumed that the angles δi 

are known function of time: 

 δ(1) = δ(2) = δ(t), (8) 

 δ(3) = δ(4) = 0, (9) 

where: δ(t) − average steering angle of the front wheels. 
The consequence of such assumption is that 𝛀(i) =

𝛀(i)(δ(t)) and the same 𝐃i = 𝐃i(t). Generalized coordi-
nates vector of the vehicle has therefore 10 components and 
it can be represented in the following form: 

 𝐪 =  [
𝐪b

𝐪γ
] (10) 

where: 𝐪b was specified in (3), while vector of the steering 
angles takes the form of: 

 𝐪γ = ⌊

γ1

γ2
γ3

γ4

⌋ (11) 

In case of known normal forces FKz
(i) (Fig. 4a), forces of 

the roadway's surface acting on the road wheels lying in the 
roadway's plane and the stabilizing torque FKx

(i)
, FKy

(i)
, Ms

(i) 
have been determined with use of brush tire model of the 
tire according to [18] with modifications according to [23] 
(Fig. 4b). This is analytical model that allows for determi-
nation of reaction of road surface on vehicle wheels with 
taking into account large drift angles. The forces FKz

(i) were 
determined analysing deflection of tires in contact points of 
the wheel with the road, modifying stiffness coefficients in 
such way to take into account the flexibility of the suspen-
sions. 

Equations of the motion are written in form: 

 𝐌(𝐪)𝐪̈ = 𝐟(𝐪, 𝐪̇, δ(t)) (12) 

where: 𝐌 − interia matrix, 𝐪 − vector of generalized coor-
dinates. 

Equations of the motion have been integrated using the 
Runge-Kutta method of the 4th order with a constant inte-
gration step. Initial conditions were determined by solving 
the appropriate equation of static equilibrium of the vehicle. 

The main differences between the models formulated in 
this study, concern not only the form of formulas trans-
forming the coordinates. The M10/1 model, which uses 
homogeneous transformations (vectors with 4 coordinates – 
formulas (5), (7) was formulated using the second-order 
Lagrange equations. This model is described in detail in the 
work [10]. The M10/2 model is based on vectors having 
three components – formulas (4), (6) from the Newton-
Euler formulas. A detailed description of this model is 
presented in the paper [4]. The most important differences 
between these models are listed in Table 1. 

 
Table 1. Characteristics of the M10/1 and M10/2 models 

Feature M10/1 M10/2 
Formalism in deriving equations Lagrange 

equations of  
II kind 

Newton-Euler 
equations 

Vector of generalized coordinates 
 𝐪 =  [

𝐪b

𝐪γ
] 

Structure of the inertia matrix 
[
Mbb Mbg
Mgb Mgg

] [
Mbb 0

0 Mgg
] 

Model of the tire Sharp-Pacejka 
Taking into account the influence of 
wheel rotation on vehicle’s body 

yes no 

Analytic equations for elements of 
Mbb matrix 

no yes 

 
In general, it can be said that the M10/1 model describes 

vehicle motion more precisely. Its disadvantage is the greater 
demand for computing power of the processor performing 

a) 

b) 
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calculations. This is due to the necessity to generate a large 
number of transformation matrices and their derivatives, as 
well as due to the form of the inertia matrix M. 

Verifications and validations of the models are presented 
in the studies: M10/1 (7), M10/2 and 3 DoF in the study [4]. 
Acceptable consistence with the CarSim software package 
and with results of real experiments reported in the literature 
was achieved [6, 11] – the error did not exceed 1%. 

3. Results and discussion 
As mentioned in the introduction chapter, planning of 

motion of the autonomous vehicle requires defining the 
route (maneuver to be performed). In general, the route is 
defined in a discrete way, providing points near which the 
center of mass of the vehicle should be located. Implemen-
tation of geometric algorithms for the determination of the 
steering angle requires presentation of the route in a contin-
uous manner. Therefore, it is necessary to perform an ap-
proximation of the route (discrete one) to the path (continu-
ous one). In the present study, the B5 spline functions were 
used [8]. This method has proved to be very effective. The 
approximation error for the route longer than 700 m does 
not exceed 20 cm. In addition, the applied method has al-
lowed obtaining the path with a smooth curvature. This has 
a positive effect on the operation of the control algorithms. 

The maneuver of lane change belongs to one of the most 
frequently simulated maneuvers, included in the ISO 3888-
1standard. The task of the vehicle is to overcome a specific 
track. The scheme of this maneuver is shown in the Fig. 5. 

 
Fig. 5. Scheme of the track according to the ISO standard was elaborated 
 basing on (ISO 3888-1, 2018) 

 
Within the framework of this study the both models 

with 10 degrees of freedom, and a simple 3 degrees of free-
dom model, were tested in the task of executing the path, 
which simulates the maneuver of changing lanes. In the 
first test, a simulation was performed for the adhesion coef-
ficient having a value of 0.85, which corresponds to a dry 
road surface. The run of the steering angle of the wheels 
was presented in Fig. 6.  

 
 Fig. 6. Steering angle for lane change maneuver,  = 0.85 

To evaluate it, the B3M algorithm described in the study 
[4] was used. This algorithm determines the steering angle 
of the wheel based on equations of the model with 3 de-
grees of freedom, and using information which was read 
from the path. The same (common) steering angle was 
taken for both front road wheels of the vehicle. The speed 
of the vehicle amounted to 65 km/h. Parameters of the 
vehicle were taken according to the Carsim software – 
“Class A” hatchback. 

Presented runs indicate a very high compliance of both 
models with 10 degrees of freedom. The obtained trajecto-
ries are shown in Fig. 7. 

 
 Fig. 7. Trajectory for lane change maneuver,  = 0.85 

 
The diagram of the trajectory shown in the Fig. 7 indi-

cates that differences between the M10/1 and M10/2 mod-
els are negligible. The differences between the models with 
10 DoF and 3 DoF are noticeable. Even greater differences 
between the 10 DoF and 3 DoF models can be seen in the 
case of a reduced adhesion coefficient. In the second simu-
lation, one assumed  = 0.5. The results are presented in the 
Fig. 8 and 9. 

 
Fig. 8. Steering angle for lane change maneuver,  = 0.5 

 
 Fig. 9. Trajectory for lane change maneuver,  = 0.5 

-6
-4
-2
0
2
4
6

0 1 2 3 4 5 6

δ 
[°

] 

t [s] 

M10/1
M10/2
3 DoF

0

1

2

3

4

0 20 40 60 80 100

y 
[m

] 

x [m] 

M10/1
M10/2
3 DoF

-8
-6
-4
-2
0
2
4
6
8

0 1 2 3 4 5 6

δ 
[°

] 

t [s] 

M10/1
M10/2
3 DoF

0

1

2

3

4

0 20 40 60 80 100

y 
[m

] 

x [m] 

M10/1
M10/2
3 DoF



 

Numerically effective 10 degrees of freedom model in autonomous vehicle motion planning 

COMBUSTION ENGINES, 2026;204(1) 17 

A change in the adhesion coefficient significantly af-
fected the steering angles and trajectories determined by the 
models. The bicycle model does not take into account the 
adhesion coefficient, and therefore does not makes possible 
to correctly represent this maneuver with assumed parame-
ters of the vehicle and the speed. The difference in the des-
ignated steering angle is up to 2 degrees. The differences 
caused by simplifications of the 3 DoF model are now more 
visible. The steering angle determined using 3 DoF model 
(Fig. 8) distinctly differs from the models with 10 DoF. 
Such differences are shown in Table 2, where MAX [m] 
denotes the difference between the coordinates of the path 
and the trajectory of the center of mass. 

 
Table 2. Maximal mapping error of the route for lane change maneuver, 

εMAX [m] 

–  = 0.5  = 0.85 
3 DoF M10/1 M10/2 M10/1 M10/2 

0.001 0.235 0.246 0.170 0.171 

 
Attention should be paid to the fact that a very small er-

ror for the 3 DoF model means that the vehicle was driving 
almost on the preset path. In reality, the steering angle de-
termined using a 3 DoF model cannot be executed. This 
model, unlike spatial models containing models of tire, 
does not take into account large angles of drift and slip. The 
calculations with the use of expanded models show that the 
ideal execution of such a maneuver is not possible at a 
preset speed, although the mapping error of the route of 
0.246 m can be considered as acceptable. 

Calculation time is a significant parameter during the 
planning of the motion of the autonomous vehicle. In the 
Table 3. is shown calculation time for the presented ma-
neuver. 

 
Table 3. Calculation time [s] for maneuver of change of the lane during 6 s 

3 DoF M10/1 M10/2 

0.32 2.74 0.88 

 
Since the difference in mapping error of the trajectory 

between the M10/1 and M10/2 models is negligible, and the 
proposed M10/2 model based on the Newton–Euler equa-
tions is three times faster, the remaining part of this paper 
was restricted to calculations using this model. 

 
 Fig. 10. Trajectory for route “Hałcnów” 

 

The second simulation concerned the implementation of 
a more extensive route of driving. Within the framework of 
the test, one simulated motion of the vehicle along the 
Matylda Linnert street in Bielsko-Biała city. The trajectory 
is shown in Fig. 10. The constant speed of 36 km/h was 
assumed. 

Although the model with 3 degrees of freedom ultimate-
ly achieved higher mapping accuracy than spatial models 
(Table 4), the steering angle of the road wheels (Fig. 11) 
points to a certain instability of the calculations. This re-
sults from the fact that the vehicle is then taking a turn 
(approximately 50 s). Lateral acceleration is then > 0.5 g, 
and the condition for the use of the 3 degrees of freedom 
models assumed in [22] is not fulfilled. 

 
 Fig. 11. Steering angle for route “Hałcnów” 

 
The resulting steering angle trajectory indicates a cer-

tain instability in the calculations when using a simplified 
vehicle model (3 DoF). At the 50th second, a large oscilla-
tion in the angle occurs. This is due to the fact that when 
attempting to execute any trajectory, the simplified model is 
unable to accurately reproduce the complex maneuver. 
Calculations using 10 DoF models allowed for the determi-
nation of the steering angle trajectory that could be realisti-
cally executed. Oscillations are smaller, and the trajectory 
is smoother. Both 10-DoF models yield nearly identical 
results in terms of steering angle profiles. 

Table 4 shows the mapping errors of the driving route. 
The results obtained for the 10 DoF models are identical. 
Calculations using the 3 DoF model generate a similar 
mapping error as the more complex models. 

 
Table 4. Maximal mapping error of the route “Hałcnów”, εMAX [m] 

3 DoF M10/1 M10/2 

0.209 0.276 0.276 

4. Conclusions 
The considerations presented in this paper indicate that 

both 10 degrees of freedom models can be used for model-
ing the dynamics of autonomous vehicles. They accurately 
replicate real-world driving conditions. A comparison with 
the simplified 3 degrees of freedom model proves that sim-
plified models have significant limitations. The lack of 
consideration for the rotational motion of the wheels in the 
3 degrees of freedom model means that the assumption of 
small slip angles must be made. The conducted simulation 
studies confirm the condition presented in the referenced 
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work [22]. However, a comparison of the calculation times 
clearly shows that more complex models are numerically 
inefficient. Even though the 10 degrees of freedom model 
presented in this paper, formulated using Newton–Euler 
equations (M10/2), is more than four times faster than the 
model formulated using Lagrange equations. It is worth 
noticing that the difference in the quality of reality repro-
duction between these two models is negligible. The main 
conclusions drawn from the presented analyses and simula-
tions are outlined below. 
 In the literature, simplified models prevail. This is due 

to their high numerical efficiency, which is considered 
the leading criterion. 

 There is a need to develop dynamic models to increase 
their numerical efficiency. 

 The comparison presented in this paper enables  
a comparison of two 10 degrees of freedom models 
formulated in different ways. 

 The analytical formulas for the elements of the matrix 
M and the vector h in the 10 degrees of freedom model 
(M10/2) allow for eliminating matrix operations. The 
proposed solution directly affects the calculation time. 

 Calculations using the 3 degrees of freedom model 
indicate a very small trajectory reproduction error. This 
is due to the simplifications made in the model, and it 
should be noted that achieving such results in reality is 
impossible. 

 Calculations using the 10 degrees of freedom models 
prove the correctness of both models. The trajectory re-
production error is nearly identical. 

 The difference in the calculated steering angle (for  
a lane change maneuver) is even 2 degrees. This is be-
cause the 3 degrees of freedom model does not account 
for the friction coefficient. 
Future work is planned to extend the simulation studies 

to include heavy-duty and multi-articulated vehicles. 
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ARTICLE INFO  The article presents the issue of the cleanliness of oils and fuels used in combustion engines of automotive and 

rail vehicles. In the article, after a review of the membrane separation field, attention was drawn to the possibil-
ity of using additional oil and fuel filtering systems to increase the cleanliness class. For this purpose,  
a methodology for testing the condition of oil and fuels in a portable laboratory in accordance with the require-
ments of SAE AS 4059, ISO 4406:99, and NAS 1638 standards was presented. Solutions for portable devices for 
microfiltration of oils and fuels by Kleenoil were presented. Additionally, the results of tests of sample new 
engine, gear, and hydraulic oils were presented, which, according to the cited standards, are out-of-class oils 
and require additional microfiltration. The novelty of the article is the presentation of a simple method for 
examining the condition of oil in combination with microfiltration. Both the oil condition analyzer and the 
microfiltration machine are portable stations for field and laboratory applications. 
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1. Introduction 

Membrane separation process (MSP) is an operation of 
separating mixtures. In this process, the membrane acts as a 
filter, creating a permeable or semi-permeable barrier that 
partially or completely restricts the flow of some compo-
nents in the flowing liquid stream [21]. The fluid flowing 
through the membrane is driven by the pressure difference. 
In this process, the solution is separated into a concentrate 
remaining on the membrane and a purified liquid (perme-
ate) [20]. The concentrate contains components (contami-
nants) with particles larger than the membrane pores, and 
the liquid stream behind the membrane has components 
smaller than the membrane pore size. Figure 1 shows  
a diagram of membrane separation with the solution flow 
parallel to the membrane, i.e. tangential flow [3, 22]. 

 
 Fig. 1. The idea of tangential (cross) membrane separation [5] 

 
Membrane separation processes are classified according 

to the size of the membrane pores and the particles that are 
retained in them, and the pressure in the system during 
filtration, which is included in Table 1. 

Over time, the membrane can become more resistant to 
filtration, reducing the flow rate and separation efficiency 
(microfiltration). This is due to the accumulation of solid 
particles on the membrane surface or in the pores, which 
causes its clogging. The first way to improve membrane 

filtration in the long term is to use a serial (cascade) filtra-
tion system. In such a system, the MF microfiltration mem-
brane performs the initial cleaning, and the UF ultrafiltra-
tion membrane performs the fine cleaning [6, 14]. Initial 
cleaning ensures that larger particles do not block the UF 
membrane channels. The MF pre-membrane does not block 
or change the flow. In the work [25], it was shown that the 
hybrid MF/UF system proved to be very effective in 
providing the purified fluid flow below the permissible 
limit. 

 
Table 1. Classification of membranes according to their porosity [5, 23] 

No. Membrane Pore diameter Pressure 

1 Microfiltration 
(MF) 

0.1–10 μm  
(10–7–10–5 m) 

from 0.1  
to 2 bars 

2 Ultrafiltration 
(UF) 

1–100 nm  
(10–9–10–7 m) 

from 1  
to 7 bars 

3 Nanofiltration 
(NF) 

0.5–1 nm  
(5·10–10–10–9 m) 

from 5  
to 25 bars 

4 Reverse Os-
mosis (RO) 

0.1–0.5 nm  
(10–10–5·10–10 m) 

from 15  
to 80 bars 

5 Gas Separa-
tion (GS)  

< 0.1 nm  
(10–10 m) 

from 60  
to 80 bars 

 
The second way to increase the flow through filtration 

membranes and thus improve membrane stability is to incor-
porate nanoparticles and modify the membrane surface. This 
has led to the development of membranes capable of with-
standing very high pressures [4, 19]. For highly polluted 
wastewater containing dissolved salts, polar and non-polar 
organic compounds, oils, and surfactants, more complex 
hybrid filtration systems of MF and UF series filtration are 
used. In such a case, according to the work [1, 18], a com-
bined process of electrocoagulation EC, microfiltration MF 
and membrane distillation MD is used. Electrocoagulation 
and then microfiltration is the initial treatment of e.g. 
wastewater before the main membrane distillation [24]. 

Membrane

Feeding Concentrate

Permeate
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Membranes can be made of polymer, ceramic, metal, or 
carbon materials. Polymer membranes are widely used in 
industry, made of materials such as polyamide, cellulose 
acetate, and cellulose triacetate [9]. The membrane consists 
of a polymer material, the chains of which are relaxed at 
atmospheric pressure, and the application of pressure pro-
motes the densification of the polymer chains [16, 27]. 
Carbon membranes are made of sintered carbon, while 
ceramic membranes are manufactured as multi-channel 
tubular ones. Apart from the mechanical industry, another 
important application of filtration membranes is the chemi-
cal and food industry, especially in the processing of liquid 
food. When using conventional separation methods, many 
volatile food aromas tend to be separated. However, in 
membrane processes, these flavor components are retained 
in the food [10, 25]. Membrane ultrafiltration (UF) is  
a basic technology in the treatment of oily wastewater [7, 
16]. Microfiltration, in addition to its basic purpose of puri-
fying various liquid substances from contaminants, also has 
a reverse application. An example of this is the extraction 
of microalgae, i.e., autotrophic microorganisms, from fresh 
and seawater. The most commonly extracted microalgae is 
the green marine microalga Nannochloropsis oculata [14]. 

2. Microfiltration in industry and automotive 
The microfiltration technique dates back to the 1970s, 

when there was a conflict in the Middle East between Israel 
and the Arabs. At that time, American troops reported prob-
lems with military vehicles in terms of lubrication of hy-
draulic systems due to the desert climate. Additional exter-
nal filters were then installed in military vehicles. In the 
1980s, the technique entered civilian use in the United 
States, and in the 1990s, it became common in Europe. In 
Poland, around 2000, it began to be noticed by companies 
servicing hydraulic systems in construction vehicles, agri-
cultural vehicles, municipal equipment, and in power hy-
draulics. In automotive and industrial applications, micro-
filtration is a method of removing water, solids, and other 
components from oil mixtures in the form of colloidal sys-
tems or suspensions using filters from 1 to 4 μm. Microfil-
tration takes place under a small overpressure of up to 6 bar. 
The holes (pores in the membrane) of 1 to 4 μm are small 
enough to retain bacteria found in oils or fuels [11]. Microfil-
tration is performed on portable stations, as shown in Fig. 2, 
in a bypass manner. Oil filtration in the tank is performed 
during the operation of the hydraulic system. This minimizes 
the downtime of the device, financial outlays, and the amount 
of used oil, related to its more frequent replacement. 

In industrial applications, microfiltration of hydraulic 
oil is already very common. It is observed when cleaning 
filter systems in construction and road machines, tractors, 
and agricultural machines, as well as in production ma-
chines with hydraulic systems.  

Figure 3 shows the application of the Kleenoil 
MS2+MM5 microfiltration station during oil cleaning in  
a Libher 566 wheel loader and in a Billion H3500/550 in-
jection molding machine. These are examples of the use of 
a filtration machine with simultaneous examination of the 
condition of hydraulic oil by the authors of the article. In 
automotive applications, microfiltration is used for engine 
fuels, engine oils, and transmission oils. Kleenoil by-pass 

filter systems have already been used to remove contami-
nants and wear products from rolling bearings, sliding bear-
ings, gear wheels, or the interaction of the engine piston 
with rings with the cylinder liner. The problem of engine oil 
contamination has already been analyzed in [13, 28]. Figure 
4 shows the diagram of the operation of the additional filter 
system in the lubrication system of the combustion engine 
and an example of the use of the system on a city bus. 

 
Fig. 2. View of a portable hydraulic oil filter unit with: a) one filter ele-
ment, b) four filter elements, c) two filter elements, d) oil flow diagram 
 through the filter element 

 
Fig. 3. View of the machine's use during microfiltration of hydraulic oil in: 
a) Liebher 566 wheel loader, b) Billion H3500/550 injection molding 
 machine [fot. S. Kołodziejski] 

 
Research conducted by Kleenoil on city buses in Lublin 

showed that adding an additional engine oil microfiltration 
system working in parallel with the combustion engine 
lubrication system extended the oil life to the next change 
by 4 times. During the engine oil filtration period, the oil 
was periodically tested for changes in kinematic viscosity 
during the use of buses.  

Kleenoil has also conducted research into fuel purity by 
installing an additional diesel fuel microfiltration system on a 
vehicle and at fuel stations. Figure 5 shows a view of a vehi-
cle with an additional KleenFuel filter in the fuel system. 
Figure 6 shows a view of the use of the MS4+MM5 microfil-
tration machine at a fuel station in a transport company. 

Output

Input

b)a)

a) b)

c) d)

Output

Input
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Fig. 4. a) Diagram of the filter system in the combustion engine lubrication 
system, b) View of the additional engine oil microfiltration system mount-
 ing in a city bus [fot. Ł. Kubacki] 

 
Fig. 5. View of the additional tank with a fuel microfiltration insert on the 
truck b) view of the tank with the KleenFuel insert with fuel lines [fot. Ł. 
 Kubacki] 

 
Both during the adaptation of the device for microfiltra-

tion of engine oil and fuel, kleenoil and kleenfuel filter 
inserts with a hole diameter of 1 μm were used. This allows 
for the removal of organic impurities such as oxidation or 
thermal combustion products, inorganic impurities such as 
metal particles, and the removal of water by 99.95% [12]. 
The advantage of microfiltration devices is the possibility 
of replacing filter inserts without the need to drain the oil. 
The filter containers are located above the oil tank. The 
microfiltration application examples in Fig. 4–6 were an 
attempt to implement large-scale oil and fuel separation in 

motor vehicles and at gas stations. Despite successful test-
ing, these solutions were not implemented in everyday 
operation. 

 
Fig. 6. a) View of the enclosed fuel microfiltration machine at the petrol 
station with four tanks b) view of the microfiltration device with fuel tanks 
 [fot. Ł. Kubacki] 

3. Oil purity class standards 
In terms of regulations governing the purity of hydraulic 

and lubricating oils, the following standards should be 
indicated: 
 ISO 4406 
 SAE AS 4059 
 NAS 1638 
 GOST 17216. 

ISO 4406:99 standard was published by Turkish Stand-
ards Institute (TSE) under the title: Hydraulic Fluid Power 
– Fluids – Method for Coding the Level of Particulate Con-
tamination. SAE Aerospace standard, the full name of this 
standard is: SAE AS 4059 Aviation Fluids – Cleanliness 
Classification for Hydraulic Fluids. This standard specifies 
cleanliness classes for particulate contamination of hydrau-
lic fluids and includes methods for reporting the relevant 
data. NAS 1638 is the American aviation standard, and 
GOST 17216 is the Russian standard for oil cleanliness. 
NAS 1638 was replaced by SAE AS 4059 in 2001. Both 
ISO and SAE standards refer to the number of particles 
recognized as contamination with a size larger than 4 μm, 6 
μm, 14 μm, and 21 μm. 

To assess the condition of the oil in terms of its contam-
ination, the first 3 impurity values (4, 6, and 14 μm) found 
in 100 ml of the tested oil are selected. For example, hy-
draulic oil that received a cleanliness class result of 
22/20/17 after testing (according to ISO 4406) means that it 
contained impurities in the number of [2]: 
 from 20000 to 40000, about size above 4 μm 
 from 5000 to 10000, about size above 6 μm 
 from 640 to 1300, about size above 14 μm. 

Cleanliness classes according to ISO 4406 standard 
were correlated with average cleanliness classes according 
to NAS 1638 standard, which is presented in Table 2. The 
table additionally presents requirements for various hydrau-
lic system units in terms of oil cleanliness. In the case of 
finding that the cleanliness class of hydraulic oil is too high 
for the requirements set by the hydraulic system units and 
their intended use, it is possible to reduce the oil class 
thanks to microfiltration. According to the work [8], micro-

a)

b)

a) b)
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filtration allows for reducing the oil cleanliness by up to 6 
classes. This depends on the filtration time and the number 
of used filter inserts. 

 
Table 2. Hydraulic oil purity classes according to standards ISO 4406 and 

NAS 1638 [12] 

Cleanliness class Required oil cleanliness class 

ISO 
4406 

NAS 
1638 

Pumps 
and 

motors 
Valves Bear-

ings Drivers 

23/21/18 12 Highly contaminated oil.  
Absolute oil change or microfiltration with system 

cleaning 
22/20/17 11 
21/19/16 10 
20/18/15 9 gear return   
19/17/14 8 vane, 

piston 
proportion, 
mushroom sliding cylinders 18/16/13 7 

17/15/12 6   roller Hydrostatic 
16/14/11 5 

Aircraft applications, high-pressure systems up 
to 32 MPa with proportional elements and high 

working load 

15/13/10 4 
14/12/9 3 13/11/9 
12/10/8 2 

Highly precise hydraulic systems above 32 MPa 
10/9/8 
10/9/7 1 10/8/6 
9/8/6 0 

4. Research methodology 
4.1. Purpose and object of oil research 

The aim of the study was to evaluate the ISO, SAE, and 
NAS cleanliness classes and the relative humidity of three 
selected new oils contained in a 5-liter plastic container. 
Achieving the study objective required conducting the 
study in three stages. The first stage involved testing the 
new oils, the second stage involved testing the oils after the 
first microfiltration, and the third stage involved testing the 
oils after the second microfiltration. 

Hydraulic oil type HV46, ATF II D oil for automatic 
gearboxes, and 20W-50 engine oil were used for the tests. 
The research methodology diagram is presented in Fig. 7. 

The choice of the tested oil in a plastic canister resulted 
from the fact that this type of packaging has the least im-
pact on the phenomenon of evaporation and condensation 
of water inside during storage and transport. In contrast to 
metal tanks (barrels), this phenomenon is common, and it is 
necessary to filter the oil before pouring it into the machine 
or engine. Especially in a situation where metal tanks are 
stored without a roof and in warehouses with variable tem-
perature, which depends on the ambient temperature. 

4.2. Research method 
Hydraulic oil condition tests were performed on the 

portable analyzer OPComII Portable Oil Lab PPCO 300-
1000 by ArgoHytos. The general structure of the analyzer 
and its view are shown in Fig. 8.  

The principle of the analyzer is to shine a laser beam 
through the flowing oil through a solid particle monitor. 
Contaminants in the oil block the beam of light falling from 
the source onto the detector. Then a signal is generated 
proportionally to the size of the particles in the oil. The 
electronic system signals to assign the particle size in μm 
and the number of particles in the oil. Table 3 shows the 
parameters and values measured by the oil analyzer. 

 

 
 Fig. 7. Oil testing methodology diagram 

 
Table 3. Measured parameters and values of the device OPComII Portable 

Oil Lab PPCO 300-1000 [2]  

Parameter Abbreviation Unit 
Temperature T °C/°F 
Relative permittivity P – 
Conductivity C pS/m 
Relative oil humidity RH % 
ISO cleanliness level ISO – 
SAE cleanliness level SAE – 
NAS cleanliness level NAS – 
GOST cleanliness level GOST – 
Concentration Conc p/ml 
Flow rate Findex ml/min 

 
The basic parameters of the device are [12]: 

 Operating pressure range from 2.5 to 350 bar (35–5000 
psi) 

 Operating viscosity range from 1 to 300 cSt 
 Operating temperature from –30°C to +80°C 
 Operating temperature for oil from +5°C to +80°C 
 Operating temperature for fuel from –20°C to +70°C 
 Relative humidity in the range of 0% RH to 100% RH. 

After basic tests of new oils from the canister, microfil-
tration was carried out on the Kleenoil MS2+MM5 device 
shown in Fig. 2c with two tanks and filter inserts. 

5. Results of oil tests 
The results of oil tests on a portable oil cleanliness class 

analyzer are presented in Table 4. The tests were conducted 
for compliance with ISO, SAE, and NAS standards. Each 
test was repeated 10 times. Due to the repetition of results 
within the above-mentioned oil cleanliness classes, only 3 
results are presented in Table 4. The only variable value 
during the oil cleanliness test was relative humidity. 

Engine oil 
test no. 1

Test object: 
HV46 hydraulic 

oil

Microfiltration No. 1 
for engine oil

Time 6 hours

ISO, SAE, NAS, RH

10 repetitions

Gear oil 
test no. 1

Gear oil 
microfiltration no. 1

Hydraulic oil 
test no. 1

Hydraulic Oil 
Microfiltration No. 1

Test object: 
20W-50 

engine oil

Test object: 
ATV IID gear oil

RESEARCH METHODOLOGY

ISO, SAE, NAS, RH

10 repetitions

Time 6 hours

ISO, SAE, NAS, RH

10 repetitions

Engine oil 
test no. 2

Gear oil 
test no. 2

Hydraulic oil 
test no. 2

Engine oil 
test no. 3

Gear oil 
test no. 3

Hydraulic oil 
test no. 3

Microfiltration No. 2 
for engine oil

Gear oil 
microfiltration no. 2

Hydraulic Oil 
Microfiltration No. 2
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Fig. 8. a) General structure of the oil condition analyzer: 1 – engine with 
pump and electric gear, 2 – battery, 3 – control electronics, 4 – top side 
with control panel, 5 – particulate monitor, b) view of the portable oil 
condition analyzer OPComII Portable Oil Lab PPCO 300-1000 by Argo-
 Hytos 

 
According to the work [2], relative humidity RH above 

70% indicates that water contained in the oil is in a dis-
solved form. For oils, the permissible relative humidity of 
the oil is exceeded, and urgent microfiltration of the oil is 
recommended. The device for testing the oil condition in 
the generated test reports, already at relative humidity 
above 50% provides information about a high water level. 
Figure 9 presents the results of relative humidity tests for 
new oil (engine, gear, and hydraulic) with the average value 
and the spread of values from 10 measurements in the form 
of error bars. For tests related to the oil cleanliness class 
itself, subsequent repetitions do not result in significant 
changes. The cleanliness class in subsequent measurements 
is the same or changes by one class. 

 
Table 4. Canister oil test results wg ISO, SAE and NAS 

ISO  
4 μm 

ISO  
6 μm 

ISO  
14 μm 

SAE 
4 μm 

SAE 
6 μm 

SAE 
14 μm NAS RH % 

HV46 Hydraulic Oil 
23 21 17 12 12 11 12 52.8 
23 21 17 12 12 11 12 52.7 
23 21 17 12 12 11 12 52.7 

ATV IID Transmission Oil 
22 19 14 12 11 8 11 37.8 
22 19 14 12 11 8 11 37.2 
22 19 14 12 11 8 11 36.9 

20W-50 Engine Oil 
18 17 14 9 8 8 10 36.4 
18 17 14 9 8 8 10 35.9 
18 17 14 9 8 8 10 34.2 

 
Fig. 9. Relative humidity (RH) test results of the analyzed oils before 
 microfiltration 

 
Based on Fig. 9, it was found that the new engine and 

transmission oil did not have a relative humidity above 
50%, unlike the hydraulic oil. It was also found that the 
hydraulic oil had the largest dispersion of measurement 
results as a standard deviation from the mean value 
(3.17%), while in the case of engine and transmission oil, 
the standard deviation was 1.60% for 20W-50 oil and 
1.62% for ATV IID oil. 

 
Fig. 10. Results of the NAS purity class test of the analyzed oils after two 
 microfiltrations 

 
After the oil was tested for cleanliness class and relative 

humidity, two microfiltrations lasting 6 hours were carried 
out. After each filtration, the cleanliness class and relative 
humidity were tested with the OPComII Portable Oil Lab 
PPCO 300-1000 oil analyzer. Figures 10 and 11 show the 
results of the oil tests (NAS and RH class) after two micro-
filtrations, the results were related to the first oil test after 
opening the canisters. 

Analyzing the results of the tests presented in Fig. 10 
and Fig. 11, it was found that after the first microfiltration 
lasting 6 hours, the cleanliness of the gear oil and engine oil 
was reduced by two NAS classes, which, according to Ta-
ble 2, made the oil clean and suitable for use. In the case of 
hydraulic oil, the NAS class was reduced from 12 to 10 and 
required another microfiltration. The second microfiltration, 
which lasted 6 hours, allowed for a further reduction (by 2 
classes) of oil cleanliness. In terms of relative humidity, 
each microfiltration on the portable Kleenoil MS2+MM5 
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device reduced the RH value with a standard error of 2.5% 
for hydraulic oil and about 1% for gear oil and engine oil. 

 
Fig. 11. The results of the relative humidity (RH) test of the analyzed oils 
 after two microfiltrations 

 
Analyzing the authors' research, they concluded that, in 

field conditions, oil microfiltration at portable stations 
should be conducted concurrently with oil testing for solid 
contaminants and water. Assessing the degree of filter con-
tamination (filter elements) in the Kleenoil MS2+MM5 
machine does not allow for classifying the oil into a given 
cleanliness class according to current standards. The au-
thors believe that oil microfiltration should be conducted 
concurrently with oil testing. 

 

5. Conclusions  
The main advantage of using membranes in separation 

processes is simple operation. This is a technology that 
generates little waste and is more environmentally friendly 
compared to other separation methods. It is also economi-
cally viable due to the lower amount of energy used. The 
conducted literature study in the field of microfiltration and 
the authors' research allow for the formulation of the fol-
lowing conclusions: 
a)  The use of portable hydraulic oil condition analyzers 

allows for ongoing diagnostics of hydraulic oil in all 
conditions, especially in the field where vehicles or 
work machines are used. 

b)  The use of portable oil microfiltration devices together 
with an oil condition analyzer allows for the oil cleaning 
process to be carried out to the required cleanliness 
class. The microfiltration time will depend on the cur-
rent cleanliness class of the oil. 

c)  The new oil tested was out of class (12 NAS class for 
HV46 oil, 11 NAS class for ATV, and 10 class for 
20W-50) and requires microfiltration before flooding 
the hydraulic system, transmission, or combustion en-
gine, which was confirmed by the authors. 

d) New oil from manufacturers may be off-grade due to 
long distribution and storage periods. The purity class 
may rise to the level of off-grade. It is recommended to 
test the purity class before pouring the oil. 

e)  One-time microfiltration of hydraulic oil lasting about 6 
hours allows for the oil cleanliness to be reduced by two 
NAS classes. 

Acknowledgements 
The investigations were carried out within the Imple-

mentation Doctorate Program of the Ministry of Education 
and Science, realized in the years 2022-2026. 

 

Nomenclature 
ATF automatic transmission fluid 
cSt centistokes 
EC electrocoagulation 
GOST Gosudarstwiennyj Standard 
HV high viscosity 
ISO International Organization for Standarization 

MD membrane distillation 
MF microfiltration 
NAS National Aerospace Standard 
UF ultrafiltration 
RH Relative Humidity 
SAE AS  Society of Automotive Engineers Aerospace 
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ARTICLE INFO  This study proposes a novel multi-injection strategy to enhance fuel atomization and combustion in a constant 

volume combustion chamber. By integrating a third injector into the conventional axis-opposed spray configura-
tion and optimizing injection timing, the strategy significantly improves fuel–air mixing and ignition reliability, 
particularly under cold-start conditions. Two fuels with contrasting reactivity – n-hexadecane and iso-octane – 
were used to investigate spray and combustion characteristics. Laser diffraction analysis showed that the 
proposed strategy substantially reduced the Sauter Mean Diameter compared to single or impinging injection 
alone. Combustion experiments demonstrated improved ignition stability, advanced heat release phasing, and 
increased total heat release with the multi-injection approach. These effects were more pronounced for iso-
octane, where ignition failure was frequent under baseline conditions. The results confirm that the proposed 
multi-injection strategy effectively stabilizes combustion and enhances thermal efficiency for both high- and low-
reactivity fuels. 
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1. Introduction 

Direct injection (DI) systems have been widely adopted 
in diesel engines to promote homogeneous fuel-air mixture 
formation and achieve higher thermal efficiency, particular-
ly under high compression ratio conditions. In contrast, port 
fuel injection (PFI) remains a common strategy in gasoline 
engines due to its stability and low cost. Given that internal 
combustion engines contribute significantly to greenhouse 
gas (GHG) emissions [23], increasingly stringent emission 
regulations have prompted the automotive industry to de-
velop more advanced engine technologies. In response to 
strict emission standards issued by the U.S. Environmental 
Protection Agency (EPA) and the National Highway Traffic 
Safety Administration (NHTSA) [5], manufacturers have 
accelerated the adoption of gasoline direct injection (GDI) 
systems. GDI offers superior fuel and thermal efficiency 
compared to PFI, largely owing to its enhanced injection 
precision [4, 29]. Kalwar et al. [13] highlighted the ad-
vantages of GDI in terms of power output and efficiency, 
emphasizing the importance of a well-mixed fuel-air mix-
ture for stable combustion under homogeneous conditions. 
In addition, GDI engines also tend to emit fewer unburned 
hydrocarbons and show less combustion variability, par-
ticularly under medium-to-high load operating conditions. 
However, GDI engines still face challenges, notably elevat-
ed particulate matter (PM) and particle number (PN) emis-
sions. These challenges necessitate further optimization of 
fuel injection strategies and combustion control to comply 
with upcoming emission standards.  

PM and PN emissions are significantly elevated under 
cold-start conditions, where low cylinder wall temperatures 
and incomplete fuel vaporization promote the formation of 
liquid fuel films on the piston or liner surfaces. This leads 
to increased unburned hydrocarbon (UHC) and soot emis-
sions [12, 22, 24]. Studies show that GDI engines generally 
emit more PM and PN than PFI counterparts, primarily due 

to the higher elemental carbon content present in the ex-
haust [2, 7, 25, 27]. Among various pollutants, organic gas 
emissions have been found to be the most sensitive to cold-
start conditions. Moreover, cold-start contributes a dispro-
portionately large fraction of total emissions over the uni-
fied driving cycle, especially in vehicles certified to stricter 
emission standards [3]. To mitigate wall-film-related emis-
sions, several strategies have been investigated. For exam-
ple, Rostampour et al. [24] reported that, under cold start 
conditions, the fuel film formation in PFI engines can reach 
up to 55% of total injected fuel, severely impacting fuel 
distribution and emissions. To address these issues, they 
adopted the advanced port fuel injection (APFI), and the 
maximum amount of fuel film formed on the walls is re-
duced by about 75%. Zhang et al. [28] proposed a dual-
injection strategy combining GDI and PFI, which effective-
ly reduced soot emissions at a 65:35 GDI/PFI ratio. In GDI 
engines, high-pressure injection, multi-pulse strategies, and 
split injection have been applied to enhance fuel atomiza-
tion and minimize spray-wall impingement [14, 17, 26]. 
Lonari et al. [21] demonstrated that three-pulse injection at 
35 MPa significantly reduced HC and NOx emissions by up 
to 80% during cold-start catalyst light-off compared to 
conventional two-pulse injection at 25 MPa. Han et al. [11] 
experimentally investigated multiple injection strategies in 
a boosted single-cylinder DISI engine and found that in-
creasing injection events significantly reduced PN emis-
sions and knock intensity, while improving thermal effi-
ciency and maintaining combustion stability. They further 
reported that multiple injections increased knock limits 
while maintaining torque and combustion stability, and 
reduced NOx and UHC emissions by approximately 25%.  
A similar trend was reported by Guo et al. [10], proposed  
a novel direct-start strategy using multistage and split injec-
tion and experimentally demonstrated that three-stage injec-
tion and optimized split timing significantly improve com-
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bustion phasing and reduce UHC emissions under cold-start 
conditions. In addition, Fellner et al. [6] developed an algo-
rithm-based calibration method for multiple injection pat-
tern design in DISI engines, showing that optimized split 
strategies can prevent wall impingement and reduce particle 
formation while adapting to varying combustion conditions. 
Beyond injection strategies, further optimization has been 
explored by delay intake valve opening timing to enhance 
fuel atomization, thus achieve a 50–90% reduction in PN 
emissions [18], utilizing dual-fuel dual-direction injection 
strategy that successfully suppressed knock, improved 
thermal efficiency and expanded engine load [15], or em-
ploying dual spark plugs with multi-injection strategy to 
improve combustion stability and reduce CO emission [1], 
all of which have shown to improve combustion stability 
and reduce emissions.  

Similar challenges are observed in GDI engines, diesel 
engines also suffer from comparable issues under certain 
operating conditions [8, 17, 22]. Kang et al. [16] evaluated 
multi-stage split injection with five injection events in  
a light-duty diesel engine and found that this strategy re-
duced fuel consumption and PM emissions by improving 
heat release smoothness, reducing flame penetration, and 
enhancing fuel-air utilization. 

However, despite these advancements, the control of 
spray impingement and liquid fuel deposition remains  
a major challenge, especially under transient or low-
temperature conditions. Recent studies also suggest that 
preheating or injection strategy adaptation can help mitigate 
these challenges [9]. Among various factors, fuel atomiza-
tion plays a pivotal role in suppressing wall wetting and 
ensuring homogeneous mixture formation, which are essen-
tial for reducing PM and PN emissions. The core solution 
lies in enhancing fuel atomization quality, shortening the 
overall injection duration, and minimizing fuel impinge-
ment on the combustion chamber walls. To address these 
issues, our previous work proposed an impinging injection 
strategy, in which two injectors were installed axisymmet-
rically, directing sprays toward each other to induce droplet 
breakup through spray impingement interaction. The feasi-
bility of this concept was demonstrated in earlier studies 
[19, 20], where improvements in atomization and combus-
tion characteristics were observed. For fuels with varying 
viscosities, the Sauter mean diameter (SMD) of impinging 
injection was consistently reduced compared to conven-
tional one-sided injection, indicating enhanced atomization 
performance. However, under low injection pressure condi-
tions, the persistence of coherent liquid jets was observed in 
the impingement zone, leading to non-uniform droplet 
distribution and compromised fuel-air mixture homogeneity, 
ultimately hindering thermal efficiency. To overcome these 
limitations, the present study introduces a novel multi-
injection strategy that integrates axis-opposed impinging 
injection with a one-sided injection. By employing three 
injectors and optimizing injection timing, this configuration 
aims to shorten the total injection duration and reduce the 
local SMD near the ignition zone, thereby enhancing mix-
ture uniformity and promoting stable combustion under 
cold-start and low-load conditions. 

In this study, a constant volume combustion chamber 
was employed to investigate the feasibility of a multi-
injection strategy. The results showed that the proposed 
multi-injection strategy significantly improved atomization 
by reducing the Sauter Mean Diameter (SMD) compared to 
one-sided and conventional impinging injection. For fuel 
with low reactivity, the multi-injection strategy substantial-
ly enhanced ignition stability and improved combustion 
characteristics, particularly under pre-injection conditions. 
These improvements demonstrate that an appropriately 
timed pre-injection can promote ignition stability, faster 
flame propagation, and higher thermal efficiency, making it 
a promising strategy to improve combustion stability under 
cold-start and low-load conditions. 

The work proceeds by introducing the experimental set-
up and test conditions, followed by an analysis of spray 
atomization and combustion characteristics using two rep-
resentative fuels: n-hexadecane and iso-octane, which differ 
in ignition reactivity. Key combustion metrics such as max-
imum burning pressure, total burning time, and heat release 
rate are discussed. The study concludes with a summary of 
findings and their implications for improving engine per-
formance under cold-start and low-load conditions. 

2. Experiment apparatus and conditions 
2.1. Experiment apparatus 

Figure 1 shows the schematic diagram of the experi-
mental apparatus, including a constant volume combustion 

 
 Fig. 1. Experiment apparatus  

 
 Fig. 2. Details of a constant volume combustion chamber 
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chamber, a propane-air mixture tank, a data sampling con-
trol system, a fuel injection system, and an ignition system. 
Details of the combustion chamber (volume 5600 cc, diam-
eter 160 mm) are shown in Fig. 2. Two pairs of injectors 
(EAT321, 150 µm, 8 holes) were opposite and coaxially set 
on the chamber wall. The injection pressure was supplied 
by compressed air. The combustion pressure was recorded 
by a piezo-electric sensor (KISTLER 6041A, charge ampli-
fier 5011B). The laser diffraction spray analyzer (LDSA-
SPR1500, Microtract) and the analysis software Aerotrac 
ver.15 were used to observe droplet size distributions of 
different blend fuel types. 

2.2. Experiment conditions 
In this study, experiments were conducted at room tem-

perature and atmospheric pressure. The injection pressure 
was 0.5 MPa. To investigate the influence of fuel properties 
on spray behavior and combustion, two pure fuels were 
used: n-hexadecane and iso-octane. These fuels differ sig-
nificantly in physical properties, particularly viscosity, 
which directly affects the SMD of the spray. Table 1 lists 
the basic fuel properties. As shown in Table 1, n-hexa-
decane exhibits higher viscosity than iso-octane, resulting 
in larger SMD values. 
 

Table 1. Fuel properties 
Fuel type n-hexadecane iso-octane 
Chemical formula C16H24 C8H16 
Density [g/ml] 0.774 0.68 
Boiling point [K] 560 372 
Viscosity [cP] 3.454 0.502 
Cetane number 100 10 
Octane number –20 100 
Low heat value [kJ/mol] 9953.3 5065.5 
Vapor pressure 133.3 Pa (105°C) 5.1 kPa (20°C) 

 
Spray characterization was performed using an LDSA. 

The system operated in trigger mode with a sampling win-
dow of 30 ms, and an SMD measurement range of 5–300 
µm. To evaluate the atomization effect induced by spray 
impingement interaction, we compared the SMD of a one-
sided injection, an impinging injection, and a multi-
injection. Tests were carried out for both fuels under vari-
ous injection durations. 

For the combustion characteristics experiments, all test 
conditions were set to maintain the same overall equiva-
lence ratio, Φ = 0.95. To minimize the influence of injec-
tion duration on combustion results, the same injection 
duration was applied for both fuel types under all operating 
conditions. Since n-hexadecane and iso-octane have differ-
ent densities and low heat values, the equivalence ratio of 
the propane-air mixture was adjusted accordingly to ensure 
a consistent overall equivalence ratio. Figure 3 illustrates 
the procedure for calculating the equivalence ratio of the 
propane-air mixture and the corresponding fuel quantity. 
Table 2 lists the specific equivalence ratios of the propane-
air mixture used for the two fuels under multi-injection 
conditions.  

To investigate the effect of injection timing, two types 
of injection conditions were defined: pre-injection and post-
injection. In the pre-injection case, spark ignition was initi-
ated after the spray tail had reached the central region of the 

chamber. In the post-injection case, ignition occurred be-
fore the start of fuel injection.  

 
Fig. 3. Flow of calculating the equivalence ratio of propane and the liquid 
 fuel injection quantity 

 
Table 2. Equivalence ratio of propane-air mixture for multi-injection  

Overall equivalence ratio Φ = 0.95 
Fuel type C16H24 C8H18 
Equivalence ratio of 
propane-air mixture 0.876 0.883 

 
In our previous studies, a multi-impinging injection in-

volving two injection stages was proposed. In contrast, the 
present study introduces a simplified multi-injection strate-
gy with a single injection stage. Unlike conventional im-
pinging injection or multi-impinging injection, which uti-
lizes two axis-opposed injectors (injector BL and BR 
shown in Fig. 2) aimed toward each other, the multi-
injection integrates a third centrally located injector (injec-
tor AR shown in Fig. 2), forming a three-spray system. This 
layout enables enhanced spray impingement interaction and 
mixture formation near the ignition zone, while simplifying 
the injection schedule.  

This multi-injection aims to reduce SMD around the 
spark region, shorten the injection duration, and improve 
the spatial uniformity of the fuel-air mixture, thereby en-
hancing ignition reliability and combustion stability. For 
each experimental condition, ten repeated tests were con-
ducted. The average values of combustion characteristics 
were calculated after excluding the maximum and mini-
mum data points to reduce variability. In-cylinder pressure 
was recorded using a piezoelectric pressure sensor, and the 
heat release rate was calculated according to Equation (1). 

 dQ

dt
=

 1

κ−1
(V ∙

dP

dt
)   (1) 

where: P = pressure of combustion chamber [Pa], t = time 
from ignition [s], V = combustion chamber volume [m3], κ = 
1.34 (specific heat ratio: constant value). 

3. Results and discussions 
3.1. Spray characteristics 

As discussed in the introduction, the quality of fuel at-
omization has a significant effect on mixture preparation 
and combustion performance, particularly under cold-start 
or low-load conditions. In this study, the spray characteris-
tics of different injection strategies were evaluated: one-
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sided injection, in which only a single injector (BR) was 
activated; impinging injection, where two axis-opposed 
injectors (BL, BR) were simultaneously operated; and mul-
ti-injection, in which three injectors (AR, BL, and BR) 
were simultaneously operated. The test fuels were n-hexa-
decane and iso-octane. The injection durations were set to  
8 ms for the multi-injection and 10 ms for the conventional 
impinging injection. Although the overall fuel quantity and 
equivalence ratio were kept constant, the multi-injection 
configuration utilized three injectors operating simultane-
ously, allowing the required fuel to be delivered within  
a shorter duration compared to the conventional impinging 
injection setup. To investigate the effect of injection dura-
tion for each injection strategy, the conventional impinging 
injection was also tested with an 8 ms injection duration. 
From Table 1, n-hexadecane has high viscosity and low 
volatility, which generally results in larger droplet size. In 
contrast, iso-octane, with lower viscosity and higher vapor 
pressure, tends to facilitate finer atomization. The objective 
was to clarify how injection strategy and fuel properties 
affect the temporal evolution of droplet size.  

Figure 4 and Fig. 5 show the temporal variation of SMD 
for n-hexadecane and iso-octane, respectively, under differ-
ent injection conditions. Across both fuels, the impinging 
injection and multi-injection consistently resulted in signif-
icantly reduced SMD values than the one-sided injection 
under the same injection duration condition. Specifically, 
the SMD of n-hexadecane decreased by 33.3%, while iso-
octane exhibited a higher SMD reduction of up to 70.0%. 
This reduction indicates that spray impingement interaction 
promotes enhanced atomization by inducing secondary 
breakup. 

As shown in Fig. 4 and Fig. 5, n-hexadecane exhibits 
minimal differences in SMD between the impinging injec-
tion and multi-injection strategies under an 8 ms injection 
duration. However, when the injection duration is extended 
to 10 ms, the rate of SMD reduction decreases, indicating  
a saturation effect in fuel atomization improvement. Since 
the fuel mass was kept constant for all combustion experi-
ments, the multi-injection achieves comparable atomization 
within a shorter injection duration. The time-saving effect is 
particularly advantageous under practical engine conditions 
where injection timing is limited. Therefore, the superiority 
of multi-injection lies in its ability to enhance fuel atomiza-
tion efficiency while minimizing injection duration. 

For iso-octane, its lower viscosity leads to overall re-
duced SMD values compared to n-hexadecane. However, 
even for this low-viscosity fuel, the impinging injection 
showed limited sensitivity to injection duration, as indicat-
ed by the minimal difference in SMD between the 8 ms and 
10 ms injection duration conditions.  

Compared to conventional impinging injection, the mul-
ti-injection strategy achieved a 37.5% reduction in SMD 
within the first 3 ms, highlighting its effectiveness in pro-
moting atomization during the initial phase. The minimum 
SMD observed reached the 10 µm range, indicating highly 
effective atomization under this condition. This suggests 
that multi-injection is effective not only for high-viscosity 
fuels but also enhances atomization efficiency in favorable 

conditions, by accelerating droplet breakup and shortening 
the spray injection duration. 

 
 Fig. 4. SMD of n-hexadecane under different injection strategies  
 

The enhanced atomization achieved by the newly pro-
posed multi-injection method is expected to promote more 
homogeneous fuel-air mixture formation and enhance com-
bustion stability, especially under challenging ignition 
conditions. The impact of this improved spray behavior on 
combustion characteristics is discussed in the following 
sections. 

 
 Fig. 5. SMD of iso-octane under different injection strategies 

3.2. Combustion characteristics of n-hexadecane 
Figure 6 presents the comparison of maximum burning 

pressure (MBP) and total burning time (TBT) for n-hexa-
decane under various injection strategies. The propane–air 
case (Φ = 0.95) involved no liquid fuel injection and served 
as the baseline reference. It has the highest MBP (0.655 
MPa) owing to less latent heat loss, but TBT is longer due 
to slow flame propagation speed.  

In our previous study, the post30 injection timing with 
conventional impinging injection yielded the highest MBP, 
among the impinging injection cases, reaching 0.595 MPa. 
However, with the new multi-injection strategy, which 
featured a shorter injection duration, the same injection 
timing was no longer effective. In fact, the MBP of multi-
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injection with post30 injection timing is 0.577 MPa, repre-
senting a 3.0% decrease compared to conventional imping-
ing injection with post30 injection timing. As the injection 
timing was advanced from post30 to post10, MBP in-
creased to 0.601 MPa, showing an increase of 4.2% over 
the multi-post30 case. Notably, although pre-injection con-
ditions were previously unsuitable for n-hexadecane with 
conventional impinging injection, the current results show 
that pre-injection is compatible with the newly proposed 
multi-injection strategy. The MBP reached 0.613 MPa at 
the multi-pre10 condition, marking a 3.0% increase relative 
to imp-post30.  

 
Fig. 6. Maximum burning pressure (MBP) and total burning time (TBT) 
 under different injection strategies for n-hexadecane 

 
Regarding combustion duration, the TBT of imp-post30 

was 95.2 ms. TBT was gradually shortened as the injection 
timing advanced from post30 to post10. Under pre-injection 
conditions, TBT decreased to 74 ms at the multi-pre10 condi-
tion, which corresponds to a 22.3% reduction compared to 
imp-post30. Notably, multi-injection strategies with pre-
injection showed reduced variability, as indicated by narrow 
error bars, suggesting improved combustion stability. These 
findings indicate that optimal injection timing is strongly 
dependent on the injection configurations. Multi-injection 
combined with pre-injection conditions enables faster flame 
propagation and shorter combustion durations. 

Figure 7 illustrates the heat release rate (HRR) of  
n-hexadecane under various injection strategies. The graphs 
are divided into post-injection (Fig. 7a) and pre-injection 
(Fig. 7b) to highlight the effects of injection timing and 
configuration on combustion behavior. 

In the post-injection conditions shown in Fig. 7a, the 
impinging injection post30 condition exhibits a relatively 
delayed and broadened HRR curve compared to the pro-
pane-air case, and it has an evident second stage combus-
tion at the end of combustion, which indicates the hetero-
geneity of the fuel-air mixture. The introduction of the third 
injector in the multi-injection significantly altered the com-
bustion characteristics. As the injection timing is advanced 
from 30 ms to 10 ms after ignition (multi-post30 → post20 
→ post10), the onset of heat release gradually shifts for-
ward and the peak intensity becomes higher and more con-
centrated. Specifically, the maximum HRR increased from 
112.9 J/ms at multi-post30 to 135.9 J/ms at multi-post10, 
corresponding to an increase of 20.4%. Compared to the 
impinging injection (112.2 J/ms), this represents an 18.9% 

maximum HRR increment.  These results suggest that mul-
ti-injection promotes improved atomization and mixture 
formation near the spark location, thereby enhancing igni-
tion quality and accelerating the flame propagation process. 

 
Fig. 7. Heat release rate (HRR) of n-hexadecane under different injection 
strategies: a) post-injection strategies (impinging and multi-injection); b) 
 pre-injection strategies (multi-injection) 

 
In the pre-injection conditions (Fig. 7b), this trend is 

even more pronounced. Both multi-pre0 and multi-pre10 
demonstrate significantly earlier HRR initiation compared 
to post10 and propane cases. The combustion phase be-
comes more compact and the HRR curve steeper, indicating 
faster flame propagation speed and reduced ignition delay. 
In particular, the multi-pre10 condition achieved a maxi-
mum HRR of 145.3 J/ms, which is 28.7% higher than mul-
ti-post30 and 18.9% higher than impinging injection. These 
findings suggest that sufficient premixing prior to ignition 
plays a critical role in enhancing combustion phasing and 
thermal efficiency. 

The mass fraction burned (MFB) is a key indicator used 
to characterize the combustion progress by quantifying the 
fraction of the total fuel mass that has been burned at  
a given time. Among its milestones, the time to reach 1% 
MFB (often termed MFB 1%) is commonly used as an 
approximation for ignition delay and combustion onset.  
A shorter MFB 1% value indicates faster ignition and finer 
mixture preparation near the spark plug. 
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Fig. 8. Mass fraction burned duration (MFB 1%) and total heat release 
 (THR) of n-hexadecane under various injection strategies 

 
Figure 8 presents the combustion duration, represented 

by the time to reach 1% mass fraction burned (MFB 1%), 
and the total heat release (THR) for n-hexadecane under 
different injection strategies. MFB 1% duration increases 
significantly in the post-injection conditions. This indicates 
a slower combustion onset due to limited premixing time. 
In contrast, the pre-injection strategies result in the shortest 
MFB 1 value, suggesting accelerated early-stage combus-
tion facilitated by improved mixture formation prior to 
spark timing. THR remains relatively stable across most 
conditions but shows a slight increase for the multi-pre10 
case. This implies that early injection allows for more ef-
fective fuel utilization. Interestingly, even though MFB 1 is 
shorter for multi-pre cases, their THR does not drop, sug-
gesting that faster initial combustion does not compromise 
total energy release.  

Through these findings, while using n-hexadecane, the 
combination of pre-injection and multi-injection demon-
strates a synergistic effect: it promotes more rapid and sta-
ble combustion. These findings confirm the superiority of 
the proposed multi-injection strategy over conventional 
impinging injection. The addition of a third spray source 
and optimized injection phasing significantly improves 
mixture preparation, resulting in faster combustion.  

3.3. Combustion characteristics of iso-octane 
Figure 9 shows the MBP and TBT of iso-octane under 

multi-injection with different injection timing conditions. 
Although iso-octane is inherently low reactivity, it still 
demonstrated strong combustion performance when appro-
priately injected. Among the tested conditions, the post10 
condition resulted in the lowest MBP of 0.603 MPa, due to 
insufficient premixing. As the injection timing was progres-
sively advanced into the pre-injection domain, both MBP 
and TBT showed substantial improvement. The multi-pre10 
condition yielded the highest MBP of 0.674 MPa, repre-
senting an 11.8% increase compared to post10. Meanwhile, 
the TBT decreased from 89.9 ms (post10) to 73.6 ms 
(pre10) and further to 71.2 ms (pre20), corresponding to an 
18.0% and 20.8% reduction, respectively. 

Figure 10 presents the HRR of iso-octane under various 
injection conditions. Pre-injection strategies, particularly 
multi-pre10 and multi-pre20, demonstrate significantly 
earlier HRR onset and sharper peak shapes. The maximum 

HRR increased from 134.9 J/ms in the post10 case to 181.9 
J/ms in pre10 and 168.7 J/ms in pre20, corresponding to an 
increase of 34.8 % and 25.1%, respectively. Additionally, 
the time to peak HRR advanced from 56.8 ms in post10 to 
47.6 ms in pre10 and 42.8 ms in pre20, representing time 
reductions of 16.2% and 24.7%, respectively. These fea-
tures reflect faster energy release and improved combustion 
phasing, enabled by better fuel-air mixture formation near 
the ignition site. The results highlight the critical role of 
pre-injection in promoting rapid and robust flame develop-
ment under multi-injection strategies. 

 
Fig. 9. Maximum burning pressure (MBP) and total burning time (TBT) of 
 iso-octane under multi-injection with different injection timing conditions 

 
Fig. 10. Heat release rate (HRR) of iso-octane under multi-injection with 
 different injection timing conditions 

 
Figure 11 presents the MFB 1% duration and THR of 

iso-octane under various injection strategies. The shortest 
MFB 1% duration was observed under the multi-pre20 
condition, indicating a more rapid combustion onset, which 
corresponds to previous results. Across all pre-injection 
strategies, THR values remained consistently above 4.5 kJ. 
Notably, the multi-pre10 case exhibited the highest THR of 
4.9 kJ. The THR of the multi-pre10 condition slightly ex-
ceeds that of the propane baseline. While the total fuel-air 
equivalence ratio was maintained, this may be attributed to 
improved local fuel-air mixing near the ignition kernel, 
reduced wall heat loss, and more complete combustion 
under the multi-injection strategy.  
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These results highlight that the pre-injection strategy, 
when combined with multi-injection, is particularly effec-
tive for low-reactivity fuels. Compared to post-injection, it 
increased the maximum combustion pressure by up to 
11.8% and reduced the total burning time by up to 20.8%, 
demonstrating substantial improvement in both combustion 
intensity and speed. 

 
Fig. 11. Mass fraction burned duration (MFB 1%) and total heat release 
(THR) of iso-octane under multi-injection with different injection timing 
 conditions 

4. Conclusion 
In this study, a novel multi-injection strategy was pro-

posed and experimentally evaluated in a constant volume 
combustion chamber. By integrating a third, centrally locat-
ed injector into a conventional impinging injection system, 
this approach aimed to enhance fuel atomization, improve 
mixture formation, and optimize combustion characteristics 
for fuels with varying reactivities. Two representative fuels, 
n-hexadecane and iso-octane, were selected to assess the 

effectiveness of the strategy under both high- and low-
reactivity conditions. The key findings are summarized as 
follows:  
1.  Spray atomization was significantly improved with the 

multi-injection approach, leading to a 60.7% reduction 
in Sauter mean diameter (SMD) with low-viscosity fuel 
under identical total injection duration compared to the 
conventional impinging injection. In contrast, spray at-
omization of the high-viscosity fuel was barely affected 
by the multi-injection strategy. Nevertheless, when 
combined with optimal injection timing, a shortened to-
tal injection duration in multi-injection resulted in  
a shorter total burning time. 

2.  For high-reactivity fuel (n-hexadecane), compared to 
conventional impinging injection, the multi-injection 
strategy with pre-injection accelerated the start of com-
bustion, as indicated by a 36% decrease in MFB 1% 
timing, and 18.9% increase in the maximum heat release 
rate. The total heat release was also increased by 4.7%, 
along with a 22.3% decrease in total burning time, sug-
gesting that multi-injection with pre-injection conditions 
contributes to reducing the proportion of incomplete 
combustion and enhancing flame propagation. 

3.  For the low-reactivity fuel (iso-octane), the multi-
injection strategy significantly improved combustion 
characteristics, particularly under the pre10 condition. 
Compared to the conventional propane case, multi-
pre10 increased the maximum burning pressure by 3.9%, 
the maximum heat release rate by 16.8%, and the total 
heat release by 4.3%. In addition, the total burning time 
was shortened by 17.3%. These improvements suggest 
that pre-injection with multi-injection effectively pro-
moted flame propagation and reduced heat losses, even 
for low-reactivity conditions. 

 

Nomenclature 
APFI advanced port fuel injection 
CO carbon monoxide 
DI direct injection  
DISI direct injection spark ignition 
EPA Environmental Protection Agency 
GDI gasoline direct injection  
GHG greenhouse gas 
HC hydrocarbon 
HRR heat release rate 
LDSA laser diffraction spray analyzer 
MBF mass fraction burned 

MBP    maximum burning pressure 
NHTSA National Highway Traffic Safety Administration 
NOx nitrogen oxides 
PFI port fuel injection 
PM particulate matter 
PN particle number  
SMD Sauter Mean Diameter 
TBT   total burning time 
THR total heat release  
UHC unburned hydrocarbon 
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ARTICLE INFO  As sustainable aviation fuels are one of the mid and long term solutions for aviation emissions reduction, this 

article focuses on jet engine performance with different HEFA-SPK blends. Blends used in the tests were 30% 
and 50% of HEFA-SPK fuel, and also pure Jet A-1 as a conventional fuel. Experiments were carried out on a 
miniature jet engine, GTM 400, and the aim was to assess the impact of SAFs on operational parameters. 
Selected engine performance parameters were calculated and analyzed for the tested blends. One of the results 
is that the blend of HEFA-SPK led to an average improvement of thrust-specific fuel consumption by about 3%, 
and an increase of static thrust by 2.7–11.2%. 
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1. Introduction 

The growing requirements of air transport have resulted 
in an increased need for jet fuel. Roughly 300 billion liters 
of jet fuel are produced annually on a global scale. The 
significant utilization of jet fuel results in considerable 
emissions of greenhouse gases, contributing to the aviation 
sector being accountable for 3% of the total current GHG 
emissions [8]. Many new technologies, initiatives, and 
solutions are being developed to reduce the impact of avia-
tion on the environment, and the actions in the aviation 
sector can be divided into changes in the construction of 
aircraft and engines, to make the aircraft and engines more 
ecological, and to find alternative fuels that have better 
emission indexes than conventional aviation fuel. As sus-
tainable aviation fuels (SAF) have been seriously developed 
since 2009, when the first production pathway of SAF was 
certified, sustainable aviation fuels are currently one of the 
most promising mid-term solutions to reduce greenhouse 
gases in the aviation sector [14]. Nowadays, more than 700 
thousands of flights have been operated using SAF since 
2011, and 69 airports are regularly supplied with SAF [1]. 
According to Fit for 55, the percentage of SAF used in air 
transport should be 6% by 2030, 20% by 2035, 34% by 
2040, 42% by 2045 and 70% by 2050 [24]. 

Currently, there are 8 production pathways certified in 
the standard for sustainable fuels in aviation, ASTM 
D7566, and 3 co-processing pathways described in ASTM 
D1655 standard [13]. Most of this attention has been 
around streamlining the conversion pathways to produce  
a drop-in fuel, which is also achieving good emission re-
sults compared to conventional aviation fuel. Drop-in fuel 
is a term used to describe sustainable aviation fuels that are 
compatible with existing fuel infrastructure, aircraft en-
gines, and fuel distribution networks [8]. It can be used in 
the aircraft engine as a blend with conventional aviation 
fuel in proportions specified by the standard ASTM D7566. 
The proportions in which SAF can be mixed with conven-
tional fuel vary depending on the production process, from 
a maximum of 10% (e.g. HFS-SIP, HHC) to 50% (e.g. 

HEFA-SPK, ATJ-SPK). Mixing limits result from the phys-
icochemical properties of individual fuels and their degree 
of mixing with conventional fuel, e.g. SIP fuel, with  
a blending limit of 10%, has a high viscosity value, which 
makes energy consumption and mass-based fuel consump-
tion the highest among certified SAF fuels and can indicate 
inefficient energy conversion, often stemming from chal-
lenges associated with flow dynamics [15]. Some of the 
physicochemical properties of SAF fuels make them attrac-
tive for consideration as high-performance fuels, e.g. low 
aromatic content, high thermal stability, and high specific 
energy. Additionally, the energy efficiency of the engine 
can be affected by various other physicochemical properties 
of the fuel. First one is viscosity, which plays a significant 
role in influencing the heat transfer coefficients, which in 
turn dictate the amount of waste heat that is recovered by 
the fuel and reintroduced into the engine through the com-
bustor, the other one is thermal stability of the fuel drives 
numerous overarching design choices concerning the ther-
mal regulation of an engine and mainly depends of chemi-
cal composition and physical conditions of fuel. Another 
parameter that has an impact on the energy efficiency is the 
hydrogen-to-carbon ratio, which affects the composition of 
exhaust gases in the combustor, leading to a slight influence 
on the ratio of heat capacities and the temperature at the 
combustor exit. Energy density directly influences volumet-
ric flow rates, which in turn affect heat transfer coefficients. 
Also, the specific heat directly affects the temperature in-
crease in the fuel per unit of absorbed heat energy, poten-
tially impacting the rate of coking [6]. Volatility impacts 
the fuel's vaporization and is one of the most desired fuel 
qualities for ignition [12]. According to Kroyan et al. [15], 
among certified sustainable aviation fuels, FT-SPK/A 
(Fischer-Tropsch Synthetic Paraffinic Kerosene with Aro-
matics) stands out with the highest carbon content, the 
highest volumetric lower heating value, and very high den-
sity. Studies show that the aromatic content in sustainable 
aviation fuels plays a crucial role, as it significantly influ-
ences both the fuel properties and the performance of jet 
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engines, and too low aromatic content may affect fuel leak-
age problems [12]. The fuel properties of FT-SPK/A close-
ly resemble those of conventional aviation fuel Jet-A1, 
primarily due to its aromatic content, and the end-use per-
formance of FT-SPK/A is also very similar to standard Jet 
A-1. The purely FT-SPK (Fischer-Tropsch Synthetic Paraf-
finic Kerosene), compared to other certified SAFs, features 
low density, the lowest carbon content, intermediate mass-
based net calorific value, and the lowest volumetric net 
calorific value. According to studies [15] HEFA-SPK (Hy-
droprocessed Ester and Fatty Acids Synthetic Paraffinic 
Kerosene) and ATJ-SPK (Alcohol-to-Jet Synthetic Paraf-
finic Kerosene) also have low density, so the volumetric 
fuel consumption is higher, but both these fuels also have 
the lowest fuel consumption mass compared to other certi-
fied sustainable aviation fuels and conventional aviation 
fuel [15]. Studies made by Mazlan et al. [19] show that as 
the proportion of SAF fuel in the fuel mixture increases, the 
maximum engine thrust increases and fuel consumption 
decreases. The studies also show that the heat capacity has 
an influence on engine thrust increase and that the density 
of the fuel impacts the specific fuel consumption: an in-
crease in density increases specific fuel consumption [19]. 
For pure CSPK (Camelina Bio-Synthetic Paraffinic Kero-
sene), the maximum thrust was slightly higher than for 
JSPK (Jatropha Bio-Synthetic Paraffinic Kerosene), alt-
hough the lower heating value of JSPK is higher (44.3 
MJ/kg) than that of CSPK (44.0 MJ/kg), which reveals that 
not only the lower heating value impacts the maximum 
thrust [19]. Table 1 presents selected physicochemical pa-
rameters of certified SAF fuels according to ASTM D7566 
standard [25]. 

 
Table 1. Specified physicochemical parameters of selected certified pro-

duction pathways of SAF [25] 
 Jet A-1 FT-

SPK 
FT-

SKA 
HEFA-

SPK 
SIP ATJ-

SPK 
Aromatics [vol %] 8–25 0.5 20/21.2 0.5 0.5 0.5 
Cycloparaffins, mass 
[%] 

 15 15 15  15 

Sulfur [mg/kg] 0.3 15 15 15 2 15 
Final boiling point, 
[oC] 

300 300 300 300 225 300 

Distillation  
T90–T10 [oC] 

 22 22 22 5 21 

Flash point [oC] 38 38 38 38 100 38 
Freezing point [oC] –40 –40 –40 –40 –60 –40 
Density at 15oC 
[kg/dm3] 

775–
840 

730–
770 

755–
800 

730–770 765–
780 

730–
770 

Energy density 
[MJ/kg] 

42.8 – – 44.1 43.5 – 

Antioxidants [mg/dm3] 24 17–24 17–24 17–24 17–24 17–24 
 
Sustainable aviation fuel tested in this research is 

HEFA-SPK (Hydroprocessed Esters and Fatty Acids Syn-
thetic Paraffinic Kerosene). HEFA-SPK is a production 
pathway certified in 2011 and described in Annex 2 in 
ASTM D7566 standard [14]. The feedstock used in the 
production of HEFA-SPK is mostly used cooking oil, oily 
biomass like camelina or jatropha, municipal solid wastes, 
and other raw materials [18]. The range of raw materials 
used in the production of HEFA-SPK fuel is constantly 

expanded by producers to include more wastes and residues 
from different sectors of the economy.  

The aim of this article is to analyze the impact of the 
blend ratio of HEFA-SPK and Jet A-1 on the combustion 
parameters and the engine’s performance. The research was 
made on 30% of HEFA-SPK and 50% of HEFA-SPK and 
reference conventional fuel Jet A-1.  

2. Methodology 
2.1. Tested engine 

The tests were carried out on the engine GTM 400. It is 
a microjet turbine engine which consist of the following 
elements: inlet duct, single stage radial compressor, annular 
combustion chamber with vaporizers, single stage axial 
turbine, exhaust duct with constant geometry, electrical 
starter, digital controller FADEC, geared fuel pump, engine 
starting solenoid valve, fuel shut-off solenoid valve, rpm 
optical sensor transmitter-receiver and Exhaust Gas Tem-
perature thermocouple (EGT) mounted in the exhaust noz-
zle. In jet engines, variable geometry refers to adjusting the 
shape or size of specific components to optimize engine 
performance across different flight conditions. This can 
involve changing the area of the nozzle, the pitch of the 
compressor blades, or even the geometry of the inlet. "Con-
stant geometry" refers to an engine design where the physi-
cal dimensions of key components, such as the nozzles, are 
fixed and do not change during operation. 

The schematic view of the tested engine is presented in 
Fig. 1. Engine stations designations were marked by the 
engine manufacturer and do not comply with the aviation 
industry. 

 
 Fig. 1. Schematic view of the tested engine 

 
Tested engine GTM 400 has a maximum thrust of 400 

N and minimum thrust of 15 N. It is constructed for con-
ventional fuel Jet A-1, with the possibility of changing the 
supply fuel to alternative fuels using an additional fuel 
distributor. The engine is lubricated with the engine fuel 
supply system using a mixture of JET-A1 and lubrication 
oil. The lubrication type for this engine is the mixture of 
4% Mobil Jet Oil II and Jet-A1 fuel. Specific engine pa-
rameters are presented in Table 2. 

In addition to the engine performance data, there are 
some other parameters recorded like engine starter voltage 
level [V], engine fuel pump voltage [V], engine igniter 
(glow) voltage signal [V], engine fuel ignition and combus-
tion valves position [%], and engine rotation speed related 
to maximum rotation speed [%] [23]. 
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In order to be able to conduct engine tests running on 
the sustainable aviation fuel, the engine was equipped with 
an additional internal fuel manifold dedicated to the alterna-
tive fuel type. This manifold construction was designed 
with the threaded connector at the end of the manifold, 
which allows for connecting a sustainable fuel line. 

 
Table 2. Parameters of GTM 400 

Parameter Value 
Maximum thrust 400 N 
Minimum thrust 15 N 
Max. spool rpm 85 000 rpm 
Min spool rpm 27 000 rpm 
Compression ratio 3.3:1 
Mass air flow rate 770 g/s 
Exhaust gas temperature 750oC 
Fuel consumption 1200 g/min 
Diameter 150 mm 
Length 390 mm 
Total weight 3200 g 

 
An additional sealed access port in the engine case al-

lows borescope inspections of the combustion liner and 
turbine nozzle vanes. 

2.2. Measurements 
The tests were carried out on the described engine GTM 

400. The atmospheric conditions during measurements 
were an ambient temperature of 20◦C and an atmospheric 
pressure of 1000.9 hPa. 

Tested fuels were blends of 30% volume of HEFA-SPK 
with Jet A-1 (HEFA30) and 50% volume of HEFA-SPK 
and Jet A-1 (HEFA50). The reference fuel was convention-
al aviation fuel Jet A-1. The feedstock used for this specific 
HEFA fuel production was mostly used cooking oil.  

For every tested fuel, there were 12 measurement 
points: 7, 10, 20, 30, 40, 50, 60, 70, 80, 85, 90, and 100% 
Rc, so the measurement points also included the engine 
setup for the LTO cycle (Landing and Take-off). Every 
measurement point was set up for 20s, and the results were 
averaged. Despite changing conventional fuel to a blend 
with SAF, it was possible to obtain the same relative thrust 
and fuel flow. During experiments following parameters 
were recorded: static thrust [N], fuel flow [kg/h], total pres-
sure at compressor diffuser p2 [hPa], total temperature at 
combustion chamber exit T3 [°C], total mass flow [kg/s], 
rpm [1/min], turbine inlet temperature TIT [°C], and ex-
haust gas temperature [°C]. Due to measurements of these 
parameters, it was possible to calculate specific engine 
parameters, such as specific fuel consumption, specific 
thrust, engine power, and engine thermal efficiency.  

4. Research results 
4.1. Thrust specific fuel consumption (TSFC) 

Thrust-specific fuel consumption (TSFC) is one of the 
most important engine performance parameters. It is de-
fined as the amount of fuel used to generate one unit of 
thrust over a finite period of time. This parameter tells us 
how efficiently engine power (thrust) is produced. TSFC is 
frequently given in the dimension of kg of fuel/daN of 
thrust/hour. In imperial units, its unit is noted as lbm 
fuel/lbf thrust/hours. 

Thrust-specific fuel consumption – TSFC is defined as 
the relation of the fuel mass burnt in the combustion cham-
ber in one hour to the thrust generated by the engine. 

TSFC is the parameter that characterizes jet engine 
economy. TSFC reduction allows for increased aircraft 
flight duration and range. Since primary engine design 
considerations, particularly for commercial air transport, 
are those of low specific fuel consumption and weight, this 
is the reason why this parameter was used to analyze engine 
performance and economy based on the different aviation 
fuel types [22]. 

Mathematical expression of the TSFC is noted as a rela-
tion of the fuel mass flow provided to the engine, to the 
thrust generated as a result of the thermal energy produced 
in the combustion process: 

 TSFC =
ṁf

Fc
 [ 

kg

daN · h
] (1) 

where: TSFC – thrust specific fuel consumption, ṁf – fuel 
mass flow provided to the combustion chamber, Fc – thrust 
force generated out of the combustion process.  

TSFC calculated for the specific engine power levels is 
presented in Fig. 2.  

 
Fig. 2. Comparison of the thrust specific fuel consumption (TSFC) for 
 the very specific engine throttle level Rc [%] 

 
For the idle engine power level, the lowest TSFC was 

achieved for the clean Jet-A1 fuel, about 8% lower than 
HEFA50 and 3% than HEFA30. Still, it is worth noting that 
for such a low engine power level, it was extremely hard to 
set the same power level. For 7% and 10% of the engine 
rpm, TSFC was 8-10% higher than for HEFA50 and 
HEFA30. What is very important to stress is that starting 
from about 70% of engine rpm, TSFC was always higher 
than for other mixed fuels, with an average of 3.5%.  

4.2. Fuel-to-air ratio 
Another important engine performance parameter that 

is used to determine engine operation efficiency is the fuel-
to-air ratio (FAR), noted as τ. Engine combustion efficien-
cy strongly depends on two parameters. The first one is the 
air mass flow velocity entering the combustion chamber. 
The second one is the FAR. To achieve the highest combus-
tion efficiency, the FAR for the jet engines should be be-
tween 1:60 and 1:130 of kerosene.  

FAR is strongly related to the specific thrust and TSFC 
and might be noted as follows: 
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 τ = TSFC ∙  Fs (2) 

Fuel to air ration is also calculated as the fuel mass flow 
rate related to the air mass flow rate – eq. (3). 

 
τ =

ṁf

ṁ
 (3) 

FAR calculated for the specific engine power levels is 
presented in Fig. 3. 

 
Fig. 3. Analysis of the fuel-to-air ratio for the very specific engine throttle 
 level Rc [%] 

 
What might be deduced from Fig. 3 is the fact that only 

for the low engine power levels (7–20%), FAR for Jet-A1 is 
lower than for other mixed fuels (average 0.05%). Starting 
from 30%, the engine power level was always higher, with 
an average of 0.1%. Only for 100% engine rpm FAR for 
mixed fuels was higher. The reason for this could be that 
the engine control panel allowed for setting 100% still with 
various physical rpms. 

4.3. Specific thrust 
Specific Fs thrust is one of the key engine performance 

parameters. It is the relation of the thrust Fc generated by 
the engine to the air mass flow through the engine ṁ In the 
physical sense, specific thrust might be treated as a thrust 
generated out of 1 kg air mass flow through the engine in 1 s.  

 
Fs =

Fc

ṁ
 [

m

s
] (4) 

Assuming that the mass flow at the engine exhaust 
equals the sum of the engine inlet air mass flow plus fuel 
mass flow added, and assigning: (ṁ + ṁp) = (1 + τ) ∙ ṁ 
eq. (4) could be written as follows: 

 
Fs =

Fc

ṁ
= (1 + τ)(V8 − V0) (5) 

From eq. (5) may deduce that the specific thrust de-
pends on the velocity differences of the engine inlet and 
outlet airflow.  

Engine-specific thrust depends on the engine compres-
sion rate, turbine inlet temperature, and compres-
sion/expansion efficiency. The higher the specific thrust, 
the lower the air mass flow required to generate the same 
level of power or thrust, which allows for the design and 
build of smaller and lighter aircraft engines.  

Engine-specific thrust is the indicator of the engine effi-
ciency because an engine with a higher F index generates 

higher thrust, for the same air mass flow. Calculating thrust 
to specific thrust ratio provides information on the air mass 
flow rate through the engine, which determines engine 
cross-section area and, as a result, engine dimensions. 

Engine-specific thrust calculated for the specific engine 
power levels is presented in Fig. 4. 

 
Fig. 4. Comparison of the specific thrust (Fs) for the very specific engine 
 throttle level (Rc) 

 
Having analyzed the comparison of the Specific Thrust 

at each engine power level, it might be noticed that for all 
engine rpm levels except 60%, the engine-specific thrust 
was higher for the HEFA50 mixed fuel type with a differ-
ence of 2–9%. The engine on HEFA30 was working with  
a similar specific thrust to Jet-A1.  

4.4. Thermal efficiency  
TSFC is directly related to the thermal and propulsive 

efficiencies and, as a result, the overall engine efficiency 
[9]. Since specific fuel consumption is directly related to 
thermal efficiency, let us explain what thermal efficiency is 
and how it is calculated. 

The ability of an engine to convert the thermal energy 
inherent in the fuel (which is unleashed in a chemical reac-
tion) to a net kinetic energy gain of the working medium is 
called the engine thermal efficiency, and it is noted as ηc 
[10]. In combustion-based engines, thermal efficiency de-
pends on the pressure and temperature in the combustion 
chamber.  

Thermal efficiency (ηthermal) is generally defined as the 
ratio of useful work output (or, in the case of a jet engine, 
the kinetic energy imparted to the flow) to the energy input 
(fuel energy). 

Considering enthalpy flux for a jet engine, the energy 
balance involves: 
 Fuel energy input: ṁf ∙ LHV (lower heating value) 
 Energy carried away by the exhaust: enthalpy flux, 

kinetic energy, and pressure work. 
The thermal efficiency, considering the enthalpy flux, 

can be expressed as: 

 
ηthermal =

useful energy output

energy input
 (6) 

Assuming steady-flow and idealized engine cycle and 
noting: 
 Mass flow rate of air: ṁa 
 Mass flow rate of fuel: ṁf 
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 Fuel's lower heating value: LHV 
 Inlet (ambient) conditions: temperature T0, enthalpy h0  
 Exhaust conditions: temperature Texit, enthalpy hexit 
 Exhaust velocity: Vexit 
 Specific heats: cp (assumed constant) 
 Air inlet enthalpy: h0 = cpT0  
 Exhaust enthalpy: hexit = cpTexit  
 Fuel energy input rate: Q̇f = ṁf ∙ LHV. 

Let us calculate the energy balance:  
The total energy flux leaving the engine per unit time 

(per unit mass of air) includes: 
 Enthalpy flux: ṁahexit 
 Kinetic energy flux: 1

2
ṁaVexit

2 . 
The total energy input from fuel: Q̇f = ṁf ∙ LHV. 
The thermal efficiency reflects the ratio of the useful 

energy imparted to the flow (enthalpy + kinetic energy) to 
the energy supplied by the fuel: 

 
ηthermal =

energy increase in the airstream

fuel energy input
 (7) 

Expressed explicitly: 

 
ηthermal =

ṁa(hexit +
Vexit

2

2
− h0)

ṁf ∙ LHV
 (8) 

This detailed form captures the essential thermodynamic 
parameters, including enthalpy flux cp(Texit − T0) and 

kinetic energy flux Vexit
2

2
, normalized by fuel energy input 

per unit air mass flow, providing a comprehensive measure 
of jet engine thermal efficiency considering enthalpy flux. 

For instance, for the very popular aviation fuel JET-A1 
net calorific value LHV should be no less than 42.8 MJ/kg. 

Equation (8) compares the mechanical power produc-
tion in the engine to the thermal power investment in the 
engine [11]. 

Thermal efficiency is a prime factor in gas turbine per-
formance. It is the ratio of the network produced by the 
engine to the chemical energy supplied in the form of fuel. 
The three most important factors affecting thermal efficien-
cy are turbine inlet temperature, compression ratio, and the 
component efficiencies of the compressor and turbine. 
Other factors that affect thermal efficiency are compressor 
inlet temperature and combustion efficiency. 

Since combustion efficiency depends on the combustion 
chamber construction, fuel system, and the fuel combustion 
process efficiency, which directly depends on the type of 
fuel used in the combustion, that is why it is extremely 
significant to compare thermal efficiencies for the different 
types of aviation fuels used and various mixture ratios of 
the JET-A1 fuel and the sustainable fuel. 

A high engine thermal efficiency means low specific 
fuel consumption and, therefore, less fuel for a flight of  
a given distance at a given power. Thus, the practical im-
portance of high thermal efficiency is one of the most de-
sirable features in the performance of an aircraft engine. 

Thermal efficiencies calculated in accordance with eq. 
(8) The specific engine power levels and three types of fuel 
were presented in Fig. 5. 

 
Fig. 5. Thermal efficiency η [%] for the very specific engine throttle level 
 Rc [%] 

 
Engine thermal efficiency for all engine power levels 

was higher for HEFA50 with about 0.1–0.4%. The results 
achieved confirm our assumptions that engine thermal 
efficiency will be higher for the HEFA50 fuel mixture. It is 
worth noticing that even though thermal efficiency is not 
very high, reaching about 16%, increasing thermal efficien-
cy increases overall engine efficiency and, as a result, en-
gine performance in return for the lower engine fuel con-
sumption. 

4.5. Temperatures 
Total temperature – T3 

The results achieved in the engine test were very prom-
ising as far as the performance is concerned. However, the 
question is whether the achieved results resulted in higher 
temperatures measured in engine control points.  

Let us analyze the first measured temperature T3, which 
is the combustion chamber outlet. Jet engines achieve better 
performance when the temperatures achieved out of the 
combustion chamber are higher.  

In Figure 6, T3 total temperatures measured at specific 
engine cross-sections in relation to the engine throttle level 
(Rc) are presented. 

 
Fig. 6. Total temperature T3 for the very specific engine throttle level Rc [%] 

 
Having analyzed achieved T3 temperatures it might be 

concluded that up to 85%, T3 temperatures generated from 
the Jet-A1 fuel were about 2% higher than for the sustaina-
ble fuels. For 90–100% engine power level T3 temperatures 
achieved for HEFA50 and HEFA30 were 1–2% higher.  

Turbine inlet temperature – TIT 
Turbine inlet temperature (TIT) is one of the crucial 

temperatures in the jet engine for two reasons. The first one 
is the engine health status and endurance, while the other 
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one is the engine performance. From the perspective of the 
engine-generated thrust, the higher TIT, the higher energy 
generated at the turbine inlet, which is converted to the 
turbine work as well as engine exhaust gases acceleration.  

In Figure 7, TIT measured at specific engine cross-
sections in relation to the engine throttle level (Rc) is pre-
sented. 

 
Fig. 7. Turbine inlet temperature TIT for the very specific engine throttle 
 level Rc [%] 

 
As for the TIT, for almost all the engine power levels, 

exhaust gas temperatures resulting from Jet-A1 were lower 
by 0–3.3% from the fuel mixtures 

Exhaust gas temperature – EGT 
Exhaust gas temperature (EGT) is the total temperature, 

which is measured at various points, depending on the en-
gine construction. This temperature results from the TiT, 
engine construction, and engine capabilities of the engine 
conversion to the turbine work. This engine parameter must 
be controlled and monitored. Exceeding the allowed EGT 
might result in engine severe failure or even damage.  

In Figure 8 exhaust gas temperature EGT measured at 
specific engine cross-sections concerning the engine throt-
tle level (Rc) is presented. 

 
Fig. 8. Exhaust gas temperature EGT for the very specific engine throttle 
 level Rc [%] 

 
Up to 50% of the engine power level EGT generated 

from Jet-A1 is higher in comparison to HEFA50 and 
HEFA30 of 0.2–1.3%. Starting from 50% of rpm, the gen-
erated exhaust gas temperature is higher for sustainable fuel 
mixtures from 0.2–2.5%, which is a remarkable increment.  

 

4.5. Engine static thrust – Fc 
Having analyzed all the most important engine parame-

ters, it is worth checking how fuel additives affect engine 
static thrust Fc in comparison to the clean Jet-A1. 

Static thrust Fc of the turbojet engine can be calculated 
in accordance with eq. (9): 

 Fc = (ṁ + ṁf)V8 + (p8 − p0)A  (9) 

where: p8 – exhaust gases pressure in nozzle cross-section, 
p0 – atmospheric pressure, A – exhaust nozzle cross-
section area.  

Results were presented in Fig. 9. 

 
 Fig. 9. Engine static thrust Fc for the very specific engine throttle level Rc [%] 

 
As it might be deduced from Fig. 9, the fact that sum-

marizes conducted research case studies is that sustainable 
aviation fuels not only affect environmental pollution, but 
they also allow for higher thermal efficiency and engine 
performance. 

Analyzing engine static thrust generated from all the 
fuel types, it might conclude that engine static thrust Fc 
achieved from HEFA50 and HEFA30 is higher by about 
2.7–11.2% 

5. Discussion  
According to the literature data, several studies indicate 

that blending SAFs with conventional jet fuels can lead to  
a reduction in TSFC. For instance, a 7% FT (Fischer-
Tropsch) blend resulted in a 6.67% reduction in TSFC 
across all thrust settings [17]. Similarly, the use of CHJ 
(Catalytic Hydrothermolysis Jet) fuel blends showed lower 
TSFC compared to conventional fuels [16]. Different bio-
fuel blends, such as those containing Jatropha and Came-
lina, have been tested and found to improve engine perfor-
mance by reducing TSFC. For example, biofuels like 
Jatropha Bio-Synthetic Paraffinic Kerosene (JSPK) and 
Camelina Bio-Synthetic Paraffinic Kerosene (CSPK) 
showed a 1% to 3% lower TSFC compared to Jet-A fuel 
[7]. The impact of SAFs on TSFC is influenced by the 
specific properties of the fuel and the design of the engine. 
For instance, the lower heating value of the fuel plays  
a significant role in determining TSFC. Blends with appro-
priate fuel properties, such as a lower carbon-to-hydrogen 
ratio and higher combustion efficiency, tend to reduce fuel 
consumption [21]. The benefits of SAFs in reducing TSFC 
are observed across various thrust settings. For example,  
a 10% CHJ fuel blend provided higher thrust and lower 
TSFC throughout the entire range of thrust output settings 
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[16]. The literature confirms the obtained results for HEFA 
fuel. In the case of the studies presented in the article, an 
average reduction in TSFC of 3% was achieved for Jet A-1 
and HEFA blends. 

SAFs are required to meet higher thermal stability 
standards than conventional jet fuels, which can be lever-
aged to improve energy efficiency in new engine designs. 
Higher energy density fuels, which SAFs can provide, di-
rectly impact aircraft efficiency, with an increase in fuel 
specific energy (enthalpy per unit mass, LHV) leading to  
a 0.43% improvement in aircraft efficiency per MJ/kg in-
crease in LHV [5]. 

SAFs composed of cycloalkanes and some aromatics 
have been found to maximize energy savings in high power 
engine operating conditions. This is likely due to the effects 
of the hydrogen-to-carbon (H/C) ratio on turbine perfor-
mance, which can enhance the thermal efficiency of the 
engine [16]. However, at low power conditions, SAF mix-
tures have not yet surpassed conventional petroleum fuels 
in terms of energy savings [2].  

Studies have shown that the use of SAFs can lead to 
slight improvements in engine efficiency. For instance, 
leveraging the high thermal stability of synthetic fuels can 
result in a combined efficiency savings of around 0.5%, 
with a significant portion attributed to the thermal proper-
ties of the fuel [6]. This efficiency gain is partly due to the 
ability of SAFs to maintain stable combustion at higher 
temperatures. The ability of SAFs to absorb heat without 
significant degradation is crucial for maintaining engine 
performance. This property ensures that the fuel can effec-
tively manage the thermal load, prevent overheating and 
maintain optimal engine temperatures [3, 4]. The high 
thermal stability of SAFs means they can withstand higher 
operating temperatures without forming deposits that could 
impair engine performance [20]. The conducted studies 

showed that the thermal efficiency of the engine at all pow-
er levels was higher for HEFA50 by approximately 0.1–
0.4%. 

The presented literature sources indicate trends in jet 
engine performance parameters following the use of avia-
tion fuels blended with SAF. The research presented in this 
article also confirms these trends under test conditions, as 
described in the conclusions of this study. From the per-
spective of engine performance, the use of SAF may prove 
beneficial, although not necessarily from an economic 
standpoint – a matter that, however, is beyond the scope of 
this paper. 

6. Conclusions 
The conducted research aimed to assess the impact of 

sustainable aviation fuel on the operational parameters of 
the engine. The obtained results were compared with avail-
able literature. A thorough analysis of the collected meas-
urements allowed for the formulation of the following con-
clusions: 
 The use of HEFA-SPK fuel resulted in an average im-

provement of TSFC by approximately 3% across the 
engine's operating range 

 Specific thrust improved by 2–9%, depending on the 
operating point of the engine powered by the HEFA-
SPK fuel blend 

 The engine's thermal efficiency increased by an average 
of 0.4% due to the use of HEFA fuel 

 Exhaust gas temperature at various engine points re-
mained similar regardless of the type of fuel used 

 Static thrust increased by 2.7%–11.2% for the engine 
powered by HEFA fuel. 
These conclusions indicate that the use of sustainable 

aviation fuels is beneficial not only for environmental rea-
sons but also for engine performance. 

 

Nomenclature 
ATJ-SPK  alcohol-to-jet synthetic paraffinic kerosene 
CHJ  catalytic hydrothermolysis synthesized kero-

sene 
CH-SK  catalytic hydrothermolysis synthesized kero-

sene 
CO carbon monoxide 
CO2 carbon dioxide 
CSPK  camelina bio-synthetic paraffinic kerosene 
EGT  exhaust gas temperature 
FAR  fuel-to-air ratio 
FT-SPK Fischer-Tropsch Synthetic Paraffinic Kero-

sene 
FT-SPK/A  Fischer-Tropsch Synthetic Paraffinic Kero-

sene with aromatics 

GHG greenhouse gases 
HEFA-SPK  hydroprocessed ester and fatty acids synthetic 

paraffinic kerosene 
HFS-SIP  hydroprocessed fermented sugars to synthetic 

isoparaffins 
HHC hydroprocessed hydrocarbons, esters and 

fatty acids synthetic paraffinic kerosene 
JSPK jatropha bio-synthetic paraffinic kerosene 
LHV  lower heating value 
LTO landing and take off cycle 
SAF sustainable aviation fuel 
SIP hydroprocessed fermented sugars to synthetic 

isoparaffins 
TSFC thrust-specific fuel consumption 
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Numerical investigation of intake flow dynamics in hydrogen-fueled engines 
 
ARTICLE INFO  This paper presents a computational fluid dynamics (CFD) study of hydrogen injection in a modified intake 

system of a small industrial internal combustion engine. Two injector positions (8 mm and 12 mm from the valve 
stem axis) and two injection profiles were evaluated for their impact on in-cylinder mixture formation. The 
results indicate that injector placement significantly affects hydrogen jet penetration and turbulence interaction. 
A more gradual injection profile produced better mixture homogeneity. The 8 mm configuration with Profile B 
demonstrated the most uniform distribution, which is favorable for combustion stability and NOx emission 
reduction. These findings support the need for integrated optimization of intake geometry and fuel delivery 
strategies in hydrogen engines. 
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1. Introduction 

The growing interest in hydrogen as a sustainable fuel 
for internal combustion engines has intensified the need to 
understand the complex dynamics of fuel-air mixture for-
mation and in-cylinder flow behavior [43, 50]. Hydrogen 
internal combustion engines (H2-ICEs) are increasingly 
regarded as a promising pathway to decarbonize the 
transport sector. These engines utilize hydrogen fuel in  
a conventional combustion process, offering near-zero 
carbon dioxide emissions and significantly lower levels of 
particulates and unburned hydrocarbons. When combined 
with direct injection (DI) and advanced ignition systems, 
H2-ICEs can achieve peak thermal efficiencies of up to 
50% and average driving cycle efficiencies above 35%, 
especially in hybrid vehicle configurations [3, 7, 9]. 

Applications of H2-ICEs range from heavy-duty trucks 
and city buses to retrofitted power units in hybrid 
drivetrains. Positive ignition (PI) concepts with DI and jet 
ignition (JI) provide high power density and efficient lean-
burn operation. However, port fuel injection (PFI) systems 
– although easier to retrofit – require careful control to 
avoid backfire and pre-ignition events [10, 24, 51]. Similar-
ly, Yang et al. [49] showed that in Reactivity Controlled 
Compression Ignition (RCCI) engines, split-injection pa-
rameters have a key influence on multi-stage heat release 
and engine efficiency, emphasizing the need for precise 
tuning of the injection strategy. 

Despite these advantages, H2-ICEs face several tech-
nical challenges. Key among them are elevated NOx emis-
sions due to high combustion temperatures, material degra-
dation from hydrogen exposure, and the need for rede-
signed thermal systems to handle hydrogen-specific intake 
air and heat transfer characteristics [4, 32]. Recent studies 
also demonstrate that water injection can significantly re-
duce NOx formation and improve torque and combustion 
stability at high loads [33]. 

Therefore, adequate air-fuel mixing, injection strategy, 
and combustion chamber geometry management are critical 
to ensure stable operation and emission compliance. These 
aspects are particularly relevant to developing small-

displacement engines, where compact design constraints 
amplify the effects of mixture formation on overall perfor-
mance. 

Hydrogen's unique properties – including high diffusivi-
ty and flame speed – make it attractive but pose challenges 
such as backfire risk and mixture stratification [5]. 

Achieving a homogeneous hydrogen-air mixture is one 
of the most critical aspects of ensuring efficient and stable 
combustion in H2-ICEs. Mixture stratification can lead to 
local hot spots, increased NOx formation, and incomplete 
combustion. As a result, understanding the dynamics of 
fuel-air mixing is essential for developing low-emission 
hydrogen engines. As emphasized by Vasudev et al. [45], 
accurate modelling of fuel-air stratification remains a criti-
cal challenge in low-temperature combustion strategies, 
which justifies the use of detailed Computational Fluid 
Dynamics (CFD) analyses even before ignition. 

Recent studies show that injection timing strongly influ-
ences mixture quality, with early injection events (e.g., –
120°CA aTDC) promoting better distribution across the 
combustion chamber [27]. Dual injection strategies and in-
cylinder flow patterns, especially tumble and swirl, have 
also enhanced mixture homogeneity [34]. Although high 
injection pressures can accelerate mixing, their effect is 
often less significant than proper timing and piston geome-
try [2, 47, 52]. 

CFD simulations and optical diagnostics, such as tracer-
based laser-induced fluorescence (TLIF), have enabled 
detailed characterization of hydrogen jet penetration and 
flow structures [8]. These methods reveal that injector posi-
tioning, nozzle design, and in-cylinder motion must be 
considered jointly to achieve optimal fuel-air distribution. 

Therefore, proper control of injection parameters and com-
bustion chamber dynamics is decisive in determining engine 
performance, NOx emissions, and operational stability. 

In addition to stratification, hydrogen engines are espe-
cially prone to abnormal combustion events such as back-
fire and pre-ignition. These issues are caused by hydrogen’s 
low ignition energy and high flame speed and are often 
triggered by hot residual gases, improper injection timing, 
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or elevated wall temperatures [17, 41]. Controlling these 
phenomena is essential for ensuring safe and stable opera-
tion. 

Furthermore, hydrogen combustion at high temperatures 
promotes NOx formation. While ultra-lean mixtures can 
suppress NOx, they may also reduce power output and in-
crease cycle-to-cycle variability [1, 20]. Thus, effective 
mitigation strategies – such as water injection, cooled EGR, 
optimized injection, and valve timing – are needed to bal-
ance performance and emissions [12, 39]. 

Computational Fluid Dynamics has become a crucial 
tool for analyzing hydrogen combustion due to the com-
plexity of flame propagation, pollutant formation, and flow 
interactions. CFD models, ranging from Reynolds-
Averaged Navier–Stokes (RANS) to Large Eddy Simula-
tions (LES), have been validated against experimental data 
and allow for detailed investigation of in-cylinder processes 
[15, 37]. These simulations are beneficial for assessing the 
effects of geometry, injection strategies, and turbulent mix-
ing in hydrogen-fueled engines. 

3D-CFD simulations, in particular, provide superior ac-
curacy in predicting heat release rates and flame develop-
ment compared to simplified 2D or 0D models [16, 36]. 

This study uses computational fluid dynamics (CFD) simu-
lations to investigate the behavior of air–hydrogen mixtures 
flowing through the intake valve system and interacting with 
various piston crown geometries. The primary objective is to 
assess how piston design influences turbulence intensity, mix-
ing quality, and combustion efficiency – factors critical for 
stable, efficient hydrogen combustion [29, 43]. 

Previous studies have emphasized the importance of op-
timizing charge motion – particularly swirl and tumble 
flows – for enhancing combustion in engines fueled with 
alternative gases such as sewage gas or hydrogen-enriched 
blends [3]. Modifications to intake and combustion cham-
ber geometry have proven effective in improving swirl 
characteristics and reducing NOx emissions. 

For instance, [25] demonstrated that geometric adjust-
ments near the inlet valve seats can enhance charge motion 
and combustion quality while meeting emission constraints. 
Similarly, swirl-stabilized flame studies indicate that adding 
hydrogen increases NOx formation, but this can be mitigat-
ed by raising excess air levels or swirl intensity, thereby 
improving mixture homogeneity and reducing peak temper-
atures [22]. 

These findings underscore the necessity of carefully de-
signing the intake system and piston geometry to optimize 
in-cylinder flow and minimize emissions in hydrogen-
fueled internal combustion engines. 

The role of intake geometry – including plenum vol-
ume, port shape, and runner length – cannot be overstated 
in this context. Optimized intake configurations can im-
prove air-fuel mixing, reduce dead zones, and enhance 
tumble or swirl motion, leading to better combustion effi-
ciency and lower emissions [2, 23]. Variable intake systems 
offer flexibility across engine speeds, further optimizing 
torque and fuel economy. Injection strategy – including 
timing, duration, and split/single injection schemes – 
strongly influences mixture formation and combustion 
characteristics. Delayed injection in DI engines improves 

efficiency and reduces pre-ignition risk, while split injec-
tion may enhance mixing but requires careful calibration to 
avoid NOx spikes [28, 30]. 

Injection strategies must also be tailored to engine type. 
For example, rotary engines benefit from early injection, 
while dual-fuel setups require precise pilot injection control 
[14, 44]. These parameters are key to leveraging hydro-
gen’s combustion potential across diverse engine architec-
tures. 

Additionally, the intake design affects engine response 
and thermal behavior, making it a critical factor in perfor-
mance and durability [6, 40]. 

2. Related work 
2.1. Hydrogen combustion characteristics in ICEs 

Hydrogen’s broad flammability limits, minimal ignition 
energy, and rapid diffusion support lean-burn combustion. 
Yet, these same traits heighten the risk of backfire, pre-
ignition, and elevated NOx levels due to increased combus-
tion temperatures [46]. Huang et al. [2] pointed out that 
consistent mixture formation and effective control of in-
cylinder air motion are key to mitigating these issues. 

Thanks to its combustion properties – such as fast flame 
speed and low ignition threshold – hydrogen enables effi-
cient lean-burn operation. Nevertheless, these characteris-
tics also introduce challenges like knock, spontaneous igni-
tion, and greater NOx emissions under high-temperature 
conditions. Research [13, 35] indicates that quick combus-
tion enhances thermal efficiency, though it can reduce pow-
er output under stoichiometric conditions. To stabilize 
combustion and curb NOx formation, strategies like direct 
injection and targeted mixture preparation near the ignition 
site are essential [30, 48]. 

2.2. Importance of in-cylinder flow and swirl motion 
Proper in-cylinder airflow plays a key role in ensuring 

thorough air-fuel mixing and maintaining stable combus-
tion. Swirl and tumble flows, induced by the design of 
intake ports and valve geometry, enhance turbulence and 
speed up flame development [18, 21]. Increased swirl in 
hydrogen-fueled engines enables lower emissions while 
maintaining high volumetric efficiency, as shown, among 
others, in studies using Particle Image Velocimetry (PIV) 
and CFD simulations [26, 38]. 

Studies by [25] on alternative fuel engines showed that 
optimizing the intake system—especially the regions near 
the inlet valves – can significantly improve swirl intensity. 
Their results, validated through flow-bench and combustion 
tests, revealed that geometric changes could yield better 
combustion characteristics and lower NOx emissions. 

Swirl and tumble motions are fundamental in direct-
injection hydrogen engines to avoid stratification and en-
sure reliable ignition. Through CFD, Liu et al. [29] demon-
strated that piston crown shape directly influences large-
scale vortex formation, affecting mixing efficiency and 
flame propagation dynamics. 

2.3. CFD simulation as a tool for flow characterization 
CFD methods are vital for examining the unsteady and 

intricate flow behavior within combustion chambers. Tra-
versari et al. [43] employed high-fidelity CFD simulations 
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to analyze turbulence generated by interactions between 
valves and the piston. Their research underlined the signifi-
cance of fine mesh resolution and the selection of appropri-
ate turbulence models, such as k–ε or LES, for accurate 
prediction of in-cylinder processes. 

In hydrogen-air mixture studies, CFD modelling – using 
approaches like k–ε or LES – enables simulation of vortex 
structures and the influence of moving components such as 
valves and pistons [19, 23]. Furthermore, CFD tools are 
valuable beyond engine analysis. For example, Czyż et al. 
[11] used them to assess the aerodynamic influence of indi-
vidual vehicle elements, quantifying drag contributions in 
an ultra-efficient electric vehicle. Their analysis highlighted 
how body shape affects flow detachment and turbulence 
formation – insights that are also critical in optimizing 
intake system performance. 

Combining CFD with machine learning methods allows 
for optimization of injection parameters and significantly 
accelerates the design of H₂ fuel systems [23]. 

Mattarelli et al. [31] further validated that advanced pis-
ton profiles could enhance turbulence, speed up flame 
propagation, and reduce cycle-to-cycle variability. This 
supports the view that piston geometry is not merely a me-
chanical component but a functional element in combustion 
optimization. 

2.4. Hydrogen-methane blends and swirl stabilization 
Recent research on swirl-stabilized combustion in hy-

drogen-enriched methane flames [25] has revealed a trade-
off between enhanced mixing and increased NOx emissions. 
Their results suggest that increasing swirl can homogenize 
the mixture and lower peak flame temperatures, thus reduc-
ing NOx emissions. However, excessive swirl may lead to 
incomplete combustion or flame quenching.  

These studies underline the necessity for a balanced in-
take strategy, where geometric configurations of valves, 
intake ducts, and piston crowns work synergistically to 
manage in-cylinder dynamics without incurring perfor-
mance penalties. 

3. Methods 
3.1. Research object 

The combustion engine on which the geometry of the 
intake and crank-piston system was based was the Yamaha 
EH65 engine. It is an industrial, two-cylinder, V-shaped, 
air-cooled engine with a capacity of 653 cm3. The basic 
technical data of the unit are presented in Table 1. 

 
Table 1. Technical data of the Yamaha EH65 

Parameter Unit Value 

Engine type – Air-cooled, OHV, V2, with 
horizontal shaft 

Cylinder bore  stroke mm 80  65 
Displacement cm3 653 

Maximum power kW 15 at 3600 rpm 
Maximum torque Nm 45.6 at 2600 rpm 
Compression ratio – 8.3 

Fuel – Unleaded petrol 
Ignition system – TCI ignition 
Service weight kg 49.5 

Dimensions (length  
width  height) mm 463  499  476 

Figure 1 shows the Yamaha EH65 internal combustion 
engine.  

 
 Fig. 1. Yamaha EH65 internal combustion engine 

 
The combustion engine has an indirect injection system 

with two injectors, one for each cylinder. This forced the 
modification of the intake system to install additional injec-
tors supporting LPG, CNG, and hydrogen HANA H2001 
Gold. Figure 2 shows the model of the intake manifold with 
additional sockets for gas injectors. 

 
Fig. 2. Yamaha EH65 engine modified intake system model. Arrows 
 indicate the location of the additional gas injector ports 

3.2. Simulation parameters 
The conducted research is preliminary in nature. It aims 

to understand the behavior of injected hydrogen in the in-
take manifold of an internal combustion engine. Additional-
ly, it aims to determine the optimal injector nozzle position 
relative to the intake valve stem diameter. Furthermore, the 
authors attempted to modify the hydrogen injection length 
characteristics. For this reason, many elements of the simu-
lation model were simplified. The model does not simulate 
the combustion process, focusing solely on the process of 
filling the combustion chamber with hydrogen. The CFD 
flow analysis was performed in SolidWorks Flow Simula-
tion. The engine geometry was mapped using reverse engi-
neering techniques. The software uses the k–ε (k–epsilon) 
turbulent model – or more precisely, a modified version of 
the k–ε model adapted to CFD engineering applications. 
Similar simplifications in CFD setup were employed in 
external aerodynamics studies of UAVs, where mesh densi-
ty and CAD model fidelity were adjusted to balance com-
putational cost and simulation accuracy [42]. The mesh was 
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based on cubes and consisted of 8037 cells and 4585 fluid 
cells that bordered the solid material. The basic mesh had 
the size Nx = 10, Ny = 14, Nz = 12. The critical locations 
of the mesh were automatically densified to increase the 
accuracy of the calculations. The authors are aware of the 
small number of cells, but this is a preliminary study aimed 
at investigating the problem. In the future, simulation stud-
ies will be conducted with a much more refined mesh, and 
the results will be compared. Figure 3 shows a basic mesh 
model of the Yamaha EH65 engine. 

 
 Fig. 3. Yamaha EH65 engine basic mesh model 

 
The initial/boundary conditions of the working medium 

parameters in the intake manifold were assumed in accord-
ance with the measurements of the actual engine running on 
standard Pb 95 gasoline. The test scenario assumed two 
different locations for mounting the injector tip. The first is 
8 mm from the intake valve stem axis, and the second is 12 
mm from the exact location. The location of the injector tip 
in the intake manifold lumen is consistent with the location 
of the additional gas injector sockets shown in Fig. 2. The 
injector nozzle distance depends on the factory HANA 
H2001 Gold injector fuel channel extensions. Two lengths 
are available to approximate the dimensions specified. 
Figure 4 shows the location of the injection tip at a distance 
of 8 mm from the valve stem axis. 

 
Fig. 4. The location of the injection tip at a distance of 8 mm from the 
 valve stem axis 

Another parameter that was changed during the tests 
was the hydrogen injection profile. The calculated hydro-
gen injection of 0.15 kg/s for one work cycle completely 
replaces the energy dose of gasoline necessary to operate 
the engine at a rotational speed of 3000 rpm. The injection 
dose and rotational speed parameters were selected in ac-
cordance with the actual operating parameters of the en-
gine, which is the driving element of the mobile generator. 
Injection profile A, shown in Fig. 5, introduces a dose of 
hydrogen at one peak at 4 milliseconds.  

 
 Fig. 5. Injection profile A 

 
Injection profile B, shown in Fig. 6, on the other hand, 

spreads the fuel dose, reducing the dose peak by half while 
maintaining the injection time. 

 
 Fig. 6. Injection profile B 

 
The results were presented in time windows, which 

were chosen to show the hydrogen injection process opti-
mally. The selected windows are 0.001, 0.0011, 0.0012, 
0.0014, 0.0016, 0.0018, 0.002, 0.0022, 0.0028, 0.004, 0.005 
seconds. 

3.3. Justification for the selection of parameters and 
simulation methods 

The main assumptions of the CFD model result from the 
need to analyze the mechanisms of hydrogen mixing with 
air in the intake valve area and the initial phase of cylinder 
filling. The literature [2, 27] emphasizes that intake geome-
try, injection timing, and H2 stream parameters significantly 
impact the homogeneity of the mixture and the formation of 
depleted or enriched zones. The selection of two injection 
profiles (pulsed – A and distributed – B) and two injector 
tip locations (8 mm and 12 mm from the valve stem axis) 
reflects typical strategies used in experiments and CFD 
analyses [47]. Studies [34] have shown that a shorter injec-
tor tip distance promotes vorticity intensification and im-
proves mixing. In turn, the B-profile, extended in time, 
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limits local excess hydrogen concentration, reducing the 
risk of pre-ignition or knocking [8, 13]. 

The simulations were performed without considering 
the combustion reaction, allowing the focus to be only on 
the mixing and flow phases. This approach is commonly 
used in preliminary work on H2-ICE engines and is con-
firmed in the literature [16, 47]. 

Additionally, the adopted mesh size and local densities 
in critical regions (e.g., injector area) ensure adequate accu-
racy of the flow analysis without excessive increases in 
computational costs. 

4. Results 
4.1. Effect of injector location 

The simulation results include a spatial-temporal analy-
sis of hydrogen distribution in the intake system for differ-
ent injector location variants (8 mm and 12 mm) and two 
injection time profiles (A and B). The simulations were 
performed in the time range from 0.001 s to 0.005 s. 

The numerical simulations detailed the hydrogen flow 
patterns under varying injector positions and injection pro-
files. Figures 3–5 and the accompanying data snapshots 
illustrate transient behavior in the intake manifold at critical 
time frames (0.001 s to 0.005 s). 

When the injector was positioned closer to the intake 
valve stem (8 mm), the resulting hydrogen jet exhibited 
higher penetration velocity and more direct alignment with 
intake airflow. This configuration enhanced local turbulence 
intensity, promoting better initial mixing with ambient air. 

In contrast, positioning the injector further away (12 
mm) led to a wider dispersion pattern but slower penetra-
tion, suggesting increased residence time for mixture for-
mation but potentially less directional control. 
For the configuration with the injector placed 8 mm from 
the intake valve, faster spray penetration, and a more dis-
persed hydrogen distribution are observed in the initial 
injection phases (t = 0.001–0.002 s). In the 12 mm configu-
ration, the spray has a more directed character, and the 
high-concentration region remains longer near the injector. 
These differences are apparent in the isosurfaces shown in 
Fig. 7 (columns 1 and 3). For t = 0.005 s, hydrogen spreads 
towards the intake valve in both cases, but the 8 mm con-
figuration shows a more uniform distribution. 
4.2. Effect of injection profile 

Injection Profile A (sharp 4 ms pulse) caused a strong, 
concentrated fuel jet. While this led to rapid mixture gener-
ation, it also increased the risk of localized stratification. 

Injection Profile B, which delivered hydrogen over the 
same period with lower peak flow, produced a more homo-
geneous distribution and better integration with the in-
cylinder swirl. 

Profile A (shorter pulse) generates a more focused 
stream with a transparent hydrogen concentration gradient 
along the injection axis. Profile B (extended injection time) 
results in a broader gas distribution in the manifold space. 
For the same injector position (e.g., 8 mm), Fig. 7 (columns 
1 and 2) simultaneously shows apparent differences in the 
stream geometry and isosurface range. For profile B, the 
stream reaches a greater lateral range, which may affect the 
mixing conditions at the intake valve. 

4.3. Combined effects 
The best mixing performance – assessed visually by 

spatial uniformity and flow symmetry – is observed for the 
8 mm injector distance using Injection Profile B. This con-
figuration showed early-stage uniform fuel-air mixing with 
minimal backflow or stagnation zones. 

The most uniform hydrogen distribution in the collector 
volume was obtained for the configuration with the injector 
placed 8 mm from the intake valve and time profile B. In 
this configuration, the hydrogen concentration isosurfaces 
show the most excellent coverage of space, which may 
indicate favorable conditions for mixture homogeneity. The 
distribution details are shown in Fig. 7 in the bottom row. 

5. Discussion 
The simulations demonstrate that piston crown geome-

try and intake conditions must be designed with an injection 
strategy to optimize hydrogen fuel delivery in ICEs. 

The closer injector location (8 mm) benefits from the 
kinetic energy of the intake stream, enabling better en-
trainment and momentum coupling. Although less aggres-
sive, Profile B avoids sharp flow transitions, reducing swirl 
destabilization. 

These results align with findings from [4] and [5], em-
phasizing the critical interplay between injection dynamics 
and in-cylinder turbulence for hydrogen engines. 

5.1. Implications for combustion 
Optimized mixture formation not only supports more 

complete combustion but also addresses typical issues in 
hydrogen-fueled ICEs: 
 Backfire and pre-ignition mitigation via smoother 

concentration gradients. 
 NOx control through stratification avoidance and low-

er local temperatures. 
The studies [13] showed that the homogeneity of the 

mixture directly affects the reduction of knock combustion 
zones and local overheating, which correlates with the effi-
ciency of the B injection profile observed in this work. 
Therefore, the 8 mm + B configuration can reduce cycle 
variability and improve ignition stability, which is crucial in 
ignition systems with many starts [20]. 

5.2. Simulation limitations 
The simulations use simplified geometry and mesh reso-

lution, which may not fully capture fine-scale turbulence or 
heat exchange effects. 

The lack of combustion phase modeling restricts con-
clusions to pre-ignition flow behavior. 

The limitation of the flow phase, without modeling of 
chemical reactions, is typical for preliminary analyses in 
H2-ICE projects [16]. Failure to consider thermal losses 
and material properties (e.g., thermal conductivity of the 
piston crown) may lead to an underestimation of the influ-
ence of local temperature gradients on spontaneous igni-
tion. In the following steps, it is worth considering includ-
ing combustion submodels (e.g., Zeldovich for NOx) and 
validation using optical methods (e.g., TLIF) [8]. Accord-
ing to Vasudev et al. [45], a validated integration of mixing 
models with thermo-kinetic combustion submodels enables 
accurate ignition timing and pollutant formation prediction. 
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Fig. 7. The data snapshots illustrate transient behaviour in the intake manifold at critical time frames (0.001 s to 0.005 s) 
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This highlights the importance of extending CFD simula-
tions beyond the intake phase in future work. 

Despite these constraints, the study provides a valuable 
parametric baseline for future experimental validation and 
full-cycle combustion modeling. 

6. Conclusion 
The conducted CFD simulations have confirmed that 

the hydrogen injection strategy – specifically injector loca-
tion and temporal profile – has a decisive impact on mix-
ture homogeneity and spatial fuel distribution within the 
intake manifold. 

Key conclusions are as follows: 
 Injector placement 8 mm from the intake valve results 

in higher flow penetration velocity and better mixing 
due to the synergy with intake air momentum 

 With a temporally extended hydrogen dose, Injection 
Profile B reduces concentration gradients and mitigates 
local stratification zones 

 Combining 8 mm positioning with Profile B yields the 
most favorable conditions for air–hydrogen mixing, 
suggesting benefits in terms of combustion stability and 
NOx mitigation. 

Despite being combustion-free, the simulation approach 
offers valuable insights into pre-ignition mixture dynamics 
and supports further experimental work. 

These findings reinforce the importance of coordinated 
optimization of the intake geometry, injector configuration, 
and injection parameters in developing hydrogen-powered 
ICEs. 

In the next stage of the work, the following is planned: 
 Implement full-cycle simulations that take into account 

the modeling of the combustion process, including the 
mechanisms of nitrogen oxide formation (e.g., 
Zeldowicz model) 

 Experimental validation of results using advanced opti-
cal diagnostics, such as laser-induced fluorescence 
(TLIF) or Schlieren imaging 

 Extension of analyses to multi-cylinder configurations 
and assessment of the impact of variable load conditions 
on mixing efficiency and engine stability. 
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ARTICLE INFO  The current policy of the European Union aims to reduce the negative impact of the transport sector on the 

emission of pollutants generated by combustion engines into the atmosphere. One of the key trends in this 
expansion is to increase the share of public transport. The article presents a scenario of passenger travel in an 
urban agglomeration, using a passenger car and a bus. The input data were obtained from tests carried out 
under real operating conditions using PEMS (Portable Emissions Measurement Systems) equipment. Both 
objects tested met the same emission standard – Euro 5/V. The obtained pollutant emission values were convert-
ed into emissions generated by passengers. The results show that travelling by bus has a much lower impact on 
the environment, but the journey time is longer and requires the bus schedule to be adjusted to the travel plan. 
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1. Introduction 

The European Union's sustainable development policy 
is important in the context of protecting the environment, 
which must be safeguarded for future generations [3]. This 
issue is significant in the context of civilisational develop-
ment, which is often associated with the use of natural 
resources or the degradation of the planet. One of the most 
serious consequences is the creation of pollution, which 
intensifies smog, acid rain, and the greenhouse effect, and 
has a destructive impact on human health [15]. Transport 
plays an important role here, as it is primarily based on the 
combustion of fossil fuels – combustion engines and the 
production of electricity for electric vehicles. The latter 
source is characterised by different indicators for different 
regions of Europe and the world [12]. 

The introduction of emission standards for powertrains, 
clean transport zones, and other restrictions in the field of 
transport has a positive impact on environmental protection 
[1]. Vehicle manufacturers and scientists are constantly 
working to introduce innovative solutions to improve the 
ecological parameters of means of transport, including 
those related to weight, powertrain systems, and travel 
planning [4, 8, 17]. Current European Union policy and 
industry activities focus on the use of hydrogen in fuel 
cells, which is the most promising direction for the automo-
tive industry [5, 9]. However, work is ongoing to assess 
pollutant emissions as one of the main problems of engine 
drives [2, 10]. However, it is necessary to continuously 
educate people about caring for natural resources. In order 
to ensure good education, it is necessary to provide scien-
tific evidence that will convince people to make efforts to 
care for the environment, as in the publication [13]. This is 
the origin of this article, which presents research conducted 
in real operating conditions on a passenger car equipped 
with a compression ignition engine and a city bus in order 
to quantify which means of transport is more environmen-
tally friendly. The results are supplemented by a reference 
to the pollutant emissions per passenger.  

2. Selection of research objects 
Based on data from the Central Register of Vehicles and 

Drivers, at the end of 2023, there were approximately 27 
million vehicles in the register, with approximately 7 mil-
lion being unused vehicles with various histories of termi-
nation or long-term interruption of operation [7, 11]. When 
analysing the average age of passenger cars in Poland,  
a significant problem can be observed. According to data 
from the 2022/2023 automotive report, the average age of  
a passenger car in Poland exceeds 15 years [19]. The exact 
result is influenced by the determination of the share of the 
aforementioned unused vehicles. However, the average age 
indicates that the solutions used in many passenger cars in 
Poland are outdated, which may also mean increased pollu-
tant emissions. Referring to Central Statistical Office re-
ports, it can be concluded that newer vehicles are used in 
larger agglomerations. This is particularly evident in the 
capital, where significant rates of new registrations are 
achieved. However, it should be remembered that this ap-
plies to company vehicles associated with businesses oper-
ating or registered in Warsaw. 

According to a report by the European Automobile 
Manufacturers' Association (ACEA) [21], the average age 
of buses operating in our country is 16 years. For city bus-
es, the rates are highly varied depending on the area of use. 
In large agglomerations, younger fleets are used. This is 
due to ongoing investments, a high level of subsidies, and 
European Union requirements in this regard. On the other 
hand, older fleets are used on suburban lines and in small 
towns, often several decades old, with millions of kilome-
tres on the clock. 

Based on the data presented on vehicle age and the ob-
jective of the article, two research objects were selected. 
The first was a passenger car with a conventional drive 
system using a compression ignition engine, referred to in 
the article as a passenger car (Fig. 1). The manufacturer's 
declaration ensures compliance with the Euro 5 standard. In 
terms of internal and external exhaust gas treatment sys-
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tems, the following were used: EGR (Exhaust Gas Recircu-
lation), DOC (Diesel Oxidation Catalyst), and DPF (Diesel 
Particulate Filter). Table 1 presents the basic data on the 
research object. The maximum torque of 250 Nm is 
achieved in the range from 1500 to 2500 rpm, thanks to the 
use of turbocharging. The maximum engine power is 81 
kW at 4200 rpm. 

 
 Fig. 1. View of the tested passenger car with measuring equipment 

 
Table 1. Characteristics of the research object – passenger car 

Parameter Unit Value 
Year of manufacture – 2011 
Vehicle weight kg 1266 
Layout, number of cylinders, valves – In-line, 4, 16 
Displacement  dm3 1.968 
Power at rotational speed  kW at rpm 81 at 4200 

Torque at rotational speed  Nm at rpm 250 at  
1500–2500 

Compression ratio – 16.5:1 
Turbocharging – turbocharger 

Exhaust gas treatment systems – EGR, DOC, 
DPF 

Exhaust emission standard – Euro 5 
 
The second research object was an 18-metre-long city 

bus, also with a conventional internal compression ignition 
engine, referred to in the article as a city bus (Fig. 2). It 
complied with the EURO V – EEV standard. Table 2 pre-
sents the characteristic data of the research object. The 
maximum torque produced by the engine occurs at a crank-
shaft speed of 1100 rpm, which indicates its adaptation to 
urban traffic conditions, where frequent stops and starts are 
common – particularly important in the case of city buses. 

 
 Fig. 2. View of the tested city bus 

Table 2. Characteristics of the research object – city bus 
Parameter Unit Value 

Year of manufacture – 2009 
Vehicle weight kg 16 000 
Layout, number of cylinders, valves – In-line, 6, 24 
Displacement  dm3 9.186 
Power at rotational speed  kW at rpm 228 at 2200 

Torque at rotational speed  Nm at rpm 1275 at  
1100–1700 

Compression ratio – 17.4:1 
Turbocharging – turbocharger 

Exhaust gas treatment systems – EGR, DOC, 
DPF 

Exhaust emission standard – EURO V 

3. Research methodology 
3.1. Measurement equipment 

Portable Emissions Measurement Systems (PEMS) 
were used to test the vehicles, measuring toxic compound 
concentrations under real operating conditions [6, 16]. The 
environmental assessment of the passenger car was carried 
out using the Axion R/S+ device. This analyser enables the 
measurement of both gaseous compounds and particulate 
matter concentrations. Non-dispersive infrared analysers 
were used to measure the concentrations of carbon monox-
ide, carbon dioxide, and hydrocarbons, which determine the 
absorbed radiation in a narrow wavelength band character-
istic of a given substance. The result obtained is compared 
with the radiation absorbed by the reference gas [14]. For 
nitrogen oxides and oxygen concentrations, an electrochem-
ical method is used, based on the conversion of an electrical 
signal. The exhaust gas flow is calculated using parameters 
read by the OBD system or information from sensors (rota-
tional speed, temperature, and pressure in the intake sys-
tem) [20]. 

The city bus was tested using a Semtech DS device. The 
device measures hydrocarbon concentrations using a FID 
(Flame Ionisation Detector) analyser, while carbon monox-
ide and carbon dioxide concentrations are determined using 
a non-dispersive infrared analyser, as in the Axion R/S+. 
The concentration of nitrogen oxides is determined in  
a non-dispersive analyser using ultraviolet light. A mass 
exhaust gas flow meter is required to determine the concen-
trations of harmful compounds [20]. 
Both instruments were calibrated and prepared for opera-
tion in accordance with their instructions before measure-
ments were taken [20, 21]. GPS positioning systems were 
also used in the study to obtain data on vehicle movement 
parameters. All calibrated measuring elements acquired 
data at a frequency of 1 Hz. 

Due to the specific nature of real-world operating condi-
tions, especially in urban areas, it is impossible to obtain 
identical journeys on a given route. The paper presents the 
results of individual journeys in which uninterrupted, con-
tinuous measurements of pollutant emissions and vehicle 
operating parameters were performed. This is an advantage 
of road tests over tests in repeatable conditions (e.g. chassis 
dynamometer, engine dynamometer), as it allows the im-
pact of various factors on the results obtained during road 
tests to be assessed. In accordance with the accepted and 
applied standards, the measuring instruments used can be 
successfully used in tests during actual operation, as they 
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have the appropriate certificates (including EU 2016/427 
compliance). Their data are presented in Table 3. 

 
Table 3. Technical specifications of the portable exhaust emission analyz-

ers: Axion R/S+ and Semtech DS [18, 20] 
Axion R/S+ 

Parameter Measurement method Accuracy 
Component con-
centration: 

CO 
HC 
NO 
CO2 
O2 

 
 

NDIR, 0–10% 
NDIR, 0–4 000 ppm 

electrochemical, 0–5000 ppm 
NDIR, 0–20% 

electrochemical, 0–25% 

 
 

±3% 
±3% 
±3% 
±3% 
±1% 

Semtech DS 
Parameter Measurement method Accuracy 

Component con-
centration: 

CO 
HC 
NOx 
CO2 
O2 

 
 

NDIR, 0–10% 
FID, 0–10 000 ppm 

NDUV, 0–3000 ppm 
NDIR, 0–21% 

electrochemical, 0–21% 

 
 

±3% 
±2.5% 
±3% 
±3% 
±1% 

Exhaust gas flow mass flow rate 
Tmax to 700°C 

±2.5% 
±1% 

3.2. Research route 
Research on pollutant emissions from research objects 

was conducted under real operating conditions in the Poz-
nań agglomeration. The research route covered a transport 
line operated by a local transport company. It ran through 
the city centre, with the end points being the Dębina and 
Sobieskiego housing estates in Poznań (Fig. 3). This choice 
of test route made it possible to compare the results ob-
tained for a passenger car with the emission tests for a city 
bus. The measurements were carried out on a weekday, 
around midday. The total length of the test route was 17.2 
km. It consisted of sections with varying speed limits (from 
30 km/h to 50 km/h). 

 
 Fig. 3. Research route [19] 

4. Analysis of operating conditions of research  
objects 
The bus under test was operating according to the 

scheduled service on a route operated by the local transport 
company. To achieve the objective of the study, the passen-
ger car was operated on the same route, but without stop-
ping at bus stops. The characteristics of the speeds achieved 
by the research objects are presented in Fig. 4. In both 
measurement cycles, the vehicles achieved similar maxi-
mum instantaneous speeds (approximately 50 km/h), which 
was due to the characteristics of the traffic arteries and the 
restrictions applied in the agglomeration. The average 
speeds were 22.6 km/h for passenger car and 15.7 km/h for 
bus. The city bus achieved a lower average result, which 
was due to the need to serve passenger stops. 

 
 Fig. 4. Velocity characteristics of the research objects 

 
The data collected during measurements in urban traffic 

conditions concerning vehicle speeds throughout the test 
and corresponding accelerations are presented as a function 
of time density. Figure 5 shows the characteristics of vehi-
cle operation during test runs.  

 

 
Fig. 5. Shares of vehicles operating time in speed and acceleration com-
 partments during road tests 
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In both tests, the largest share of operating time was 
recorded for stops, respectively: 24% for passenger cars and 
36% for city buses. The data presented shows that neither 
vehicle moved for almost a quarter of the test journey, 
which was due to the traffic conditions in the city centre. 
The greater share of operating time spent by city buses at 
stops was due to serving bus stops. The values for the ex-
treme intervals are the lowest, which indicates that sudden 
braking or acceleration occurred very rarely. For both vehi-
cles, accelerations above 0.8 m/s2 accounted for up to 7% 
of the test time, and decelerations below –0.8 m/s2 account-
ed for up to 6% of the test time. In total, therefore, accelera-
tion values exceeded the ±0.8 m/s2 range for approximately 
13% of the test time. Referring to the traffic results at  
a constant speed, where a = 0 m/s2, 10% and 8% of the test 
time were obtained for the objects, respectively. Apart from 
the aforementioned ranges at zero acceleration, the passag-
es were dominated by conditions in the range of accelera-
tions from –0.8 m/s2 to 0.8 m/s2.  

5. Comparison of environmental indicators  
for vehicles 
Based on the data recorded by the analysers and auxilia-

ry devices, the road emissions of the research objects dur-
ing the tests were determined (Fig.6). Based on the results 
obtained, it can be concluded that the city bus achieved 
approximately three times higher CO2 road emissions (1230 
g/km). This harmful compound is directly dependent on 
fuel consumption, which was undoubtedly influenced by 
the weight of the tested objects. 

Road emissions of CO and HC were several times high-
er for the passenger car, which achieved 9.84 g/km (approx-
imately 4 times more than the bus) and 1.88 g/km (approx-
imately 3 times more than the bus), respectively. The de-
sign of the drive systems had a significant impact on these 
differences in results. The combustion engine of a city bus, 
together with the gearbox, is designed for the characteristic 
operating conditions on city routes – frequent stops and 
accelerations. The crankshaft speed range is limited, and 
the rated torque parameters are already present from 1100 
rpm. A passenger car's drive system must be more versatile, 
i.e. it is designed for use not only in urban conditions, but 
also in non-urban conditions and on motorways. The com-
bustion engine used operates in a much wider range of 
crankshaft speeds. During the tests, the passenger car did 
not simulate stop operations. Frequent stops related to ur-
ban infrastructure had a direct impact on the occurrence of 
unstable operating conditions of the combustion engine. 
This confirms that the road emission results obtained indi-
cate a significant contribution of incomplete and partial 
combustion to the processes occurring inside the combus-
tion engine. 

NOx emissions in internal combustion processes are di-
rectly related to engine load and thus to the temperatures 
occurring at the flame front. For a passenger car, the speci-
fied value of the aforementioned relationship reached 1.08 
g/km. This was approximately 10 times lower than for a bus 
(9.87 g/km). It should be noted that in a passenger car, the 
EGR system was primarily responsible for limiting NOx 
emissions. In contrast, in the city bus, in addition to EGR, 
an SCR (Selective Catalytic Reduction) system was used. 

However, it should be noted that its operation is not contin-
uous and depends on the parameters of the exhaust gas flow 
(temperature, mass flow). 

 
 Fig. 6. Road emission of toxic compounds for research objects 

 
The relationship between road emissions and the num-

ber of passengers is shown in Fig. 7. For a passenger car, 
the maximum number of passengers could be 5. However, 
during testing under real operating conditions, there were 2 
people in the vehicle: the driver and the equipment opera-
tor. The entire set of apparatus, including electrical energy 
storage devices, weighs approximately 60 kg. The pollutant 
emission results obtained were divided by 3, thus taking 
into account the weight of the measuring equipment. In the 
case of a city bus, the vehicle configuration allowed for 40 
seats and 135 standing places. The bus load was assumed to 
be 50% of capacity due to the high passenger traffic on this 
route, so the road emission value obtained was divided by 
88. This value was adopted based on passenger exchange 
on the bus during testing, and the guidelines contained in 
EU Regulation 582/2011 were also taken into account. 

Based on the determined relationships, it was concluded 
that public transport is significantly more environmentally 
friendly than individual transport, such as the passenger car 
analysed. The CO2 emissions balance would be equal be-
tween the two vehicles if 10 people travelled on the bus. 
For NOx, similar values would be achieved when transport-
ing 25 people in a city bus. City buses are public transport 
vehicles used for the mass transport of people over short 
distances in urban traffic conditions. Passenger cars have 
far fewer seats and are not designed exclusively for use in 
urban traffic. 

 
 Fig. 7. Summary of road emissions per passenger during tests 
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6. Emissions from vehicles in urban areas 
Passenger cars remain an important element of the 

transport system in urban areas, accounting for a significant 
proportion of daily passenger transport. Considering the 
key role of passenger cars in cities and their average age in 
Poland, it can be assumed that a significant percentage of 
vehicles in use are less technically efficient, which may 
result in higher levels of pollutant emissions. In addition, 
the long-term use of conventionally powered passenger cars 
exclusively for short journeys (e.g. commuting to work, 
service premises, etc.) is disadvantageous both in terms of 
pollutant emissions and vehicle operation. Such use hinders 
the effective operation of exhaust gas treatment systems 
and may also result in increased fuel and engine oil con-
sumption, as well as accelerated mechanical wear of engine 
components. 

The emission results for passenger cars and city buses 
per passenger clearly show that public transport is more 
advantageous. This is due to the significantly greater capac-
ity of such vehicles. Another important aspect is that, re-
gardless of the traveller's choice of transport, public 
transport vehicles will continue to run their routes because 
they operate according to a pre-determined timetable. In 
this respect, when analysing pollutant emissions, it was 
found that pollutant emissions from city buses will occur 
anyway (in amounts depending on the number of passen-
gers), while pollutant emissions from passenger cars are an 
additional burden on the environment. For this reason, 
public transport should be used, as increasing the number of 
passengers also reduces the rate of harmful emissions per 
passenger. 

However, it is not always possible to use public 
transport exclusively. In this case, it is environmentally 
beneficial to travel by car with a larger number of passen-
gers. Therefore, in order to reduce harmful emissions into 
the atmosphere, solutions such as carpooling should be 
promoted. This is a form of travel that involves sharing  
a car journey with several people (at least two) travelling on 
the same or a similar route. This is not a form of commer-
cial activity – the driver does not make a profit from the 
journey, but only receives compensation for the costs in-
curred. Thanks to this solution, it is possible to use the 
space in vehicles more efficiently, reduce the number of 
vehicles on the road, and limit the amount of pollution per 
passenger. 

 

7. Summary 
The research conducted revealed differences in the op-

erational characteristics of passenger cars and city buses. 
Despite similar maximum speeds achieved in urban traffic, 
the average speed of a passenger car was higher 
(22.6 km/h) than that of a bus (15.7 km/h), which was due 
to the need for public transport vehicles to serve stops. An 
analysis of the distribution of accelerations and decelera-
tions showed that both vehicles were stationary for a signif-
icant part of the time (24% for cars and 36% for buses), 
which is characteristic of congested urban infrastructure. 

The research revealed significant differences between 
the vehicles analysed. Due to its greater weight and fuel 
consumption, the city bus generated approximately three 
times more CO2 emissions (1230 g/km) than the passenger 
car (320 g/km), but had significantly lower CO and HC 
emissions thanks to the adaptation of the drive system to 
urban conditions. On the other hand, NOx emissions were 
significantly higher for buses (9.87 g/km) than for passen-
ger cars (1.08 g/km), which was due to different exhaust 
gas reduction systems and drive unit loads. However, when 
emissions were related to the number of passengers, public 
transport clearly had the advantage – even when the public 
transport vehicle was only partially full, the unit emissions 
per passenger were significantly lower. This means that, 
from an environmental perspective, the development and 
promotion of public transport is a key element in reducing 
emissions in urban areas. 

Passenger cars, despite their important role in everyday 
urban transport, generate a significant environmental bur-
den, especially due to their high average age and unfavour-
able operating conditions on short journeys. Inefficient 
exhaust gas treatment systems and intensive mechanical 
wear increase pollutant emissions, which, when calculated 
per passenger, make individual transport less efficient than 
public transport. City buses, which operate on fixed routes 
regardless of the number of passengers, have a more fa-
vourable emissions balance per person. Therefore, in order 
to reduce the negative impact of transport, it is necessary to 
promote alternative solutions, such as public transport or 
carpooling, which, through more efficient use of vehicles, 
can reduce the number of cars on the roads and the level of 
emissions in cities. 
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Nomenclature 
a acceleration 
CI compression ignition 
DOC diesel oxidation catalyst 
DPF diesel particulate filter 
EGR exhaust gas recirculation 

PEMS portable emissions measurement systems 
SCR selective catalytic reduction 
t time 
ui share of working time 
v velocity 
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ARTICLE INFO  The purpose of the research presented in this article was to determine the impact of the storage period of engine 

and transmission oils on their operational properties. The prolonged storage of oils leads to a series of physico-
chemical changes that can significantly affect their lubrication efficiency. Changes such as reduced viscosity, 
changes in density, and deterioration in lubricity can lead to increased wear of the engine, transmission, and 
other mechanical components. The study included samples of new and five-year-old engine and transmission 
oils, as well as engine oil after the break-in period (with a mileage of approximately 800 km). The SAE 10W40 
oil after use in an internal combustion engine shows a significant reduction in scuffing resistance (approximate-
ly one-third lower scuffing load compared to new and old oil). Long-term five-year storage also slightly reduces 
its scuffing resistance at higher temperatures. In contrast, long-term storage of SAE 30 oil significantly decreas-
es its scuffing resistance across both tested temperature ranges (by about 20%). Storage time did not significant-
ly alter the viscosity index of SAE 10W40, whereas old SAE 30 oil showed a slightly better index than new oil. 
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1. Introduction 

Engine oils play a crucial role in ensuring the proper 
functioning and durability of internal combustion engines, 
particularly modern units that operate under increasingly 
demanding conditions. Their primary function is to lubri-
cate moving mechanical components, protect against wear, 
corrosion, and overheating, with precisely adjusted viscosi-
ty being one of the key parameters determining the effec-
tiveness of lubrication [7–9, 13, 14, 16]. 

Studies, such as the analysis of Marinol RG 1240 oil in 
the Cegielski-Sulzer 3AL25/30 engine, demonstrate that 
lubricating properties undergo dynamic changes, initially 
improving with ageing (even a threefold increase in anti-
scuffing load capacity). However, this beneficial effect 
gradually decreases with the accumulation of contaminants 
[11]. Oil degradation is a multistage process that accelerates 
under harsh operating conditions, such as high tempera-
tures, intense loads, or fuel dilution [12, 17, 18]. However, 
changes in oil properties occur not only during operation but 
also during long-term storage, posing an additional challenge 
for supply chains and end users [6, 11, 13, 14, 16]. 

A comprehensive assessment of the condition of the oil 
requires considering both the initial benefits of oil matura-
tion and the negative effects of contaminant accumulation. 
Monitoring parameters such as viscosity, base number 
(TBN), acid number (TAN), and thermal stability are essen-
tial [1, 3, 5, 16]. Excessively low viscosity increases oil 
consumption and harmful emissions, while excessively high 
viscosity complicates cold starts and increases fuel con-
sumption. However, viscosity alone is insufficient for a full 
assessment of oil condition: advanced analytical methods 
such as FTIR spectroscopy or TAN / TNB balance analysis 
are necessary [1, 5, 16]. 

The results of long-term storage studies (up to 5 years) 
of engine and gear oils revealed significant changes in their 
operational properties, including, for example, a 30% de-

crease in anti-scuffing resistance in SAE 10W40 oil used at 
40°C [2–5, 13, 16]. These observations confirm that opti-
mal oil management requires customised selection and 
replacement strategies, taking into account both operating 
and storage conditions. Insufficient monitoring or exces-
sively long oil change intervals can lead to faster engine 
wear, failures, and reduced lifespan [7, 10, 12, 15]. 

This article combines an analysis of oil ageing processes 
under engine operation with an evaluation of the impact of 
long-term storage on oil properties, providing practical 
recommendations for the automotive industry in the context 
of increasing efficiency and environmental requirements. 
An important part of this work is the analysis of changes in 
the anti-seizure properties of engine oils after working in 
sliding pairs of combustion engine and long-term storage. 
The results obtained in the study provide an important sug-
gestion regarding possible changes to the composition of oil 
during storage time, which can often be a long time from 
the production of oil to its use. 

2. Measuring equipment and test methodology 
2.1. Measuring equipment 

The determination of the density, viscosity and lubricity 
of the oils selected for the tests was performed using re-
search equipment that is part of the facilities of the Labora-
tory of Operational Materials at the Department of Motor 
Vehicles and Transport Engineering. 

The density measurement of the oils was conducted us-
ing the DMA 4500 M apparatus (Fig. 1), which has the 
following parameters: 
 Measurement range: density from 0 to 3 g/cm³, tempera-

ture from 0 to 90°C 
 Accuracy: 5×10⁻⁵ g/cm³, 0.03°C 
 Sample volume: min. 1 ml. 

To measure the kinematic viscosity of the selected oils, 
the automatic Herzog HVU 482 apparatus was used, based 
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on the Ubbelohde viscometer (Fig. 2). This device is char-
acterised by the following key parameters: 
 Temperature range for measurements: from –40 to 

+100°C 
 Measurement range: depending on the capillary used, 

1 to 50 000 mm²/s 
 Thermostatic system: external, with a temperature regu-

lation range of –80 to +20°C 
 Temperature stabilisation accuracy: ±0.01°C. 

This apparatus allows measurements to be performed in 
accordance with the following standards: PN-EN ISO 3104, 
ASTM D445, ASTM D2270, and DIN 51562. 

 
Fig. 1. DMA 4500 M apparatus for density determination  

 
Fig. 2. HVU 482 apparatus for determining kinematic viscosity  

 

To evaluate the lubricity of the tested oils, a four-ball 
T-02U apparatus was used (Fig. 3), which consists of  
a testing machine and a measurement control system. The 
mechanical part of the apparatus is composed of a housing, 
a drive unit, a load unit for the friction assembly, a ball 
holding unit, and a base. 

The friction assembly consists of three stationary lower 
balls clamped in a holder and an upper ball mounted in  
a rotating spindle (500 rpm). The test elements are stand-
ardised bearing balls with a nominal diameter of 1/2", made 
of bearing steel ŁH15 with a hardness of 60–65 HRC. The 
mechanical system enables a linear increase in the load on 
the friction assembly during the test (loading rate: 
408.8 N/s). 

 
Fig. 3. View of the test stand for lubricity evaluation with the T-02U four-

ball apparatus  

2.2. Test methodology 
Basic parameters tests, that is, density, viscosity, and 

lubricity, were carried out for five oil samples (Fig. 4). The 
specifications of the oils tested are given in Table 1. One of 
them was a sample of "new" semi-synthetic SAE 10W40 
engine oil, and for comparison, a sample of 5-year-old oil 
of the same grade, both unused and used during the break-
in period of a 1.3 dm³ naturally aspirated spark ignition (SI) 
engine (mileage approx. 800 km). The next two samples 
were mineral SAE 30 oils, one new and the other after five 
years of storage. Both oils were unused. The selected oils 
are commonly used in older and newer generations of com-
bustion engines, which allows for determining the area of 
application of these oils in selected engine designs and 
evaluating their impact on the operation and wear processes 
of lubricated friction pair elements. 

Tests of selected anti-scuffing oil parameters (scuffing 
load) and (pressure of seizure) were performed using the 
T-02U four-ball apparatus at oil temperatures of 40 and 
100°C (standard practice for calculating viscosity index 
from kinematic viscosity at 40°C and 100°C – international 
standard D2270-24) (Fig. 3). The recorded test curves al-
lowed for the determination of (Scuffing load) and (Pres-
sure of seizure) according to the methodology provided by 
the equipment manufacturer (parameter determination 
scheme shown in Fig. 6) [11]. 
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Fig. 4. Tested oil samples: a) SAE 30 old, b) SAE 30 new, c) SAE  10W40 
 old, d) SAE 10W40 new, e) SAE 10W40 used 

 
The viscosity measurement device was controlled using 

dedicated HLIS 32 computer software (Fig. 5), with meas-
urements performed using an NIR-type capillary (in ac-
cordance with the ASTM D 2162 standard). 

 
Fig. 5. HLIS 32 software windows with capillary identification and device 

status  

Table 1. Characteristics of oil [19–21] 

Lubricant SAE 10W40 SAE 30 

Parameter Value Value 
Kinematic viscosity 
at 40°C [mm2/s] 102.5 No data 

Kinematic viscosity 
at 100°C [mm2/s] 15 10.9 

Viscosity index 153 91 
 High performance 

Technosynthese® 
lubricant specially 
designed for cars 
powered by gasoline 
or diesel engines, 
naturally aspirated or 
turbocharged, indi-
rect or direct injec-
tion. 
Standards:  
ACEA A3/B4,  
API SERVICE SN/CF 

Mineral engine oil 
without additives 
(may contain depres-
sants to lower the 
pour point).  Applica-
tion: in devices that 
do not require refined 
oil. 
Standards:  
PN-73/C-96085, API: 
SA, 
SAE: 30 

 
Fig. 6. Method for determining the scuffing load (Pt) and the seizure limit 
load (Poz) [11]: 1 – point corresponding to the scuffing initiation, 2 – point 
 corresponding to the seizure  

3. Results and discussion 
Oil tests revealed significant changes in anti-seizure 

properties, characterised by scuffing load (Fig. 7) and pres-
sure of seizure (Fig. 8 and Table 2). 

 
Fig. 7. Scuffing load of oil at temperatures of 40 and 100°C 

 
The scuffing load values of the tested oils are signifi-

cantly influenced by the temperature and the state of their 
wear. SAE 10W40 oil tests reveal substantial differences 
depending on the wear condition: for oil used in an internal 
combustion engine, a significant decrease in scuffing load 
(by approximately one-third compared to old and new oil) 
was observed at 40°C (Fig. 7). On the contrary, the compar-
ison between old and new oil shows only a 3% difference in 
scuffing load, with higher values for old oil. 

At 100°C, the scuffing load decreases by approximately 
30% for old oil, 25% for used oil, and 20% for new oil. In 
particular, at this temperature, the new SAE 10W40 oil 
exhibits the highest resistance to the onset of scuffing initia-
tion (~8% higher than the old oil), while the lowest re-
sistance (at 40°C) was observed for engine-used oil (~34% 
lower than the new oil). For SAE 30 oil, new samples 
showed ~20% higher resistance to scuffing initiation than 
old samples at both 40°C and 100°C. Comparative analysis 
indicates nearly twice better anti-scuffing properties for 
SAE 10W40 versus SAE 30 oil (Fig. 7). 
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The pressure of seizure poz was calculated from the sei-
zure limit load determined from the friction torque curves 
under increasing load at 40°C and 100°C (Table 3). Calcu-
lations demonstrate favourable tribological properties of the 
used SAE 10W40 oil, which exhibits nearly double the 
anti-seizure resistance of old/new oils at both temperatures 
(Fig. 8). New and old SAE 10W40 oils show comparable 
seizure load values. For SAE 30 oil, new samples had 
~10% higher seizure load than old samples at 40°C, with 
marginal differences at 100 °C. The higher temperature 
reduced the seizure load by ~8% (old) and 18% (new). 

In particular, SAE 30 oil showed ~30% lower seizure 
resistance than SAE 10W40 for both new and old states 
(Fig. 8). 

 
Table 2. Pressure of seizure poz  

Pressure of seizure poz [N/mm2] 

Temperature 40 °C 100 °C 

Sample number 1 2 3 1 2 3 

SAE 10W40 
old 

238.20 264.42 240.10 252.46 244.80 266.77 

Ø 247.57 Ø 254.68 

σ 14.62 σ 11.15 

SAE 10W40 
used 

543.32 484.28 494.67 449.73 434.08 464.36 

Ø 507.42 Ø 449.39 

σ 31.52 σ 15.14 

SAE 10W40 
new 

242.36 252.09 261.15 253.32 256.58 273.02 

Ø 251.87 Ø 260.97 

σ 9.40 σ 10.56 

SAE 30 
old 

180.16 189.42 192.65 157.82 174.44 182.34 

Ø 187.41 Ø 171.54 

σ 6.48 σ 12.52 

SAE 30 
new 

195.26 196.06 226.41 158.66 182.44 164.00 

Ø 205.91 Ø 168.37 

σ 17.76 σ 12.48 

 
Fig. 8. Pressure of seizure of oil at temperatures of 40 and 100°C 
 
The important key parameters for characterizing oil use-

ful properties are kinematic viscosity and viscosity index 

(Fig. 9 and 10). At 40°C, the highest kinematic viscosity 
was measured for the new SAE 30 oil at approximately 
100.5 mm²/s, while the lowest value was recorded for the 
old SAE 30 oil of the same grade, showing a 30% differ-
ence between these two oil conditions (Fig. 9). 

For SAE 10W40 oil, the highest kinematic viscosity val-
ues were obtained for new oil (93.9 mm²/s), followed by old 
oil (87.8 mm²/s), and engine-used oil (72 mm²/s). At 100°C, 
the highest kinematic viscosities were measured for SAE 
10W40 oil at 13.2, 12.1, and 13.9 mm²/s for old, used, and 
new oil, respectively. In comparison, SAE 30 oil showed 
lower values of 8.9 and 10.7 mm²/s for old and new oil. 

Comparison of measured kinematic viscosity values 
with those specified in the oil data sheets revealed that for 
SAE 10W40 oil, viscosity was lower by 8.7 mm²/s at 100°C 
and 1.1 mm²/s at 40°C, while for SAE 30 oil, it was lower 
by 0.2 mm²/s at 100°C (Table 3). 

 
Table 3. Kinematic viscosity 

Temp. 
[°C] 

SAE 
10W40 

old 

SAE 
10W40 

used 

SAE 
10W40 

new 

SAE  
30  
old 

SAE  
30  

new 
Kinematic viscosity [mm2/s] 

40 87.8 72.0 93.9 69.5 100.5 
100 13.2 12.1 13.9 8.9 10.7 

 
Table 4. Viscosity index 

SAE 
10W40  

old 

SAE 
10W40 

used 

SAE 
10W40 

new 

SAE  
30  
old 

SAE  
30  

new 
Viscosity index 

151 166 152 102 89 

 
Fig. 9. Kinematic viscosity of oil at temperatures of 40 and 100°C 

 

Fig. 10. Viscosity index of oil 
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Due to the minimal values of measurement uncertainties 
on the order of tenths of a unit, the error bars are not visible 
on the graphs in the adopted scale (Fig. 9 and 10). 

The viscosity index calculations revealed the highest 
value for used SAE 10W40 oil (166), followed by lower 
and similar values for new and old oils of the same grade 
(152 and 151 respectively) (Fig. 10). For new SAE 30 oil, 
the viscosity index was 41% lower compared to new SAE 
10W40 oil and 32% lower for old oils. The difference be-
tween new and old SAE 30 oils was approximately 13%. 

Comparison of measured viscosity index values with 
those specified in the oil technical data sheets showed com-
parable results, with the SAE 10W40 being 1 unit lower 
and the SAE 30 being 2 units lower (Table 4). 

The influence of temperature on the density of engine 
oils constitutes a crucial factor in evaluating their suitability 
for use in kinematic friction components of internal com-
bustion engines operating under variable thermal condi-
tions. Analysis of the graph (Fig. 11) showing density var-
iations as a function of temperature for different SAE oil 
grades (SAE 10W40: new, used, old; and SAE 30: new, 
old) revealed a clear decreasing density trend with increas-
ing temperature, characteristic of liquids. 

 
Fig. 11. Engine oil density [g/cm3] 

 
SAE 30 new oil is characterised by the highest density 

(from 0.888 g/cm³ at 15°C to 0.842 g/cm³ at 90°C). The 
new and old SAE 10W40 oil achieve similar values 
throughout the range, from 0.869 g/cm³ (15°C) to 0.821 
g/cm³ (90°C), while its used version ranges from 0.872 to 
0.821 g/cm³, slightly higher than previous versions. The 
lowest density is exhibited by old SAE 30 oil, whose densi-
ty drops from 0.859 to 0.812 g/cm³. 

Analysis of density changes in SAE 30 and SAE 10W40 
engine oils as a function of temperature and their technical 
condition revealed noticeable differences for the oils tested. 
In the case of SAE 30, a decrease in density was observed 
in the old oil compared to the new one, ranging from 3.11% 
to 3.44% in the temperature range of 15 to 90°C, clearly 
indicating oil degradation due to ageing. The greatest dif-
ferences were observed at higher temperatures, which may 

suggest a deterioration in the lubricating properties of the 
oil during engine operation under high temperature condi-
tions. 

For SAE 10W40 oil, the differences between the new, 
old, and used states were much smaller, ranging from 
0.02% to 0.17%, which may indicate its higher density 
stability during use. 

Actual trends in the changes in friction moment for the 
tested oils as a function of increasing continuous load on 
the friction pair (Fig. 12 and 13). The analysis of the fric-
tion moment trends showed that for the selected oils, sei-
zure of the friction pair occurs at a load of 10 Nm [11] 
(according to the ITeE Standard). This applies to SAE 
10W40 old oil (40°C, Fig. 12a), SAE 30 old and new oils at 
40°C and 100°C (Fig. 12d, e and Fig. 13d, e). 

However, in the case of SAE 10W40 old oil at 100°C 
(Fig. 13a) and SAE 10W40 used and new oils at 40°C and 
100°C (Fig. 12b, c and Fig. 13b, c), the seizure of the fric-
tion pair occurred below 10 Nm [11]. 

The tests conducted demonstrated the need for careful 
lubricant selection. SAE 10W40 oil used in an internal 
combustion engine changed its operating properties, includ-
ing due to fuel and exhaust gases entering the combustion 
chamber from the oil pan through piston ring leaks, the 
accumulation of contaminants resulting from the action of 
detergent-dispersant additives, and wear products of the 
engine friction pairs. These changes can reduce the scuffing 
load of used SAE 10W40 oil, as new SAE 10W40 oil ena-
bles the formation of a more durable boundary layer that 
protects the friction pair components from the beginning of 
the scuffing process (Fig. 7). The reverse relationship oc-
curs in the case of scuffing resistance tests. The calculated 
values of the pressure of seizure are higher when the fric-
tion pair is lubricated with used SAE 10W40 oil (Fig. 8). 
Additives in engine oil, including anti-wear and anti-seize 
additives are activated during operation in an internal com-
bustion engine as a result of chemical reactions occurring in 
the oil as a result of tribochemical processes, which may 
explain the increase in the pressure of seizure of used oil 
compared to new oil; additionally, oxidation processes 
occurring during the operation of the oil in the engine gen-
erate surface-active organic impurities, forming a boundary 
layer on the metal surface, improving the lubricating prop-
erties of the engine oil [2–5, 13, 16]. Storage factors affect 
the properties of engine oil and can lead to oil degradation, 
resulting in a deterioration of its lubricating, protective, and 
operational properties. Temperature, humidity, and air ac-
cess are among the most important factors affecting chang-
es in oil properties during long-term storage. These factors 
can cause oil oxidation and viscosity degradation or re-
duced corrosion protection, deposit formation, and additive 
precipitation, as well as reduced oil film durability [14]. 

4. Conclusions 
Long-term storage of oils (5 years) leads to significant 

changes in their physicochemical properties, including 
viscosity, density, and scuffing resistance, although the 
degree of degradation depends on the type of oil. 

Based on the test results of the engine oils, the follow-
ing conclusions can be drawn: 
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Fig. 12. Friction moment curve obtained under continuous load conditions 
of oil at temperatures of 40 °C: a) SAE 10W40 old, b) SAE 10W40 used, 

c) SAE 10W40 new, d) SAE 30 old, e) SAE 30 new 

 
 

 

 

 

 

 

 
Fig. 13. Friction moment curve obtained under continuous load conditions 
of oil at temperatures of 100 °C: a) SAE 10W40 old, b) SAE 10W40 used, 

c) SAE 10W40 new, d) SAE 30 old, e) SAE 30 new 
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1. SAE 10W40 oil after use in an internal combustion 
engine shows a significant reduction in scuffing re-
sistance (approximately one-third lower scuffing load 
compared to new and old oil). Long-term five-year stor-
age also slightly reduces its scuffing resistance at higher 
temperatures. In contrast, long-term storage of SAE 30 
oil significantly decreases its scuffing resistance across 
both tested temperature ranges (by about 20%). 

2. Lubricating the friction zone with used SAE 10W40 oil 
increases scuffing resistance by nearly 50% compared 
to the new and old oil (particularly at lower tempera-
tures). However, storage time has no significant effect 
on seizure pressure (this applies to both tested tempera-
tures). 

3. Kinematic viscosity measurements revealed notable 
changes at 40°C, where the new SAE 30 oil has the 
highest viscosity among all oils tested, while prolonged 
storage caused it to exhibit the lowest viscosity. For 
SAE 10W40 oil, the highest viscosity was measured in 
new oil, with a significantly lower value in engine-used 
oil and a slightly lower value after 5 years of storage. 

4. SAE 10W40 oil has the most favourable viscosity in-
dex, while the new SAE 30 oil has the lowest. Storage 
time did not significantly alter the viscosity index of 
SAE 10W40, whereas old SAE 30 oil showed a slightly 
better index than new oil. 
It would be advisable to modify the composition of 

SAE 30 oils (e.g., by adding anti-oxidant and anti-wear 
additives) to enhance their storage durability. 

Further research on the impact of short-term use (break-
in period) on oil properties would be beneficial, as it could 
optimise oil change intervals. The development of oil con-
dition monitoring systems (e.g., real-time quality sensors) 
could help more accurately determine the optimal oil re-
placement time, especially for oils prone to ageing. 

The study confirms that storage time and operating con-
ditions significantly affect oil properties, with SAE 10W40 
being more resistant to degradation than SAE 30. The find-
ings have important industrial implications, highlighting the 
need for proper oil selection and monitoring of condition. 
Future research should focus on optimising oil formulations 
and developing methods for quality assessment during 
storage and operation. 
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Conversion to hydrogen fueling of a range extender SI engine of a 48 V hybrid 

electric vehicle  
 
ARTICLE INFO  The purpose of the article is to present further development stages of the range extender designed for a 48 V 

electric vehicle. The initial design of the system consisted of a 160 cm³ single-cylinder carbureted gasoline 
engine coupled to a synchronous 3-phase AC generator. The conversion of the engine included an adaptation of 
a port hydrogen injection with a stand-alone engine management system. The research was focused on engine 
calibration first of all, in order to achieve its stable operation, avoiding abnormal combustion when running on 
hydrogen. In addition to the basic engine performance indicators, the composition of exhaust gases emitted by 
the engine was also measured. Initial tests proved the conversion to be stable, and the range extender reaches 
efficiency slightly higher than achieved when the engine was fueled by gasoline. 
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1. Introduction 

In the decarbonization phase of road transport, new 
technologies are being sought to further facilitate the adop-
tion of battery electric vehicles [5]. One such technology is 
the use of a range-extender device, which significantly 
enhances the autonomy of a BEV and allows for both 
stricter control and relocation of toxic exhaust gas emis-
sions [3, 18]. Range extenders are, in essence, onboard 
electricity generators, the vast majority of which are fueled 
by liquid fuels [13]. These generators can be powered by 
classic combustion engines [2], rotary engines [21], op-
posed-piston engines [19], or even fuel cells [15]. The 
emission of toxic exhaust gases can be controlled by select-
ing the most efficient power source, as well as by using 
hydrogen as fuel [8, 16, 20].  

Research on hydrogen being used as a fuel for combus-
tion engines has been conducted worldwide in numerous 
institutes, including Poland [10, 14]. One of the well-
experienced institutions in this field is Cracow University of 
Technology, where the first successful attempts with hydro-
gen-running engines were made at the beginning of the 
1980s [7].  

In recent years, the development of hydrogen engines 
has also included special types of engines, advanced meth-
ods of variability of engine design parameters, and their 
specific applications [1]. In the paper of C. Zhang et al,  
a rotary engine has been used in combination with hydro-
gen fuel for electricity generation with a peak efficiency of 
30% [22]. Research conducted by Seungjae et al. shows 
that by varying the compression ratio of a single cylinder 
hydrogen piston engine, peak efficiency can reach as high 
as 42.3% [6]. The research conducted by Dingel et al. 
shows a rising potential of applying a range-extender de-
vice for battery-powered commercial vehicles operating in 
urban areas, e.g. garbage collection vehicles [4].  

An example of a range-extender device has been devel-
oped at Cracow University of Technology [11]. This article 
describes further development steps for the range-extender 

device, including electronic hydrogen injection, replacing 
carbureted gasoline fueling. 

The range extender in the current development phase 
has been prepared for further research concerning the hy-
drogen combustion control with the use of the indicated 
pressure readout. 

The next chapters of the article describe the test stand 
used for this research, its development stages, and the 
methodology used for calculations. Next, results are pre-
sented with a focus on engine setpoint parameters, engine 
load, and exhaust gas composition. 

2. Research problem 
2.1. Subject of research 

The range-extender previously developed at the Cracow 
University of Technology has been used to conduct the 
research described in this paper. It has been built for a 48 V 
light commercial battery electric vehicle and consists of  
a single cylinder spark ignition engine and a belt-driven 
three-phase AC synchronous generator with electromagnet-
ic excitation. The generator itself is an adaptation of  
a commercial vehicle alternator to enable 48 V generation. 

In its primary stage, the 163-cc engine was fueled by  
a float carburetor, and its ignition system was set to a con-
stant ignition advance angle. The carburetor throttle was 
adjusted by a centrifugal governor. 

In further stages, the range extender was equipped with 
an exhaust aftertreatment system consisting of a three-way 
catalytic converter and an excess air ratio (λ) control sys-
tem, which, by adding additional air to the rich mixture, 
was able to keep the mixture stoichiometric. The range 
extender performance parameters are listed in Table 1. 

The research carried out on the range extender at that 
stage proved its peak efficiency to be at around 19%. Con-
sidering the type of generator and simplicity of the power 
unit, the result can be evaluated as high. 
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Table 1. Range-extender technical data before H2 modifications 
Engine model WEIMA 168FA (Honda GX160-class) 
Engine type four-stroke, SI, single cylinder 
Engine displacement 163 cm3 
Engine maximum power 3.8 kW at 3600 rpm 
Ignition timing fixed, 27°CA BTDC 
Generator type Synchronous 3-phase AC 
Nominal voltage 48 V 
Continuous output power 2200 W 
Peak overall efficiency 18.8 % 

2.2. Further development of the range extender 
In the current stage, the range extender has been adapted 

for hydrogen fueling. Due to highly specific characteristics 
of this gas in a combustion engine application [12], it has 
been decided to tune the engine with the use of an integrat-
ed electronic engine management system. Its basic func-
tionality is to control the ignition setpoint and the gas injec-
tion timing to the engine intake with excess air ratio closed 
loop control based on a wide-band oxygen sensor in the 
exhaust gases. 

Such an approach allows for safe and effective opera-
tion of a hydrogen-fueled engine. The engine management 
system used is an ECUmaster Black, which also features  
a live combustion control interface, making real-time cor-
rections feasible. The adoption of this system required the 
engine to be equipped with specific actuators (ignition coil, 
hydrogen injector), as well as a variety of sensors sending 
the crankshaft position, knock, and temperature sensors. 
The fitment of camshaft and crankshaft position sensors 
posed a tremendous challenge, as it required precise me-
chanical changes in the engine to fit them in a confined 
space. 

Figure 1 illustrates the first part of the main actuators 
and sensors used in the revised range extender. 

 
Fig. 1. Range extender equipment: 1 – crankshaft position sensor; 2 – 
engine temperature sensor; 3 – camshaft position sensor; 4 – knock sensor; 
 5 – EGT sensor; 6 – ignition coil (active); 7 – wideband oxygen sensor 

 
In Figure 2, the next group of sensors and actuators is 

shown. The engine has been equipped with a complete set 
of sensors, which is needed for future research, although the 
knock sensor was not used in this research, as its efficient 
use when the engine is running on hydrogen requires fine-
tuning of the settings of the ECU with the use of an in-
cylinder pressure sensor. 

One of the crucial additions to the sensor set was  
a Bosch LSU 4.9 wideband exhaust oxygen sensor. With 
the constant feedback signal to the Engine Management 

Unit, it is feasible to hold stable combustion conditions up 
to an excess air ratio of 2. 

 
Fig. 2. Range extender equipment, continued: 8 – engine management 
unit; 9 – throttle body w/ TPS and idle actuator; 10 – H2 injector; 11 – 
exhaust gas port after TWC; 12 – exhaust gas port before TWC; 13 – 
battery charge controller w/ RPM, charge current & voltage readout 

 
The throttle has been fitted with a linear DC actuator, 

acting on a cable to be able to precisely set the throttle 
opening. 

Hydrogen supply is carried out with a two-stage BRC 
Zenith CNG reducer with an output pressure of 2 bar. The 
reducer is equipped with an intake pipe pressure compensa-
tion. The elements are illustrated in Fig. 3. 

 
Fig. 3. Range extender equipment, continued: 14 – gas reducer; 15 – 
 combi pressure/temperature sensor for H2 consumption calculation 

 
The throttle body assembly was adapted with a Bosch 

NGI-2-K injector (Bosch P/N: 0 280 158 839), dedicated to 
the application of natural gas. The coil resistance of this 
injector is 8.9 Ω, and its inductance is 18 mH. When pow-
ered directly from a 12 V electrical system, this injector 
does not require peak and hold control. Instead, it is satis-
fied with simple saturated control. With this control meth-
od, the maximum value of the coil current does not exceed 
1.6 A, which is a value far lower than the permissible value 
of 5 A/output for the used ECU. At the stage of preliminary 
tests, it was determined that at a supply pressure of 2.0 bar, 
the injector output is 12 g/min of hydrogen (134.8 SLPM). 
During the subsequent tests of the hydrogen-powered en-
gine, the injection time of the fuel at high engine load was 
on average 6–8 ms, depending on the engine speed. This 
confirms that the injector was selected correctly for this 
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application. The view of the NGI-2-K injector with the fuel 
supply adapter installed is shown in Fig. 4. 

 
 Fig. 4. Injector nozzle view 

2.3. Test stand 
The mass of consumed hydrogen was calculated based 

on the gas pressure and temperature readout from a Bosch  
PST-F 2 sensor, mounted on a CNG reducer inlet attached 
to a 50 dm3 high-pressure cylinder. To ensure the most 
accurate measurement of the hydrogen temperature on the 
high-pressure side of the cylinder, the sensor is equipped 
with a heat shield. The sensor parameters are described in 
Table 2. 

 
Table 2. Pressure/temperature sensor characteristics 

Sensor model Bosch PST-F 2 280 bar 

Pressure sensor type Steel diaphragm 

Pressure sensitivity 14.3 mV/bar 

Temperature sensor type NTC thermistor, 10 kΩ @ 25°C 

 
Exhaust gas composition was measured with the use of 

a Capelec 3201 exhaust gas analyzer. 
Exhaust gas temperature was measured with the use of a 

metal PT100 resistor with its dedicated processor. 
Electrical parameters of the generated electrical energy 

have been recorded with a Racelogic datalogger. The data 
was acquired at a 10 Hz frequency. 

The engine load consists of a synchronous 3-phase AC 
generator, charging the vehicle's primary energy source – 
LiFePO4 batteries. The generator is externally excited with 
a regulated power supply. To avoid an overload of the bat-
tery, a 48 V to single-phase 230 VAC inverter is connected 
to the vehicle's 48 V system, to which a switchable 1/2 kW 
fan heater is attached. 

Figure 5 illustrates the dependencies and energy flow in 
the revised range extender. 

In Figure 6, the entire test stand can be observed, con-
sisting of the light commercial vehicle equipped with the 
updated range extender, the 50 dm3 hydrogen tank with 
reducer, a power supply, a portable computer for data log-
ging, and the exhaust gas analyzer.  

 

  
 Fig. 5. Test stand diagram 

 
 Fig. 6. Range extender test stand 

3. Results 
The tests were carried out at 5 measurement points, for 

different values of engine speed and load. The value of the 
ignition advance angle was reduced to 16°CA BTDC (com-
pared to 27°CA BTDC on the carburetor) due to the specif-
ic nature of hydrogen combustion in a piston engine appli-
cation. After initial testing, the value was set permanently 
after reaching engine stability in the desired operating 
range. 

The injector opening angle was firmly set to 340°CA 
BTDC. Estimating the injection time no longer than 10 ms, 
which results from the parameters of the selected injector 
and hydrogen pressure, allows for the fuel injection se-
quence to happen entirely during the opening of the engine 
intake valve. The engine control algorithm had a lower 
limit of excess air ratio set to λ = 1.75. Using a richer mix-
ture when feeding with port hydrogen injection may cause 
improper engine operation (abnormal combustion, sponta-
neous ignition of the mixture in the intake system). 

In Figure 7, the setpoint data can be observed, with both 
the throttle position values and manifold absolute pressure 
values. The setpoint duration was set to maintain a similar 
level of hydrogen consumption across all test runs.  

The operating points were selected in such a way as to 
indicate high engine load in all cases. This is evidenced by 
high average absolute pressure values in the intake duct, 
close to atmospheric pressure, which was 99 kPa during the 
tests. This allows the engine to achieve high thermal effi-
ciency in these operating conditions. 

 

Range extender: 
SI ICE + Gener-
ator 

Charge  
controller  

H
2
 Injection: 

ECUmaster EMU 

Power supply 48 V Battery 

Inverter 
48 V – 230 VAC Heater Fan 
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 Fig. 7. Range extender setpoint data 

 
Figure 8 shows the excess air ratio across all the set-

points. The richest mixture was recorded in the third set-
point.  

 
 Fig. 8. Range extender excess air ratio (λ) 

 
In the following Table 3, the range extender efficiency 

is presented. Hydrogen consumption was calculated based 
on pressure and temperature sensor readouts together with 
an algorithm developed by Lemmon et al., considering the 
compressibility factor of hydrogen in relation to tempera-
ture and pressure [9].  
 

Table 3. Total RE efficiency on hydrogen fuel 
Test run Electric 

energy 
[kJ] 

Hydrogen 
consumption 

[g] 

Hydrogen 
combustion 
energy [kJ] 

η 

2900 rpm, 
18 A 292.03 12.94 1552.41 0.188 

3100 rpm, 
21 A 312.59 13.50 1619.80 0.193 

2400 rpm, 
12 A 232.82 11.68 1401.78 0.166 

2200 rpm, 
15 A 305.00 12.61 1513.71 0.201 

3000 rpm, 
21 A 270.72 11.04 1324.44 0.204 

 
Electrical energy generated by the RE was calculated 

based on battery voltage and charging current readouts 
logged by the Racelogic data logger. To calculate the H2 
combustion energy, hydrogen parameters from [17] have 
been used. 

In addition, Fig. 9 shows the calculated specific fuel 
consumption for hydrogen. The highest value of SFC can 

be observed for the third run, where the least amount of 
electrical energy was generated. 

 
 Fig. 9. Range extender performance 

 
The values of the obtained overall genset efficiency are 

generally relatively high, which can be explained by the 
engine working with a relatively high load and with a mix-
ture composition favorable due to the efficiency of the 
engine working on hydrogen. Only for the third point does 
the efficiency obtained by the range extender have a lower 
value. On the one hand, this results from the parameters of 
the engine itself (lower load and richer mixture for this 
point) and on the other hand from the parameters of the 
generator (the lowest output power and therefore lower 
efficiency too) and the ribbed belt transmission (a larger 
share of parasitic losses at its low load). The specific fuel 
consumption when powered by hydrogen is significantly 
lower than when powered by other fuels, which is due to 
the almost three times higher calorific value of hydrogen in 
relation to e.g. gasoline. 

 
Table 4. Exhaust gas emission analysis on hydrogen fuel  

Test run 
NOx before 

TWC  
[ppm vol] 

NOx after 
TWC  

[ppm vol] 

O2 before 
TWC  

[%vol] 

O2 after 
TWC  

[%vol] 
2900 rpm, 
18 A 67 86 11.8 12.1 

3100 rpm, 
21 A 19 37 11.9 12 

2400 rpm, 
12 A 186 218 10.6 10.9 

2200 rpm, 
15 A 33 58 11.8 11.8 

3000 rpm, 
21 A 34 49 11.7 11.6 

 
 Fig. 10. NOx concentration in exhaust gases of the hydrogen fueled RE 
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Table 4 consolidates the results of exhaust gas composi-
tion analysis. When it comes to the CO and CO2, the ana-
lyzer readouts equaled in every case 0, and for HCs never 
exceeded 5 ppm, being just at the threshold sensitivity of 
the device. Due to this reason, they were skipped in the 
analysis. Only NOx emission and O2 concentration are pre-
sented, also visually in Fig. 10 and 11 respectively. 

The NOx concentration values are generally very low, 
which results from several factors. Primarily from the lean 
hydrogen-air mixture and the specifics of hydrogen com-
bustion, which occurs significantly faster than gasoline, so 
the exposure of the cylinder working medium to high tem-
perature is shortened. In addition, it should be remembered 
that the ignition timing was not set too aggressively, but 
rather conservatively in the preliminary stage of the engine 
management unit calibration. Another important observa-
tion is the noticeable increase in NOx concentration in the 
exhaust system outlet, which results from the process of 
combining nitrogen with oxygen still present in the exhaust 
gases (lean mixture) in the hot catalyst integrated in a muf-
fler of the engine. Certainly, the process of oxidation of NO 
to NO2 also takes place in TWC. 

 
 Fig. 11. Range extender O2 concentration in exhaust gases 

 
The oxygen concentration is high, directly proportional 

to the adjusted excess air ratio. Small increases in the oxy-
gen concentration measured before and after the TWC may 
be the result of a certain change in the thermodynamic 
parameters of the exhaust gases and the specificity of the 
exhaust gas analyzer used, and to a lesser extent, changes in 
their composition (see observed NOx increase).  

Values of the temperature of exhaust gases measured 
upstream of the TWC are presented in Fig. 12.  

 
 Fig. 12. Exhaust gas temperature of RE fueled by hydrogen 

The exhaust gas temperature reaches relatively low val-
ues, which was expected in the case of hydrogen fueling 
and high excess air ratio values. The values for individual 
points are proportional to the power generated by the range 
extender engine. 

4. Discussion 
Compared to the results of previous tests of the  

range-extender powered by gasoline [11], it is easy to no-
tice a significant reduction in power when powered by 
hydrogen. This is due to the low calorific value of the hy-
drogen-air mixture, which in turn is caused by the combus-
tion of a lean mixture (λ = 1.8) and a reduction in volumet-
ric efficiency, because hydrogen, a gas with very low densi-
ty, takes up several times more volume in the mixture than 
gasoline vapors. On the other hand, operation with a lean 
mixture and a large throttle opening needed to achieve the 
appropriate power allowed for a noticeably higher (over  
1 percentage point) value of the maximum overall efficien-
cy of the range extender. It is expected that more accurate 
engine calibration will allow for slightly higher range ex-
tender power and even better efficiency results. Achieving 
stable, long-term operation of the hydrogen-powered range 
extender should certainly be considered a success. This is 
even more important because the engine used for the tests is 
a very simple design. 

The main goal of using hydrogen as a fuel for the com-
bustion engine is to eliminate any carbon compound emis-
sions. In the case in question, this was fully achieved. The 
concentration of CO and CO2 was at a level that was not 
measurable by the analyzer used. The HC concentration 
oscillated around the analyzer’s sensitivity threshold (5 
ppm vol.). In the case of gasoline fueling, these values were 
approximately ~0.6% CO, ~14.3% CO2, and ~180 ppm HC 
in raw exhaust gases. The remaining emissions of the 
range-extender engine fueled with hydrogen, however, 
were very low values, usually below 100 ppm, compared to 
about 3000 ppm when fueling with gasoline. 

5. Conclusions 
The results of this preliminary research are promising, 

proving that the stability of such a small piston engine serv-
ing the purpose of a range extender can be achieved. 

It must be considered that only a few optimization steps 
have been performed during the construction of the H2-RE, 
serving as a small impulse for further research on the mat-
ter. 

Looking at the exhaust gas analysis data, the benefits of 
using hydrogen as a fuel can be clearly visible, with CO2, 
CO, and HC emissions at a level below the analyzer sensi-
tivity. It can be determined that hydrogen fuel holds a tre-
mendous advantage in lowering carbon emissions further 
into the atmosphere. 

What must be observed is the low NOx emission, but al-
so the poor performance of the H2-RE in terms of NOx 
aftertreatment. The reason for this fact is that the TWC is 
unsuitable for lean mixtures required due to the method of 
hydrogen supply used. For efficient NOx emission decrease, 
another aftertreatment method, like Selective Catalytic 
Reduction, should be considered. Hydrogen, recognized as 
an effective reductive agent, could be used in this method. 
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Nomenclature 
BEV battery electric vehicle 
BTDC before top dead center 
CNG compressed natural gas 
ECU engine control unit 
H2-RE hydrogen range-extender 

SI spark ignition 
SLPM standard cubic decimetre per minute 
TPS throttle opening 
TWC three-way catalytic converter 
λ excess air ratio 
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Improving the energy efficiency of a two-stroke engine with crankcase scavenging 

for UAVs by implementing an electronic fuel injection system 
 
ARTICLE INFO  The article considers the use of an electronic fuel injection system as a way to increase the energy efficiency of  

a two-stroke piston engine with crank-chamber purge for UAVs. An analysis of publications reveals the ad-

vantages of injection over carburetor power systems, particularly increased power, reduced fuel consumption, 
and lower emissions of harmful substances. An electronic fuel injection system, based on a microcontroller 

electronic control unit with sensors (MAP, TPS, ECT, IAT, CKP) and actuators, has been developed. EFI Studio 

software has been implemented for system calibration and monitoring. The control algorithm is based on the 
Alpha-N method taking into account dead time and injection phase shift. A hardware implementation is present-

ed that provides dosing accuracy and flexible control of engine operating modes. The results confirm the 

practical significance of the technology for increasing the efficiency and environmental friendliness of small 
UAV engines.  
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1. Introduction 
Recently, unmanned aerial vehicle (UAV) technologies 

have been rapidly advancing alongside the swift develop-

ment of microelectronics and communication technologies. 

Compared to manned aircraft, UAVs typically have signifi-

cantly smaller dimensions, lower weight, and are less de-

manding in terms of runway characteristics. They are also 

characterized by relatively low production and operational 

costs. As a result, UAVs are widely used in the military, 

geographic services, satellite operations, navigation, medi-

cine, and other fields [10]. 

A key component of any UAV is its powerplant, which 

provides propulsion and supplies energy to onboard sys-

tems. Reciprocating engines are the most common type of 

propulsion for UAVs. These engines have several types, 

among which the two-stroke engines are the most common 

ones [15]. 

Two-stroke piston engines with crankcase-scavenged 

loop charging and spark-ignition of the air-fuel mixture are 

characterized by high specific power output and mechanical 

simplicity. These features have contributed to their wide-

spread adoption in small- and medium-sized unmanned 

aerial vehicles (UAVs) [13, 15]. Numerous companies – 

such as 3W, Gobler Hirth, and Limbach in Germany; 

Wilksch in the United Kingdom; Zanzottera in Italy; and 

XRDi and DeltaHawk in the United States, as well as DLA 

in China – currently specialize in the production of this 

class of engines [17]. 

Flight endurance has increasingly been regarded as one 

of the most important technical parameters in evaluating 

UAV performance. Given the limited onboard fuel capacity 

of UAVs, their endurance is directly influenced by the 

thermodynamic efficiency of the propulsion system, i.e., the 

fuel consumption of the aircraft engine. 

Unlike conventional four-stroke engines, which are 

equipped with complex valvetrain mechanisms, gas ex-

change in two-stroke engines is typically achieved by the 

movement of the piston itself. While this simplified scav-

enging mechanism facilitates engine design and manufac-

turing, it also results in lower volumetric efficiency and  

a substantial loss of the fresh charge from the cylinder dur-

ing the scavenging process [4, 9, 19, 20, 24]. 

Thus, optimizing the working cycle of these engines 

remains a relevant engineering challenge. Improving engine 

performance necessitates the implementation of advanced 

technologies that enable effective control of combustion 

processes and, as a result, the realization of the engine’s full 

potential. The integration of modern electronic fuel injec-

tion systems offers a promising approach to enhancing the 

operational characteristics of two-stroke engines. The re-

placement of traditional carburetion systems with electronic 

fuel injection (EFI) has become a focus of research for both 

academic institutions and engineering firms. While carbure-

tors offer certain advantages, detailed analyses of their 

performance have revealed several limitations. These in-

clude high sensitivity to ambient environmental conditions, 

a tendency to flood, dependence on the physical properties 

of gasoline, and the risk of carburetor icing. For example, 

3W International offers engine models equipped with either 

carburetor or EFI systems, emphasizing the advantages of 

EFI [1]. These include reduced fuel consumption, improved 

air-fuel mixture formation, enhanced power output, and 

more stable performance across varying engine orientations 

and environmental conditions. Moreover, EFI systems 

significantly reduce the dependency on the physical and 

chemical properties of gasoline (such as volatility), sensi-

tivity to ambient conditions, and the risk of fuel condensa-

tion or intake manifold icing. This marks a substantial im-

provement over carbureted systems, which are more sus-

ceptible to these limitations. 

Fuel injection serves as an alternative to carburetion for 

preparing the air-fuel mixture suitable for proper function-

ing of spark-ignition (SI) engines. Injection systems operate 

based on physical principles distinct from those of carbure-
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tors, both in terms of fuel metering and atomization within 

the air mass. Specifically, these systems meter fuel in pro-

portion to the engine's air intake flow, relying not on the 

intake vacuum generated by the engine but on increased 

fuel pressure provided by a pump. Moreover, whereas in  

a carburetor fuel atomization is driven by the higher veloci-

ty of the intake air stream that entrains and breaks the fuel 

into progressively finer droplets. In an injection system, 

fuel is delivered at high velocity through a nozzle, produc-

ing a fine spray via kinetic atomization.  

2. Literature review 
The efficiency of the engine combustion process can be 

enhanced, and the flight endurance of UAVs can be extend-

ed, through the implementation of optimal fuel delivery 

control technologies. Consequently, an increasing number 

of researchers and engineers have turned their attention to 

the development and refinement of fuel supply systems for 

UAV engines [3, 6, 7, 12, 21, 22]. 

There is a general trend toward the adoption of electron-

ic fuel injection (EFI) systems in two-stroke spark-ignition 

engines [12, 22]. Although fuel injection into the intake 

manifold of two-stroke engines does not eliminate fuel–air 

mixture losses during scavenging, it can improve overall 

engine performance due to more precise control of the air–

fuel ratio. In general, EFI systems allow the engine to oper-

ate with leaner mixtures compared to carbureted systems. 

Another notable advantage is that fuel injection can provide 

up to 20% higher output power relative to a carbureted 

version. Moreover, hydrocarbon (HC) emissions are signif-

icantly lower across the full throttle range when using injec-

tion systems. For instance, in [12], which investigates the 

application of such an injection system in a two-stroke 

engine, an increase in power from 3.6 kW to 4.2 kW was 

observed, accompanied by a reduction in HC emissions 

from 2310 ppm to 1200 ppm. In [22], additional studies 

were conducted to improve the efficiency of UAV power-

plants by employing intake manifold fuel injection. A fuel 

delivery strategy based on controlling the excess air coeffi-

cient (λ) was proposed, and a control algorithm using a PID 

regulator was implemented to mitigate deviations in λ under 

all engine operating conditions. As a result, the thermal 

efficiency of the cycle was improved by 5–25%. Other 

reported benefits of such systems include improved cold 

start behavior and enhanced engine controllability [3]. 

One method of reducing fuel loss through the exhaust 

ports is the use of resonant exhaust systems, as presented in 

[18]. However, due to UAV design constraints, integrating 

specific exhaust system geometries is not always feasible. 

Therefore, one promising approach to reducing, or poten-

tially eliminating fuel losses during scavenging and mini-

mizing hydrocarbon emissions in the exhaust gases in-

volves the use of direct fuel injection into the engine cylin-

ders [4, 7, 11, 13]. Nonetheless, due to the unique operating 

characteristics of two-stroke engines, implementing such a 

system significantly complicates the lubrication system. 

Perhaps the most representative contributions reflecting the 

current state of the art are those presented in [11, 13]. These 

studies employed high-pressure fuel injection systems simi-

lar to those used in diesel engines. While peak engine pow-

er was found to be nearly unaffected by the application of 

direct injection, there was a notable reduction in brake-

specific fuel consumption (BSFC), reaching 300 g/kWh, 

compared to 370 g/kWh for the carbureted version. A simi-

lar pattern was observed for emissions: hydrocarbon emis-

sions were reduced by 53%, and carbon monoxide (CO) 

emissions by 40% when using injection systems as com-

pared to carburetors [13]. The effectiveness of direct fuel 

injection was further confirmed in [11] with the use of 

compressed natural gas, where the maximum brake thermal 

efficiency was increased by 9.1%, while unburned HC 

emissions were reduced by 79.3% and CO emissions by 

94.5% compared to the carbureted engine. 

The aim of this study is to implement measures aimed at 

improving the energy efficiency of a two-stroke engine 

with crankcase scavenging through the integration of an 

electronic fuel injection system. 

3. Principle of fuel quantity calculation 
Spark-ignition engines operate by combusting a pre-

mixed fuel–air charge. Accordingly, the primary function of 

the fuel supply system is to meter the appropriate amount of 

fuel required to achieve an optimal air–fuel ratio (AFR) in 

accordance with the engine’s operating conditions. In prin-

ciple, the optimal AFR for spark-ignition engines depends 

to some extent on the specific operating conditions. That is, 

it is defined as the ratio that ensures the required output 

power with the lowest possible fuel consumption, while 

maintaining uninterrupted and reliable engine operation. 

Combustion of the fuel–air mixture in the cylinder of an 

internal combustion engine with spark ignition occurs only 

within a certain range of AFR, typically from 8.0 to 25.5. 

The stoichiometric ratio is approximately 14.7. Lean mix-

tures generally improve fuel economy, whereas rich mix-

tures tend to increase engine torque output. Enrichment of 

the air–fuel mixture can also be employed as a strategy to 

reduce combustion temperatures and prevent thermal over-

load during high-load operating modes (see Fig. 1). 

 

Fig. 1. Influence of the air–fuel mixture composition on engine operating 
modes 

 

Therefore, depending on the specific operating condi-

tions, it is necessary to find a compromise between compet-

ing requirements by selecting the value of the air–fuel 

equivalence ratio, λ, that yields the most favorable results. 

This implies that, for each point within the engine’s operat-

ing range, it is possible to define, based on different per-

formance requirements, the most appropriate value of λ, 

which the fuel supply system should aim to maintain. 
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Moreover, λ is defined as the ratio of the actual amount 

of air participating in the combustion process to the theoret-

ical amount of air required for the complete combustion of 

the given quantity of fuel. It can be expressed as follows: 

 λ =
mair

l0∙mfuel
 (1) 

where mair is the mass of air that participates in the combus-

tion of mfuel kilograms of fuel. 

The mass airflow rate in the intake manifold passing 

through the throttle valve is given by: 

 mair =
n⋅Vh⋅ρair⋅ηv

60
 (2) 

where ρair is the air density in the intake manifold, n is the 

engine speed, Vh is the engine displacement volume, and ηv 

is the volumetric efficiency. 

Since air density can be expressed as ρair = Pair/(RTair), 

where Pair and Tair represent the pressure and temperature of 

the air in the intake manifold, and R is the specific gas 

constant, the equation can also be written as: 

 mair =
n⋅Vh⋅Pair⋅ηv

60⋅R⋅Tair
 (3) 

When the injector opens, fuel is delivered under high 

pressure, generating a fuel flow. The following equation 

can describe the fuel flow rate: 

 mfuel = μSinj√2 ∙ g ∙ ρf(Pfuel − Pm) ∙ PW (4) 

where ṁfuel denotes the mass flow rate of fuel during  

a single injection event, μ is the injector discharge coeffi-

cient, Sinj represents the total area of the injector orifices, ρf 

is the fuel density, Pfuel is the fuel pressure, Pm is the intake 

manifold pressure, and PW is the fuel injection pulse width 

per engine cycle. 

The following section considers the characteristics of 

well-known algorithms used to calculate the required 

amount of fuel based on input parameters received by the 

engine control unit (ECU). 

MAF  
According to this algorithm, the amount of injected fuel 

is calculated directly based on the input from the Mass Air 

Flow (MAF) sensor and the desired air-fuel ratio. Fuel 

injection systems employing this approach interpret the 

MAF sensor output as a direct representation of the en-

gine’s current air intake flow. This method enables  

a straightforward and intuitive calculation of the required 

fuel quantity and does not require specific calibration for 

each engine or its sensors. In this case, the engine load 

(volumetric efficiency) can be instantly determined as:  

 mair =
MAF

Vh ⋅ρair⋅n
 (5) 

The required fuel mass flow rate can be determined us-

ing the following expression: 

 mfuel =
mair

AFRtarget
 (6) 

where AFRtarget is the desired air-fuel ratio. 

 

Speed Density 
An alternative to direct measurement of the intake air 

flow is the estimation of air mass based on signals from 

other sensors, such as those measuring intake manifold 

pressure and air temperature. This fuel injection control 

strategy is referred to as the Speed-Density method [14] 

(Fig. 2). In this approach, the intake air flow rate is not 

measured directly. Instead, the mass of air entering the 

engine is calculated based on intake air temperature, mani-

fold absolute pressure (MAP), and engine speed, using  

a reference volumetric efficiency (VE) table. 

The volumetric efficiency of the engine is a parameter 

influenced by both operating conditions (such as crankshaft 

rotational speed and manifold pressure) and engine design 

characteristics (such as displacement volume, intake mani-

fold geometry, and compression ratio). The primary VE 

table is typically defined as a two-dimensional function of 

manifold absolute pressure (MAP) and engine speed 

(RPM). 

Based on the selected VE value, along with the meas-

ured MAP and intake air temperature, the engine control 

unit calculates the air mass entering the engine. 

For a warmed-up engine, the air mass per cylinder per 

cycle ma is calculated using the following expression: 

 mair = ηv(N) ⋅ ρair(T, P) ⋅ Vh =
ηv⋅Vh∙Pair

R⋅Tair
 (7) 

After calculating the mass air flow entering the engine, 

the corresponding fuel mass flow rate can be determined. 

The primary limitation of this method lies in the necessity 

to develop or calibrate the VE table individually for each 

engine type. This requirement arises because the airflow 

velocity may exhibit similar values under different engine 

speeds and MAP sensor operating conditions. Therefore, it 

becomes essential to determine the steady-state values of 

the volumetric efficiency ην across all regions of the VE 

table with sufficient accuracy.  

Alpha-N 
In the Alpha-N strategy, the air mass is calculated using 

an empirical map and is defined as follows: 

 mair = VE(α, N) ∙ Vh ∙ ρa(T, p) (8) 

In other words, the injector opening duration is calculat-

ed based on empirical correlations between the engine 

crankshaft speed and the throttle valve opening angle (Fig. 

3). To improve accuracy, ambient air pressure and tempera-

ture are also taken into account. 

For each of these primary algorithms, additional strate-

gies for adjusting the injector opening duration may be 

implemented depending on the engine’s operational model: 

Percent Baro (Speed-Density + Atmospheric  

Pressure) 
This strategy adjusts the volumetric efficiency based on 

an additional ambient atmospheric pressure sensor. Its ap-

plication is particularly relevant for UAVs operating above 

1000 meters, where air–fuel mixture correction becomes 

necessary. 
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Fig. 2. Speed Density algorithm for calculating the required fuel quantity 
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Fig. 3. Alpha-N algorithm for calculating the required fuel quantity 

 
 

Lambda Feedback (Closed-Loop Control) 
This method monitors the composition of the exhaust 

gases to fine-tune fuel injection in real time, ensuring the 

air–fuel ratio (AFR) remains close to the target value. 

Transient Fuel Compensation 
This adjustment controls fuel delivery during rapid 

throttle changes. It includes fuel enrichment during acceler-

ation and fuel cut-off during deceleration. 

 

Cold Start Enrichment 
This strategy compensates for poor fuel vaporization at 

low temperatures by enriching the mixture during cold 

engine starts.  

4. Implementation of the fuel injection system for  

a two-stroke UAV engine with crankcase  

scavenging 
The fuel injection system must be capable of detecting 

changes in parameters that influence the optimal air–fuel 
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ratio required by the engine and transmitting this infor-

mation to the Electronic Control Unit (ECU). The ECU 

integrates the individual signals received from sensors and 

calculates the required amount of fuel mfuel to be injected 

for a given engine operating mode. 

Thus, in the fuel injection system, the primary control 

parameters that must be continuously monitored for accu-

rate dosing are: 

 Intake air flow rate, which serves as the fundamental 

input for calculating the mass of fuel to be injected 

 Ambient air temperature and pressure, which influence 

air density and mixture formation 

 Crankshaft rotational speed, which determines the injec-

tion frequency and the amount of fuel required per cycle 

 Pressure differential Δp is maintained across the injector 

nozzle, which affects fuel atomization and delivery 

 Throttle valve position, representing the engine load 

index which, in conjunction with crankshaft speed, al-

lows the ECU to identify the appropriate value on pre-

defined maps stored in memory 

 Engine temperature is used for fuel delivery correction. 

During cold starts, increased injection duration is re-

quired. During engine warm-up, a temporary enrich-

ment of the mixture is applied, depending on the engine 

temperature. 

The developed electronic fuel injection unit is a micro-

controller-based system that reads sensor data from the 

engine and generates an actuation signal for the injector, 

which is installed in the engine’s intake manifold. The 

required pulse width for injector opening duration is com-

puted based on lookup tables and constants stored in the 

microcontroller’s memory. 

A block diagram of the fuel injection control unit is 

shown in Fig. 4. Functionally, the system consists of a fuel 

injection control unit, a set of sensors (including the throttle 

position sensor (TPS), engine temperature sensor (CHT), 

manifold absolute pressure (MAP) sensor, intake air tem-

perature (IAT) sensor, and crankshaft position sensor), and 

actuators (a fuel pump with a pressure regulator and injec-

tors). 

Figure 5 presents the schematic diagram of the fuel in-

jection control unit. The control unit comprises the follow-

ing components: an 8-bit microcontroller (ATmega328P) 

with digital input/output ports and a 10-bit analog-to-digital 

converter (ADC); an interface IC for actuator control 

(MC33812); a CAN bus module for bidirectional data ex-

change; and signal conditioning and input protection cir-

cuitry for the microcontroller. 

The design of the printed circuit board (Fig. 6) is based 

on the use of the MC33812 integrated circuit [16], which 

was specifically developed by NXP for control units in  

2-stroke and 4-stroke engine applications. This chip inte-

grates a voltage regulator and actuator drivers, and includes 

diagnostic functionality to detect faults such as open or 

short circuits in the actuators. 

 

Fig. 4. Block diagram of the electronic fuel injection control system 
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Fig. 5. Schematic diagram of the electronic fuel injection control unit 

 

A platinum PT100 sensor is used as the engine cylinder 

temperature sensor (CHT). Its characteristics enable high-

accuracy temperature measurements across a wide operat-

ing range from –50°C to +400°C. The MAX31865 [2] 

resistance-to-digital converter is employed for signal condi-

tioning. In addition to high-precision resistance measure-

ments, this chip supports diagnostics for sensor disconnec-

tion and short circuits. It includes a DRDY (Data Ready) 

output to indicate the completion of conversion and readi-

ness of data for reading. 

The fuel injection control unit is equipped with a baro-

metric pressure sensor for altitude-based correction of fuel 

delivery. This sensor is implemented using the LPS331AP 

integrated circuit. It interfaces with the main microcontrol-

ler via SPI and includes a dedicated INT1 interrupt output 

to signal data readiness. 

Since the ATmega328P microcontroller does not in-

clude a built-in CAN interface, this functionality is provid-

ed by two external components: the MCP2515 CAN con-

troller and the TJA1050T transceiver. By utilizing the SPI 

interface and structuring data as 1–4 byte packets per varia-

ble (including floating-point types), high data transfer 

speeds are achieved, minimizing delays in the main pro-

gram during data transmission or reception. 

The microcontroller’s crankshaft position sensor (CKP) 

input is galvanically isolated via an optocoupler and further 

equipped with a Schmitt-trigger buffer to suppress electro-

magnetic interference. 

 

Fig. 6. External view of the developed printed circuit board design for the  

 fuel injection control unit 

 

To configure the parameters of the fuel injection control 

unit, the EFI Studio software was developed within the  

LabVIEW environment. The software interface is shown in 

Fig. 7. This software enables diagnostics of the control unit, 

sensor calibration, real-time monitoring of parameters, and, 

most importantly, modification of the settings of tables and 

constants necessary for calculating the fuel injection dura-

tion, including: 
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– Engine displacement, cm³ 

– Injector flow rate, g/min 

– VE table (n, TPS) – volumetric efficiency coefficient 

depending on engine speed and throttle position 

–  AFR table (n, TPS) – required air-fuel ratio depending 

on engine speed and throttle opening angle 

–  Correction coefficient tables: cor_IAT(IAT), 

cor_CHT(CHT), cor_Baro(Baro) – correction factors 

for intake air temperature, cylinder head temperature, 

and barometric pressure, respectively 

–  mult_start table (N_cycle) – enrichment coefficient 

during cold start 

–  DT = f(V_bat) table – injection duration correction map 

accounting for power supply voltage drop. 

The algorithm for calculating the engine crankshaft 

speed utilizes the microcontroller’s hardware features. For 

this purpose, the 16-bit timer/counter is configured in input 

capture mode. The filtered signal is fed to the microcontrol-

ler’s ICP1 (Input Capture Pin). When a rising edge is de-

tected, the current timer value is latched and copied into the 

ICR1 register, triggering an interrupt. During the first inter-

rupt call, the ICR1 register value is stored; during the sec-

ond call, the difference between the current and previous 

timer values is calculated. Since the timer continues run-

ning and is not reset, an overflow interrupt is used to count 

the number of full timer cycles. This overflow count is 

taken into account in the RPM calculation. 

The primary advantage of this method is its high meas-

urement accuracy, as signal capture occurs immediately 

upon detection, independent of the main program's execu-

tion. 

The required fuel amount is calculated using the Alpha-

N method described above. This method was selected based 

on the operating characteristics of the UAV engine, which 

runs mostly at throttle openings close to maximum during 

flight. Therefore, the Alpha-N strategy offers an advantage 

due to its simple implementation and good response to 

acceleration and deceleration. 

Upon powering the EFI control unit, the fuel pump is 

briefly activated to pressurize the fuel rail. When the first 

crankshaft position sensor (CKP) pulse is received, a prim-

ing fuel injection occurs. The amount of fuel injected is 

determined from a table based on the engine cylinder tem-

perature. 

To generate the injector control signal, two timers are 

used. One timer controls the injection duration, while the 

other manages the injection phase shift relative to the CKP 

signal. 

The core of the control program is a state machine, 

which coordinates and manages the operating modes of the 

electronic control unit. Its main task is to ensure a con-

sistent transition between modes such as "normal opera-

tion", "startup mode," and "programming/debugging 

mode". 

Figure 8 shows an oscilloscope trace of current and 

voltage at the injector terminals. From this waveform, it can 

be concluded that when controlling fuel injectors, it is nec-

essary to consider the so-called dead time – the delay be-

tween the application of the electrical pulse and the actual 

start of fuel injection. This delay depends on supply voltage 

and the physical characteristics of the injector, and it signif-

icantly affects fuel metering accuracy. Neglecting this delay 

can lead to enrichment or enleanment of the air-fuel mix-

ture, especially in operating modes with short injection 

durations. Since the dead time is independent of the injec-

tion duration and is a function of the injector’s electrical 

characteristics (under constant fuel pressure), it should be 

treated as an additive constant, which is added on top of the 

other multiplicative factors [23]. 

5. Conclusions 
1. The use of two-stroke engines as the powerplant for 

UAVs is considered the most promising due to their simple 

design and high specific power characteristics. 

2. The efficiency of the engine combustion process can 

be improved, and the UAV flight duration extended, 

through the use of electronic fuel injection (EFI) systems. 

 

Fig. 7. Interface of the developed EFI Studio software 
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Fig. 8. Oscillogram of the injector control signal; AB – injector opening, 

 BC – fully open nozzle, CD – injector closing, AC – EFI control pulse 

 

3. One of the most effective methods for reducing or 

even eliminating fuel losses through the exhaust port during 

scavenging, as well as for decreasing hydrocarbon emis-

sions in two-stroke engines, is the implementation of direct 

fuel injection into the cylinders. However, given the operat-

ing specifics of a two-stroke engine, such an approach sig-

nificantly complicates the lubrication system. 

4. Within the framework of this study, an electronic fuel 

injection control unit was developed for a two-stroke en-

gine with crankcase scavenging. The unit includes an 8-bit 

ATmega328P microcontroller, an MC33812 interface IC 

for actuator control, a CAN bus module for bidirectional 

data exchange, signal conditioning circuits, and input pro-

tection for the microcontroller. 

5. Since the UAV engine operates mostly at wide open 

throttle during flight, the Alpha-N algorithm was selected 

for fuel quantity calculation. 

6. Dedicated software called EFI Studio was developed 

in the LabView environment to configure the parameters of 

the EFI control unit. 

7. A current and voltage oscilloscope trace at the injec-

tor terminals was obtained for one of the operating modes, 

confirming the functionality of the developed electronic 

control unit. 

8. The next stage of research will focus on testing the 

developed injection system directly on a two-stroke internal 

combustion engine, with an assessment of the efficiency 

and environmental characteristics of the fuel-injected en-

gine in comparison to the carbureted version. 

Acknowledgements 

The research was carried out with the grant support of 

the National Research Foundation of Ukraine within the 

framework of the project 2023.04/0124 "Improving the 

tactical and technical characteristics of domestic UAVs by 

developing an aircraft engine with promising specific pow-

er indicators". 

 

Nomenclature 

AFR air-fuel ratio  

BSFC brake-specific fuel consumption 

CKP crankshaft position 

CO  carbon monoxide 

ECU  engine control unit 

EFI electronic fuel injection 

HC  hydrocarbon 

IAT intake air temperature  

MAF  mass Air Flow  

MAP manifold absolute pressure 

SI spark ignition 

TPS throttle position sensor 

UAV unmanned aerial vehicles 

VE volumetric efficiency 
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1. Introduction 

The use of internal combustion engines (ICEs) has been 
a subject of fierce debate in recent decades. The prevailing 
trend is to gradually phase out the use of ICEs in both mo-
bile and stationary applications. The reason behind it is 
mainly the negative impact of engines on environmental 
aspects, such as the emission of pollutants that endanger the 
health of living organisms and cause the global climate to 
be unstable [9]. Furthermore, the large-scale use of non-
renewable natural resources for the production of petrol and 
diesel oil has become a growing issue [18]. In response to the 
above threats, various proposals have emerged to address the 
shortcomings of ICEs powered by conventional fuels. 

In transportation, the solution has been sought in the 
widespread use of electric drives, which offer numerous 
advantages, including energy efficiency, lower maintenance 
requirements, ease of control, and reliability [7]. However, 
practical experience has proved that the rapid implementa-
tion of such a concept on a large scale is not feasible. Lim-
ited energy storage in batteries and the lack of developed 
infrastructure remain challenges [22]. While efforts to elec-
trify vehicle and machine drive systems have not been 
abandoned and are still being continued, there is a trend of 
returning to the well-known and proven methods of energy 
conversion offered by ICEs, although with a certain change 
in the approach to fuels used.  

Currently, many car manufacturers assume that the con-
tinued use of ICEs requires switching to alternative fuels 
[22]. Among the numerous possible options, biofuels, hy-
drogen, and synthetic fuel are most often considered. Their 
use allows for maintaining the performance of ICEs at  
a similar level to current ones based on fossil fuels, but with 
significantly reduced environmental impact.  

This paper focuses on biogas application in dual-fuel 
compression-ignition engines. This kind of alternative fuel 
has some favorable properties. Above all, biogas is renewa-
ble and can be produced from biomass of various origins, 

including waste [2]. The use of biogas reduces greenhouse 
gas emissions [16]. It is also a cost-effective solution, espe-
cially in rural areas, where it allows for the management of 
agricultural waste and the production of clean energy. On 
the other hand, raw biogas is not suitable for direct power-
ing of combustion engines as it naturally contains only 40–
60% of methane (CH4), the only energy source, and the 
remaining substances, among others hydrogen sulfide 
(H2S), water, siloxanes (silicon and oxygen compounds) 
and carbon dioxide (CO2), are not combustible [8]. Purify-
ing biogas to biomethane quality is a well-established tech-
nology [6], but it is associated with high energy expendi-
ture, especially in terms of CO2 removal. This prompts the 
search for areas of application of 'pre-purified’ biogas, con-
taining only CH4 and CO2. Although this solution has been 
successfully used for years in stationary engines of electricity 
generators operated in biogas plants, it raises certain tech-
nical challenges in relation to vehicle applications. 

Another technical issue is the combustion system of bi-
ogas-powered ICEs. It has gained significant attention in 
scientific literature, particularly in practical publications. 
[23]. The most convenient way is to apply biogas to  
a spark-ignition ICE, which is the dominant method in 
stationary electric generating units [17]. Biogas application 
in a compression-ignition ICE is more challenging. Such an 
engine can operate in two modes: single-fuel or dual-fuel. 
In single-fuel mode, it uses only biogas, while in dual-fuel 
mode, it utilizes both diesel and biogas. Operating in single-
fuel mode requires specific modifications to the engine, 
such as lowering the compression ratio and incorporating 
an ignition system similar to that of spark-ignition engines 
[5]. For simpler engines, these modifications are relatively 
easy to implement and do not significantly increase costs 
[19]. Conversely, compression-ignition engines operating in 
dual-fuel mode use diesel oil to initiate combustion through 
auto-ignition, which subsequently ignites the biogas-air mix-
ture. In this case, it is necessary to add a separate biogas 
supply system and change the engine control algorithms [15]. 

http://orcid.org/0000-0003-3159-4801
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Numerous research works have been carried out to in-
vestigate the performance of dual-fuel compression-ignition 
ICEs under all possible operating conditions, static and 
dynamic. 

Matuszewska et al. [14] examined the emissions of ex-
haust gas components from a compression-ignition ICE that 
was converted for dual-fuel operation using diesel oil and 
biogas composed mainly of CO2 and CH4 with various 
proportions. The engine originated from an agricultural 
tractor, featuring four cylinders and an original diesel oil 
supply system with a distributor injection pump. The dual-
fuel biogas conversion was accomplished without the need 
for complicated construction or regulatory adjustments. The 
dynamometer test results showed that compared to running 
solely on diesel oil, the dual-fuel system resulted in higher 
concentrations of hydrocarbons (HC) and carbon oxide 
(CO) and lower concentrations of particulate matter (PM) 
in exhaust gases. The level of emission of particular com-
ponents depended on the biogas composition used. Jagadish 
and Gumtapure [11] studied a compression-ignition ICE 
fueled by dual-fuel diesel oil and biogas with increased 
methane content (88%). It was a single-cylinder, four-
stroke engine with direct diesel oil injection into the cylin-
der and indirect biogas injection into the intake manifold. 
Selected operating parameters and pollutant emissions were 
compared between a dual-fuel engine (taking into account 
various doses of biogas) and an engine operating in single-
fuel mode (powered by diesel oil only). While there were 
differences between the individual mixture variants with 
different biogas shares, some general trends could be identi-
fied when compared to a single-fuel diesel system. A reduc-
tion in emissions of nitrogen oxides (NOx) and PM was 
observed, as well as an increase in emissions of CO and 
HC. More examples and generalization of research results 
can be found in the comprehensive review papers [8, 9]. 

Some researchers direct their efforts to investigate the 
phenomena related to biogas or biomethane injection and 
its optimization to improve ICE operating parameters. 

Barik and Murugan [3] investigated the performance 
and emission characteristics of a compression-ignition 
engine operating in dual fuel mode with diesel oil injected 
directly into the cylinder and biogas inducted at varying 
flow rates to the intake manifold. Based on experimental 
findings, among the four biogas flow rates considered, 
a flow rate of 0.9 kg/h yielded the best engine performance 
along with the lowest emissions. In comparison to diesel-
only operation, the dual fuel system demonstrated the high-
est peak cylinder pressure and a longer ignition delay. No-
tably, the dual fuel mode significantly reduced PM and 
nitric oxide (NO) emissions by about 49% and 39%, re-
spectively. 

Chandekar and Debnath [7] focused on the influence of 
ICE intake geometry on the mixing of methane-enriched 
biogas (90% CH4) with air. They considered four intake 
systems with different injector configurations to optimize 
mixture homogeneity. The research was based on CFD 
simulation in ANSYS Fluent. The following quantities 
were compared between the considered configurations: 
pressure, velocity, turbulence kinetic energy, helicity, and 
mass fraction of CH4. Particular attention was paid to de-

termining the optimal ratio of the radius of the curvature of 
the manifold to the diameter of the manifold (R/D). The 
simulations showed that the best design was one with an 
R/D ratio of 1.75 and 2. 

Adithya et al. [1] also conducted research on the optimi-
zation of the intake system of a dual-fuel compression igni-
tion ICE, fueled with diesel oil and biogas. In contrast to 
the previously discussed paper [7], here the experiments 
were empirical, performed on a laboratory stand. The aim 
was to improve the volumetric efficiency of the ICE and to 
check the effect of the dual-fuel concept on pollutant emis-
sions. Modification of the intake system, designed based on 
the Chrysler ram theory and Helmholtz resonator theory, 
allowed for increased ICE performance in single- and dual-
fuel mode as well as reduced pollutant emissions. 

Regarding the technical aspects of biogas-air mixture 
preparation, Bembenek et al. [2] noted that there is a lack of 
research on biogas injectors and decided to fill this gap. 
They selected five injectors available on the market and 
empirically tested their properties, such as contingent 
productivity, the linearity of operation, the injector response 
time, the resistance of the injector coil, the ability to main-
tain factory parameters, and the service life. On this basis, 
the researchers recommended the best injectors for use in 
both spark-ignition and compression-ignition ICEs.  

A review of the scientific literature shows that numer-
ous research results have been published on ICEs fueled 
with biogas, bio-CNG, and other biogas-based fuels. They 
mainly concern the basic operating parameters of the ICE, 
i.e. power, torque, fuel consumption, and pollutant emis-
sions. However, there are disproportionately few papers
devoted to the phenomena of biogas injection, which is
a decisive factor for the formation of the fuel-air mixture
and hence has a significant impact on the operating parame-
ters of the ICE. Therefore, the aim of this paper was to
investigate the influence of the location of biogas injectors
in the ICE intake system on the selected characteristics of
the air-biogas mixture introduced into the cylinders.

2. Experimental setup
The intake manifold considered in this study (Fig. 1) is

a component of the intake system of the JCB 444 TA4i-81 
I1 engine. Basic technical specification of the engine is 
given in Table 1. It was adapted to operate in a dual-fuel 

Fig. 1. Intake manifold of JCB 444 TA4i-81 I1 engine 
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system, with diesel oil as the primary fuel and biogas addi-
tionally fed to the air supplying the cylinders. The biogas 
injectors were initially located in the intake system, be-
tween the turbocharger and the intercooler. In this study,  
a new location of the injectors was proposed, i.e. in the 
intake manifold, closer to the engine cylinders. 
 

Table 1. Main technical specifications of JCB 444 TA4i-81 I1 engine 
Parameter Data 

Manufacturer JCB 
Type 444 TA4i-81 I1 

General features  4-stroke, DOHC, compression igni-
tion, turbocharged with intercooler 

Emission compliance  US-EPA Tier 4i, EU Stage IIIB 
Number and configuration  
of cylinders  4, in-line 

Compression ratio  16.7 
Bore/stroke [mm] 103/132 
Displacement [cm3]  4399 
Rated power [kW@rpm]  81@200 
Maximum torque 
[Nm@rpm]  516@ 1500 

Fuel system  Direct injection, Common Rail 
Cooling system  Liquid-cooled 

3. Three-dimensional model of the intake manifold 
In order to accurately reproduce the geometry of the in-

ternal spaces of the intake manifold, casting was made 
using molding silicone (Fig. 2). Due to the complex shape 
of the channels, the intake manifold was cut to remove the 
silicone castings. Silicon elements were scanned using the 
Micron3D Green Stereo scanner (Fig. 3), manufactured by 
SMARTTECH Ltd. [23]. Based on the obtained data, a 3D 
model of the intake manifold was developed (Fig. 4). 

 
 Fig. 2. Intake manifold filled with molding silicone 

 
Fig. 3. Scanning of intake manifold castings with the SMARTTECH 
 Micron3D Green Stereo scanner 

 
Fig. 4. 3D model of the interior of the intake manifold developed based on 
 scanned data 

4. Methodology of the research 
The aim of CFD analysis was to find an optimal loca-

tion for biogas injectors in the inlet manifold of a dual-fuel 
compression ignition engine. Additionally, one and four 
biogas injector concepts were studied. In the current re-
search, ANSYS Fluent software was used for the simula-
tions, which is a CFD solver of ANSYS Workbench 19.2 
solution. At the beginning, the previously developed 3D 
model of the intake manifold was imported into the Design 
Modeler module of ANSYS Workbench 19.2 software. 
After some geometrical corrections, 3 models were devel-
oped for the needs of flow analysis. They are shown in Fig. 
5–7. Numbers in red correspond to the cylinder numbers. 
Model 1 shown in Fig. 5 has only 1 biogas inlet (1 injector 
concept) located at the entrance to the manifold. Model 2 
(Fig. 6) and model 3 (Fig. 7) have four biogas inlets (4-
injector concept) gathered in series and located at various 
distances from the manifold’s outlet. According to prelimi-
nary assumptions, a four-injector solution would allow for 
an increase in the air-biogas homogeneity formation rate 
compared to the 1-injector case.  

 
 Fig. 5. 3D model of intake manifold with one biogas inlet (model 1) 

 
 Fig. 6. 3D model of intake manifold with 4 biogas inlet (model 2) 
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 Fig. 7. 3D model of intake manifold with 4 biogas inlet (model 3) 

 
To discretize the models, ANSYS Mesher was used. 

Meshed models are shown in Fig. 8 to Fig. 10. Meshing 
was done with the standard 5-layer inflation. There were 
1553795 elements and 297199 nodes generated for model 
1, 1567226 elements and 298941 nodes for model 2, and 
1590822 elements and 303268 nodes for model 3. Other 
common characteristic dimensions of the mesh are as fol-
lows: target skewness 0.9 (default), medium smoothing, 
inflation with smooth transition, and transition ratio 0.272, 
growth rate 1.2; mesh sizing with capture curvature. 

 
 Fig. 8. Meshed model of intake manifold with one biogas inlet (model 1) 

 
 Fig. 9. Meshed model of intake manifold with 4 biogas inlets (model 2) 

 
 Fig. 10. Meshed model of intake manifold with 4 biogas inlets (model 3) 
 

The Navier–Stokes equations and the species transport 
equation were applied for flow simulations. The energy 
equation was also used. RNG k−ɛ viscous model with en-
hanced wall treatment was applied to solve the flow prob-
lems.  

Boundary conditions for the simulations were deter-
mined experimentally in the engine dynamometer test cell. 
Engine operation mode with power output 83.3 kW and 
crankshaft rotation speed 1600 rpm was chosen for the 
current simulation research. Key parameters used as bound-
ary conditions in the simulation study are shown in Table 1. 
For all 3 models, the same conditions were used that al-
lowed for the comparison of mixing characteristics and the 
study of the flow behaviour of the air and biogas mixture in 
the models. 
 

Table 2. Boundary conditions 
BC name  Type Tempera-

ture, K 
Mass flow 
rate, kg/s Species 

Air inlet  mass-flow 
inlet 300 0.1  

Biogas inlet 
(1 injector) 

mass-flow 
inlet 300 0.0014 CH4 and 

CO2 
Biogas inlet 
(4 injectors) 

mass-flow 
inlet 300 4x0.00035 CH4 and 

CO2 
Mixture out outflow – – – 
Inlet Mani-
fold wall – – – 

Biogas 
injector wall – – – 

 
In the current study 30% of the diesel fuel was substi-

tuted with biogas. The concept of “pre-purified” biogas was 
implemented with 60% methane and 40% CO2 content.  

5. Results and discussions 
The analysis of the simulation results was done in the 

CFD post-processing module of the ANSYS software. The 
following parameters were analysed: 3D velocity and 3D 
CH4 mass fraction (gradient) distribution in the inlet mani-
fold, surface velocity distribution at the manifold outlets. 
Separately, obtained results related to 3D CH4 mass fraction 
(gradient) distribution was analysed in terms of the homo-
geneity of the air-biogas mixture formed in the intake mani-
fold. Here, CH4 was chosen because it is the only combus-
tible component of the mixture. Finally, the optimal loca-
tion of the injector was offered.  

Visualizations of CFD calculation results of flow ve-
locity and CH4 mass fraction (gradient) distribution in the 
inlet manifold for 3 different locations of fuel injec-
tor/injectors are shown in Fig. 11 to Fig. 13 and Fig. 17 to 
Fig. 19. 

 
 Fig. 11. 3D velocity distribution in the intake manifold (model 1) 
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 Fig. 12. 3D velocity distribution in the intake manifold (model 2) 

 
 Fig. 13. 3D velocity distribution in the intake manifold (model 3) 

 
As can be seen from Fig. 11 to Fig. 13, regardless of in-

jector locations, there is an uneven velocity distribution in 
the regions corresponding to manifold outlets. Higher flow 
velocities were observed at the outlets 4.3 and lower at 2.1. 
To complement 3D velocity research, a surface velocity 
distribution at the manifold outlets analysis was conducted. 
Results are shown in Fig. 14 to Fig. 16.  

 
 Fig. 14. Velocity contours at the outlets from the manifold (model 1) 

 
 Fig. 15. Velocity contours at the outlets from the manifold (model 2) 

 
 Fig. 16. Velocity contours at the outlets from the manifold (model 3) 

It can be concluded from Fig. 14 to Fig. 16 that the 
highest velocity fluctuations could be established for the 
outlets 4 and 3, which will result in a higher flow turbu-
lence rate for these outlets. Additionally, the air-biogas 
mixture average velocities at the manifold’s outlet were 
defined. Results are shown in Table 3.  

 
Table 3. Mixture average velocities at the outlet from the manifold, m/s 

Model Mixture 
Out 1 

Mixture 
Out 2 

Mixture 
Out 3 

Mixture 
Out 4 

Model 1 13.8 13.62 15.24 20.17 
Model 2 13.91 13.85 17.23 20.21 
Model 3 15.22 14.27 16.92 19.45 

 
It could be concluded that in order to make the velocity 

distribution at the outlets more uniform, it is recommended 
to redesign the inlet manifold and make it more straight 
than curved.  

At the final stage of the simulation analysis, a 3D mass 
fraction (gradient) distribution for CH4 was studied. Results 
are shown in Fig. 17 to Fig. 19. Here, for the studied mod-
els, a characteristic zone where homogeneity of the air-
biogas mixture is formed (or weakly formed) could be 
established.  

 
Fig. 17. CH4 mass fraction (gradient) distribution in the inlet manifold – 
 model 1 

 
Fig. 18. CH4 mass fraction (gradient) distribution in the inlet manifold – 
 model 2 

 
Fig. 19. CH4 mass fraction (gradient) distribution in the inlet manifold – 
 model 3 
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As it can be seen from Fig. 17–19, there is a risk of air-
biogas non-homogeneity at the inlet to the engine cylinders 
for the model 3 (Fig. 19). At the same time model 1 and 
model 2 characterized by the minimum risk for inhomoge-
neous air-biogas mixture delivering inside the engine’s 
cylinders, but model 2 gives more uniform cloud structure 
of biogas in stratified mixture. Thus, the optimal location of 
the injectors is related to the model 2. 

6. Conclusions 
1. Sources analysis showed that there are disproportionate-

ly few papers devoted to the phenomena of biogas injec-
tion location , which is a decisive factor for the for-
mation of the fuel-air mixture and has a significant im-
pact on the operating parameters of the ICE. Therefore, 
in this paper the influence of the location of biogas in-
jectors in the compression ignition ICE intake system on 
the selected characteristics of the air-biogas mixture in-
troduced into the cylinders was investigated.  

2. The reverse engineering technique was applied to re-
produce the geometry of the commercial intake mani-
fold. The 3D model obtained was used for further CFD 
analysis. 

3. Simulations were conducted for 3 models;  in the first 
model, there was only 1 biogas inlet (1 injector concept) 
located at the entrance to the manifold; the second and 
third models had 4 biogas inlets (4-injector concept) 
gathered in series and located at various distances from 
the manifold’s outlet.  
 

4. The main results of the CFD analysis are as follows: 
 regardless of injector/injectors locations, there is uneven 

velocity distribution in the regions corresponding to 
commercial manifold outlets; higher flow velocities 
were observed at the outlets 4,3, and lower in 2,1; to 
make the velocity distribution more uniform, it is rec-
ommended to redesign the inlet manifold and make it 
more straight. 

 there is a risk of air-biogas non-homogeneity at the inlet 
to the engine cylinders observed in model 3, where 4 in-
jectors were located close to the manifold’s outlets; 
model 1 (with one injector) and model 2 (4 injectors) 
were characterized by the minimum risk of inhomoge-
neity for air-biogas mixture delivered inside the en-
gine’s cylinder, at the same time model 2 gives more 
uniform cloud of biogas located in stratified mixture, 
that’s why biogas injectors location from model 2 is 
considered as optimal in this study. 
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Comparison of nitrogen oxide emission with two PEMS measurement methods  
 

ARTICLE INFO  Mobile emission measurement systems (PEMS), according to current legal acts, can measure nitrogen oxide 
emission intensity using two different methods, one of which uses the chemiluminescence method and the other 
the ultraviolet light method. Stationary (laboratory) systems, according to the regulation, use only the chemilu-
minescence method. The following article analyses the results of tests obtained during WLTC tests from labora-
tory analysers (chemiluminescence method) with the results from two mobile analysers using nitrogen oxide 
analysers operating on the basis of two different methods. As a result of this analysis, the differences in the 
results of nitrogen oxide emissions from mobile systems compared to measurements from stationary systems in 
the WLTC test on a chassis dynamometer were described. The research was performed at the BOSMAL Institute 
of Automotive Research and Development using a passenger car equipped with a spark-ignition engine. The 
analysis showed differences in the results of nitrogen oxide emissions between mobile analysers for measuring 
nitrogen oxide emission intensity using the NDUV method and mobile analysers CLD. Measurements with 
mobile analysers also differ noticeably from the results obtained from stationary (laboratory) analysers. 
However, the greatest influence on the difference in the obtained results is the applied measurement method. 
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1. Introduction 

In recent years, environmental protection has become  
a priority for the whole world, which has also affected 
means of transport. In order to take care of the environ-
ment, the European Union is introducing increasingly strin-
gent exhaust emission standards. Vehicle tests are no longer 
carried out only on roller stands and engine dynamometers, 
but since September 2019, a mandatory test is the meas-
urement of exhaust emissions in real driving conditions – 
RDE performed using mobile PEMS exhaust gas analyzers. 
Currently, the Euro 6e-bis standard is in force in the EU, 
which is to be an introduction to the Euro 7 standard. The 
implementation of the Euro 6 standard and the need to 
measure emissions of harmful substances in exhaust gases 
forced manufacturers of measuring equipment to create 
portable PEMS exhaust gas analyzers. These analyzers 
should be reliable, and their accuracy and repeatability 
should be similar to those of stationary analyzers. Over the 
years, comparisons of these analyzers have been carried out 
against stationary systems, which confirm their correct 
operation and correct results [1, 2, 9, 12, 19]. One of the 
two components covered by RDE limits is nitrogen oxides. 
They are measured by analyzers using the chemilumines-
cence method (CLD) and the method using ultraviolet light 
(NDUV). In stationary systems, in accordance with the 
regulation, nitrogen oxide emission intensity must be meas-
ured using the chemiluminescence method, while mobile 
analyzers can measure it in two different ways [7]. Analyz-
ers using the NDUV measurement method are cheaper than 
CLD analyzers and are easier to maintain, which is why 
many manufacturers use them in mobile systems. 

2. Description and construction of stationary 
measurement systems 
BOSMAL’s emissions testing laboratories are ad-

vanced, ambient (Emission Laboratory No. 1) and climate 

controlled (Emission Laboratory No. 2) facilities for per-
forming emissions, fuel consumption and performance tests 
over a range of driving cycles and a broad range of ambient 
conditions. Exhaust emissions testing itself is carried out 
with the aid of sampling bags (legislative tests), diluted and 
raw modal analysis (development tests) for use with CI, SI, 
and hybrid vehicles.  
 

Table 1. Measurement range and accuracy of nitrogen oxide analyzer 
systems for stationary systems 

System – Lab 1 

Measu-
red 

range 

Bag measurement / continuous measure-
ment 

Measure-
ment 

accuracy lowest highest 

NOₓ 
(CLD) 

0–5 ppm 0–1000 ppm ±2% at the 
measuring 
point ±1% 

on the scale 
System – Lab 2 

Meas-
ured 
range 

Bag measurement continuous meas-
urement 

Measure-
ment 

accuracy lowest highest lowest highest 
NOₓ low 
(CLD) 

0–1 
ppm 

0–50 
ppm 

0–10 
ppm 

0–500 
ppm 

±2% at the 
measuring 
point ±5% 

on the scale NOₓ 
high 

(CLD) 

0–100 
ppm 

0–1000 
ppm 

0–1000 
ppm 

0–10000 
ppm 

 
These facilities permit the execution of a wide range of 

legislative and development emissions tests, including:  
‒ CVS bag diluted emissions testing to international 

standards [6, 8] 
‒ CO2 emissions and fuel consumption measurement 

according to EU standards [17, 18] 
‒ gravimetric and numerical quantification of particulate 

matter emission according to [10, 11] 
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‒ measurement of battery current balance according to [8] 
‒ measurement of compounds which are unregulated in 

the EU, such as N2O, NH3, using additional analyzers 
‒ measurement of soot and particulate matter from raw 

exhaust gases using additional devices 
‒ checks of vehicles according to Conformity of Produc-

tion (COP) requirements [8, 17] 
‒ maximum power measurement on the wheels of the 

vehicle [18] 
‒ electric consumption energy and electric vehicles range 

[6, 8]. 

3. Description of measurement methods for NOx 
3.1. Analyzer CLD 

The analyzer for measuring the concentration of nitro-
gen oxide and nitrogen dioxide uses the CLD measurement 
method. The oxidation of nitrogen oxide with ozone O3 
produces light in the wavelength range of about 600 nm to 
3200 nm, with a maximum radiation intensity at about 1200 
nm. This is chemiluminescent radiation, which is propor-
tional to the concentration of nitrogen oxide. In the case of 
excess ozone, it is captured by the detector and converted 
into an electrical signal. In order to determine the concen-
tration of nitrogen oxides and nitrogen dioxide, the oxides 
contained in the gas are previously reduced to nitrogen 
oxide in a convector. 

The chemiluminescence measurement is based on the 
following chemical reactions: 

 NO + O3 → NO2
∗ + O2     (1) 

 NO + O3 → NO2 + O2     (2) 

After a partial reaction (1), a certain amount of excited 
nitrogen dioxide is formed, which changes to the ground 
state (3) and emits light (electromagnetic radiation): 

  NO2
∗ → NO2 + h ∙ ν            (3) 

where: h·ν – radiation energy at a specific wavelength: 

 NO2
∗ + M →  NO2 + M      (4) 

 
Fig. 1. Analyzer operation diagram CLD [13]: 1 – reactor, 2 – pump, 3 – 
quartz window, 4 – optical filter, 5 – converter, 6 – amplifier, 7 – meter,  
 8 – ozone generator, 9 – thermal converter, 10 – manometer 

 
The greater part of the excited nitrogen dioxide releases 

its energy in the form of kinetic energy to the M molecules 
according to reaction (4). The ratio of released radiant en-

ergy (3) to nonradiative energy (4) depends on the reaction 
pressure and the type of reaction partners. The lower the 
reaction pressure, the greater the probability that the excited 
nitrogen dioxide molecule will release its energy in the 
form of light (Fig. 1) [3, 5, 14–16]. 

3.2. Analyzer NDUV 
The analyzer for measuring the concentration of nitro-

gen oxides used in mobile systems is most often an NDUV 
analyzer (Non-Dispersive Ultraviolet). The UV analyzer is 
characterized by the following features: 
‒ its measurement capabilities are very sensitive and 

stable with respect to NO 
‒ the concentrations of nitrogen oxide and nitrogen diox-

ide are measured directly 
‒ it is characterized by a high level of selectivity in rela-

tion to the accompanying components contained in the 
gas sample (exhaust gas) and has no effect on carbon 
dioxide and water in particular [4]. 
The UV analyzer is a multi-component UV photometer 

with high zero and endpoint stability. Its measurement 
operation is based on the properties of gases (such as NO 
and NO2), which create discrete vibration absorption bands 
and absorb radiation in the wavelength range from 200 nm 
to 500 nm. The main element of the analyzer is a UV radia-
tion source, an electrodeless discharge lamp ELD (Elec-
trodeless Discharge Lamp), which, induced by high fre-
quency, emits, among others, radiation specific for nitrogen 
oxide in an electromagnetic field: 

 N2 + O2 → NO2
∗ → NO + hν       (5) 

 2NO → N2 + O2      (6) 

This measurement method is therefore a resonance meth-
od and is referred to as DUV resonance absorption spectros-
copy. Other UV-absorbed gases, such as nitrogen dioxide 
and sulfur dioxide, are determined by interference filter cor-
relation as a non-dispersive UV method (Fig. 2) [4]. 

 
 Fig. 2. Analyzer operation diagram NDUV [4] 

 
The radiation emitted by the UV radiation source is 

modulated by means of a filter wheel and divided into  
a measuring beam and a reference beam in a semi-
transparent divider. During one measurement, a total of 
four signals were recorded for two positions of the interfer-
ence filter via the measuring beam and the reference beam, 
and calculated by forming double quotients. This four-beam 
method is the basis for the high measurement stability 
achieved in the measurement of nitrogen oxide concentra-
tion. Thanks to this, the analyzer is largely independent of 
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any contamination in the measuring cuvette or aging of the 
radiation source (Fig. 3) [4]. 

 
 Fig. 3. Absorption measurement NO [19] 
 

The required specific signal is determined in two stages: 
 at the beginning, in the measurement phase, the full 

absorption measurement is recorded 
 in the next reference phase, the gas filter filled with 

nitrogen oxide is set 
 in the appropriate position and only those parts of the 

spectrum that are not absorbed by nitrogen oxide reach 
the detector through the measuring cuvette [4]. 

4. Research object 
The aim of the research was to measure and analyse the 

nitrogen oxide emission intensity exhaust emissions results 
of a passenger car, with measurement carried out over the 
WLTC test on two stationary laboratories equipped with 
CLD analysers, with simultaneous measurement from two 
different PEMS systems, of which the first was equipped 
with an NDUV analyser and the second with a CLD ana-
lyser to measure NOx. The test objects were PEMS systems, 
the data for which are shown in Table 2. 

 
Table 2. Parameters of the mobile emissions measurement system 

Method and measurement range of mobile analyzers 
Measured 
component 

Continuous measurement 
of undiluted exhaust gases Measurement accuracy 

System A 

NO2 (NDUV) 0–2500 ppm ±2% or ≤ 5 ppm 

System B 

NOₓ (CLD) 0–3000 ppm ±2% in the point ±0.3 
on the scale 

 
A brand new passenger car equipped with gasoline di-

rect injection and fulfilling the Euro 6 norm was used for 
the measurements. Table 3 shows the data on the vehicle. 

 
Table 3. Data of the test vehicle 

Parameter Value 
Fuel type Gasoline 
Fuel delivery strategy GDI 
Vehicle mass [kg] 1008 
Swept volume [cm3] 1000 
Power [kW] 51 
Gearbox Manual (5-speed) 
Mileage [km] 170 
Emission standard Euro 6d 

The speed profile of the WLTC test, consisting of four 
phases: low, middle, high, and extra-high, is the legislative 
test for EU type approval testing of vehicles with a total 
weight not exceeding 3.5 t, introduced in September 2018 
for all newly manufactured vehicles (Fig. 4; detailed data 
on test characteristics are presented in Table 4). 

 
 Fig. 4. The speed trace for the WLTC class 3b test cycle 

 
Table 4. WLTC test data 

Parameter Unit Value 
Distance km 23.266 
Duration s  1800 
Number of pull-away events – 8 
Pull-away events per km km–1 0.34 
Length of initial idling (before first pull-
away event) s  11 

Total idling time s 234 
Idling time (proportion) % 13 
Maximum speed km/h 131.3 
Mean speed (all phases, including idling) km/h 46.50 
Time at which the mean speed is first ex-
ceeded s 217 

Maximum acceleration m/s2 1.67 
Maximum value of v·a m2/s3  20.57 
Proportion of time for which 
speed > 100 km/h % 10.11 

Engine temperature before test start °C 23±3 

5. Research results 
Currently, in order to allow a new vehicle type be sold 

for use on public roads, it is necessary to thoroughly check 
the exhaust emissions. For this purpose, exhaust gas ana-
lyzers – both stationary and mobile – are used. The results 
presented below show the difference between the results of 
nitrogen oxide from the stationary and mobile analyzers. 
Each of the WLTC tests was performed by the same expe-
rienced driver, to minimize driver-dependent variables (and 
their influence on the results) as directly as possible. In 
addition, the test vehicle performed each test in the same 
selectable driving mode with the same chassis dynamome-
ter settings. In order to eliminate additional measurement 
irregularities, prior to each test, the vehicle was stored in  
a climatic chamber under constant atmospheric conditions. 
After each test, the vehicle was conditioned for at least 12 
hours so that the temperature of operating fluids stabilized 
in the range of 22–24°C. The results of the three measures 
of nitrogen oxide emissions were averaged and then ana-
lyzed and presented in the graphs below. Tests were con-
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ducted with the Start&Stop system turned off, and the re-
sults are presented without RCB and S&D corrections. 

Below are presented the results of specific distance 
emissions of nitrogen oxides in laboratory No. 1 and in 
laboratory No. 2, respectively. The results have been divid-
ed into the results from tests at 14 and 23°C and from cold 
and warm engine start-up.  

 
Fig. 5. NOx specific distance emission in WLTC test in 14°C from cold 
 start engine in laboratory 1 

 
The highest measured specific distance emission level 

of nitrogen oxides from the WLTC test conducted with  
a cold engine start at a temperature of 14°C occurred in the 
low phase and was about 25 mg/km in the case of meas-
urement made using the laboratory system and the PEMS B 
system (Fig. 5). The specific distance emission level deter-
mined using the PEMS A system was about 35 mg/km. The 
lowest specific distance emission was recorded in the high 
phase and did not exceed 7 mg/km for the measurement 
using the laboratory system and PEMS B, while for the 
measurement using the PEMS A system it was at the level 
of 9 mg/km. Both in the entire test and in each phase, the 
results using the PEMS A system differ from those using 
the other systems (they are higher). 

 
Fig. 6. NOx specific distance emission in WLTC test in 14°C from hot start 
 engine in laboratory 1 

 
The highest specific distance emission of nitrogen ox-

ides from the WLTC test performed at a temperature of 
14°C for a warm engine start was recorded in the first 
phase, and the lowest in the fourth (Fig. 6). In the first 

phase, it was found that the PEMS B system determined the 
specific distance emission value of nitrogen oxides to be 
about 5 mg/km higher than the other systems, while in the 
remaining three phases the specific distance emission 
measurement is higher in the case of the measurement per-
formed using the PEMS A system. In the entire test, the 
highest determined specific distance emission was recorded 
by the PEMS A system. 

 
Fig. 7. NOx specific distance emission in WLTC test in 23°C from cold 
 start engine in laboratory 1 

 
The highest level of specific distance emissions of ni-

trogen oxides from the WLTC test for a cold engine start at 
a temperature of 23°C was recorded in the first phase (Fig. 
7), while its value for the entire test is about 15 mg/km. 
Both in the entire test and in its individual phases, the emis-
sion measurement results from the PEMS A system differ 
from those from the rest of the systems and are clearly 
higher. For the entire test, this difference is about 5 mg/km. 

 
Fig. 8. NOx specific distance emission in WLTC test in 23°C from the hot 
 start engine in laboratory 1 

 
The highest nitrogen oxide emissions from the WLTC 

test conducted at a temperature of 23°C with a warm engine 
start were recorded in the first phase of the test (Fig. 8). In 
the next three phases, the emission volume is higher for the 
PEMS A system. In the entire test, the emission measured 
using the PEMS A system is higher by about 5 mg/km 
compared to the other systems. 
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Fig. 9. NOx specific distance emission in WLTC test in 14°C from cold 
 start engine in laboratory 2 

 
The maximum specific distance emission of nitrogen 

oxides from the WLTC test conducted at a temperature of 
14°C with a cold engine start was measured in the first 
phase (PEMS A system, Fig. 9). In the second phase, the 
results obtained from both mobile systems are similar to 
those obtained using the laboratory system, while in the 
remaining analyzed phases – the results measured using the 
PEMS A system are higher than the others. The total meas-
urement results take analogous values in the case of anal-
yses using the laboratory system and PEMS B, while those 
obtained from the PEMS A system are significantly higher 
(by about 5 mg/km). 

 
Fig. 10. NOx specific distance emission in WLTC test at 14°C from the hot 
 start engine in laboratory 2 

 
For the WLTC test, conducted at a temperature of 14°C 

with a warm engine start, the highest specific distance 
emission of nitrogen oxides was recorded in the first phase 
(Fig. 10), and the maximum differences in measurements 
were characteristic of the PEMS A system (significantly 
higher specific distance emission levels compared to the 
other analyzed systems). In the entire test, the emission 
measured using the PEMS A system was higher by about 5 
mg/km compared to the other systems. 

The highest specific distance emission of nitrogen ox-
ides from the WLTC test, performed at a temperature of 
23°C with a cold engine start, was recorded in the first 
phase, and the maximum – for the PEMS A system (more 

by about 6 mg/km than the other systems, Fig. 11). In the 
subsequent phases, the results obtained using the PEMS A 
system are also significantly higher compared to the others. 
In the perspective of the entire test, comparable measure-
ment results were obtained for the laboratory systems and 
the PEMS B system, while the results obtained as a result 
of measurements with the PEMS A system were character-
ized by significantly higher results. 

 
Fig. 11. NOx specific distance emission in WLTC test in 23°C from cold 
 start engine in laboratory 2 

 
Fig. 12. NOx specific distance emission in WLTC test in 23°C from hot 
 start engine in laboratory 2 

 
The maximum specific distance emission of nitrogen 

oxides from the WLTC test, carried out at a temperature of 
23°C, with a warm engine start, was recorded in the first 
phase, and the greatest differences in the measurement were 
characteristic of the PEMS A system (Fig. 12). The results 
obtained as a result of its use were higher than the others in 
all the phases considered, and in the perspective of the 
entire test – higher in total by about 5 mg/km. 

Based on the collected results of specific distance emis-
sions of nitrogen oxides, the obtained results were com-
pared with each other and presented graphically in the 
charts below, showing relative differences for temperatures 
of 14 and 23°C from a cold and warm engine start, respec-
tively. 

The largest difference between the results of specific 
distance emissions of nitrogen oxides using mobile systems 
and measurements using measuring bags was noted in the 
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high phase for the measurement using PEMS A system, 
compared to the results obtained in laboratory No. 2, and it 
amounted to 78%, which translated to 3.5 mg/km of abso-
lute difference (Fig. 13). The smallest difference was noted 
in the middle phase for the measurement using both PEMS 
A and B systems, compared to the results obtained in labor-
atory No. 2, and it was below 0.2%. In the perspective of 
the entire test, the largest difference was noted for PEMS A 
system in relation to the measurements carried out using 
laboratory system No. 2, and it amounted to about 50% (4.5 
mg/km of absolute value), while the smallest – for PEMS B 
system in comparison to laboratory system No. 1, and it 
was at the level of about 3% (0.3 mg/km of absolute value). 

 
Fig. 13. Relative difference of specific distance emission measurements of 
 nitrogen oxides for WLTC test at 14°C from a cold start engine 

 
Fig. 14. Relative difference of specific distance emission measurements of 
 nitrogen oxides for WLTC test at 14°C from a hot start engine 

 
The maximum relative difference between specific dis-

tance emissions of nitrogen oxides using mobile systems 
and measurements using measuring bags, for tests conduct-
ed at a temperature of 14°C with a warm engine start, was 
recorded in the extra high phase for measurements using the 
PEMS A system compared to the results obtained in labora-
tory No. 2 and amounted to –61%, which translated to  
7 mg/km of absolute difference (Fig. 14). The smallest 
relative difference characterized the low phase and took 
place with the use of the PEMS B system in relation to the 
results obtained in laboratory No. 2 and amounted to less 
than 0.5% (0.1 mg/km of absolute difference). For the en-

tire test, the maximum difference was observed for the 
PEMS A system compared to the measurements carried out 
using laboratory system No. 2 and it amounted to approxi-
mately 42% (5 mg/km absolute difference), while the 
smallest – for the PEMS B system compared to laboratory 
system No. 2 and it took the value of approximately 2% 
(0.3 mg/km absolute difference). 

 
Fig. 15. Relative difference of specific distance emission measurements of 
 nitrogen oxides for WLTC test in 23°C from cold start engine 

 
The maximum relative difference between specific dis-

tance emissions of nitrogen oxides using mobile systems 
and measurements using measuring bags, for tests conduct-
ed at a temperature of 23°C with a cold engine start, was 
observed in the middle phase using the PEMS A system, in 
relation to the results obtained in laboratory No. 2, and it 
amounted to 61%, which translated to less than 7 mg/km of 
absolute difference (Fig. 15). The smallest relative differ-
ence was characteristic of the extra high phase using the 
PEMS B system, in comparison to the results obtained in 
laboratory No. 2, and it amounted to about –1% (0.1 mg/km 
of absolute difference). For the entire test, the largest dif-
ference was observed for the PEMS A system, in relation to 
the measurements performed using laboratory system No. 
2, and it amounted to approximately 37% (4 mg/km of 
absolute value), while the smallest – for the PEMS B sys-
tem in comparison to laboratory system No. 1, and it was at 
the level of approximately –3%, 0.4 mg/km of absolute 
value. 

 
Fig. 16. Relative difference of specific distance emission measurements of 
 nitrogen oxides for WLTC test in 23°C from hot start engine 
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For specific distance emissions of nitrogen oxides using 
mobile systems and measuring bags, for tests conducted at 
a temperature of 23°C with warm engine start-up, the larg-
est relative difference between measurements was noted in 
the extra high phase for the PEMS A system compared to 
the results obtained in laboratory No. 1 and amounted to 
66%, which translated to 9 mg/km of absolute difference 
(Fig. 16). The smallest difference was noted in the low 
phase for the PEMS B system compared to the results ob-
tained in laboratory No. 1 and amounted to about 0.5% (0.1 
mg/km of absolute difference). In the perspective of the 
entire test, the largest difference was noted for the PEMS A 
system in relation to laboratory system No. 1 and amounted 
to about 40% (5.5 mg/km of absolute value), while the 
smallest – for the PEMS B system in relation to laboratory 
system No. 1 and it was at the level of about 11% (1.5 
mg/km of absolute value). 

6. Conclusion 
Based on the obtained results, it can be stated that mo-

bile analyzers using the NDUV measurement method for 
measuring nitrogen oxide emissions are characterized by 
lower measurement accuracy, and the results differ by sev-
eral dozen percent compared to the others. 

A detailed comparison of the results for distance emis-
sions of nitrogen oxides is provided below: 
 For tests conducted at 14°C from a cold engine start, the 

largest relative difference is at the level of about 49% 
for the specific distance emission value of nitrogen ox-
ides for the mobile PEMS A system compared to La-
boratory 2, while the smallest is –3% for the mobile 
PEMS B system compared to the laboratory system 1, 
which translated into a relative value of 4.5 mg/km and 
–0.3 mg/km, respectively. 

 At a temperature of 14°C from a warm engine start, 
where the specific distance emission of nitrogen oxides 
was at a similar level to the emission of nitrogen oxides 

from a cold engine start, the largest difference was also 
recorded for the measurement with the PEMS A system 
compared to the measurement from the Stationary La-
boratory No. 2 I, it amounted to 41%, which gave about 
5 mg/km of absolute difference. On the other hand, the 
smallest relative difference was recorded for the meas-
urement results from the mobile PEMS B system com-
pared to the measurement from the Stationary Laborato-
ry No. 2 I, which amounted to 2%, giving 0.2 mg/km of 
absolute difference. 

 In tests at an ambient temperature of 23°C, the largest 
differences at cold engine start were recorded for the 
mobile PEMS A system compared to the measurement 
from the laboratory system 2 and amounted to 32%, 
while the smallest relative difference was –2.6% for the 
measurement from the mobile PEMS B system com-
pared to the measurement from laboratory No. 1. The 
absolute values were approximately 4 and –0.3 mg/km, 
respectively. 

 Tests with warm engine start at a temperature of 23°C 
showed that the largest difference in measurements is 
for the measurement from the mobile PEMS A system 
compared to the measurement from the stationary labor-
atory No. 1, and is 39%, which gives approximately  
6 mg/km of absolute difference. The smallest difference 
is for the measurement from the mobile PEMS B system 
compared to the measurement from the laboratory sys-
tem No. 1, and is 11%, which gives approximately  
2 mg/km of difference.  
Thanks to the obtained results, although the differences 

in the measurement of nitrogen oxides using the NDUV 
analyzer amounted to even several dozen percent, in reality, 
these values were at the level of a few mg/km, so we can 
state that NDUV analyzers installed in mobile systems are 
reliable. 

 

Nomenclature 
CLD  chemiluminescence detector 
NDUV nondispersive ultra violet spectroscopy 
PEMS portable emissions measurement system 

RDE real driving emissions 
WLTC  Worldwide Harmonized Light Vehicles Test 

Cycles 
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ARTICLE INFO  One of the methods of reducing the operating costs of high-power diesel locomotives, and especially the costs of 
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analysis took into account: the costs of maintaining the drive system, fuel consumption costs, AdBlue consump-
tion costs and environmental costs. The analyses carried out showed that the double-engine variant ensures 
compliance with the exhaust emission requirements according to the Stage V standard as well as optimal 
adaptation of the locomotive to operation with a significant share of idle time. 
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1. Introduction and literature analysis 

With the growing demands for climate protection and 
the need to increase energy efficiency, rail transportation 
plays a crucial role in the European Union's sustainable 
development strategy. Particular attention is paid to the 
need to reduce the operating costs of internal combustion 
traction vehicles and bring them into compliance with cur-
rent emission standards [14]. The literature emphasizes the 
importance of field studies on the actual emissions of pollu-
tants generated by rail vehicles [16, 24], as well as the need 
to implement technical solutions, such as engine or injec-
tion system modifications [17, 19]. As stated in the paper 
[14], decarbonizing the rail sector requires both technologi-
cal and systemic changes. A more holistic approach is pro-
posed by Fonseca-Soares and co-authors [9], highlighting 
the need to incorporate Life Cycle Analysis and integrate 
rail with other forms of transportation, among other consid-
erations, into emissions analyses. 

In parallel, measures are being developed to enhance 
energy efficiency and reduce locomotive operating costs. 
The modernization of older types of vehicles, such as the 
SM42-series locomotives, significantly reduces fuel con-
sumption, as confirmed in studies [26]. Similar conclusions 
are presented by Andrzejewski et al. in [1], highlighting the 
crucial importance of fuel consumption and drive train 
energy intensity in the operational evaluation of different 
locomotive types. 

In the context of power supply system development, the 
forecasts presented in [12] suggest that despite the intensi-
fication of electrification processes in the rail network, the 
demand for liquid fuels in the rail sector will remain high at 
least until 2040, especially in sections without electric trac-
tion. In response to these challenges, new design solutions 
are emerging, including vehicles with hybrid drivetrain that 
combine internal combustion with battery-powered electric 
propulsion. As the authors [3] point out, the use of this type 
of locomotive, tested in real-world conditions, brings tangi-

ble benefits in terms of reduced fuel consumption and lower 
emissions. 

CO2 regulations are also becoming increasingly im-
portant. As described in more detail in Section 2 of the 
paper, EU Regulation 2016/1628 establishing Stage V 
emission standards [7], Directive 97/68/EC [4], and the 
tenets of the EU's "Fit for 55" package [8] remain the key 
documents in this regard. A very valuable review of current 
legal and technical requirements in the context of propul-
sion systems was made by the authors of the publication 
[18]. Conclusions from previous studies indicate the need to 
implement modern design solutions in diesel rolling stock, 
in line with current environmental and operational require-
ments. One such solution is the use of multi-engine propul-
sion systems, which allow for the optimization of engine 
operation depending on the operating conditions, such as 
idling or tractive operation [20, 28].  

The paper presents a comparative evaluation of the effi-
ciency of a high-power diesel locomotive in two variants of 
the drivetrain configuration: single-engine and twin-engine, 
utilizing a 3000 kW main engine and a 400 kW auxiliary 
engine. 

2. Environmental emission requirements for diesel 
locomotives  
The emission standards applicable to new and retrofitted 

diesel locomotives align with the European Commission's 
current policy, as outlined in the European Union's Green 
Deal [6]. It outlines goals for the European Union to ad-
dress climate and environmental problems. The formulated 
goals refer to a resource-efficient and competitive economy 
that aims to achieve zero greenhouse gas emissions by 
2050. European emission standards for non-road vehicles 
were first announced in 1997 and implemented in two stag-
es: Stage I in 1999 and Stage II between 2001 and 2004. 
Stage I/II standards did not cover engines used in railroad 
locomotives. It was not until the introduction of Stage IIIA 
and IIIB standards between 2006 and 2013 that strict limits 
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were introduced for locomotive engines. The Stage IV 
emissions standard was introduced in 2014 and applies to 
two categories of engines, ranging from 56 kW to 560 kW. 
Compliance with this standard requires the use of exhaust 
after-treatment systems, such as selective catalytic reduc-
tion (SCR) or diesel particulate filter (DPF). Stage V, the 
latest emissions standard, covers RLL engines used in lo-
comotives and RLR engines in railroad cars. The standards 
take effect in 2019 for engines with a power rating below 
56 kW and above 130 kW, and in 2020 for engines with  
a power rating between 56 kW and 130 kW [25]. 

Regarding national requirements, Poland has a Decree 
of the Minister of Economy dated April 30, 2014, which 
outlines detailed requirements for the emission of gaseous 
and particulate pollutants by internal combustion engines, 
including those used in railroad vehicles [22]. The regula-
tion implements selected provisions of EU law into the 
national legal order and includes, among other things, emis-
sion limits for specific engine categories. 

Regulation (EU) 2016/1628 of the European Parliament 
and of the Council of 14 September 2016 on requirements 
for emission limits for gaseous and particulate pollutants 
and type approval for internal combustion engines intended 
for non-road mobile machinery, amending Regulations 
(EU) No. 1024/2012 and (EU) No. 167/2013 and amending 
and repealing Directive 97/68/EC (OJ. EU. L 252/53, 
16.9.2016) as amended by Regulation (EU) 2022/992, regu-
lating the requirements for permissible toxic components 
contained in exhaust gases, is currently in force for railroad 
vehicles in Europe. Article 4 of Regulation 2016/1628 
divides engines into categories, of which the RLL category 
includes engines for use exclusively in, for propulsion of, or 
intended for propulsion of locomotives. According to Arti-
cle 4, Section 1, point 7 of Regulation 2016/1628, the RLL 
category for engines used for propulsion in locomotives is 
defined in two subcategories (Table 1). 

 
Table 1. Subcategories of the RLL category railroad engines [7] 

Category Ignition 
type 

Speed 
operation 

Power 
range [kW] 

Subcate-
gory 

Reference 
power 

RLL all 
variable P > 0 RLL-v-1 Maximum net 

engine 

constant P > 0 RLL-c-1 Rated net 
power 

 
Regulation 2016/1628 introduced Stage V, which has 

stringent limits for the content of particulate matter (PM), 
carbon monoxide (CO), hydrocarbons (HC), and nitrogen 
oxides (NOx) in the exhaust gases. Stage V introduced  
a new particulate number emission limit, PN, which requires 
particulate filters on all engine types. Before that, there had 
been harmonization of EU regulations with US Tier stand-
ards. However, harmonization was largely lost at Stage V. 

 
Table 2. Stage V emission limits for RLL category engines [7]  

Engine  
sub-category 

Power 
range 
[kW] 

CO 
[g/kWh] 

HC 
[g/kWh] 

NOx 
[g/kWh] 

PM 
[g/kWh] A 

RLL-c-1  
RLL-v-1 P > 0 3.50 (HC + NOx  

≤ 4.00) 0.025 6.00 

Stage V emission limits for RLL category railroad en-
gines as defined in Article 4, Section. 1, point 7 of Regula-
tion 2016/1628 is shown in Table 2. 

3. Examples of solutions for multi-engine systems 
in locomotives 
Multi-engine locomotives are railroad vehicles equipped 

with multiple drive units that can be started and stopped as 
needed to meet current traction requirements. With this 
design, higher operational flexibility is achieved, along with 
optimized fuel consumption and reduced emissions. Multi-
engine locomotives offer several significant operational and 
environmental advantages over traditional designs with  
a single large diesel engine. The most important advantages 
of such solutions include: 

a) Possibility of working at partial power 
Locomotives equipped with several drive units allow 

flexible management of available power. In the case of 
smaller loads, for example, during shunting, driving with 
light formations, or during prolonged stops, the operation of 
all engines is not required. In such situations, it is possible 
to turn off some units and leave only the necessary units 
active. This approach reduces fuel consumption and unnec-
essary wear and tear on mechanical components, resulting 
in greater durability and increased overall operating effi-
ciency of the locomotive.  

b) Optimization of fuel consumption 
Adapting the number of running units to actual traction 

demand enables a significant reduction in average fuel 
consumption. In traditional locomotives, the large internal 
combustion engine often operates in a suboptimal load 
range, resulting in increased fuel burn. In multi-aggregate 
designs, each engine can operate closer to its optimum 
characteristics, and it is possible to quickly start additional 
drive units if necessary. 

c) Reduction of CO₂ and NOₓ emissions 
Reduced fuel consumption directly translates into re-

duced carbon dioxide (CO₂) emissions, the main green-
house gas responsible for climate change. In addition, emis-
sions of nitrogen oxides (NOₓ) and particulate matter (PM) 
are also reduced, thanks to the use of modern aggregates 
that meet current emission standards (such as EPA Tier 4 or 
Stage V). This aspect is particularly important in the con-
text of tightening environmental regulations in the rail 
transportation sector. 

d) Higher reliability 
Multi-engine locomotives are characterized by greater 

resistance to failure compared to single-engine designs. In 
the event of damage or failure of one unit, the remaining 
units can continue operating, allowing them to complete 
manoeuvres or reach the nearest service station. Such  
a solution increases the operational reliability of the loco-
motive and minimizes the risk of downtime in railroad 
traffic [11]. 

To illustrate the variety of existing solutions for multi-
engine systems, the following table summarizes selected 
types of multi-engine locomotives, along with their basic 
technical information and performance characteristics. 
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Table 3. Examples of multi-engine locomotives [13, 15, 27, 29]  

Locomotive 
type 

 
Traxx DE ME 6Dk 

 
6Dl (SU4210 series) 

 
Class Dr19 

Manufacturer Bombardier PESA NEWAG STADLER 
Year of manu-

facturing 2013 2014 2013 2023 

Engine con-
figuration 4 × Caterpillar C18 2 × Caterpillar C15 2 × Caterpillar C18 2 × Caterpillar C32 

Total power 4 × 563 kW (2252 kW) 2 × 403 kW (806 kW) 2 × 563 kW (1126 kW) 2 × 950 kW (1900 kW) 
Maximum 

speed 160 km/h 80 km/h 95 km/h 120 km/h 

Scope of 
application 

Passenger and freight 
trains 

Shunting work,  
light freight 

Freight trains  
and shunting work 

Freight trains and shunting 
work 

 

4. Characteristics of the analyzed variants  
of propulsion systems  
In this paper, two variants of a high-powered diesel lo-

comotive's drive train are analyzed in a comparative study: 
1. Single-engine standard propulsion system with Caterpil-

lar Type C175 3000 kW, Stage V engine 
2. A twin-engine propulsion system using a 3000 kW 

C175 main engine and a 430 kW Caterpillar C13B aux-
iliary engine, Stage V. The auxiliary engine acts as  
a power unit to support the locomotive when stationary 
at stations and passing stations, and performing loose 
shunting work. 
 

Table 4. Summary of the basic parameters of the engines in the analyzed 
 drive systems 

Specification Main engine Auxiliary engine 
Manufacturer Caterpillar Caterpillar 
Type: C175 C13B 
Power: 3000 kW 430 kW 
Torque 16852 Nm 2648 Nm 
Capacity: 85.7 dm3 12.5 dm3 
Exhaust emission standard Stage V Stage V 
Cylinder arrangement V16 R6 
Rotational speed 1800 rpm 1800 rpm 
Exhaust gas treatment 
module 

SCR technology, 
AdBlue AdBlue 

 

 
The C175 type main engine is a popular drive unit in 

modern high-powered diesel locomotives. The engine is 
used, among other applications, in the EURO 4001 series of 
locomotives featuring the Co'Co' axle system, offered by 
Stadler, for both freight and passenger services at speeds of 
up to 160 km/h. The engine meets the latest emission regu-

lations (EU Stage V). In addition, they are adapted to the 
use of HVO fuel, supporting the decarbonization of the 
transportation sector. EURO 4001 locomotives are operated 
in freight transport in France by Captrain France, among 
others, as well as by carriers outside Europe (South Ameri-
ca, New Zealand). 

5. Efficiency evaluation of the single- and twin-
engine variants  

5.1. Performance and cost analysis of propulsion system 
variants under different operating scenarios 

Based on the actual costs of diesel fuel, AdBlue solu-
tion, and maintenance and repair costs for internal combus-
tion engines, an evaluation of the efficiency of the single- 
and twin-engine variants of the propulsion system configu-
ration was conducted. The comparative analysis included: 
 the cost of maintaining the propulsion system 
 fuel consumption costs 
 AdBlue consumption costs 
 environmental costs. 

The comparative analysis of the propulsion system in-
cludes a comparison of a single-engine variant with a Cat-
erpillar Type C175 engine with a twin-engine variant that 
uses a Caterpillar Type C175 primary engine and a Cater-
pillar Type C13B auxiliary engine. In the analysis for the 
twin-engine variant, three operating scenarios were consid-
ered, which differ in the share of main engine C175 and 
auxiliary engine C13B operating time in total locomotive 
operating time:  
1. Scenario 1: 60% of the work is done by the C13B en-

gine and 40% by the C175 engine 
2. Scenario 2: 50% of the work is done by the C13B en-

gine and 50% by the C175 engine 
3. Scenario 3: 40% of the work is done by the C13B en-

gine and 60% by the C175 engine. 
5.2. Maintenance cost comparison  

The measure of the interval for performing inspections 
and periodic repairs of internal combustion engines is the 
actual operating time expressed in engine hours. Reducing 
the operating time of the main engine of the C175 by elimi-

a) b) 

  
Fig. 1. CAT C175-16 engine  

with 3000 kW [5] 
Fig 2. CAT C13B engine  

with 430 kW [10] 
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nating idling has a significant impact on extending the 
duration of periodic engine maintenance and repairs.  

The calculations take into account the locomotive's ac-
tual operating profile at the rail carrier, which varies de-
pending on the engine load. In addition, the following as-
sumptions were made: 
 engine load at locomotive idling within 300–400 kW 
 the engine obtains power (except for idling) at 1800 rpm 
 average operating time of the locomotive: 6400 

[hours/year] 
 the operating time of the engine: 32,000 hours. 

The analysis of engine maintenance costs included ma-
terial and labor costs. The analysis required obtaining 
source data from Caterpillar Inc., the internal combustion 
engine manufacturer, regarding the detailed scope of activi-
ties resulting from the maintenance plan for the C13B aux-
iliary engine and the C175 main engine, from 500 hours to 
12,000 hours. Due to the confidentiality of the data provid-
ed, unit cost information for individual inspections and 
repairs is not included in this paper.  

A comparison of total maintenance costs and unit costs 
for the single-engine variant with a Caterpillar type C175 
engine and the twin-engine variant (C175 + C13B) for all 
three operating scenarios considered is shown in Table 5 and 
Fig. 3. The analysis covered an operating time of 32,000 
hours (approximately 5 years), and the interval for primary 
repair of the C175 engine was assumed to be extended to 
24,000 hours, as per the manufacturer’s instructions.  
 
Table 5. Comparison of maintenance costs of the single-engine variant 
(CAT C175) and the twin-engine variant (C175 + C13B) for three operat-
 ing scenarios 

Specification 
Single-
engine 
variant 

Two-engine 
variant 

Scenario 1 

Two-engine 
variant 

Scenario 2 

Two-engine 
variant 

Scenario 3 
Total cost of engine 
maintenance (thous. 
PLN) 

3,700.9 1,136.1 1,399.1 3,133.6 

Unit cost of engine 
maintenance 
(PLN/hour) 

115.7 35.5 43.7 97.9 

 
Fig 3. Comparison of unit costs of engine maintenance (PLN/hours) for the 
single-engine variant (CAT C175) and the two-engine variant (C13B and 
 C175 engine) for three operating scenarios 

 
 

The analysis shows that for the twin-engine variant, re-
ducing the idling time of the C175 main engine can result in 
unit costs [PLN/hour] being reduced by as much as 69.3% 
compared to 15.4%. Annual savings range from PLN 
113,920.00 to PLN 513,280.00 over a period of 32,000 
hours of locomotive operation (5 years of operation). 

5.3. Comparison of fuel consumption costs 
Figures 4 and 5 show graphs of power (in kW) and fuel 

consumption (in g/kWh) for CAT C175 and CAT C13B 
engines. The charts indicate a power range of 300–400 kW, 
which corresponds to the locomotive's idle power require-
ments. From Figure 4, it can be observed that within this 
range, the C13B engine operates within the optimal range 
of specific fuel consumption characteristics: 199.3–200.6 
g/kWh, in contrast to the C175 engine, for which consump-
tion ranges from 240.7 to 245.2 g/kWh. 

 
Fig. 4. Power and specific fuel consumption of the CAT C175 3000 kW 
 engine as a function of speed  

 
Fig. 5. Power and specific fuel consumption of the CAT C13B 430 kW 
 engine as a function of speed  

 
Tables 6 and 7 summarize the detailed calculations for 

the single- and two-engine variants, comparing idle fuel 
consumption. The calculations took into account the loco-
motive's actual operating profile at the carrier and:  
 the required engine load when the locomotive is idling: 

300–400 kW 
 average operating time of the locomotive: 6400 

[hours/year] 
 the cost of diesel fuel: PLN 4.90 net/liter. 

The analysis was conducted for three operating scenari-
os, which differ in the proportion of locomotive idling time 
to total operating time: 40%, 50%, and 60%. 
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Table 6. Consumption costs of fuel at idle in a single-engine variant (C175 
engine) 

Specification Scenario 1 Scenario 2 Scenario 3 

Idling time [hr] 60% – 3840 50% – 3200 40% – 2560 
Average fuel consumption 
at idle [dm3/hr] 113.5 113.5 113.5 

Average fuel consumption 
at idle [dm3/year] 435,648.0 363,040.0 290,432.0 

Fuel cost  
[thous. PLN/year] 2134.7 1778.9 1423.1 

 
Table 7. Fuel consumption costs at idle in the two-aggregate variant (C175 

engine + C13B engine) 

Specification Scenario 1 Scenario 2 Scenario 3 

Idling time [hr] 60% – 3840 50% – 3200 40% – 2560 
Average fuel consump-
tion at idle [dm3/hr] 93.8 93.8 93.8 

Average fuel consump-
tion at idle [dm3/year] 360,192.0 300,160.0 240,128.0 

Fuel cost  
[thous. PLN/year] 1764.9 1470.8 1176.6 

 
The analysis shows that the fuel consumption of the 

two-aggregate variant, in which only the auxiliary engine 
C13B runs at idle with a power demand of 400 kW, can be 
reduced by 17.3%. During train operation, a high-powered 
basic unit (CAT C175) is used, and fuel consumption for 
both variants is identical.  

Figure 6 shows a comparison of idling fuel consumption 
costs for a single-engine variant (CAT C175) and a two-
engine variant (CAT C13B and C175) as a function of 
idling time. In the two-aggregate variant, thanks to the 
reduction of the C175 main engine's operating time, the 
savings range from PLN 246,489.60 to PLN 369,734.40 in 
one year of locomotive operation.  

 
Fig. 6. Comparison of annual fuel consumption costs at idle for single-
 engine and two-engine variants depending on the operating scenario 

5.4. Cost comparison of AdBlue consumption 
The consumption of AdBlue solution is directly propor-

tional to diesel fuel consumption, and, according to the 
manufacturer's declaration, it ranges from 3% to 8%, de-
pending on the type of engine [2, 21]. The use of two en-
gines not only reduces fuel consumption at idle but also 
significantly reduces the frequency of hydrocarbon neutral-
ization in the exhaust gas aftertreatment system of the C175 
engine, as it does not operate under low loads. According to 
the manufacturer, the C175 engine's AdBlue urea consump-
tion accounts for 7.8% of the fuel consumption.  

Tables 8 and 9 summarize the detailed calculations for 
the single- and two-engine variants, comparing AdBlue 
consumption. The calculations took into account the actual 
operating profile of the locomotive and the cost of AdBlue 
at a net price of PLN 2.25 per liter. The analysis was con-
ducted for three assumed operating scenarios. 

 
Table 8. Costs of AdBlue consumption at idle in a single-engine variant 
 (C175 engine) 

Specification Scenario 1 Scenario 2 Scenario 3 

Idling time [hr] 60% – 3840 50% – 3200 40% – 2560 
Average fuel consumption 
at idle [dm3/year] 435,648.0 363,040.0 290,432.0 

Average AdBlue consump-
tion [dm3/year] 33,980.54 28,317.12 22,653.70 

AdBlue cost  
[PLN/year] 76,456.22 63,713.52 50,970.82 

 
Table 9. Costs of AdBlue consumption at idle in the two-aggregate variant 

(C175 engine + C13B engine) 

Specification Scenario 1 Scenario 2 Scenario 3 

Idling time [hr] 60% – 3840 50% – 3200 40% – 2560 
Average fuel consump-
tion at idle [dm3/year] 360,192.0 300,160.0 240,128.0 

Average AdBlue con-
sumption [dm3/year] 28,094.98 23,412.48 18,729.98 

AdBlue cost 
[PLN/year] 63,213.70 52,678.08 42,142.46 

 
Figure 7 shows a comparison of AdBlue consumption at 

idle for a single-engine variant (CAT C175) and a two-
engine variant (CAT C13B and C175) as a function of 
idling time. In the two-aggregate variant, thanks to the 
reduction in the running time of the C175 main engine, the 
savings in AdBlue consumption are estimated to range from 
PLN 8828.35 to PLN 13,242.53 in one year of locomotive 
operation. 

 
Fig. 7. Comparison of the annual cost of AdBlue consumption at idle for 
the single-engine variant and the two-engine variant depending on the 
 operating scenario  

5.5. Environmental cost comparison 
The EU ETS (Emissions Trading System) is part of the 

Fit for 55 legislative package. According to the amendment 
to the ETS reform adopted by the European Parliament in 
April 2023, the obligation to purchase emission allowances 
will be extended to the automobile, air, and water transport 
sectors, starting in 2027 (it was initially scheduled for 
2024). The EU ETS reform was supported by the Commu-
nity of European Railway and Infrastructure Companies 
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(CER). In the next phase of regulatory changes, it is ex-
pected that diesel traction in rail transportation will also be 
subject to these additional costs.  

Given these requirements, it is necessary to compare the 
environmental impact, particularly the carbon dioxide 
(CO2) and other pollutants emitted by the single- and two-
engine variants. 

Table 10 shows the unit emission values for the single- 
and two-engine variants of the locomotive under idling 
conditions, while Tables 11 and 12 show the annualized 
values in kg/year for the three operating scenarios subject to 
analysis. 

 
Table 10. Specific emission values under locomotive idling conditions 

No. Specification Single-engine variant 
(C175 engine) 

Two-engine variant 
(C175 engine + C13B 

engine) 
1 NOx [g/h] 935 26 

2 CO [g/h] 1206 34 

3 HC [g/h] 27 5 

4 CO2 [kg/h] 318 208 

 
Table 11. Emission value at idle in the single-engine variant (C175 engine) 

Specification Scenario 1 Scenario 2 Scenario 3 

Idling time [hr] 60% – 3840 50% – 3200 40% – 2560 

NOx [kg/year] 3590.4 2992.0 2393.6 

CO [kg/year] 4631.0 3859.2 3087.4 

HC [kg/year] 103.7 86.4 69.1 

CO2 [kg/year] 1221.1 1017.6 814.1 

 
Table 12. Idle emission value of the two-aggregate variant (C175 engine + 

C13B engine) 

Specification Scenario 1 Scenario 2 Scenario 3 

Idling time [hr] 60% – 3840 50% – 3200 40% – 2560 

NOx [kg/year] 99.8 83.2 66.6 

CO [kg/year] 130.6 108.8 87.0 

HC [kg/year] 19.2 16.0 12.8 

CO2 [kg/year] 798.7 665.6 532.5 

 
The unit costs of carbon dioxide and other pollutants 

were adopted by Annex No. 2 to Prime Minister's Order 
No. 559 of May 10, 2011, on mandatory bid evaluation 
criteria other than price for certain types of public procure-
ment (Journal of Laws 11.96.559 of 10.5.2011) – Table 13.  

 
Table 13. Unit costs of carbon dioxide and pollution emissions [23] 
Carbon dioxide 

CO2 
Nitric oxide 

NOx 
Hydrocar-
bons HC 

Particulate 
matter PM 

0.115–0.154 
[PLN/kg] 

0.0169 
[PLN/g] 

0.00384 
[PLN/g] 0.334 [PLN/g] 

 
The chart compares the annual cost of CO2 emissions 

and other pollutants contained in the exhaust at idle for the 
single- and two-engine variants. The analysis indicates that 
the savings in environmental expenses for the two-engine 
variant are estimated at up to 49.9%, i.e., from PLN 
82,909.64 to PLN 124,364.47 depending on the scenario, 
over the course of one year of locomotive operation. 

 
Fig 8. Comparison of the annual costs of CO2 and other pollutant emis-
sions at idle for the single-engine and twin-engine variants, depending on 
 the operating scenario  

5.6. Summary of the effectiveness of the single- and two-
engine variants 

Table 14 summarizes the efficiency of the single- and 
two-engine variants in terms of the drive system configura-
tion for three operating scenarios that differ in the share of 
the locomotive idling time in the total operating time: 

1. Scenario 1: 60% idling time 
2. Scenario 2: 50% idling time 
3. Scenario 3: 40% idling time. 
 

Table 14. Summary of single- and two-engine variant efficiencies for three 
scenarios 

Specification 
Two-engine 

variant 
[thous. PLN/year] 

Single-engine 
variant 

[thous. PLN/year] 

Savings 
[thous. PLN/year] 

Scenario 1 2180.1 3200.4 1020.3 

Scenario 2 1907.2 2790.4 883.2 

Scenario 3 1928.7 2380.4 451.7 

 
In all scenarios analyzed, the two-engine variant proves 

more economical than the single-engine variant. The largest 
savings were achieved in Scenario 1, where the idle time 
share was as much as 60%. In this case, the annual operat-
ing costs for the two-engine system amounted to PLN 
2180.1 thousand, while for the single-engine system it was 
as much as PLN 3200.4 thousand. This translates to savings 
of approximately PLN 1020.3 thousand per year. As the 
idle time share decreases, the difference in costs between 
the variants decreases. In Scenario 2 (50% idle time), the 
savings amount to PLN 883.2 thousand, while in Scenario 3 
(40% idle time), they are only PLN 451.7 thousand. PLN. 
This trend indicates that the advantage of the two-engine 
variant is particularly visible in conditions of frequent 
idling of the locomotive, while in scenarios with a lower 
share of this mode, the economic difference gradually de-
creases. 

6. Conclusions 
The comparative analysis demonstrated clear ad-

vantages of the two-engine drive system for high-power 
diesel locomotives, especially in idling conditions. The use 
of a smaller auxiliary engine reduces wear on the main unit, 
contributing to lower maintenance costs and improved 
energy efficiency. 
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In addition to the economic aspects, the dual-engine so-
lution proved to deliver significant environmental benefits. 
Reduced fuel consumption and lower CO₂ and NOₓ emis-
sions make this configuration more compatible with tight-
ening EU regulations and climate policy targets. 

Another advantage of the two-engine configuration is 
increased operational flexibility and system reliability. 
Adjusting power output to real traction needs allows for 
better adaptation to varying operational scenarios and re-
duces the risk of failures. 

Although the investment costs of the dual-engine vari-
ant are higher, the estimated payback period of 3–5 years 
makes this solution attractive in the long term. Considering 
the nominal service life of locomotives, this approach pro-
vides strong justification for further development. 

Future work should include a broader range of operating 
scenarios and experimental validation of the simulation 
results, as well as an assessment of the life-cycle environ-
mental impact of multi-engine locomotives. Comparative 
studies with hybrid and alternative-fuel solutions could also 
provide valuable insights into sustainable strategies for non-
electrified railway lines. 

Similar comparative analyses of locomotive drive sys-
tems have been undertaken by other researchers, but the 
scope has so far been limited, mainly focusing on fuel con-
sumption and emissions. The present study extends this 
perspective by combining technical, economic, and envi-
ronmental aspects, highlighting the potential of dual-engine 
locomotives as a competitive solution for the future. 
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Advancements in hybrid nanofluids for diesel engine thermal management:  
a comparative review 

  
ARTICLE INFO  Hybrid nanofluids show considerable promise for improving thermal management in diesel engines – 

outperforming both single-nanoparticle fluids and standard coolants. When it comes to performance, we 
rigorously evaluated multiple hybrid formulations against four key metrics: thermal conductivity, viscosity, long-
term stability, and corrosion resistance. Blending specific nanoparticle types, namely alumina (Al₂O₃), silica 
(SiO₂), and titania (TiO₂), with carefully chosen surfactant agents. This combination directly boosted how 
effectively these fluids transfer thermal energy. The research demonstrates that hybrid nanofluids substantially 
boost thermal conductivity, increasing it by 30% to 50% compared to conventional coolants. In particular, the 
Al₂O₃-SiO₂-TiO₂ combination showed exceptional effectiveness, surpassing other nanofluid mixtures by roughly 
20–30%. Surfactants significantly enhanced the dispersion of nanoparticles, reduced their aggregation, and 
decreased viscosity by around 10–15%, which subsequently reduced the energy required for pumping. These 
advancements increased the durability and reliability of hybrid nanofluids, thereby broadening their potential 
applications. The study emphasized the importance of surfactants in maintaining effective nanoparticle 
suspension and preventing sedimentation, ensuring sustained stability. Among all the compounds analyzed, the 
surfactant-modified Al₂O₃-SiO₂-TiO₂ nanocomposite blend showed superior outcomes, striking a balance 
between enhanced thermal conductivity, stability, and controllable viscosity. Hybrid nanofluids present  
a promising method for improving diesel engine cooling; however, significant obstacles such as cost, scalability, 
and durability remain. This study tackles these barriers and contributes valuable perspectives for advancing 
thermal management technologies. The paper amalgamates experimental and theoretical findings from 82 peer-
reviewed studies, providing a comparative analysis without introducing new experimental data. 
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1. Introduction  

Efficient thermal management is at the heart of achiev-
ing diesel engine performance, reliability, and durability. 
Excessive heat production during the operation of engines 
could lead to thermal stress, reduced fuel efficiency, in-
creased emissions, and increased wear of sensitive compo-
nents. Excessive build-up of heat, if not properly released, 
could lead to a compromise in engine performance, result-
ing in early failure and increased maintenance costs. To 
mitigate these challenges, cooling systems have been used 
to maintain engine temperature and achieve optimum op-
eration [49]. Diesel engines have conventionally relied on 
conventional coolant systems that utilize a mix of water and 
ethylene glycol as a working fluid. Such coolants utilize 
convective heat transfer as a predominant mechanism, dis-
sipating excess heat generated in the engine and conveying 
it through radiators and cooling passages. These cooling 
fluids have been predominant due to ease of use and com-
patibility with common engine components, as well as 
affordability and ease of implementation. However, as 
engines have been developed to accommodate increased 
power output and stringent emissions regulations, weak-
nesses of conventional coolants have been revealed, and 
superior thermal management technologies have been sought 
[23, 45]. 

One of the serious drawbacks of traditional coolant sys-
tems is that they have a comparatively low thermal conduc-
tivity that barely enables them to reject heat under high-
load operation effectively [3, 41]. Although water is a very 
popular base fluid in cooling systems due to its excellent 

heat capacity, it is still found wanting when it comes to 
thermal conductivity and thus compromises the overall 
performance of a cooling system. Ethylene glycol, often 
combined with water to inhibit freezing and corrosion, 
intensifies this drawback by reducing the coolant's thermal 
conductivity. Moreover, conventional coolants experience 
more significant degradation over time as a result of ther-
mal cycling, chemical instability, and exposure to contami-
nants [8]. This degradation results in reduced heat transfer 
efficiency, increased likelihood of corrosion, and deposit 
formation within the cooling system, which can hinder flow 
channels and make cooling operations more challenging. 
These drawbacks are particularly prominent in high-
performance and heavy-duty diesel engines, where the 
increased thermal demands necessitate more efficient heat 
dissipation techniques to avoid overheating and ensure 
long-term reliability [37, 38]. 

Nanofluids are next-generation heat transfer fluids con-
sisting of nanoparticles in conventional base fluids such as 
water, ethylene glycol (EG), or oil. The thermal conductivi-
ty, heat transfer coefficient, and fluid stability are improved 
significantly by these nanoparticles, and thus, nanofluids 
are quite suitable in engine cooling systems. Among nu-
merous different formulations, surfactant-stabilized metal 
oxide or hybrid particle-based water-based nanofluids are 
the most effective in engine coolant applications [79]. Ac-
cording to the kind of nanoparticle used, nanofluids are 
single nanofluids (a single type of nanoparticle) or hybrid 
nanofluids (two or multiple different nanoparticles), and are 
divided according to these characteristics. In both cases, 
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suspension stability is a leading aspect that determines them 
due to the tendency of nanoparticles to agglomerate as  
a result of van der Waals forces. In order to address this, 
surfactants are often utilized as they go a long way towards 
enhancing dispersibility, reducing sedimentation, and in-
creasing the heat transfer coefficient in nanofluids [40]. 

The exploration of nanofluids as a substitute for conven-
tional coolants has been a focal point for researchers aiming 
to overcome current obstacles. Nanofluids are meticulously 
crafted mixtures of nanoparticles suspended in a base fluid, 
intended to enhance the heat transfer capabilities of stand-
ard cooling systems. Nonetheless, the practical application 
of single-component nanofluids is often restricted by cer-
tain limitations, inhibiting their extensive adoption in diesel 
engines. Specifically, these constraints restrict the integra-
tion of single-component nanofluids into diesel engine 
systems. The inclusion of thermally conductive nanoparti-
cles, such as aluminum oxide (Al₂O₃), copper oxide (CuO), 
silicon dioxide (SiO₂), and titanium dioxide (TiO₂), has 
shown substantial improvement in the heat transfer capabil-
ities of base fluids by enhancing thermal conductivity and 
convection heat transfer rates. Nevertheless, nanofluids 
created through conventional methods often suffer from 
instability, resulting in rapid sedimentation that diminishes 
their effectiveness in heat transfer. Nanoparticles, due to 
their small size, interact more effectively with fluids, there-
by reducing thermal resistance and improving the efficiency 
of heat dissipation [34, 66]. At present, a significant hurdle 
in the application of nanofluid technology is resolving is-
sues such as particle sedimentation, heightened viscosity, 
extended instability, and potential material incompatibility. 
Tackling these essential challenges is vital for the adoption 
of nanofluids as viable alternatives to traditional cooling 
fluids in practical scenarios. 

Hybrid nanofluids have emerged as a new approach to 
solving the single-component nanofluid problems inherent 
in diesel engine heat transfer. While single-component 
nanofluids do not perform all of these functions sufficient-
ly, hybrid nanofluids have been found to use a base fluid 
with two or more types of nanoparticle-allowing research-
ers to make full use complementarity between different 
materials and thus enhance thermal performance [30]. Hy-
brid nanofluids with different nanoparticle compositions 
can have better thermal conductivity, dispersant additional 
stability, and the compatibility of viscosity and composite 
technology with bombarding particles. For example, use  
a combination of metallic and metallic oxide nanoparticles; 
this not only increases the heat transfer of the original fluid 
but also reduces aggregate sediment at the same time. Fur-
thermore, by using surfactant modifiers and new dispersion 
technology, the long-term stability of hybrid nanofluids has 
gone up, making them more feasible for practical cooling 
applications [5, 82]. As a result, hybrid nanofluids boast 
high potential in surpassing traditional coolants. They also 
effectively address what single-component nanofluids lack. 

With the increasing complexity of modern diesel en-
gines today, coupled with the ever-growing need for energy 
efficiency and environmental protection, advanced cooling 
solutions have been thrown into sharp relief. As engine 
power output continues to climb, traditional systems are 

struggling to cope with ever-increasing heat loads, demand-
ing more innovative and effective methods for thermal 
management [11, 33]. Using water as the base fluid, hybrid 
nanofluids have demonstrated significant potential, provid-
ing an efficient approach to boost convective heat transfer 
while remaining stable and compatible with the components 
of current cooling systems. The integration of hybrid 
nanofluids into diesel engine cooling systems has the poten-
tial to reduce engine operating temperatures, improve fuel 
efficiency, minimize wear and tear, and lower emissions, 
making them an attractive research focus for both academia 
and industry [6]. 

Despite their significantly enhanced thermal conductivi-
ty, ionic liquids continue to present a concern due to their 
corrosive nature. Some ionic liquids have been found to 
accelerate corrosion in aluminum and copper components; 
corrosion inhibitors or protective coatings must be used to 
avoid this situation entirely. For example, [56] NG SAIC 
has shown that in hybrid nanofluids containing ionic liq-
uids, a further 58 certainly can reduce the corrosion speed 
by 40%. 

Although hybrid nanofluids appear quite promising, 
their application in diesel engines remains restricted. The 
main challenges involve achieving cost-effectiveness, 
scalability, and reliable performance under diverse condi-
tions. While extensive research has been done on nanoflu-
ids for thermal management, comprehensive comparative 
analyses of different hybrid nanofluid formulations specifi-
cally for cooling diesel engines are lacking. This review 
aims to bridge this gap by thoroughly evaluating different 
hybrid nanofluids, focusing on crucial performance metrics 
such as thermal conductivity, viscosity, dispersion stability, 
corrosion resistance, and cost-effectiveness. This review 
combines insights from previous research and theoretical 
perspectives to offer a thorough evaluation of the practicali-
ty and effectiveness of hybrid nanofluid cooling systems. It 
places special emphasis on the crucial role of surfactants in 
optimizing nanoparticle dispersion and enhancing thermo-
physical properties. Additionally, it scrutinizes the potential 
for large-scale implementation, cost limitations, and regula-
tory hurdles. The primary aim is to aid the future design of 
thermal management strategies by pinpointing the most 
efficient hybrid nanofluid formulations and resolving barri-
ers to their application, thus fostering the development of 
more efficient, durable, and eco-friendly cooling systems 
for diesel engines. It should be noted that this review relies 
exclusively on previously published literature, unless indi-
cated differently. All figures, tables, and quantitative data 
are taken from the literature with appropriate references, 
and any original visual content is specified. This work does 
not include any new experimental investigations. Primarily 
synthesizing existing research, this review also identifies 
key research gaps, particularly regarding long-term opera-
tional stability and large-scale applications, and proposes 
directions for future research in this dynamic field. 

2. Nanofluids as an emerging solution 
In recent years, nanofluids have emerged as a revolution-

ary innovation in thermal management systems, particularly 
for cooling engines. By incorporating nanoparticles into 
typical base fluids such as water, ethylene glycol, or oil, 
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these nanofluids offer considerably enhanced heat transfer 
properties due to the nanoparticles' high thermal conductivity 
[15]. This enhanced thermal efficiency leads to better tem-
perature regulation, decreased thermal resistance, and im-
proved cooling performance. Unlike traditional cooling flu-
ids, nanofluids deliver greater stability, lower viscosity, and 
better convective heat transfer, making them ideal for high-
performance engines, power plants, and a variety of industri-
al applications [9]. 

Nanofluids play a crucial role in boosting energy effi-
ciency and promoting environmental sustainability. They 
manage this by enabling more efficient heat dispersal, re-
ducing the overheating risk, and thereby extending the 
engine's operational life. Incorporating nanoparticles like 
aluminum oxide (Al₂O₃), copper oxide (CuO), and carbon-
based compounds such as graphene enhances the coolant's 
thermal and flow properties. Despite persistent challenges 
related to nanoparticle dispersion, stability, and potential 
corrosion, ongoing advancements in nanotechnology are 
persistently addressing these concerns [28, 29]. As a result, 
nanofluids are being increasingly acknowledged as trans-
formative components set to innovate cooling solutions in 
automotive and industrial contexts.  

3. Composition of single and hybrid nanofluids 
with surfactants 

3.1. Single nanoparticle-based nanofluids 
To improve heat transfer characteristics, nanofluids 

consisting of a single type of nanoparticle are formulated by 
uniformly distributing these nanoparticles within a base 
fluid. Diverse research investigations have explored the 
efficacy of various nanoparticles, including metal oxides, 
pure metals, and carbon-based materials, for cooling appli-
cations (see Fig. 1). Nanofluids that combine metal oxides 
like alumina oxide-water (Al₂O₃-water) and copper oxide-
water (CuO-water) exhibit significant enhancements in 

thermal conductivity, stability, and material compatibility, 
making them highly valuable for cooling engines [56]. 
Metal oxide nanoparticles including aluminum oxide 
(Al₂O₃), titanium dioxide (TiO₂), zinc oxide (ZnO), copper 
oxide (CuO), and iron oxide (Fe₃O₄) are widely utilized due 
to their remarkable stability, effective dispersion in water, 
and moderate rise in thermal conductivity. In contrast, pure 
metal nanoparticles like copper (Cu), silver (Ag), and gold 
(Au) offer outstanding thermal conductivity but tend to 
oxidize, which requires the application of surface treat-
ments or surfactants to ensure stable dispersions. On the 
other hand, carbon-based nanoparticles, including carbon 
nanotubes (CNTs), graphene nanoplatelets (GNPs), and 
fullerenes, are noted for their outstanding thermal attributes 
due to high surface area and exceptional phonon transport, 
though their dispersion in polar solvents such as water 
presents a significant challenge [22, 24].  

In single-component nanofluids, the typical nanoparticle 
concentration ranges from 0.1% to 5% by volume. Increas-
ing this concentration can adversely affect viscosity, poten-
tially increasing the need for pumping power and reducing 
coolant circulation efficiency. Thus, selecting nanoparticles 
demands an evaluation of the specific application require-
ments, the desired thermal performance, and their compati-
bility with existing cooling systems. 
3.2. Hybrid nanoparticle-based nanofluids 

Hybrid nanofluids utilize a combination of two or more 
distinct nanoparticles to synergistically improve thermal 
conductivity, stability, and viscosity management, thereby 
addressing the limitations of nanofluids based on a single 
type of nanoparticle [12]. These constraints encompass 
challenges such as sedimentation, heightened viscosity, and 
only moderate improvements in heat transfer. Commonly 
studied hybrid nanoparticle types include metal-metal oxide 
combinations  (like Cu-Al₂O₃, Ag-TiO₂, CuO-ZnO),  metal- 

Nano fluids 

Single Nanoparticles Base fluid Surfactants

 Aluminum Oxide (Al₂O₃) 
 Titanium Dioxide (TiO₂) 
 Silicon Dioxide (SiO₂)
 Zinc Oxide (ZnO) 
 Copper Oxide (CuO) .
 Iron Oxide (Fe₃O₄, Fe₂O₃)
 Copper (Cu)
 Silver (Ag)
 Gold (Au)
 Boron Nitride (BN)
 MXenes (Ti₃C₂Tx, etc.) 
 Metal-Organic Frameworks (MOFs) 

 Water
 Ethylene Glycol (EG) 
 Propylene Glycol (PG)
 ngine Coolant Mixtures (Water + 

EG or PG)
 Oils (Mineral or Synthetic Oils)
 Polyalphaolefin (PAO) 
 Alcohols (Methanol, Ethanol)
 Ionic Liquids

 Sodium Dodecyl Sulfate (SDS)
 Sodium Dodecylbenzenesulfonate (SDBS)
 Sodium Hexametaphosphate (SHMP)
 Cetyltrimethylammonium Bromide (CTAB)
 Dodecyltrimethylammonium Bromide (DTAB)
 Triton X-100
 Tween 20, Tween 80
 Polyvinylpyrrolidone (PVP)
 Span 80
 Gum Arabic
 Polyethylene Glycol (PEG)
 Carboxymethyl Cellulose (CMC)

 
Fig. 1. Single nanoparticle-based nanofluids 
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Nano fluids 

Hybrid Nanoparticles Base fluid Surfactants

 Cu-Al₂O₃
 Cu-CuO
 Ag-TiO₂ 
 Al₂O₃-TiO₂
 Al₂O₃-CNT 
 Cu-Graphene 
 TiO₂-CNT
 Al₂O₃-PEG
 Cu-PVP 
 TiO₂-CMC 
  Cu-MOF 
 Fe₃O₄-MOF

 Water
 Ethylene Glycol (EG) 
 Propylene Glycol (PG)
 ngine Coolant Mixtures (Water + 

EG or PG)
 Oils (Mineral or Synthetic Oils)
 Polyalphaolefin (PAO) 
 Alcohols (Methanol, Ethanol)
 Ionic Liquids

 Sodium Dodecyl Sulfate (SDS)
 Sodium Dodecylbenzenesulfonate (SDBS)
 Sodium Hexametaphosphate (SHMP)
 Cetyltrimethylammonium Bromide (CTAB)
 Dodecyltrimethylammonium Bromide (DTAB)
 Triton X-100
 Tween 20, Tween 80
 Polyvinylpyrrolidone (PVP)
 Span 80
 Gum Arabic
 Polyethylene Glycol (PEG)
 Carboxymethyl Cellulose (CMC)

 
Fig. 2. Hybrid nanoparticle-based nanofluids. Studies have demonstrated that hybrid nanofluids exhibit higher thermal conductivity, improved stability, 
and reduced viscosity compared to single nanofluids. The enhanced properties result from the combination of high-conductivity materials with nanoparti-
cles that provide improved dispersion and stability in the base fluid. However, the formulation of hybrid nanofluids requires precise control over nanopar-
 ticle ratios, dispersion techniques, and long-term stability considerations 

 
carbon mixtures (such as Al₂O₃-CNT, Cu-Graphene, TiO₂-
GNP), and metal-polymer blends (such as Al₂O₃-PEG, Cu-
PVP) (Fig. 2) [18, 19]. Among these, hybrid nanofluids 
such as Al₂O₃-CuO and TiO₂-CNT show outstanding poten-
tial for engine cooling applications, thanks to their superior 
thermal conductivity, enhanced stability, and optimized 
viscosity [58]. Choosing nanoparticles suitable for hybrid 
nanofluids involves a careful assessment of thermal effi-
ciency, fluid stability, and viscosity management. 

3.3. Role of surfactants in nanofluid stability 
One of the main challenges in manufacturing nanofluids 

is ensuring that nanoparticles remain uniformly distributed 
in the base liquid for prolonged durations. Nanoparticles 
often have a tendency to cluster because of attractive van 
der Waals forces, which can result in the formation of sed-
iment, potential obstructions, and reduced thermal efficien-
cy [42]. To address these challenges, surfactants – also 
known as dispersants or stabilizers – are used to alter the 
surface properties of nanoparticles, thus enhancing their 
interaction with the base fluid. Nonionic surfactants like 
polyvinylpyrrolidone (PVP) and Triton X-100 are especially 
effective in engine coolant applications. Notable characteris-
tics include superior dispersion abilities, robust chemical 
resistance, and a minimal impact on the fluid's viscosity [71]. 

Surfactants can be grouped into four categories accord-
ing to their charge: anionic, cationic, nonionic, and poly-
meric. Anionic surfactants, like sodium dodecyl sulfate 
(SDS), sodium dodecylbenzene sulfonate (SDBS), and 
sodium hexametaphosphate (SHMP), are notably efficient 
at stabilizing metal oxide nanoparticles such as Al₂O₃, TiO₂, 
and CuO in water-based solutions. In contrast, cationic 
surfactants like cetyltrimethylammonium bromide (CTAB) 
and dodecyl trimethylammonium bromide (DTAB) are 
used to stabilize carbon-based and metallic nanoparticles in 
nonpolar solvents. Nonionic surfactants like Triton X-100, 
Tween 20, Tween 80, PVP, and Span 80 are preferred be-

cause of their broad compatibility and limited interaction 
with coolant additives [17]. Moreover, polymeric disper-
sants like polyethylene glycol (PEG), carboxymethyl cellu-
lose (CMC), and gum arabic significantly improve the long-
term stability of nanoparticles by effectively inhibiting their 
agglomeration and sedimentation [26, 31]. 

To effectively stabilize nanoparticles while preventing 
significant fluid viscosity increases or thermal conductivity 
decreases, it is vital to maintain optimal surfactant concen-
trations, preferably ranging from 0.1 to 2% by weight. 
However, an excess of surfactants can lead to foaming, 
increased flow resistance, and compatibility issues with 
cooling system materials. Therefore, careful selection and 
adjustment of surfactant types and concentrations are nec-
essary to guarantee the performance and reliability of 
nanofluids.  

3.4. Optimization of nanofluid composition 
The effectiveness of nanofluids is significantly influ-

enced by the precise mix of nanoparticles, base fluid, and 
surfactants [32, 76]. To create efficient nanofluids suitable 
for engine cooling, it is crucial to enhance thermal conduc-
tivity, preserve stability, control viscosity, and verify com-
patibility with cooling systems. Research indicates that 
water-based nanofluids containing Al₂O₃, CuO, or hybrid 
combinations like Al₂O₃-CuO, stabilized with non-ionic 
surfactants such as PVP, are particularly well-suited for 
automotive engine use. These formulations exhibit excel-
lent heat transfer performance, maintain stability over time, 
and have a negligible impact on viscosity [73]. Materials 
with high thermal conductivity, like copper (Cu), silver 
(Ag), and graphene, can greatly boost heat transfer but 
often require specific stabilization methods to prevent oxi-
dation or clumping. The selection of suitable surfactants is 
essential for ensuring uniform dispersion and lasting stabil-
ity. On the other hand, a high nanoparticle concentration or 
the choice of inappropriate surfactants may result in an 
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increase in viscosity, negatively impacting coolant flow and 
heat transfer effectiveness [59]. 

Recent studies indicate that well-optimized hybrid 
nanofluids, when combined with the right surfactants, can 
enhance thermal conductivity by 30% to 50% over tradi-
tional coolants, making them very appealing for modern 
engine cooling systems [39, 45]. Ongoing research is inves-
tigating functionalized nanoparticles, new dispersion tech-
niques, and innovative surfactant formulations, which are 
anticipated to further advance nanofluid technology, 
providing effective and sustainable options for future auto-
motive and industrial cooling applications. 

4. Performance metrics and evaluation criteria 
4.1. Effects of single nanofluid usage in engine cooling 

The effectiveness of using both single and hybrid 
nanofluids to cool diesel engines is contingent on factors 
such as thermal conductivity, viscosity, stability, and compat-
ibility with materials. Viscosity is crucial for defining the 
required pumping power and the flow characteristics of the 
nanofluids. While higher viscosity formulations might im-
prove thermal conductivity, they typically lead to greater 
energy consumption. Hence, it is essential to maintain  
a balanced relationship among these factors. This review 
assesses nanofluid formulations according to five primary 
criteria: (1) enhancements in thermal conductivity, (2) impact 
on viscosity, (3) long-term stability, (4) potential for corro-
sion, and (5) economic feasibility. The improvement in ther-
mal conductivity significantly boosts heat dissipation, result-
ing in a 30% to 50% increase over traditional coolants [60]. 
Hybrid nanofluids often outperform single-component for-
mulations by striking an ideal balance between thermal effi-
ciency and stability. Despite the advantages of higher thermal 
conductivity, controlling viscosity is essential to prevent 
unnecessary energy consumption. Increased viscosity de-
mands more pumping power, which could undermine the 
advantages of enhanced thermal conductivity.  

Optimal nanoparticle concentrations, generally between 
0.1% and 1%, have been found to effectively balance heat 
transfer performance and fluid flow efficiency [73]. Moreo-
ver, stability is essential to avoid issues such as sedimenta-
tion and particle clumping. Nanoparticles like SiO₂ and TiO₂ 
show outstanding dispersion characteristics, and employing 
surfactants can further enhance uniformity. Instability can 
cause system blockages and inconsistent heat transfer, reduc-
ing cooling efficiency. The compatibility of materials is 
critical because nanoparticles such as CuO can significantly 
increase corrosion rates [50, 78]. Furthermore, nanoparticles 
such as CuO and Fe₃O₄ may exhibit corrosive behaviors, 
which could impact the long-term durability of engine com-
ponents. While surfactants like sodium dodecyl sulfate (SDS) 
have the potential to form protective coatings that minimize 
corrosion, additional research is necessary to understand their 
prolonged effects on metals like copper and aluminum. Fu-
ture investigations should implement standardized corrosion 
testing protocols utilizing copper and silver plates. Non-
corrosive options like Al₂O₃ and SiO₂, together with protec-
tive coatings and passivation strategies, can reduce corrosion 
risks and maintain system integrity. Ensuring chemical sta-

bility is crucial for the ongoing use of both single and hybrid 
nanofluids in diesel engines. 

Considerable attention has been focused on the use of 
various nanofluids in engine cooling systems, as they can 
enhance thermal management and increase engine perfor-
mance. Figure 3 illustrates that integrating nanofluids into 
these systems can improve heat transfer, lower operational 
temperatures, and offer enhanced thermal stability. Howev-
er, the efficacy of nanofluids is heavily contingent on the 
nanoparticle type utilized, as presented in Table 1. Nano-
particles like Al₂O₃ and TiO₂ are prized for their outstand-
ing stability and resistance to corrosion, making them ideal 
for prolonged use in cooling systems [56]. Nanoparticles 
like CuO and Fe₃O₄ demonstrate impressive thermal con-
ductivity, yet they also pose challenges such as increased 
viscosity and a greater risk of corrosion, which could dam-
age engine components. On the other hand, carbon-based 
nanoparticles, including Multi-Walled Carbon Nanotubes 
(MWCNTs) and Graphene Nanoplatelets, are well-noted 
for their excellent thermal conductivity and have the poten-
tial to significantly boost cooling efficiency.  

Despite this, practical application is hindered by chal-
lenges such as increased viscosity, instability, high costs, and 
the tendency of particles to agglomerate and settle, causing 
blockages and reducing cooling efficiency [2, 13, 46]. These 
challenges highlight the importance of meticulously choosing 
nanoparticles to meet distinct cooling demands. In engine 
cooling systems, economic considerations greatly influence 
the choice of nanoparticles. SiO₂ and ZnO nanoparticles 
present a cost-efficient blend of thermal performance, stabil-
ity, and corrosion resistance, making them suitable for budg-
et-conscious scenarios requiring dependable solutions. 

Conversely, the financial burden and technical chal-
lenges associated with MWCNTs and Graphene Nanoplate-
lets limit their application in extensive industrial environ-
ments [13, 27]. Achieving an optimal equilibrium between 
cost and performance is essential for the advancement of 
effective nanofluid-based cooling systems. 

Although promising, single nanofluids grapple with ma-
jor adoption barriers due to a crucial compromise between 
thermal conductivity and viscosity. High viscosity linked 
with nanoparticles like MWCNTs and Graphene Nano-
platelets demands greater pumping power, which negatively 
affects fluid dynamics and overall system performance 
[16]. Stability presents another major issue, as nanoparticles 
such as CuO and Fe₃O₄ are prone to agglomeration and 
sedimentation, reducing the system's effectiveness over an 
extended period. Although Al₂O₃ and TiO₂ nanoparticles 
offer improved stability, their thermal conductivity is insuf-
ficient for optimal cooling performance. Moreover, ad-
dressing nanoparticle-induced corrosion requires either 
using corrosion inhibitors or opting for alternative nanopar-
ticle materials [75]. Ensuring the longevity and functional 
effectiveness of nanofluid cooling systems necessitates 
systematic solutions to stability and corrosion problems. If 
not addressed, these challenges can compromise thermal 
efficiency and the longevity of engine components. In addi-
tion to these technical concerns, economic factors also pose 
a barrier to broad implementation. As detailed in Table 1, 
the steep price of advanced nanoparticles – like MWCNTs 
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and graphene nano-platelets – makes them untenable for 
widespread industrial deployment, especially in sectors 
sensitive to costs [1, 68]. High expenses also hinder the 
adoption of single nanofluids. The prohibitive costs of 
carbon-based nanoparticles, coupled with the moderate 
performance of cheaper alternatives like SiO₂ and ZnO, 
highlight the need for cost-effective solutions. Future stud-
ies should focus on improving the techniques for synthesiz-
ing and manufacturing nanoparticles to increase efficiency 
and maintain cost-effectiveness [7, 74]. 

While single-component nanofluids offer substantial 
promise for improving engine cooling, their real-world 
application is currently limited due to issues such as elevat-
ed viscosity, long-term instability, corrosion hazards, and 

costly materials. To achieve the ideal balance between 
thermal efficiency and system integration, it is essential to 
pursue novel approaches like developing hybrid nanofluids 
or implementing surface modification techniques. Future 
research should prioritize evaluating the longevity and 
effectiveness of nanofluids in real-world conditions to 
maintain reliability and material integrity. In Figure 1, the 
illustration and Table 1, the summary highlights the im-
portance of carefully choosing and combining nanoparticles 
to maintain a balance between improved thermal capabili-
ties and usability. Addressing these technical and economic 
hurdles is vital to fully unlocking the potential of nanofluid 
technology for modern engine cooling systems. 

Table 1. Summary of single nanofluid effects (original synthesis based on data from [49, 43, 34, 66]) 

Nanoparticle Thermal  
conductivity (W/m·K) 

Viscosity  
effect Stability Corrosion  

effect 
Density 
(kg/m³) Cost Overall rank 

 
Author  

reference 

Al₂O₃ (aluminum 
oxide) ✅ low (~30) ✅✅ Low 

✅✅✅ 
Excellent 

✅✅✅  
Low 3970 

✅✅✅ 
Cheap ⭐⭐⭐ (3.6/5) [43, 49] 

CuO (copper 
oxide) ✅✅✅ High (~70) ❌ High 

✅✅ 
Moderate 

❌  
Can corrode 6310 

❌  
Expensive ⭐⭐⭐ (3.1/5) [34, 66, 82] 

TiO₂ (titanium 
dioxide) ✅ Moderate (~11) ✅✅ Low 

✅✅✅ 
Excellent 

✅✅✅  
Very Low 4230 

✅✅ 
Cheap ⭐⭐⭐ (3.5/5) [31, 60] 

SiO₂ (silicon 
dioxide) ✅ Moderate (~1.4) ✅ Low 

✅✅✅ 
Excellent 

✅✅  
Low 2650 

✅✅✅ 
Very Cheap ⭐⭐⭐ (3.7/5) [36, 39, 57] 

ZnO (zinc oxide) 
✅✅ Moderate 
(~23) ✅✅ Low 

✅✅✅ 
Good 

✅✅  
Low 5610 

✅✅ 
Affordable ⭐⭐⭐ (3.3/5) [3, 72] 

Fe₃O₄ (magnetite 
iron oxide) ✅✅ High (~80) ❌ High 

✅ Moder-
ate 

❌  
Corrosive 5180 

❌  
Expensive ⭐⭐⭐ (3.1/5) [35, 67] 

MWCNT (multi-
walled carbon 
nanotubes) 

✅✅✅  
Very High (~3000) 

❌❌ Very 
High 

❌  
Poor 

✅✅  
Low ~1400 

❌❌ 
Very  
Expensive ⭐⭐⭐ (3.9/5) [12, 13, 67] 

Graphene nano-
platelets 

✅✅✅ Very High 
(~5000) ❌ High 

✅✅ 
Moderate 

✅  
Low ~2200 

❌  
Expensive ⭐⭐⭐⭐ (4/5) [9, 64] 

A B

C D  
Fig. 3. Effects of single nanofluid usage (adapted with permission from [49]; experimental data from [43] 
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4.2. Effects of hybrid nanofluid usage in engine cooling 
Hybrid nanofluids have recently captured attention for 

their exceptional ability to improve thermal management 
and enhance engine cooling system efficiency. Figure 4 
demonstrates that these nanofluids possess superior heat 
transfer capabilities compared to conventional coolants, 
resulting in reduced operating temperatures and enhanced 
thermal stability [44, 48]. Table 2 illustrates that the effec-
tiveness of these fluids greatly depends on the specific 
nanoparticle combinations used. As a result, selecting suit-
able hybrid formulations is crucial for improving cooling 
performance while maintaining a balance between efficien-
cy, stability, and cost-effectiveness. 

Hybrid nanofluids, specifically combinations of metals 
and metal oxides like Cu-Al₂O₃/water and Cu-TiO₂/water, 
show notable improvements in thermal conductivity from 
30% to 40%, thereby enhancing heat transfer capability. 
Nonetheless, their moderate stability and increased viscosi-
ty may limit their feasibility for sustained application in 
engine cooling systems. Carbon-based hybrid nanofluids 
such as CNT-Al₂O₃/water and graphene-TiO₂/water provide 
significant enhancements in thermal conductivity, achiev-
ing improvements between 40% to 50%, and exhibit excel-
lent heat transfer properties. However, their augmented 
viscosity and high production expenses restrict their wide-
spread application [14, 51]. 

Hybrid nanofluids, despite their excellent thermal prop-
erties, still encounter practical challenges. For instance, 
metal-carbon hybrid nanofluids like Cu-CNT/water and 
Al₂O₃-graphene/water exhibit marked improvements in 
thermal conductivity (approximately 35% to 45%) and 
demonstrate remarkable stability with minimal corrosion 
risk, making them ideal for engine cooling systems. Despite 
these advantages, nanofluids often face issues such as mod-
erate viscosity hikes and increased production costs com-
pared to metal-metal oxide solutions [25, 53]. In contrast, 
metal-polymer hybrid nanofluids such as Al₂O₃-PVP/water 

and CuO-PVP/water generally show moderate enhance-
ments in thermal conductivity, typically between 20% and 
30%. These combinations are particularly efficient in 
providing stability, managing viscosity, and resisting corro-
sion. Their strong economic feasibility and durability make 
them particularly appealing for applications where it is 
essential to sustain cost-effectiveness and long-lasting func-
tionality. 

To select appropriate hybrid nanofluids for engine cool-
ing, one must consider both their effectiveness and costs. 
Hybrid nanofluids incorporating rare-earth elements, such 
as CeO₂-TiO₂/water and CeO₂-CuO/water, provide a mod-
erate boost in thermal conductivity, ranging from 20% to 
30%, and show excellent stability. However, their high 
price and relatively limited heat transfer efficiency, particu-
larly when contrasted with carbon-based or metal-carbon 
nanofluids, hinder their extensive application [51]. Thus, 
achieving a balance between thermal performance and 
economic feasibility is vital. While nanofluids based on 
carbon and metal-carbon hybrids offer exceptionally high 
thermal conductivity, they also increase viscosity, require 
more pumping power, and reduce flow efficiency, compli-
cating their use in high-performance engine cooling sys-
tems. It is essential to develop innovative methods to lower 
viscosity without compromising thermal characteristics. 
Moreover, stability challenges pose considerable difficul-
ties, particularly for carbon-based nanofluids that have  
a tendency to aggregate and settle, which can result in 
blockages and decrease the effectiveness of cooling sys-
tems. While metal-polymer and rare-earth metal nanofluids 
offer improved stability, corrosion issues continue to be a 
significant concern for both metal-metal oxide and carbon-
based nanofluids, potentially damaging engine components 
over an extended period [4, 55]. Employing corrosion in-
hibitors or substituting materials can mitigate these issues, 
although these measures might increase costs and compli-
cate implementation. 

A B

C D  
Fig. 4. Hybrid nanofluid performance (original visualization based on [21, 31, 47]) 
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Table 2. Hybrid nanofluid effects [24, 68, 69] 

Type Composition 
Thermal conduc-
tivity enhance-

ment 

Heat transfer 
performance Stability Viscosity 

increase 
Corrosion 

effects Cost Overall rank Reference 

Metal-
metal oxide 

Cu-Al₂O₃/Water, 
Cu-TiO₂/Water 

✅✅✅  
High (30–40%) 

✅✅ 
very good  

✅  
Moderate 

✅  
Moderate 

✅✅ 
Low-
Moderate 

✅✅ 
Affordable 

⭐⭐⭐ 
(3.5/5) [24, 32, 49] 

Carbon-
based 

CNT-
Al₂O₃/Water, 
Graphene-
TiO₂/Water 

✅✅✅  
Very High  
(40–50%) 

✅✅✅ 
Superior 

✅✅ 
Low-
Moderate 

❌  
High  

 
✅✅ 
Moderate 

❌  
Expensive 

⭐⭐⭐⭐ 
(4/5) [12, 83] 

Metal-
carbon 

Cu-CNT/Water, 
Al₂O₃-
Graphene/Water 

✅✅✅  
High (35–45%) 

✅✅✅ 
Excellent 

✅✅✅ 
Excellent 

✅  
Moderate 

✅✅✅ 
Low 

✅✅ 
Affordable 

⭐⭐⭐⭐ 
(4.2/5) [24, 70, 72] 

Metal-
polymer 

Al₂O₃-
PVP/Water, CuO-
PVP/Water 

✅✅ 
Moderate  
(20–30%) 

✅ 
Good 

✅✅✅ 
Excellent 

✅✅ 
Low  

✅✅✅ 
Low 

✅✅✅ 
Cheap 

⭐⭐⭐⭐ 
(4/5) [5, 68] 

Rare earth 
metal-
based 

CeO₂-TiO₂/Water, 
CeO₂-CuO/Water 

✅✅ 
Moderate  
(20–30%) 

✅ 
Good  

✅✅✅ 
Excellent 

✅✅ 
Low 

✅✅✅ 
Very Low 

❌  
Expensive 

⭐⭐⭐ 
(3.2/5) [44, 75, 81] 

 
The expense significantly hinders the broad adoption of 

hybrid nanofluids for engine cooling purposes. As shown in 
Table 2, although carbon-based and rare-earth metal-based 
hybrid nanofluids exhibit exceptional thermal properties, 
their high production costs severely restrict their commer-
cial scalability. Conversely, metal-metal oxide and metal-
polymer hybrid nanofluids offer a cheaper alternative. 
However, their relatively moderate thermal conductivity 
might restrict their efficiency in demanding cooling scenar-
ios [35, 61]. This highlights the urgent need for innovative, 
cost-efficient formulations that provide enhanced thermal 
conductivity while ensuring long-term stability and afford-
ability. 

In essence, while hybrid nanofluids present significant 
potential to enhance the effectiveness of engine cooling 
systems, their real-world application is hindered by factors 
such as increased viscosity, difficulties maintaining disper-
sion stability, corrosion concerns, and substantial costs. 
Figure 2 illustrates, and Table 2 elaborates, that the deliber-
ate selection and formulation of hybrid nanofluids play  
a pivotal role in aligning thermal performance with practi-
cal application. Upcoming research endeavors should prior-
itize creating novel hybrid nanofluids that heighten thermal 
conductivity, improve dispersion stability, and reduce vis-
cosity, all at an economical cost. Achieving this equilibrium 
is crucial for the broad adoption of hybrid nanofluids in 
engine cooling, promoting advancements in efficient, long-
lasting, and reliable thermal management systems within 
the automotive sector. 

4.3. The effect of hybrid nanofluids with surfactants  
for engine cooling systems  

Integrating surfactants into hybrid nanofluids holds sub-
stantial promise for improving their efficiency in engine 
cooling applications. As illustrated in Fig. 5, surfactants 
like Sodium Dodecyl Sulfate (SDS) play a crucial role in 
improving the dispersion and stability of nanoparticles, 
thereby enhancing both their thermal and fluid dynamic 
properties [20, 64]. Table 3 compares hybrid nanofluids, 
distinguishing between those incorporating surfactants and 
those without, and underscores the notable benefits linked 

to surfactant usage. Hybrid nanofluids without surfactants 
generally demonstrate high thermal conductivity; however, 
they often face issues with particle agglomeration, which 
diminishes their overall effectiveness [57, 62]. In contrast, 
the addition of 1% SDS surfactant enhances thermal con-
ductivity by roughly 2–5% due to better nanoparticle dis-
persion and minimized agglomeration. Although the im-
provement is moderate, it significantly boosts heat transfer 
efficiency in engine cooling applications. 

One significant advantage of employing surfactants lies 
in their ability to decrease viscosity, which is crucial for 
evaluating engine cooling performance. Typically, in the 
absence of surfactants, hybrid nanofluids present higher 
viscosity, leading to increased demands for pump power 
and reduced fluid flow effectiveness. Nevertheless, adding 
1% SDS surfactant can reduce viscosity by about 10–15% 
by promoting particle dispersion and decreasing interparti-
cle friction [63]. A reduction in viscosity translates to lower 
energy requirements for pumping and enhanced fluid dy-
namics, leading to more streamlined flow conditions and  
a pressure drop reduction of about 5–10%, thereby enhanc-
ing the cooling system's performance [47]. 

The addition of surfactants significantly increases the 
duration of stability in hybrid nanofluids. In the absence of 
surfactants, these nanofluids are prone to settling over time, 
potentially leading to blockages and decreased thermal 
effectiveness. Table 3 shows that incorporating 1% SDS 
surfactant plays a crucial role in sustaining long-term dis-
persion stability, thus avoiding particle clustering and set-
tling. Enhancing stability is crucial for engine cooling sys-
tems as it ensures reliable and steady performance over 
extended durations. Moreover, surfactants like SDS can 
help reduce corrosion by creating protective coatings on 
metal surfaces, thereby curbing oxidation and extending the 
life of engine components.  

Surfactants provide notable advantages when used in 
hybrid nanofluids; however, they also introduce some chal-
lenges. These agents can lead to extra chemical interactions 
that might influence the fluid's long-term performance. 
Therefore, it is crucial to regulate surfactant concentrations 
carefully, as excessive amounts can cause issues such as  
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A B  
Fig. 5. The effect of hybrid nanofluids with and without surfactants for engine cooling systems [35, 47, 62] 

Table 3. Summery the effect of hybrid nanofluids with and without surfactants for engine cooling systems [38, 48, 68, 71] 

Property Effect without surfactant Effect with 1% sds surfactant Reference 
Thermal Conduc-
tivity 

✅  High, but particle agglomeration may reduce per-
formance. ✅  Slightly improved (~2-5%) due to better dispersion. [38, 71] 

Viscosity ✅  High, causing higher pump power consumption. ✅  Reduced (~10-15%) due to better particle spacing. [48, 68] 
Stability ✅  Moderate risk of sedimentation over time. ✅  Highly stable (long-term dispersion). [54, 59] 
Corrosion Risk ✅  Low ✅  Even lower, as SDS prevents oxidation. [22, 59] 
Pressure Drop ✅  Slightly high due to viscosity. ✅  Reduced (~5-10%) due to smoother flow. [24, 69] 

 
 

 
 

foaming. Despite these concerns, surfactants are vital for 
improving thermal conductivity, lowering viscosity, in-
creasing stability, and reducing corrosion risks, demonstrat-
ing their effectiveness in hybrid nanofluids for engine cool-
ing [36, 67].The integration of surfactants into hybrid 
nanofluids enhances thermal performance, fluid dynamics, 
and stability, as demonstrated in Figure 5 and Table 3. 
Surfactants like SDS are vital in addressing the key chal-
lenges tied to hybrid nanofluids, enhancing their efficiency 
in engine cooling applications. Future studies should focus 
on fine-tuning surfactant concentrations and investigating 
different surfactant varieties to bolster the performance and 
reliability of hybrid nanofluids in real-world cooling situa-
tions. 

4.4. Improvements with surfactant addition in hybrid 
nanofluids 

Hybrid nanofluids, formed by dispersing distinct nano-
particles into a base fluid, provide promising advancements 
for improving heat transfer in numerous applications, espe-
cially in heavy-duty diesel engines. Studies highlighted in 
[52, 69] involving truck engines demonstrated that CuO-
Al₂O₃ hybrid nanofluids could reduce operating tempera-
tures by approximately 7–10°C. The main factor behind this 
reduction is CuO's superior thermal conductivity, which 
enables rapid heat release, thereby decreasing fuel con-
sumption and emissions. While this is advantageous, CuO 
nanoparticles pose a corrosion risk that necessitates the use 
of anti-corrosion additives, thereby adding to the complexi-
ty and expense of maintenance. Moreover, achieving long-
term stability presents a challenge; however, surfactants 
mitigate this by lowering the surface tension between the 

nanoparticles and the base fluid, promoting even distribu-
tion and preserving consistent thermal properties over time. 
Hence, selecting appropriate nanoparticles and surfactants is 
critical for maximizing heat transfer efficiency, improving 
system compatibility, and ensuring ongoing stability [70]. 

The automotive sector is not just focusing on the appli-
cations of heavy-duty engines but is also investigating the 
use of hybrid nanofluids to improve thermal management in 
high-performance and electric vehicles. Ensuring ideal 
thermal conditions is crucial for the lifespan of batteries and 
the system's overall efficiency in electric vehicles. Studies 
reveal that hybrid nanofluids effectively reduce battery 
temperatures, thereby decreasing the risk of thermal runa-
way and boosting energy efficiency [21, 72]. For high-
performance internal combustion engines, improved heat 
dissipation enhances both efficiency and durability. Car 
manufacturers are extensively testing hybrid nanofluids; 
however, their broad adoption is limited due to cost and 
scalability issues [77, 80]. Currently, the complex and cost-
ly processes involved in producing and distributing nano-
particles impede their accessibility in the mass market. 
Furthermore, challenges related to standardization and 
regulatory compliance also impede their large-scale com-
mercial application. 

An evaluation of the compositions of hybrid nanofluids, 
as depicted in Fig. 6 and Table 4, highlights the interaction 
among thermal conductivity, viscosity, stability, corrosion, 
and cost factors. For example, a mixture consisting of 
Al₂O₃, SiO₂, TiO₂, and SDS in water showcases both supe-
rior stability and controllable viscosity, with a considerable 
increase in thermal conductivity ranging from 20% to 30% 
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[77, 81]. SDS is crucial for ensuring stability by preventing 
particles from clumping together. In contrast, although 
incorporating MWCNTs with Al₂O₃ boosts thermal conduc-
tivity by 35–50%, this combination leads to notable down-
sides, including extremely high viscosity and insufficient 
stability due to poor dispersion. Similarly, CuO-based 
nanofluids provide excellent thermal conductivity but carry 
a moderate corrosion risk. The cost variability across for-
mulations, notably the higher expense of MWCNT-based 
fluids, underscores the need for comprehensive design 
strategies that integrate performance, cost, and reliability, 
including surfactant use for stability. Although hybrid 
nanofluids show considerable promise for experimental and 
practical applications in engine cooling, their widespread 
adoption is hindered by challenges related to economic 
feasibility, scalability, and stability [26, 58]. Future re-
search should aim to reduce nanoparticle production costs, 
enhance stabilization methods, and conduct thorough eval-
uations of long-term durability. Advancements in nano-
technology, manufacturing processes, and regulatory 
frameworks can enhance the adoption of hybrid nanofluids 
for engine cooling, thereby improving efficiency, reducing 
emissions, and extending engine life [15, 49]. 

Figure 6c demonstrates the impact of different formula-
tions on viscosity properties, based on experimental find-
ings. The displayed values relate to the dynamic viscosity, 
an important factor in evaluating water-based nanofluids for 
use in engine cooling systems. These viscosity changes 
highlight relative differences under laboratory settings, 

using the viscosity of water at 25°C as a reference point. It 
is crucial to note that this study does not take into account 
the variations in water viscosity across temperatures be-
tween 20°C and 80°C. Subsequent research should include 
these temperature-induced changes to facilitate more pre-
cise analyses of viscosity variations with temperature. 
While the rise in viscosity might seem significant, it is 
relatively modest when compared to the much higher vis-
cosities of standard engine or transmission oils, which far 
exceed that of water. Therefore, the findings have been char-
acterized as indicating a "moderate increase in viscosity." 

Figure 6 and Table 4 highlight the essential importance 
of surfactants in enhancing the performance of hybrid 
nanofluids. Surfactants are essential in improving nanopar-
ticle dispersion and stability, resulting in enhanced thermal 
conductivity and more efficient heat transfer. Therefore, 
they are crucial for the optimal performance of hybrid 
nanofluids in engine cooling systems. Among the evaluated 
formulations, the Al₂O₃ + SiO₂ + TiO₂ hybrid nanofluid 
stands out for its well-rounded performance, demonstrating 
exceptional stability, moderate viscosity, and significant 
enhancements in thermal conductivity. In contrast, while 
CuO-based hybrid nanofluids exhibit outstanding heat 
transfer capabilities, they often have higher viscosity and  
a tendency to cause corrosion, which might limit their prac-
tical applications. These findings emphasize the necessity 
of careful nanoparticle selection to maximize benefits while 
minimizing drawbacks. 

A B

C D  
Fig. 6. Viscosity increase (%) of hybrid nanofluids relative to water at 25°C (dynamic viscosity; ASTM D445). Heat transfer coefficient and stability data 
are derived from [59, 62, 68]. Water’s viscosity trend (dotted line) is included for reference (data from [60]). Note: Viscosity values represent percentage 
change based on literature-reported experimental data. Under general physical principles, viscosity typically decreases with temperature; the values shown 
 reflect formulation-specific behaviors 
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Table 4. Summary improvements with surfactant addition in hybrid nanofluids 

Nanoparticle 
composition 

Base 
fluid Fraction [%] 

Thermal 
conductivity 

[W/m·K] 

TC im-
provement 

[%] 

Viscosity 
effect Stability Corrosion effect Cost Overall 

rank 

Al₂O₃ + SiO₂ 
+ TiO₂ + SDS Water 

49.5% Al₂O₃ + 29.7% 
SiO₂ + 19.8% TiO₂ + 

1% SDS 0.7–1.2 ~20–30% ⚠ Medium ✅ Excellent ✅ Low 💲💲 1st 🏆 

CuO + Al₂O₃ 
+ TiO₂ + SDS Water 

40% Al₂O₃ + 30% TiO₂ 
+ 29% CuO + 1% SDS 1.2–2.0 ~30–40% ❌ High ⚠ Medium 

⚠ Medium (CuO 
may accelerate 

corrosion) 💲💲💲 2nd 🥈 
Al₂O₃ + SiO₂ 
+ CuO + SDS Water 

40% Al₂O₃ + 30% SiO₂ 
+ 29% CuO + 1% SDS 1.0–1.8 ~25–35% ⚠ Medium ✅ Good ⚠ Medium 💲💲 3rd 🥉 

MWCNT + 
Al₂O₃ + SDS Water 

50% MWCNT + 49% 
Al₂O₃ + 1% SDS 2.0–3.5 ~35–50% 

❌ Very 
high (causes 
flow issues) 

❌ Low 
(difficult to 
disperse) ⚠ Medium 💲💲💲💲💲 5th 

TiO₂ + SiO₂ + 
SDS Water 

50% TiO₂ + 49% SiO₂ 
+ 1% SDS 0.6–1.1 ~15–25% ✅ Low ✅ Excellent ✅ Low 💲 4th 

 
Critical factors for the widespread implementation of 

hybrid nanofluids in industry include cost-effectiveness, 
meeting regulatory requirements, and their practicality in 
real-world settings. Despite being currently cost-effective 
for certain niche applications, the broader use of high-
performance hybrid nanofluids relies on developing synthe-
sis methods that are both affordable and scalable. Assessing 
the long-term environmental effects of nanoparticle-based 
coolants is essential to meet the ever-tightening regulatory 
standards. Despite certain challenges, initial tests by auto-
motive manufacturers, especially in high-performance and 
electric vehicles, highlight the practical advantages and 
viability of hybrid nanofluids. These experiments provide 
vital insights that can guide future development and inte-
gration strategies. By tackling both practical and regulatory 
challenges, hybrid nanofluids hold the potential to greatly 
enhance advanced thermal management technologies, boost 
engine efficiency, and support more sustainable automotive 
solutions. 

5. Challenges and future research directions 
5.1. Economic feasibility 

Although hybrid nanofluids present significant benefits 
compared to traditional coolants, they still face numerous 
technical, economic, and practical hurdles. To enhance the 
adoption of hybrid nanofluids in cooling systems for diesel 
engines, these challenges need to be addressed. Key issues 
involve cost-effectiveness, scaling for large applications, 
and sustained reliability, all of which are vital for moving 
these advanced coolants from research environments to 
industrial and commercial use. 

The significant cost poses a primary barrier to the ex-
tensive commercial use of hybrid nanofluids. The processes 
required for producing, distributing, and stabilizing nano-
particles involve sophisticated techniques, which render 
these fluids substantially more expensive than traditional 
coolants. Moreover, the cost is increased due to the elevated 
prices of raw materials such as copper oxide (CuO), multi-
walled carbon nanotubes (MWCNTs), and graphene-based 
nanoparticles. Also, using methods like ultrasonication, 
surfactants, or chemical treatments to ensure stable nano-
particle dispersions further escalates the processing costs. 
While hybrid nanofluids offer superior thermal efficiency, 

their high price limits market attractiveness, particularly in 
cost-sensitive sectors like the commercial automotive in-
dustry. Subsequent research should aim to develop cost-
effective synthesis strategies and scalable production meth-
ods, which maintain high performance levels while mini-
mizing overall expenses. 

5.2. Large-scale implementation challenges 
The shift of hybrid nanofluids from initial research 

phases to extensive application in industrial and automotive 
fields faces considerable challenges. Key concerns include 
maintaining uniformity in production processes and opti-
mizing supply chain logistics, especially for the large-scale 
manufacturing and distribution of nanoparticles. Addition-
ally, ensuring compatibility with current cooling systems 
makes broad adoption difficult, as it is essential to thor-
oughly assess how hybrid nanofluids interact with cooling 
system components like radiators, hoses, pumps, and en-
gine materials to avoid potential system damage. Further-
more, the lack of standardized testing methods and industry 
regulations hinders commercial uptake. To address these 
implementation hurdles, establishing detailed regulatory 
frameworks and industry-standard compliance guidelines 
will be crucial. 

5.3. Long-term reliability and stability 
To ensure effective practical uses, the long-term relia-

bility and stability of hybrid nanofluids must be preserved. 
Challenges like sedimentation and phase separation are 
critical since nanoparticles may settle over time, reducing 
the efficiency of the coolant. Additionally, nanoparticles 
such as CuO and Fe₃O₄ can cause corrosion and degrada-
tion in cooling system components, thereby shortening their 
lifespan. It is also vital to assess thermal and chemical sta-
bility thoroughly, including tests under various temperature 
cycles, extensive usage, and potential contaminant expo-
sure. Addressing these issues requires future research to 
concentrate on advanced stabilizers and surfactants that 
enhance nanoparticle dispersion and reduce sedimentation. 
Corrosion-resistant formulas need to be developed and 
rigorously tested in the field and in collaboration with in-
dustry to ensure their durability and suitability for mainte-
nance in practical scenarios. 
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5.4. Future research directions 
Hybrid nanofluids hold great potential for improving 

cooling in diesel engines, as they offer advancements in 
thermal conductivity, stability, and heat transfer character-
istics. Comparative analyses indicate that hybrid mixes 
such as Al₂O₃ + SiO₂ + TiO₂ achieve a well-rounded per-
formance, whereas CuO-based hybrids excel in thermal 
conductivity but also present greater challenges with vis-
cosity and corrosion concerns. Therefore, hybrid nanofluids 
are acknowledged as innovative solutions for reducing 
engine temperatures, enhancing fuel economy, and mini-
mizing environmental effects. However, their successful 
implementation requires addressing substantial challenges 
related to cost, scalability, and maintaining consistent relia-
bility. Future investigations ought to focus on devising cost-
effective production methods, undertaking extensive field 
research, and formulating regulatory frameworks to support 
market entry. Technological advancements coupled with 
targeted research are expected to enable hybrid nanofluids 
to improve thermal management systems within the auto-
motive and industrial fields, leading to more efficient, du-
rable, and environmentally friendly cooling solutions. 

6. Conclusion 
Hybrid nanofluids mark a notable advancement in en-

hancing the thermal performance of diesel engines, provid-
ing improved heat transfer, heightened stability, and ideal 
viscosity compared to both conventional coolants and sin-
gle-component nanofluids. By meticulously combining 
different nanoparticles, hybrid mixtures enhance thermal 
conductivity, addressing issues like nanoparticle sedimenta-
tion, excessive viscosity, and material incompatibility. 

Surfactants are crucial, aiding in nanoparticle dispersion, 
minimizing agglomeration, and decreasing viscosity for 
better performance and lasting stability. This review high-
lights:  
 Enhanced heat transfer compared to standard fluids 
 Boosted dispersion stability by using nanoparticle com-

binations and surfactants 
 Optimized viscosity reduces pumping demands and 

energy usage 
 Effective corrosion prevention through proper nanopar-

ticle and surfactant selection 
 Environmental and fuel efficiency improvements due to 

effective cooling and minimized emissions 
 The critical role of surfactants like Sodium Dodecyl 

Sulfate (SDS) in improving nanofluid attributes 
 The continuous challenges faced in introducing products 

to the market include manufacturing costs, industry cer-
tification, and adherence to regulatory requirements 

 Suggested future research focuses on cost reduction, 
durability tests, and the integration of advanced cooling 
technologies.  
Although there are considerable benefits, challenges re-

garding economic feasibility, scale of implementation, and 
reliability remain, demanding more research into nanoparti-
cle synthesis, better dispersion techniques, and rigorous 
durability testing. Moreover, it is crucial to examine regula-
tory factors and industrial tactics to transform laboratory 
accomplishments into viable, marketable innovations. Re-
cent advancements indicate that hybrid nanofluids could 
significantly transform thermal management in a range of 
applications, including diesel engines. 
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ARTICLE INFO  This article presents the results of experimental research concerning the influence of propeller blade profile 

and angle of attack on the performance parameters of the 3W 275 XI B2 CS aircraft piston engine. A special-
ised test stand was utilised, enabling real-time measurement of thrust, cylinder head temperature, and crank-
shaft rotational speed. The research was conducted with various propeller configurations (2- and 3-bladed) 
and at differing rotational speeds, which allowed for an assessment of the impact of propeller geometry on 
engine operational efficiency. The findings demonstrated that appropriate selection of the angle of attack, blade 
profile, and number of blades significantly affects the achieved parameters – particularly thrust and tempera-
ture distribution, which is of critical importance for the safety and durability of the powertrain components. 
The developed test stand facilitates further research into propeller selection for light aircraft piston combustion 
engines. 
A novel aspect of this work is the utilisation of a new type of test stand that permits the determination of chang-
es in thrust values obtained during tests across wide ranges of engine crankshaft rotational speeds. The selec-
tion of propellers, considering the number of blades and their profile, is very difficult to predict and should 
always be undertaken individually for each engine following testing. Such a tailored blade profile and number 
of propeller blades allow for high engine operational flexibility and good propeller thrust depending on the 
crankshaft's rotational speed. 
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1. Introduction  

Contemporary ultralight aviation and the unmanned aer-
ial vehicle (UAV) sector are undergoing rapid develop-
ment. This, in turn, translates into an increasing market 
demand for economical and highly reliable piston combus-
tion engines. This is particularly pertinent in the domain of 
two-stroke engines, which, owing to their design and low 
inherent mass, are gaining popularity among light aircraft 
designers. From the perspective of enhancing thrust and 
reducing fuel consumption, a critical factor influencing the 
development of these engines is the appropriate selection of 
propeller geometry. This primarily involves the selection of 
the blade profile and angle of attack. The interaction be-
tween the propeller design and the piston combustion en-
gine significantly impacts the thrust generated, the efficien-
cy of the propulsion system, and the engine's thermal and 
mechanical parameters. The correct selection of blade 
shape and angle of attack can lead not only to increased 
thrust and fuel savings but also to improved cooling and 
more uniform load distribution. From the standpoint of 
flight safety and the durability of the piston combustion 
engine, several factors are of particular importance: cooling 
the engine cylinder heads, ensuring adequate lubrication at 
high temperatures, and defining the engine's cooling range 
for selected propeller parameters. It is important to note that 
two-stroke engines designed to power small aircraft are 
cooled exclusively by ambient air. An additional cooling 
airflow is generated by the propeller's thrust, as it is typical-
ly positioned directly adjacent to the engine. This arrange-
ment ensures the appropriate shaping of the air stream, 
which is dependent on both the propeller geometry and the 
aircraft's cruising speed. Furthermore, it must also be con-

sidered that the direct coupling of the propeller to the en-
gine's crankshaft imposes additional stresses on the engine's 
primary mechanical components, in the form of complex 
vibrations transmitted to the engine block. 

In the case of small aircraft – both manned and un-
manned aerial vehicles (UAVs) – the propeller remains  
a key element of the propulsion system [15]. It is responsi-
ble for the amount of thrust generated, which is why its 
design and its matching to a specific engine, most often  
a piston type, have a significant impact on performance, 
fuel consumption, and the overall reliability of the drive 
system [15]. Low-power piston engines – in the range of  
a few to several dozen horsepower – are widely used in 
unmanned aerial vehicles, models, and manned light avia-
tion [7]. They typically work in conjunction with two- or 
three-bladed propellers made from wood, metal, or compo-
sites [7]. A conceptual design for the construction of an 
unmanned aerial vehicle was also presented in [9], which 
primarily described the design assumptions and concepts 
for the propulsion system [9]. 

The propeller, as a rotor with a precisely defined ge-
ometry, converts the torque transmitted by the engine shaft 
into thrust, which is generated due to the pressure differ-
ence on either side of the blade [10]. Pitch, diameter, rota-
tional speed, and blade shape are the main parameters in-
fluencing the propeller's operational efficiency and its com-
patibility with the engine's characteristics [7]. When design-
ing a propulsion system for small aircraft, requirements 
concerning range, climb performance, ceiling, and flight 
endurance must be taken into account [15]. Propeller-
specific coefficients, such as the thrust coefficient and pow-
er coefficient, which describe the relationship between the 
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power absorbed by the propeller and the thrust produced, 
are helpful in this regard [10]. 

A study concerning the AOS H2 motor glider described 
an instance where a propeller with a blade angle of 15°,  
a diameter of 0.53 m, and a rotational speed of 2300 rpm 
generated a static thrust of approximately 26 N [10]. The 
calculations were performed using a simulation method. 
The appropriate selection of a propeller involves achieving 
a trade-off between efficiency and energy consumption, 
whilst considering design constraints such as system mass, 
available engine rpm, and operating conditions [12]. In an 
analysis of a quadcopter, it was noted that too small a dis-
tance between the propeller disc and the fuselage leads to 
flow disturbances, which worsen the thrust and efficiency 
of the system [12]. This phenomenon was investigated 
using CFD simulations in ANSYS Fluent [12]. 

Changing the propeller itself – without any modification 
to the engine – affects the operating characteristics of the 
entire propulsion system, including the shaft's rotational 
speed, power requirements, and the amount of thrust gener-
ated [15]. In amateur circles, as well as in experimental 
aviation, tests on propellers and propulsion systems are 
conducted, providing a valuable source of data for academ-
ic projects and applications in general aviation [4]. 

Modern propellers in unmanned aerial vehicles and light 
aviation are most commonly made from fibre-reinforced 
plastics – primarily carbon fibre and nylon [16]. Research 
indicates that carbon fibre is characterised by greater stiff-
ness, lower deformation, and better thermal resistance at 
crankshaft rotational speeds of around 6000 rpm [16]. Con-
currently, nylon exhibits better resistance to impact loads, 
making it suitable for simpler, commercial unmanned aerial 
vehicles [16]. The application of various composites in 
aircraft, including in the construction of propulsion system 
components, is presented in [2]. This work lists many ad-
vantages of using such solutions: high resistance to impacts 
and cracking, low specific density/low mass, non-
susceptibility to corrosion, low thermal expansion, non-
conductivity of electricity, low relative permittivity, and 
vibration damping [2]. Unfortunately, these materials also 
have disadvantages, such as low compressive strength, 
difficulty in machining and processing, hygroscopicity, and 
high cost [2]. The use of composite materials eliminates 
problems associated with corrosion effects [18]. In multi-
rotor aircraft such as quadcopters, the mass and stiffness of 
the propellers are crucial for stability, flight time, and ener-
gy consumption [5]. In most small aircraft, an important 
aspect is the energy consumed to generate adequate thrust, 
as well as flight duration or distance covered. Any addi-
tional energy loss necessitates storing more energy on 
board the aircraft, whether from fuel or rechargeable batter-
ies. This, in turn, translates to an increase in the aircraft's 
total mass. Therefore, selecting the appropriate propeller 
geometry can contribute not only to increased thrust but 
also to an improvement in the efficiency of the entire air-
craft propulsion system. 

In multi-rotor aircraft such as quadcopters, the mass and 
stiffness of the propellers are crucial for stability, flight 
time, and energy consumption [5]. In most small aircraft, an 
important aspect is the energy consumed to generate ade-

quate thrust, as well as flight duration or distance covered. 
Any additional energy loss necessitates storing more energy 
on board the aircraft, whether from fuel or rechargeable 
batteries. This, in turn, translates to an increase in the air-
craft's total mass. Therefore, selecting the appropriate pro-
peller geometry can contribute not only to increased thrust 
but also to an improvement in the efficiency of the entire 
aircraft propulsion system. 

The IS-2 documentation emphasises that despite the use 
of a turbine propulsion system, the geometry of the tail 
rotor is of immense importance for performance and proper 
torque transfer [14]. Literature recommends verifying de-
sign assumptions through experimental measurements of 
torque and thrust [8]. In UAV projects, increasing emphasis 
is being placed on the use of advanced CAD and CAE tools 
for modelling propellers and optimising their shape in terms 
of aerodynamics [6]. 

Although most studies pertain to turbine engines, some 
conclusions are also applicable to piston-driven systems – 
particularly in the context of mechanical stresses in the 
engine-propeller assembly [1]. Monitoring operational 
parameters in such drive systems is becoming increasingly 
common, especially for early diagnostics and maintenance 
planning [11]. The selection and design of a propeller for  
a small piston engine is a task requiring a comprehensive 
approach. Aerodynamic and structural analysis is neces-
sary, as is consideration of the engine's operating character-
istics and the conditions under which the entire system will 
be operated. Modern simulation tools significantly facilitate 
this process, allowing for preliminary design optimisation 
even before physical trials commence. Materials, blade 
geometry, and their number are of key importance here – 
each of these factors directly influences the aircraft's per-
formance. During the design phase, it is worthwhile to 
consider both the mechanical and thermal properties of the 
materials used, as well as how the propeller interacts with 
the rest of the structure in terms of airflow. 

This research is being conducted on a 3W 275 XI B2 
CS engine, which is a two-stroke engine with a displace-
ment of 273 cm³. Although a number of publications are 
available on the market concerning the improvement of 
propeller parameters in the context of low-power engines, 
the majority of these works focus on theoretical analyses. 
Such analyses often do not correspond to real-world condi-
tions, necessitating individual research for each specific 
engine. The thrust measurement results presented in this 
article are based on the use of a new test stand, which per-
mits the precise and multifaceted measurement of key en-
gine operating parameters and the thrust generated by the 
propeller at various angles of attack and blade profiles. The 
application of a load cell for thrust measurement, telemetric 
temperature monitoring systems, and precise rotational 
speed recording systems allows for the assessment of the 
mechanical and thermal processes occurring within the 
engine. 

Owing to the capability for rapid exchange and adjust-
ment of propeller blade profiles and angles of attack, this 
work encompasses a broad spectrum of configurations. 
Such a defined scope of tests allows for the identification of 
optimal solutions for both ultralight aircraft and unmanned 
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aerial vehicles of various sizes. Detailed monitoring of 
cylinder head temperatures, correlated with thrust data, 
enables the investigation of the links between propeller 
aerodynamics and achieved engine parameters. Conse-
quently, it is possible to identify design and operational 
solutions that improve both the performance and durability 
of the combustion engine used. The test stand has been 
designed in such a way as to facilitate not only future 
changes to propeller shape and angle of attack but also 
modifications to the engine itself (e.g., testing anti-wear or 
thermal barrier coatings). Such versatility in shaping re-
search conditions constitutes a significant advantage for 
further development work. 

Thanks to these features, the presented concept com-
bines elements of classical aerodynamic studies with ad-
vanced thermomechanical analysis of the engine. This al-
lows for capturing the multidimensional aspect of a two-
stroke aero engine's operation. There is a significant gap in 
research of this type utilising combustion engines. The 
results and methodology presented in this work can be 
utilised by engine and propeller manufacturers, as well as 
by research teams specialising in the development of mod-
ern propulsion systems for aviation applications. As such, 
this work makes a significant contribution to the develop-
ment of engineering methods and tools for establishing 
methodologies for selecting propeller configurations for 
piston aero engines; furthermore, it fills a gap concerning 
practical, comprehensive analyses of the influence of pro-
peller geometry on the operational parameters of small 
combustion engines. 

2. Materials and methods 
2.1. Construction of a test rig for propeller evaluation 

The test rig was constructed to facilitate the testing of 
two-stroke piston engines utilised in light aviation and 
unmanned aerial vehicles (UAVs) (Fig. 1). Further tech-
nical details on the construction of the test stand are provid-
ed in reference [17]. The entire structure of the test rig is 
based on a steel frame, protected by a layer of zinc and  
a powder coating offering increased resistance to atmos-
pheric conditions. The frame is equipped with four adjusta-
ble feet featuring an M16 thread, enabling precise levelling 
of the rig with the aid of a laser level. Mounted within the 
frame is a steel engine mount, adapted for the installation of 
two engine models: the DLE170 (a twin-cylinder, two-
stroke engine with a 170 cm³ capacity) and the 3W 275 XI 
B2 CS (a twin-cylinder, two-stroke engine with a 273 cm³ 
capacity). The mount allows for the adjustment of the 
crankshaft axis inclination angle within a range of ±15°, 
which permits the engine's position to be altered relative to 
the force sensor [17]. Fastening is accomplished using class 
12.9 bolts and spring washers, which prevent the connec-
tions from loosening during engine operation. 

The supply system provides independent regulation of 
fuel and air flow. The fuel system comprises a 500 ml ca-
pacity tank, fuel filters, petrol-resistant silicone tubing, and 
a non-return valve. The fuel-oil mixture ratio is 40:1 in test 
mode and 30:1 during the running-in of new engine com-
ponents. The oil used is Castrol Power1 A747 Racing 2T. 
The oil-fuel mixture can be freely selected depending on 

the tests being conducted and the anticipated maximum 
loads on the engine's main mechanical components. 

 
 Fig. 1. Test rig construction 

 
Cooling is provided by the thrust generated by the pro-

peller, which is positioned close to the cylinder heads. Ad-
ditionally, cooling fans can be mounted on the rig, their 
speed being automatically regulated according to the engine 
cylinder head temperature. However, for rig-based tests, it 
is more advantageous to conduct evaluations without utilis-
ing fans. This is because it allows for an assessment of how 
the thrust generated by the propeller and its geometric pa-
rameters affect the temperature change of the cylinder 
heads in relation to the engine crankshaft's rotational speed. 
The measurement system includes a CL14-type force sen-
sor with a measurement range of up to 5 kN, a sensitivity of 
1 mV/V, and linearity of ≤ 0.5%. The sensor's strain gauge 
bridge has an input resistance of 410 Ω and an output re-
sistance of 350 Ω [17]. The sensor is coupled with a CL 
450 data logger, enabling data recording with 24-bit resolu-
tion and a speed of up to 29,000 samples per second [17]. 
The recorder is equipped with an OLED screen and USB 
2.0 communication capability (Fig. 2). 

 
 Fig. 2. Data logger construction 

 
To measure the temperature, a type 1 type K-type ther-

mocouple is used (accuracy of ± 1.5°C or 0.4% read), 
mounted directly in the engine block at the spark plug 
sockets, along with additional SBS-01T sensors.  

The latter communicate via the S.BUS2 bus with a Futa-
ba T18SZ RC transmitter and permit real-time temperature 
readings in the range of –20°C to +200°C (Fig. 3) [17]. Addi-
tional measurement equipment includes: an optical propeller 
rotational speed sensor with a resolution of 1 pulse per revo-
lution, a Hall effect throttle position sensor, and a digital 
shaft rotational speed sensor integrated with the ignition 
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module. The engine is started using an ignition module, pow-
ered by a regulated voltage source of either 6.0 V (NiCd) or 
7.4 V (LiPo) [17]. The spark plugs used are NGK CM6, and 
the ignition timing advance is automatically adjusted depend-
ing on the engine's operating temperature. 

 
 Fig. 3. Futaba RC Measurement and Control System 

 
For testing purposes, the engine manufacturer recom-

mends using propellers in various configurations: two-blade 
3612 and 3614, as well as three-blade 3212 and 3412. 
This allows for the modelling of various dynamic load 
conditions on the powertrain. The rig facilitates continuous 
tests (up to 30 minutes of operation under steady condi-
tions) and cyclical load changes. The collected data enable 
real-time analysis of engine operating parameters, including 
thrust, cylinder head temperatures, rotational speed, and 
throttle position. This facilitates the evaluation of the effec-
tiveness of applied tribological coatings and thermal barri-
ers on the primary mechanical components, such as the 
piston, piston rings, and cylinder. 

2.2. Propellers utilised during rig tests 
The test rig facilitates the mounting of propellers with 

various profiles and numbers of blades. Propeller mounting 
is carried out using bolts with special securing adapters. All 
propellers are tightened to the appropriate torque, depend-
ing on the material from which they are made (Fig. 4). The 
mounting assembly comprises 1 central bolt and 5 circum-
ferentially arranged bolts. It is also important to remember 
that over-tightening the mounting bolts can cause excessive 
stress and damage to the propeller. Such an eventuality is 
particularly dangerous if personnel conducting measure-
ments are located in the vicinity of the rig. 

Six types of propellers were used for the rig tests. An il-
lustrative example of mounted 2- and 3-blade propellers is 
shown in Fig. 5 and Fig. 6. 

 
 Fig. 4. Propeller mounting assembly 

 
 Fig. 5. 3-blade propeller made of carbon fibre 

2.3. Test conditions for investigating thrust as a function 
of propeller geometry 

To determine the weight of the individual propellers se-
lected for testing, their weight was measured using a WLC 
30/F1/K precision balance. The readability of the balance is 
0.5 g, with a linearity of ±1.5 g. The balance provides read-
ings via a display. 

 
 Fig. 6. 2-blade propeller made of wood 

 
Tests utilising the test rig were conducted at an ambient 

temperature of approximately 10°C and a humidity of ap-
proximately 35–40%. The rotational speed range extended 
from idle speed to the maximum engine rotational speed. 
The maximum engine rotational speed is dependent on the 
propeller profile and geometry used. All measurements 
were conducted under similar ambient conditions; the influ-
ence of these conditions on the measurement results was 
negligible. A steady crosswind with an average speed of 16 
km/h was present, and the ambient temperature during the 
measurements was approximately 13–14°C. 

3. Results and discussion 
3.1. Characteristics of propellers used in rig tests 

For the rig tests, six propeller models with varying 
numbers of blades and dimensions were utilised. 
 Fiala 2-blade propeller 30/18 (Fig. 7 and 8) 
 Fiala 2-blade propeller 32/16 (Fig. 9 and 10) 
 Fiala 2-blade propeller 32/18 (Fig. 11 and 12) 
 Biela 3-blade propeller 32/14 (Fig. 13 and 14) 
 Biela 3-blade propeller 32/12 (Fig. 15 and 16) 
 Falcon 3-blade propeller 32/13 (Fig. 17 and 18). 

Prior to conducting tests for thrust, cylinder head tem-
perature, and the aero engine's crankshaft rotational speed, 
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preliminary measurements of the mass of all propellers 
were performed (Fig. 19). Readings were obtained after 
placing each propeller on the metal platform of the balance. 
This measurement provides a realistic indication of the 
influence of weight on the engine's operational parameters 
obtained, in relation to the number of blades and the propel-
ler profile geometry. The Fiala propellers are made of 
wood; the Biela 32/14 propeller is constructed from a car-
bon and glass fibre composite using a high-strength resin. 
The Falcon 32/13 and Biela 32/12 propellers are made 
entirely of carbon fibre. 

 
 Fig. 7. Fiala 30/18 2-blade propeller – view 

 
 Fig. 8. Fiala 30/18 2-blade propeller – geometry designation 

 
 Fig. 9. Fiala 32/16 2-blade propeller – view  

 
 Fig. 10. Fiala 32/16 2-blade propeller – propeller geometry designation 

 
 Fig. 11. Fiala 32/18 2-blade propeller – view 

 
 Fig. 12. Fiala 32/18 2-blade propeller – propeller geometry designation 

 
 Fig. 13. Biela 32/14 3-blade propeller – view 

 
 Fig. 14. Biela 32/14 3-blade propeller – propeller geometry designation 

 
 Fig. 15. Biela 32/12 3-blade propeller – view  

 
 Fig. 16. Biela 32/12 3-blade propeller – propeller geometry designation 

 
 Fig. 17. Falcon 32/13 3-blade propeller – view 
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 Fig. 18. Falcon 32/13 3-blade propeller – propeller geometry designation 

3.2. Measurement of the mass of propellers used in the 
tests 

The choice between a two-blade and a three-blade pro-
peller is contingent upon numerous factors, such as torque 
requirements, crankshaft rotational speed, and the specific 
operational conditions of the aircraft. Differences in mass 
can influence the dynamic balance and energy efficiency of 
the entire system. There is no definitive answer as to which 
propeller constitutes the optimal solution for a given en-
gine. This cannot be predicted at the assembly stage based 
on geometric and mass parameters. Only bench tests allow 
for the determination of which propeller can achieve the 
maximum thrust value, the thrust characteristic curve, the 
thermal loading on the engine heads, and the maximum 
attainable engine rotational speed. To a significant extent, 
speed and thrust determine the correct selection of the pro-
peller profile and number of blades for a particular type of 
aircraft piston combustion engine. The self-mass of the 
propeller is influenced not only by its geometry and the 
number of its blades but also by the type of materials uti-
lised. This is particularly observable in the considerably 
lower mass of the Falcon 32/13 propeller compared to its 
three-blade counterparts from Biela, models 32/12 and 
32/14. The Falcon propeller is approximately 31.3% lighter 
than the Biela 32/14 model and about 26.5% lighter than 
the Biela 32/12 model. An exemplary measurement of  
a propeller's self-mass is depicted in Fig. 19. 

A compilation of all propeller weight measurements 
taken during the bench tests is provided in Table 1. 
 

Table 1. Self-mass of propellers used in the tests 
Propeller name Self-mass m [g] 
Fiala 2-blade propeller 30/18 273.0 
Fiala 2-blade propeller 32/16 302.0 
Fiala 2-blade propeller 32/18 299.5 
Biela 3-blade propeller 32/14 586.0 
Biela 3-blade propeller 32/12 547.5 
Falcon 3-blade propeller 32/13 402.5 

 
Data for calculating measuring uncertainty: 

 Own weight of propellers – values from Table 1: 273.0–
586.0 g 

 Laboratory scale WLC 30/F1/K – Read plot d = 0.5 g, 
linearity ±1.5 g (manufacturer specification) 

 Five measurements were carried out for each propeller 
and the same reading on the measuring weight was ob-
tained. 
 

Type A uncertainty (repeatability) 

 ua =
s

√n
   (1) 

where: s = 0, s – standard deviation of the mass measurements 
series (here s = 0, s = 0 g, because all readings were identical), 
n – number of measurement repetitions (here n = 5). 

Type B uncertainty (characteristic of the device) 
Display resolution:  

 D = 0.5 g → ud = 
d

2√3
 = 0.144 g  (2) 

Nonliney of the weight:  

 ±1.5 g →ulin=1,5

√3
 = 0.866 g (3) 

The total standard uncertainty is: 

 uc = √ud
2 + ulin

2 = √0.1442 + 0.8662 = 0.878 g  (4) 

Extended (trust level 95 %, k = 2k = 2): 

 U = 2uc=1.756 g (5) 

where: d – reading plot (readability) of weight; the mass 
difference corresponding to the change by one display, U – 
extended uncertainty, uc – total standard uncertainty, ud –  
a component of standard uncertainty caused by the com-
pleted display resolution, ulin – a component of standard 
uncertainty associated with weight non-linearity. 

The measurement-uncertainty results for the propeller 
masses are presented in Table 2. 
 

Table 2. Self-mass of propellers used in the tests 
Propeller Name Self-

mass 
[g] 

Expanded 
uncertainty 
U (95%) [g] 

Relative 
uncertainty 
U/m [%] 

Fiala 2-blade propeller 30/18 273.0 1.756 0.643 
Fiala 2-blade propeller 32/16 302.0 1.756 0.581 
Fiala 2-blade propeller 32/18 299.5 1.756 0.586 
Biela 3-blade propeller 32/14 586.0 1.756 0.300 
Biela 3-blade propeller 32/12 547.5 1.756 0.321 
Falcon 3-blade propeller 
32/13 

402.5 1.756 0.436 

 
Zero deviations of the series confirm the good repetition 

of the weight, but does not remove the main restriction – 
non-linearity ±1.5 g. A relative uncertainty below 1% – 
even for the lightest propeller - is sufficiently small for 
analysing the forces and energy of the propulsion system; 
periodic calibration of the balance to verify its non-linearity 
parameter is more important than performing additional 
weighing. 

 
Fig. 19. Exemplary measurement of propeller mass using WLC 30/F1/K 
 scales – result 273.0 g 
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3.3. Study of the relationship between thrust, shaft 
rotational speed, and head temperatures 

All propellers tested demonstrate a direct relationship 
between thrust and crankshaft rotational speed – as the 
rotational speed increases, so does the thrust. However, the 
thrust characteristics vary depending on the specific model 
and type of propeller. To determine the propeller-generated 
thrust of the propulsion system accurately, the correction 
coefficient kG must be established. It depends on the dis-
tances A and B. In this case, A equals 0.4245 m and B 
equals 0.3329 m. This value should be verified experimen-
tally, not just geometrically. If a different engine is installed 
in the frame, the coefficient kG may change, so the corre-
sponding geometric measurements and mass-load verifica-
tion must be repeated. 

In the tested dynamometer, the track power measure-
ment is not performed in the drive axis, but on a strainomet-
ric sensor attached to the back of the frame. There is a lever 
system (Fig. 20) between the propeller axis and the sensor) 
with two arms. 

From a condition of the moments for static load: 

 FSB = FTA (6) 

 FT = FS
B

A
→ kG =

A

B
, FT =

FS

kG
  (7) 

 kG ≈ 1.27516 (8) 

where: A – distance from the axis of the propeller to the 
front bed (engine mounting point to the frame), B – dis-
tance from the axis of the propeller to the axis of the force 
sensor, FS – the force recorded by the strain-gauge sensor 
mounted at the rear of the frame [N], FT – the actual static 
propeller thrust along the drive axis [N], kG – the factor 
calculated by the geometric method. 

To accurately verify the calculated value of the correc-
tion coefficient, precise experimental measurements are 
performed. In such a case, a line is mounted exactly on the 
propeller axis, set to be perfectly parallel with the axis, the 
alignment of which is verified using a spirit level. At the 
end of the line, there is a wheel attached to a post opposite 
the test stand. A weight of an appropriate mass is suspended 
from the end of the line. In this instance, calibration of the 
read values was performed for masses of 10 kg and 20 kg. 
The value from the sensor was read and then corrected 
against the actual load suspended on the line. This value is 
accurate and serves as an additional verification of the con-
version coefficient.  

 
 Fig. 20. Calculating the correction coefficient value 

To verify the correctness of the calculated kG, an inde-
pendent calibration test with a known applied load is per-
formed. To confirm the correctness of the calculated k_g 
(geometrically determined from a distance A = 0.4245 m 
and B = 0.3329 m → kG ≈ 1.27516) an independent stand-
ard examination is performed by strength load. 

Verification of the parallelism of the rope from the axis 
is done using a 0.1° accuracy level. The verification test 
uses a 2 mm steel rope, with its stretchiness 0.2% for 1 kN. 
A block with ball bearings with an efficiency of about 
0.995 was also used, which minimizes friction losses. The 
rope is attached concentrically to a spacer sleeve bolted in 
place of the propeller hub.  

The wire runs parallel to the engine axis. A deviation of 
less than 0.5 mm over a distance of 1 meter is checked with 
a spirit level. A pulley is installed on the opposite post. The 
free end of the wire hangs vertically, 1.0 meter above the 
ground. 

The test uses 10 kg and 20 kg M1 class weights, provid-
ing a tolerance of ±5 g. The CL14 force sensor has a non-
linearity of ≤ 0.5%. The value of g was taken as 9.80665 
m/s² for Warsaw. 

For a mass of 10 kg, the reference force (FTw= mg) is 
98.066 N, and for a mass of 20 kg, the reference force is 
196.133 N. For the 10 kg mass, the sensor output was 125.2 
N, and for the 20 kg mass, the sensor output was 249.7 N. 

The value of the coefficient determined experimentally 
using reference masses kexp can be calculated from the 
following formula: 

 kexp =
FS

FTw
  (9) 

Accordingly kexp for the 10 kg mass is 1.2767, and for 
the 20 kg mass it is 1.2731. After calculating the mean 
value from the reference measurements kexp = 1.2749. 

The difference between the coefficients kexp and kG is: 

 kexp − kG = 0.00026 (0.02%)  (10) 

The uncertainty calculation for determining the coeffi-
cient k includes the following components: 
 Force sensor nonlinearity, limit ±0.5F, rectangular dis-

tribution, standard deviation ui = 0.289% and relative 
standard deviation ui/k = 0.00289 

 Pulley friction, limit ±0.5 F, rectangular distribution, 
standard deviation ui = 0.289% and relative standard 
deviation ui/k = 0.00289 

 Mass of the weights, limit ±5 g, rectangular distribution, 
standard deviation ui = 0.029% and relative standard 
deviation ui/k = 0.00029 

 Acceleration due to gravity (g), limit ±5×10⁻⁵, rectangu-
lar distribution, standard deviation ui = 0.003 % and 
relative standard deviation ui/k = 0.00003 

 Wire alignment (0.2°), limit ±cosθ, normal distribution, 
standard deviation ui = 0.006% and relative standard 
deviation ui/k = 0.00006 

 Sensor thermal drift, limit ±0.05%/°C, ΔT=5°C, rectan-
gular distribution, standard deviation ui = 0.029% and 
relative standard deviation ui/k = 0.00029. The value of 
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0.029% applies when the temperature changes by no 
more than ~1°C during a short weight test. 
Accordingly, the combined standard uncertainty uk is: 

 uk = √∑ ui
2 = 0.409%   (11) 

The expanded uncertainty (95%) Uk is: 

 Uk = 2uk= 0.82% (12) 

The accuracy of the performed calculations—the differ-
ence of 0.02% between kexp and kG is 40 times smaller 
than the calculated expanded uncertainty of 0.82%. The 
experimental method confirms the geometric value kG with 
a large margin of confidence. Therefore, it can be stated 
that the value 1.275, adopted for correcting the force read-
ings from the sensor, is very accurate. The largest contribu-
tions to the uncertainty budget (45% each) come from the 
sensor nonlinearity and pulley friction. Improving either of 
these components will reduce Uk below 0.6%. 

The value of UFS/FS comes from the following specifi-
cation for the CL14 sensor: 
 Force sensor nonlinearity, limit ±0.5 F, rectangular 

distribution, standard deviation ui/FS = 0.289% 
 Repeatability (noise), limit ±0.15 (1σ), normal 

distribution, standard deviation ui/FS = 0.150% 
 Sensor thermal drift, limit ±0.25%, rectangular distribu-

tion, standard deviation ui/FS = 0.144% 
 A/D converter resolution (24 bit, 5 kN range), limit 

±0.04% FS → ≤ 0.02% of reading, rectangular distribu-
tion, ui/FS = 0.02% / √3 = 0.012%. 
Total standard uncertainty of the sensor: 

 uFS

FS
= √∑ ui

2 ≈ 0.332%  (13) 

Expanded uncertainty (coverage factor k = 2): 

 UFS

FS
=

2uFS

FS
≈ 0.664% (14) 

In engineering reports, it is often assumed that the final 
uncertainty should be rounded up to the first significant 
digit. 0.664% → 0.7% is already a rounding, but increasing 
it to 1% provides an additional margin for potential sources 
that are difficult to quantify (such as frame microvibrations, 
humidity changes, minor power supply drifts in the bridge 
circuit). 

Accordingly, the contribution to the total thrust uncer-
tainty can be calculated using the following formula: 

 FT =
FS

k
    (15) 

UFT

FT

= √(
UFS

FS

)
2

+ (
Uk

k
)

2

≈ 

 ≈ √(1.0%)2 + (0.82%)2 ≈ 1.3%   (16)  

Thus, thanks to the verification of k, the total measure-
ment uncertainty of thrust does not exceed 1.3%, which is  
a very good result for this type of experimental research. 

The method of verifying the coefficient and determining 
its value is effective and easily repeatable. It should be 
performed after each change in the position of the engine or 

sensor, as well as periodically (e.g., every 50 hours of test 
bench operation). 

In the case of temperatures recorded by sensors, the 
main components of uncertainty and standard deviation are: 
uTC – type K thermocouple tolerance, class 1, limit ± max 
{1.5°C; 0.4% T}, rectangular distribution, standard devia-
tion ui = 0.866°C, uCJC – cold junction compensation error 
(CL450), tolerance ±0.5°C, rectangular distribution, stand-
ard deviation ui = 0.289°C, ures – display resolution, toler-
ance ±0.5°C, rectangular distribution, standard deviation ui 
= 0.289°C, urep – repeatability, noise, interferences, normal 
distribution, standard deviation ui = 0.200°C, uinst – con-
tact with the pipe (thermal paste + clamp pressure), toler-
ance ±2.0°C, rectangular distribution, standard deviation ui 
= 1.155°C. 

The total standard uncertainty for temperature meas-
urement is: 

 uc = √uTC
2 + uCJC

2 + ures
2 + urep

2 + uinst
2  ≈ 

√0.8662 + 0.2892 + 0.2892 + 0.2002 + 1.1152 

 ≈ 1.514°C  (17) 

Extended uncertainty (95 %, K = 2) is: 

 U = 2uc = 3.03°C   (18) 

Relative uncertainty for an example value t = 60°C 

 U

T
=

3.03

60
≈  5.0%    (19) 

The thermal contact of the sensors has become the dom-
inant component affecting the uncertainty of the measure-
ment (59% of the total balance). The accuracy can be im-
proved using: stronger mechanical pressing of the sensor,  
a thinner layer of paste with a higher conductivity or in-
crease the measurement time to stabilize the temperature 
for a given engine mode. 

Based on the analysis of measurement data concerning 
three models of Fiala 2-blade propellers – 30/18, 32/16, and 
32/18 – a number of significant conclusions can be drawn 
regarding their operating characteristics, efficiency, and 
impact on the engine's thermal conditions. For all propeller 
variants, the obtained values for thrust and temperature 
were approximated using a power function. 

The Fiala 30/18 propeller exhibits a linear, yet moder-
ate, increase in thrust in the low and medium crankshaft 
rotational speed ranges; however, at values above 5200 
rpm, thrust increases more significantly. The maximum 
thrust value is approximately 460 N (Fig. 21). Nevertheless, 
this propeller achieves its best thrust parameters only above 
5700 rpm. The average temperature recorded by sensors is 
about 50°C. It increases as the crankshaft rotational speed 
increases. Nonetheless, this temperature (or its increase) is 
slight, which is due to the short duration of the test con-
ducted under very stable engine operating conditions. At 
maximum thrust, this temperature is approximately 48–
49°C (Fig. 22). This indicates that maximum engine power 
is achieved with this propeller. A small increase in the 
temperature recorded by sensors can also be observed in the 
range from 3300 to 4600 rpm. In the case of both sensors, 
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the temperature remained at a similar level, depending on 
the crankshaft rotational speed.  

 
Fig. 21. Corrected thrust obtained for the Fiala 30/18 propeller as a func-
 tion of crankshaft rotational speed 

 
Fig. 22. Measured engine head temperature during tests of the Fiala 30/18 
 propeller for given engine rotational speeds. 

 
The Fiala 32/16 model, in comparison to the previous 

one, achieves higher maximum thrust values – up to ap-
proximately 498 N – at a lower rotational speed (approx. 
5853 rpm) (Fig. 23). This represents an increase in thrust of 
approximately 8.26% compared to the previous propeller. 
In the lower range of the crankshaft speed (up to about 
3800 rpm) the engine operates at higher temperatures in 
part of the head, reaching about 64°C; However, as the 
shaft speed increases and a greater string, the temperature is 
recovered by the sensors – ultimately to even 41°C. This 
indicates that this propeller is designed for operation at high 
shaft rotational speeds, and its geometry allows for more 
effective utilisation of the engine's power output in the 
upper shaft rotational speed range. Higher shaft speeds with 
this type of propeller allow better cooling, as you can ob-
serve in Fig. 24. It shows a systematic decrease in tempera-
ture as air flow increases, resulting from the increase in 
speed and draft. This propeller is characterised by a gradual 
increase in thrust relative to the increase in shaft rotational 
speed. The most effective operating parameters for the 
power unit with this propeller are achieved in the 5500 rpm 
to 5850 rpm range. 

  
Fig. 23. Corrected thrust obtained for the Fiala 32/16 propeller as a func-
 tion of crankshaft rotational speed 

 
Fig. 24. Measured engine head temperature during tests of the Fiala 32/16 
 propeller for given engine rotational speeds. 

 
The Fiala 32/18 propeller, in turn, is characterised by  

a relatively high thrust value even in the low shaft rotation-
al speed range – for example, at just 3500 rpm, it generates 
approximately 200 N, which, compared to other models, 
makes it exceptionally effective in the low shaft speed 
range (Fig. 25). The temperatures recorded by the sensors 
are much higher, on average about 70°C, which may indi-
cate a higher engine load compared to the previous variants 
of the propeller (Fig. 26). The temperature in the scope of 
both engine heads is the highest in the lower and upper 
ranges of the engine shaft speed. This is certainly related to 
achieving a good engine torque distribution in this range. 
The maximum thrust value obtained is 476 N, at a rotation-
al speed of 5610 rpm. Based on the data, it can be observed 
that this propeller allows the lowest crankshaft rotational 
speed to be achieved. Despite this decrease in rotational 
speed, a high thrust value can be achieved. At maximum 
thrust, an increase in head temperature is visible. Neverthe-
less, a decrease in head temperature is noted in the 5000 
rpm to 5500 rpm range. However, it should be generally 
assumed that the temperature remains almost constant at 
different rotational speeds of the engine shaft. 
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Fig. 25. Corrected thrust obtained for the Fiala 32/18 propeller as a func-
 tion of crankshaft rotational speed 

 
Fig. 26. Measured engine head temperature during tests of the Fiala 32/18 
 propeller for given engine rotational speeds 

 
In the case of the Biela 32/14 3-blade propeller, an in-

crease in thrust is observed in the shaft rotational speed 
range of 3700 rpm to 3800 rpm; whereas in the higher 
crankshaft speed range, this increase levels off. At a rota-
tional speed of approximately 4936 rpm, a maximum thrust 
value of close to 529 N was achieved (Fig. 27). Such  
a thrust characteristic curve may indicate that the propeller 
achieves its highest aerodynamic efficiency in the mid-
range of rotational speeds. The influence of shaft rotational 
speed on temperature distribution is significant. Figure 28 
shows a decrease in temperature as the shaft speed increas-
es, which undoubtedly promotes better cooling due to air 
flow. Even after reaching the maximum speed and shaft, the 
temperature is low, from 46 to 48°C. In this case, as the 
propeller's speed increases, the temperature decreases 
slightly, indicating better cooling than in the case of 2-blade 
propellers. The same applies to the generated thrust. 

According to the data in Fig. 29 for the Biela 32/12  
3-blade propeller, a sudden and dynamic increase in the 
thrust value can be observed starting from a shaft rotational 
speed of approximately 4000 rpm. With this propeller, 
relatively high thrust values can be obtained at a reduced 
shaft rotational speed in the range of 4484 to 5392 rpm. In 
this case, the temperature is stable in the entire range of 
shaft speed, between 55 and 60°C (Fig. 30). At the average 
speed of the shaft, a small decrease in the temperature rec-

orded by the sensors can be observed. This is due to a lower 
engine load and improved airflow in this rotational speed 
range, as a result of its thrust characteristics. This propeller 
generates a maximum thrust of 524 N, which is a similar 
value to that of the previous 3-blade propeller variant. 
However, in this instance, this thrust is achieved only in the 
higher shaft rotational speed range. In this case, an increase 
in the maximum shaft rotational speed of over 400 rpm can 
also be observed. This indicates that this propeller imposes 
a lower load on the engine. 

 
Fig. 27. Corrected thrust obtained for the Biela 32/14 propeller as a func-
 tion of crankshaft rotational speed 

 
Fig. 28. Measured engine head temperature during tests of the Biela 32/14 
 propeller for given engine rotational speeds 

 
Fig. 29. Corrected thrust obtained for the Biela 32/12 propeller as a func-
 tion of crankshaft rotational speed 
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Fig. 30. Measured engine head temperature during tests of the Biela 32/12 
 propeller for given engine rotational speeds 
 

According to the results in Fig. 31, the Falcon 32/13 
propeller generates the highest thrust of all the variants. The 
maximum thrust recorded is 569 N at 5162 rpm. According 
to its thrust characteristic, a linear progression of thrust 
with respect to shaft rotational speed can be observed. At 
higher shaft rotational speeds, the thrust decreases slightly. 
The progression of the obtained thrust is very stable from  
a speed of approximately 4700 rpm onwards, as can be 
observed in Fig. 31. This propeller also enables good cool-
ing of the engine heads. The average temperature in the 
entire speed of the shaft speed is about 62°C, with the tem-
perature decreasing as the thrust increases. It can be consid-
ered that this propeller is the best variant overall. Addition-
ally, its relatively low self-mass for a 3-blade category 
propeller indicates a low load on the engine. This (its low 
mass) is well-balanced with the achieved thrust and the 
engine's operating temperature. 

The lightest wooden biplane propellers by Fiala (273–
302 g) generate thrust ranging from 460 N (model 30/18) to 
498 N (32/16) at very high shaft rotational speeds – specifi-
cally, 6171 rpm and 5853 rpm, respectively. Their efficien-
cy index T/m exceeds 1600 N kg⁻¹, which makes them 
unrivaled when the thrust-to-mass ratio is the key criterion. 
Unfortunately, this is associated with drawbacks such as 
higher noise levels and increased fuel consumption result-
ing from the high shaft speeds. 

 
Fig. 31. Corrected thrust obtained for the Falcon 32/13 propeller as a 
 function of crankshaft rotational speed 

 
Fig. 32. Measured engine head temperature during tests of the Falcon 
 32/13 propeller for given engine rotational speeds 

 
The Falcon 32/13 three-blade propeller, made entirely 

of carbon fiber, weighs 402 g about one third less than the 
composite Biela 32/14 propeller and one quarter less than 
the Biela 32/12. Thanks to the high stiffness of carbon 
fiber, the Falcon 32/13 propeller achieves the highest thrust 
value (569 N) already at moderate rotational speeds of 5162 
rpm, maintaining an efficiency index T/m of 1414 N kg⁻¹. 
In comparison, the composite propellers from Biela are 
heavier (547–586 g), and their maximum thrust (524–529 
N) is developed at even lower shaft speeds of 4936–5392 
rpm. In this case, however, the higher mass reduces their 
efficiency to 903–958 N kg⁻¹. The advantage of the thicker 
carbon-glass laminate in the Biela 32/14 is the best cylinder 
head cooling – the lower rpm and greater inertia of the 
airflow reduce cylinder temperatures by about 8°C com-
pared to the wooden Fiala propellers. 

The data comparison clearly shows that mass deter-
mines the specific efficiency (T/m), while the material and 
blade stiffness dictate the required shaft rotational speeds 
and the engine’s thermal load. Wooden propellers are an 
excellent choice when minimum weight is essential and 
high shaft speeds are acceptable. The Falcon carbon fiber 
propeller offers the best compromise between maximum 
thrust, mass, and a moderate rpm range. The heavier Biela 
composite propellers are recommended when reducing 
noise and cylinder head temperatures is the priority, even at 
the expense of a lower T/m index. The quantitative compar-
ison introduced here fills a gap by demonstrating a clear 
relationship between geometry, material, mass, and the 
actual performance of each tested propeller. 

The diameter of the Falcon propeller is 0.813 m, so the 
disk area is 0.519 m². Using the momentum equation: 

 v = √
T

2ρA
   (20) 

At ρ = 1.2 kg m–3, the jet velocity is 21.4 m s–1. The ide-
al power Pi =

1

2
Tv is 6.1 kW. With typical data for three-

blade propellers of this size – static efficiency 0.55 ±0.05 – 
the required shaft power is 11.1 ±1.0 kW. According to the 
manufacturer, the 3W 275 XI engine delivers 20–22 kW at 
7000 rpm; therefore, at the rotational speed of 5162 rpm 
corresponding to a thrust of 569 N, there remains a 45% 
power reserve. 
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A number of factors explain why the Fiala 30/18 propel-
ler requires as much as 6171 rpm, while the Biela 32/14 
propeller needs only 4936 rpm. This is mainly related to the 
number of blades: each additional blade increases induced 
and mass drag, so the three-blade Falcon and Biela propel-
lers reach their target thrust at around 5100 rpm, whereas 
the lighter two-blade Fiala propellers require higher rota-
tional speeds to generate the same thrust. The total pitch 
also influences these parameters. The Biela 32/14 has  
a pitch of 14″, greater than the 13″ of the Falcon and the 
12″ of the Biela 32/12; therefore, at the same engine torque, 
its shaft speed is significantly lower. Another factor is ma-
terial stiffness. The wooden blades of the Fiala propellers 
flex under heavy load, reducing the angle of attack, which 
necessitates higher shaft speeds, while the Falcon carbon 
fiber propeller maintains its angle at lower shaft speeds. 
Another significant factor is inertia. The heaviest propeller, 
the Biela 32/14 (586 g), exhibits the highest moment of 
inertia, which stabilizes the shaft rotational speed at a lower 
level. 

3.4. Limitations of the test stand and research  
methodology 

The test stand has certain limitations concerning the re-
sults obtained, which must always be precisely defined 
during various tests. These primarily stem from the engine's 
thermal inertia during tests and changes in external condi-
tions. Rapid changes in the temperature of the heads and the 
main engine mechanism after conducting a test run make it 
difficult to maintain stable measurement conditions. Estab-
lishing initial test conditions, namely temperature and hu-
midity, is essential for drawing correct conclusions. Anoth-
er limitation is the very movement of the frame's moving 
parts along with the engine. As a result of small clearances, 
this error is relatively minor, but it exists, and attention 
must always be paid to these initial test conditions. There-
fore, it is always worthwhile to perform an experimental 
verification of the correction coefficient for each engine 
mounted. The measurement error is also significantly influ-
enced by the head temperature, which constitutes a thermal 
load on the main mechanism. However, in this instance, the 
propeller profile and airflow determine the temperature 
achieved. Consequently, thrust results should always be 
checked against head temperatures, and conclusions subse-
quently drawn. 

4. Conclusion 
The research carried out confirmed that the angle of at-

tack and profile of the blades, as well as the number of 
propeller blades, have a significant impact on the perfor-
mance parameters achieved by the 3W 275 XI B2 CS two-
stroke aero engine. Changes in propeller geometry translate 
directly into the thrust generated, crankshaft rotational 
speed, and also the engine's thermal conditions. It was also 
observed that the mass and structural rigidity of the propel-
ler can determine the operational dynamics of the power 
unit throughout its full rotational speed range. 
 The highest thrust value (569 N) was recorded using the 

Falcon 32/13 3-blade propeller (with a mass of 402.5 g), 
simultaneously achieving a shaft rotational speed of ap-
proximately 5436 rpm. This indicates the high aerody-

namic efficiency of this variant and favourable head 
cooling conditions in the higher shaft rotational speed 
range of the piston aero engine. 

 The 2-blade propellers (Fiala 30/18, 32/16, 32/18) 
achieved maximum thrust values ranging from 460 N to 
498 N, depending on configuration and rotational speed 
(up to approx. 6000 rpm). Conversely, the 3-blade pro-
pellers (Biela 32/12, 32/14, Falcon 32/13) achieved 
higher thrust values – even exceeding 569 N – but in 
some cases, this required greater drive torque and re-
sulted in an unfavourable temperature distribution. 

 The greatest thermal load on the engine was observed 
during the initial phase of operation with the Fiala 32/18 
propeller at medium rotational speeds (3000–4000 rpm), 
when the engine had to overcome significant aerody-
namic drag from the propeller with an insufficiently 
strong cooling airflow. 

 The mass of individual propellers ranged from 273 g 
(Fiala 30/18) to 586 g (Biela 32/14), representing a dif-
ference of as much as 30%–40% between individual  
3-blade models. Self-mass primarily affects the system's 
inertia and the dynamic loads on the engine. Lighter 
propellers (e.g., Falcon 32/13) enabled faster attainment 
of higher shaft rotational speeds and thrust values with 
relatively low engine head temperatures. 

 The tests demonstrated that there is no universal propel-
ler that provides maximum thrust with simultaneously 
low thermal load for every small piston combustion en-
gine. The selection of propeller configuration (profile, 
angle of attack, number of blades) must be verified each 
time through bench tests. Differences in rotational speed 
(even 300–500 rpm) or propeller mass (even 200 g) can 
determine the operational efficiency of the entire power 
unit and engine durability. 
The presented results indicate that engine bench tests 

with varying propeller configurations enable the identifica-
tion of a compromise between the thrust obtained, thermal 
load, and the engine shaft's rotational speed characteristics. 
This allows the power unit parameters to be appropriately 
adapted to operational assumptions – e.g., for aircraft 
flights at high speeds and the potential to achieve a higher 
aircraft operational ceiling. In the long term, the results of 
this research are significant for the safety and reliability of 
light aircraft, particularly in the context of extending engine 
service life through correct cooling conditions and optimal 
operation within selected shaft rotational speed ranges. An 
appropriately selected and relatively high thrust achieved 
by the power unit, and its appropriate distribution relative 
to shaft rotational speeds, allows for high flight dynamics. 
This is particularly important in combat or aerobatic flights 
of small aircraft. It should be remembered that the results 
for maximum thrust and temperature values may vary 
slightly between individual tests; this is mainly related to 
the test execution procedure. This primarily concerns the 
timing of the measurement: whether it is taken after the 
engine has warmed up or during its initial operational 
phase. Therefore, measurements should always be carried 
out under the same conditions for each propeller variant. 
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ARTICLE INFO  This review examines the feasibility of using Sustainable Aviation Fuels (SAFs) in internal combustion piston 

engines. It analyzes major SAF types and pathways, combustion and emission characteristics, material compati-
bility, certification frameworks, and economic considerations. The findings confirm that paraffinic SAFs (e.g. 
HEFA, FT) are suitable drop-in fuels for compression-ignition engines, offering lower emissions and compati-
bility with existing systems. Spark-ignition engines remain limited by octane requirements. The review concludes 
that SAF can significantly reduce environmental impact in piston-engine applications, though full deployment is 
constrained by cost, certification, and fuel availability. 
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1. Introduction 

Sustainable Aviation Fuel (SAF) refers to non-
petroleum-derived jet fuel components that can be blended 
with conventional jet fuel (Jet A/A-1) to reduce life-cycle 
carbon emissions [37]. While SAF has been developed 
primarily for turbine engines in aviation, there is growing 
interest in its applicability to internal combustion piston 
engines across aviation, automotive, and marine sectors. 
The main question is whether and how these renewable 
fuels can replace or supplement conventional gasoline, 
diesel, and avgas in piston engines without compromising 
performance or safety. This review addresses the feasibility 
of using SAF in piston engines, examining combustion 
characteristics, material compatibility, emissions, regulato-
ry standards, and current developments. The goal is to 
summarize current knowledge and identify the pros and 
cons of SAF utilization in various piston-engine applica-
tions. In this review, we extend the SAF concept to include 
analogous renewable fuels for piston engines (such as re-
newable diesel and high-octane biofuels), recognizing that 
“SAF” in the strict sense usually refers to turbine fuel. The 
scope covers all internal combustion piston engines – 
spark-ignition (gasoline/avgas) and compression-ignition 
(diesel/jet fuel). 

2. Overview of sustainable aviation fuels (SAF) 
2.1. Definition and scope 

SAF is defined by the aviation industry as a “drop-in” 
replacement for fossil jet fuel that meets the same technical 
specifications (after blending) but is produced from sustain-
able feedstocks [37]. SAF is chemically similar to kerosene 
(containing the same hydrocarbon range) so that, once 
blended and certified under standards like ASTM D1655 
[3], it can be used in existing fuel systems and engines 
without modification. Importantly, to be recognized under 
ICAO’s CORSIA program, SAF must also meet sustaina-
bility criteria (e.g. at least 10% life-cycle carbon intensity 
reduction and sustainable feedstock sourcing) [21]. 

Multiple production pathways for SAF have been ap-
proved or are under development, each yielding a fuel 
composed mainly of paraffinic hydrocarbons (alkanes) with 

properties akin to jet fuel [20, 40]. Table 1 summarizes the 
major pathways. 

 
Table 1. Certified SAF pathways under ASTM D7566 (Annexes A1–A7) 

and their blend limits [5]  

SAF type Description 
HEFA-SPK  [1]  
Hydroprocessed 
Esters & Fatty 
Acids Synthetic 
Paraffinic Kero-
sene 

Produced by hydrotreating vegetable oils, used 
cooking oil, animal fats, and other lipids to yield 
straight-chain and isoparaffinic hydrocarbons. 
Approved in 2011 with up to 50% blend limit 
[33]. HEFA is the most mature and widely used 
SAF pathway, chemically similar to hydrotreated 
vegetable oil (HVO) diesel. 

FT-SPK [17]  
Fischer–Tropsch 
Synthetic Paraf-
finic Kerosene 

Gasification of biomass or solid waste to syngas, 
followed by Fischer–Tropsch synthesis to pro-
duce hydrocarbons. Approved in 2009, 50% blend 
limit. FT-SPK contains zero aromatics and sulfur. 
An FT variant with added aromatics (FT-SPK/A) 
was approved in 2015 (50% limit) to provide 
aromatics for seal compatibility. 

ATJ-SPK [24]  
Alcohol-to-Jet 
Synthetic Paraf-
finic Kerosene 

Converts alcohols (such as isobutanol or ethanol 
from biomass fermentation) into jet-range hydro-
carbons via dehydration, oligomerization, and 
hydrogenation. Approved in 2016 (isobutanol-
derived) and 2018 (ethanol-derived) with up to 
50% blend. 

HFS-SIP [24]  
Synthetic Iso-
Paraffins from 
Fermented Sug-
ars 

Produces a specific hydrocarbon (farnesane) from 
sugar via microbial fermentation and hydrogena-
tion. Approved 2014 with a 10% blend limit. 

CHJ (CH-SK)  
[36]  
Catalytic  
Hydrothermolysis 
Jet 

Uses catalytic hydrothermolysis of fats/oils (a 
process akin to hydrothermal liquefaction) to 
produce jet fuel. Approved 2020, 50% blend 
limit. 

HC-HEFA [17]  
Hydrocarbon-
Hydroprocessed 
EFA from algae 

A pathway using algal oils (e.g. Botryococcus 
braunii) to produce hydrocarbons. Approved 2020 
with a 10% blend limit. 

 
In addition to these neat blending components, ASTM 

allows limited co-processing of biogenic oils in petroleum 
refineries (up to 5% biogenic content in jet or diesel fuel) as 
an early route to introduce sustainable content. 

http://orcid.org/0000-0002-9296-1786
http://orcid.org/0000-0003-4843-592X
http://www.combustion-engines.eu
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2.2. Production technologies, feedstocks, distribution 
SAF feedstocks range from lipid materials (e.g. waste 

cooking oil, tallow, camelina, or jatropha oil) for HEFA, to 
cellulosic biomass and municipal solid waste for gasifica-
tion-to-FT pathways, to sugars or alcohols from corn, sug-
arcane, or lignocellulosic biomass for ATJ routes. Emerg-
ing routes also include Power-to-Liquid fuels using CO₂ 
and renewable hydrogen [24]. The flexibility of feedstocks 
and processes is a key advantage of SAF – it allows produc-
tion of fuel from various waste streams or renewable re-
sources, potentially offering 50–85% net greenhouse gas 
reduction compared to fossil jet fuel. However, different 
pathways yield fuels with different chemical compositions 
(e.g. all-paraffinic vs some cyclic content), which influ-
ences their compatibility and performance in engines. It 
should be noted that the “drop-in” requirement currently 
means SAF is used in blends (up to 50%) with conventional 
fuel to meet all specifications; neat 100% SAF is not yet 
certified for routine use in aviation due to certain properties 
discussed later [5] (Fig. 1). 

 
 Fig. 1. Logistic path for SAF [29] 

 
Prior to utilization in aviation applications, SAF must be 

blended with conventional Jet A fuel in accordance with 
ASTM D1655 certification standards [5]. In the case of co-
processing within existing petroleum refineries, the result-
ant fuel can be seamlessly integrated into the current fuel 
supply chain, allowing for distribution via established infra-
structure such as pipelines, fuel terminals, and road 
transport to end-user facilities, including airports. Similarly, 
SAF produced at standalone biorefineries is expected to be 
blended with Jet A at downstream fuel terminals before 
being conveyed to airports through traditional logistics 
channels, such as pipelines, tanker trucks, or barges (Fig. 
2). Blending may occur either in proximity to or at a signif-
icant distance from the point of final use, depending on 
logistical efficiency. Importantly, fuel handling operations 
at airports remain unaffected, as only pre-certified, blended 
fuel is delivered through conventional means, thereby 
avoiding the need for on-site blending infrastructure, which 
would incur additional operational, personnel, and insur-
ance costs. Consequently, upstream certification remains 
the industry-preferred approach to ensure compliance with 
stringent quality specifications [29]. 

 

 
 Fig. 2. Logistic path for SAF [29] 

 
In land-based applications – particularly within the 

transport and defense sectors – comparable logistical 
frameworks can be implemented. Alternative fuels analo-
gous to SAF, such as Hydrotreated Vegetable Oil (HVO), 
may be integrated into the existing diesel distribution infra-
structure, including bulk storage facilities, fueling stations, 
and fleet refueling points, with only minimal modifications 
required [25]. Nonetheless, large-scale deployment remains 
dependent on regional regulatory approvals, the compatibil-
ity of storage tank materials, and the establishment of relia-
ble fuel traceability systems to uphold certification stand-
ards. As in the aviation sector, centralized upstream blend-
ing and certification prior to distribution is considered the 
most effective strategy to facilitate supply chain integration 
and reduce implementation costs. 

2.3. Current usage and trends 
SAF usage in aviation, while still limited in volume, has 

been steadily increasing. Over 360,000 commercial flights 
have used SAF blends since 2021, at dozens of airports 
worldwide. Typical blend ratios are 30% or below in cur-
rent airline trials, although the maximum allowed is gener-
ally 50%. Several national and industry initiatives (such as 
the U.S. SAF Grand Challenge and EU ReFuelEU man-
date) aim to scale up SAF production to billions of gallons 
per year in the 2030–2050 timeframe (Fig. 3) [33].  

 
Fig. 3. Regulatory trajectory of minimum SAF blend mandates to support 
 EU net-zero emissions target by 2050 [33]  
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For piston engines in aviation, the term “SAF” has not 
been applied in the same way – small aircraft mostly use 
avgas (a high-octane gasoline with lead) or, in some cases, 
jet fuel for diesel piston engines. Unleaded avgas formula-
tions are being developed to eliminate lead, but these are 
typically petroleum-based and do not meet the sustainabil-
ity criteria of SAF. Similarly, in road transport, “renewable 
diesel” (Hydrotreated Vegetable Oil – HVO) and other 
biofuels are being used as drop-in fuels for diesel engines, 
achieving significant CO₂ reduction. These renewable fuels 
are analogous to SAF and often come from the same pro-
duction plants (e.g. a HEFA refinery can produce jet fuel 
and diesel cuts from the same process) [20]. In summary, 
SAF in the broad sense (renewable drop-in fuel) is already 
in use for diesel piston engines in some regions, and the 
technology and supply chains developed for aviation SAF 
can potentially benefit ground and marine fuels as well. 

The projected fuel consumption and associated CO₂ 
emissions for international aviation between 2005 and 
2050, as presented by ICAO, incorporate anticipated im-
provements in aircraft technology and air traffic manage-
ment (ATM), as well as the potential deployment of sus-
tainable aviation fuels (SAFs). These projections are illus-
trated in Fig. 4. 

 
Fig. 4. Projected fuel use for international aviation according to the ICAO 
 [9, 38]  

2.4. Fuel standards and certification 
2.4.1. Aviation fuel standards 

The use of any fuel in certified aircraft engines is tightly 
governed by specifications and regulations. Jet fuel for 
turbines (and Diesel cycle piston aircraft) must meet DEF 
STAN 91-091 standard in Europe or ASTM D1655 (for Jet 
A/A-1) standard in the USA. SAF components are certified, 
which is effectively a supplement standard – once a SAF 
component is blended within allowed limits and meets 
needed requirements, it is re-identified as Jet A/A-1 fuel 
[20]. There are currently seven certified SAF pathways as 
described earlier, most with a 50% maximum blend limit. 
The ASTM committee is continuously reviewing data to 
potentially allow higher blends or new pathways; for in-
stance, the ATJ blend limit was initially 30% and later 
raised to 50% after further testing. A major focus now is 
approving 100% SAF for future use – this will likely entail 

either a new ASTM specification or further annexes that 
include synthetic aromatic fractions to ensure a fully drop-
in formulation [40]. Regulators like FAA, EASA, and 
ICAO are closely involved in this process through initia-
tives such as CAAFI (Commercial Aviation Alternative 
Fuels Initiative) and various demonstration programs. 

For aviation spark-ignition piston engines, the relevant 
standard is ASTM D910 (the spec for 100LL leaded avgas) 
and ASTM D7547 (spec for unleaded avgas grades like 
UL91/UL94) [4, 6]. So far, no bio-derived avgas is certified 
under these standards. The unleaded avgas that is emerging 
(e.g., G100UL developed by GAMI, and Shell’s proposed 
UL100) is still synthesized from petroleum in order to meet 
the strict volatility and high-octane requirements. These 
fuels aim to eliminate lead but are not necessarily lower-
carbon. It’s conceivable that in the future, an ASTM D7547 
fuel could be formulated with some synthetic components 
(e.g. isopentane or ethanol-derived high-octane compounds) 
to be partially renewable. Such a fuel would need to go 
through engine testing and certification via FAA/EASA 
processes (e.g. Supplemental Type Certificates for each 
engine model, as G100UL is doing). The FAA has a broad 
initiative called EAGLE (Eliminate Aviation Gasoline Lead 
Emissions), targeting leaded avgas replacement by 2030 
[16], which includes streamlining the testing of candidate 
unleaded fuels. While EAGLE’s primary goal is lead re-
moval, not directly carbon reduction, it could open the door 
to innovative fuel formulations, potentially including bio-
based components. 

2.4.2. Ground transport fuel standards 
In the automotive world, standards are more accommo-

dating to renewable drop-in fuels as long as they meet 
chemical property requirements. For diesel fuel, many 
countries allow a certain volume of biodiesel (FAME) 
blending (e.g. up to 7% in Europe’s EN590 diesel). Paraf-
finic renewable diesel (HVO) is actually covered under a 
separate standard EN 15940 in Europe, which sets specifi-
cations for synthesized or hydrotreated paraffinic diesel 
fuels that contain essentially no aromatics [11].  

 
Table 2. Key property ranges of EN 15940, EN 590, and ASTM D975 

compliant fuel [11]  
Parameter EN 15940 EN 

590:2013 
ASTM 
D975 

Cetane number ≥ 70.0 ≥ 51.0 ≥ 40 
Density at 15°C [kg/m³] 765–800 820–845 – 
Viscosity at 40°C [mm²/s] 2.00–4.50 2.00–4.50 1.9–4.1 
Hydrocarbons (% m/m) – – ≤ 35 
Polyaromatic – ≤ 8 – 
Aromatic ≤ 1.0 – – 
Olefin ≤ 0.1 – – 
Sulfur content [mg/kg] ≤ 5.0 ≤ 10.0 ≤ 15 
Flash point [°C] ≥ 55 ≥ 55 ≥ 52 
Lubricity HFRR at 60°C 
[μm] ≤ 460* ≤ 460 ≤ 520 

95% by volume distils at 
[°C] ≤ 360 ≤ 360 282–338 

CFPP [°C] ≤ –34 ≤ –34 – 
Ash content [% m/m] ≤ 0.01 ≤ 0.01 ≤ 0.01 
Total impurity content 
[mg/kg] ≤ 24 ≤ 24 – 

* Including lubricating additives for use in vehicles approved for 
driving on the fuel according to the standard. CFPP: cold filter plug-
ging point; HFRR: high frequency reciprocating rig. 



 

Potential for the use of SAF in internal combustion piston engines 

COMBUSTION ENGINES, 2026;204(1) 135 

EN15940 fuels (which include HVO and GTL) can be 
used in vehicles approved for them; notably, several major 
truck manufacturers (Volvo, Scania, Daimler) have en-
dorsed HVO fuel for their engines with no changes re-
quired. In the US, ASTM D975 (diesel spec) doesn’t distin-
guish HVO – if the fuel meets D975 properties, it can be 
used. Renewable diesel is fungible with fossil diesel, so it 
often just goes into the general diesel pool. Gasoline 
(EN228 or ASTM D4814) currently allows up to 10% etha-
nol; high-level ethanol or other high-octane components 
require special tuning but could be considered “alternative 
fuel” rather than drop-in. 

2.4.3. Marine fuel standards 
Marine fuels are governed by ISO 8217, which primari-

ly covers heavy fuel oil and marine distillates [22]. There is 
no widely adopted standard for biofuels in marine use yet, 
but ISO 8217:2017 includes a mention that up to 7% 
FAME biodiesel may be blended into marine distillate 
(DMA) as long as it meets the requirements (similar to on-
road diesel). Trials are being conducted with HVO in ma-
rine engines (replacing marine gas oil) as discussed in Sec-
tion 8. For now, any high percentage of biofuel for marine 
use is handled case-by-case with engine manufacturer guid-
ance. The International Maritime Organization (IMO) has 
set targets for GHG reduction in shipping, which is encour-
aging experimentation with drop-in biofuels as well as 
novel fuels like methanol, ammonia, etc. Within that, HVO 
is attractive for its plug-and-play nature (no sulfur, cleaner 
burn, usable in existing diesel ship engines), but availability 
and cost are limiting factors [30].  

2.4.4. Certification and regulatory approvals 
Whether in air, road, or sea, introducing a new fuel re-

quires ensuring safety and compatibility. In aviation, this is 
formalized through fuel approval (ASTM specs) and, in 
many cases, additional certification by the airframe/engine 
manufacturer and regulators. For example, when SAF 
blends were first used on commercial flights, OEMs like 
Boeing and Airbus had issued technical approvals and 
worked with airlines on demonstration flights [8]. Now, any 
engine certified for Jet A can use SAF blends up to the 
approved limit without further modifications or approvals 
[40], since the fuel is considered Jet A once it meets D1655. 
For piston aircraft using Jet-A (diesel) engines, the same 
logic applies – those engines can run on SAF blends as long 
as the fuel meets Jet A specs. In contrast, if someone want-
ed to use an unleaded automotive gasoline in an aircraft 
piston engine, they need an STC (Supplemental Type Cer-
tificate) because it’s a different spec fuel (this has been 
done for many smaller aircraft to use automotive gasoline). 
Similarly, using a fuel outside of spec in any certified en-
gine typically violates warranty or regulations unless ex-
plicit approval is given.  

Regulatory bodies are actively supporting SAF: ICAO 
has incorporated SAF into its policies for reducing aviation 
emissions (CORSIA framework for accounting emissions 
reductions from SAF). FAA and EASA fund research and 
test programs – for instance, FAA’s CLEEN program and 
ASCENT Center have projects on alternative fuels, and 
EASA has participated in tests of unleaded avgas and SAF 

sustainability assessments. The close collaboration between 
standards organizations (ASTM), industry, and regulators 
aims to ensure that, as SAF use expands, it does so safely. 
In ground transport, regulations tend to be fuel-neutral as 
long as emission standards are met, so introducing renewa-
ble fuels is more about meeting fuel specs and sometimes 
incentives (e.g. renewable fuel standards, CO₂ fleet averag-
ing credits for automakers, etc.) [21]. 

Standards like ASTM D7566 (for SAF jet fuel) and 
EN15940 (for renewable diesel) provide frameworks to 
certify and use these fuels in piston engines where applica-
ble. The certification process ensures that engines using 
SAF perform equivalently to those using conventional 
fuels. Ongoing regulatory efforts (FAA EAGLE, CORSIA, 
EU mandates) are creating an environment that encourages 
the adoption of SAF and even demands it in some cases 
(e.g. EU will require increasing SAF use in aviation over 
time. For widespread use in piston engines, especially in 
aviation, updated standards for a high-octane renewable 
avgas may be needed in the future [24]. 

3. Performance in piston engines 
3.1. CI and SI combustion  

The feasibility of using SAF in piston engines depends 
on the combustion characteristics of the fuel relative to 
conventional fuels (gasoline, diesel, or avgas). Key consid-
erations include ignition quality (cetane or octane rating), 
energy content, and how the fuel behaves across operating 
conditions e.g. cold start, altitude, resistance to aging pro-
cesses etc. 

Compression-Ignition (Diesel Cycle) piston engines – 
whether in aircraft or ground vehicles – are generally more 
compatible with SAF because SAF blends are formulated to 
mimic kerosene/diesel fuel. SAF like HEFA-SPK consists 
almost entirely of normal- and iso-paraffins, giving it a very 
high cetane number (typically 70 – cetane for neat HEFA, 
versus ~45–55 for fossil diesel) [12, 20]. This high cetane 
means SAF ignites readily in compression ignition, often 
leading to smoother combustion and potentially a shorter 
ignition delay. Studies in diesel engines have shown that 
pure HVO (a fuel equivalent to HEFA) can actually slightly 
increase or maintain engine power output relative to con-
ventional diesel. For example, one experimental study 
found that a tractor engine running on 100% HVO deliv-
ered about the same or slightly higher peak torque and 
power than on fossil diesel [34]. Another engine test report-
ed HVO yielding a small (~5%) decrease in power in  
a specific case, but that engine also saw significant emis-
sions reductions (e.g. NOx down ~12%, CO down ~14%) 
when using HVO [34]. Generally, because HVO/HEFA 
fuels have slightly lower density (≈ 6–7% lower than die-
sel) but similar energy per mass, an engine’s volumetric 
fuel flow might need to increase by a few percent to deliver 
equal power. Modern fuel injection systems can often ac-
commodate this automatically via longer injection duration 
if operating on a volumetric basis. In terms of operability, 
paraffinic SAF fuels have excellent low-temperature per-
formance (high cetane and low freeze point), which is bene-
ficial for high-altitude operation. In fact, a study on an 
aviation diesel (heavy-fuel) piston engine found that at 
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5,500 m altitude, the power loss was marginally less with 
SAF than with normal diesel – power drop of ~22.1% on 
SAF vs 23.4% on diesel (relative to sea level performance) 
[39]. This suggests SAF may have slightly better high-
altitude combustion characteristics, possibly due to its very 
low aromatics improving fuel evaporation and mixing at 
low air densities. Overall, SAF and RP-3 fuels show com-
parable combustion trends to conventional diesel, with 
minor deviations in peak pressure and pressure rise timing 
that become more evident at lower engine loads. This sug-
gests good compatibility of SAF for compression ignition 
engines across a range of operating conditions, as shown in 
Fig. 5. 

 
Fig. 5. In-cylinder pressure profiles for diesel, RP-3, and SAF fuels at 
 varying engine loads [39] 

 
For Spark-Ignition Engines (Otto Cycle) that require 

gasoline or avgas (typically small aircraft and most auto-
mobiles), the use of SAF presents a different challenge. 
Neat SAF as produced today is mostly a kerosene-type fuel 
with high cetane but low octane – not suitable for spark-
ignition, which needs high octane to avoid knock. Aviation 
gasoline (100LL) has an octane rating over 100 (MON), 
whereas kerosene’s octane rating would be far below that 
(roughly 20–30 octane if measured as gasoline). Therefore, 
direct use of SAF (as kerosene) in a gasoline engine is not 
feasible without engine modifications (e.g. to a compres-
sion-ignition conversion or spark-assisted diesel cycle). 
However, there are efforts to create high-octane sustainable 
fuels. One approach is to produce synthetic gasoline or bio-
avgas via processes like Fischer–Tropsch (which can output 
gasoline-range hydrocarbons) or other bio-refineries. These 
fuels are not yet commonly called “SAF” but rather “re-
newable gasoline.” For example, there are demonstration 
fuels such as isopentane or iso-octane made from bio-
feedstocks that could serve in high-compression engines. 
Another approach for aviation is to modify piston aircraft 
engines to use existing SAF (jet fuel): this is already done 
in the form of diesel aircraft engines (e.g. Austro Engine 
AE300, Continental CD-155), which are certified to run on 
Jet A fuel. Those engines could likely run on SAF-blend Jet 
A just as turbine engines do, since from the engine’s per-

spective, the fuel meets the same ASTM D1655 spec. In-
deed, any piston engine certified for Jet A can use blended 
SAF without issues [37]. For legacy spark-ignition aircraft 
engines that rely on leaded avgas for octane, the transition 
to a sustainable fuel is more complex. Unleaded avgas 
alternatives (UL91, UL94) are petroleum-derived and only 
meet lower-octane requirements, suitable for ~70% of the 
fleet but not the highest-performance engines [14]. A truly 
sustainable high-octane avgas would require new fuel for-
mulations (e.g. bio-derived aromatics or high-octane com-
ponents). This is an area of active research, but no “bio-
100LL” has been certified yet. In concept, alcohols like 
ethanol or isobutanol provide high octane and are renewa-
ble, but their other properties (low energy density, high 
vapor pressure, or freezing point) make them problematic 
for aircraft use. Thus, in spark engines, SAF use today 
mostly means using ethanol blends in cars (up to E10/E85, 
though ethanol is not a drop-in fuel) or using renewable 
gasoline components as they become available. Another 
angle is using methane or biogas in piston engines – not 
“SAF” per se, but sustainable fuel. However, this falls out-
side the drop-in hydrocarbon focus of SAF and has its own 
infrastructure needs. 

In summary, SAF in piston engines is most straightfor-
ward for diesel/jet-fueled engines, where the combustion 
characteristics of paraffinic SAF (high cetane, clean com-
bustion) are largely beneficial. For spark-ignition applica-
tions, significant fuel re-formulation (to increase octane or 
create new high-octane synthetic components) is required, 
or alternately, engine technology must shift (e.g. towards 
compression ignition engines that can use kerosene-type 
fuels). 

3.2. Material compatibility and engine durability 
Any alternative fuel must be compatible with the mate-

rials (metals, elastomers, plastics) used in fuel systems to 
avoid leaks, corrosion, or degradation. A critical difference 
between today’s SAF and conventional fuels is the lack of 
aromatic hydrocarbons in SAF. Conventional gasoline, 
diesel, and kerosene contain aromatic compounds, which 
tend to swell certain rubber seals and O-rings (Fig. 6). 
These seals were often selected assuming the presence of 
aromatics. Aromatics in fuel are needed to maintain seal 
swell; without aromatics, some elastomers shrink and hard-
en, leading to fuel leaks or component failures [19]. This is 
a well-documented issue in aviation: when synthetic paraf-
finic fuels (FT, HEFA, etc.) were introduced, it was found 
that O-rings and gaskets in older aircraft could shrink due 
to the fuel’s low aromatic content. For this reason, ASTM 
D7566 initially limited SAF blending to 50% max – ensur-
ing the final blend still has ~8% or more aromatics (since 
typical Jet A has ~16–18% aromatics). It was a conserva-
tive measure to guarantee seal compatibility. Modern air-
craft and engine manufacturers are now addressing this by 
testing seals in low-aromatic fuel and, where necessary, 
using fuel-resistant elastomers. Some newer engines and 
airframes already use materials (like fluoropolymers, 
fluorosilicone, etc.) that do not depend on aromatics for 
swelling. Going forward, to enable 100% SAF use, either 
the fuel will need to include synthetic aromatics or the 
sealing materials must be qualified to tolerate all-paraffinic 
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fuels. There are research programs looking at bio-derived 
aromatics (for example, from lignin or other sources) to add 
to SAF so that it truly becomes a drop-in replacement even 
at 100% [7]. 

 
Fig. 6. Swelling and shrinkage behavior of elastomeric O-rings depending 
on fuel aromatic content: (a) O-ring exposed to conventional fuel contain-
ing aromatics (swollen), (b) O-ring exposed to SAF with low aromatic 
 content (shrunken and hardened) [2] 

 
Apart from seal swell, other material issues include lu-

bricity and corrosivity. Ultra-low-sulfur, aromatic-free fuels 
like neat SAF have lower lubricity – the fuel’s ability to 
lubricate fuel pumps and injectors. In conventional diesel, 
trace sulfur and aromatics provide natural lubricity; in Jet 
A, additives are not commonly used for lubricity, so the 
fuel itself must suffice. It has been noted that no dedicated 
lubricity additives are currently allowed in jet fuel, so the 
blend limit of 50% SAF also helps ensure the mix has ade-
quate lubricity [32]. In practice, neat HEFA or FT fuels 
have to be treated or blended because running 100% could 
cause excessive wear in fuel pumps due to poor lubricity. 
For on-road diesel usage, this is mitigated by standards like 
EN 15940 (paraffinic diesel fuel), which requires a lubricity 
spec – HVO diesel is added to meet wear scar requirements. 
Similarly, any future 100% SAF for aviation may require 
an approved lubricity additive or a small fraction of syn-
thetic aromatic content to protect pumps. 

Metal corrosion is generally less of an issue with SAF 
than with biodiesel or alcohol fuels. SAF is hydrocarbon-
based and contains no oxygenates, so it doesn’t tend to 
absorb water or form acidic byproducts that corrode metals. 
In fact, HEFA and FT fuels are very clean (no sulfur, no 
olefins), which can reduce corrosive tendencies and deposit 
formation. Turbine engine tests on SAF have not revealed 
significant corrosion issues; we expect the same for piston 
engines – if anything, SAF may burn cleaner and leave 
fewer deposits that could cause hot corrosion or spark plug 
fouling. For example, unleaded fuel eliminates lead depos-
its on spark plugs and valves in aircraft engines, which 
should reduce maintenance needs (one motivation for un-
leaded avgas). 

Engine wear can be affected by fuel via lubricating 
properties, deposit formation, and combustion tempera-
ture/pressure changes. With SAF, a positive finding is that 
combustion is generally cleaner, leading to fewer carbon 
deposits and particulate matter that can contaminate oil or 
cause abrasion. A study of heavy-fuel (jet-fueled) aircraft 
piston engines running on 100% HEFA showed dramatical-
ly lower particulate output, which implies less soot getting 
into the oil and less soot loading on cylinder walls [38]. 
Lower soot and a lack of sulfur also mean the engine oil 
will remain cleaner and less acidic over time, potentially 

extending oil life and reducing wear on rings and bearings. 
On the other hand, if lubricity is not managed, certain high-
pressure fuel system components could wear faster with 
neat SAF. To address this, manufacturers like Bosch, Con-
tinental, etc., are testing pumps with SAF. So far, industry 
reports indicate that a 50% blend of SAF poses no problems 
– for instance, no hardware changes or accelerated wear 
have been observed when operating diesel engines or tur-
bines on approved SAF blends. Cummins Inc. has approved 
its diesel generator engines to run on 100% HVO (renewa-
ble diesel) with no modifications, maintaining warranty, 
after validating performance and durability in testing. This 
suggests that, at least for compression-ignition designs, the 
base engine durability is not compromised by the fuel, 
provided it meets the spec for lubricity and such. In spark-
ignition engines, using a fuel that meets the required octane 
will be critical to prevent knock damage. (For example, 
using a lower-octane fuel than required can cause pinging 
and eventually piston damage – a risk if someone tried to 
fuel a high-performance avgas engine with a kerosene-type 
SAF improperly. 

In summary, material compatibility is a central concern 
for SAF use in any engine. The primary issue is the absence 
of aromatics in the current SAF, which impacts seal swell-
ing and lubricity. Solutions under development include new 
additive packages and updated material standards. Engine 
durability on SAF appears promising, especially given the 
cleaner-burning nature of these fuels, but it requires careful 
attention to ensure fuel systems are appropriately condi-
tioned for low-aromatic content. 

3.3. Emission characteristics and environmental impact 
on the engine 

One of the motivations for SAF (and related renewable 
fuels) is the potential to reduce harmful emissions. There 
are two facets to consider: regulated engine emissions (CO, 
HC, NOx, particulates) and life-cycle greenhouse gas emis-
sions. We also consider how those emissions relate to en-
gine health (deposits, wear). Figure 7 below shows the 
chosen pollutant emissions of HF-APE, RP3 (aviation kero-
sene surrogate fuel, Jet-A1 fuel substitute on the Chinese 
market), and Diesel fuel under specific load conditions and 
typed fuels are shown. 

Empirical studies consistently show that paraffinic SAF 
fuels burn cleaner in terms of particulate matter and carbon 
monoxide/unburnt hydrocarbon emissions. The absence of 
aromatics (which tend to produce soot) and the high cetane 
of SAF lead to more complete combustion. For instance, 
tests on a heavy-fuel aircraft piston engine running 100% 
HEFA SAF found marked reductions in CO (Fig. 7a) and 
unburned HC emissions compared to RP3 jet fuel. Particu-
late emissions were significantly lower as well – the study 
reported a ~43% reduction in non-volatile particulate num-
ber and ~65% reduction in particulate mass compared to 
diesel fuel at the same operating condition [38]. 

These are substantial improvements, indicating a much 
cleaner exhaust. Similarly, in diesel truck engines, pure 
HVO has been shown to cut soot (black carbon) emissions 
by over 60%, with hydrocarbon and CO emissions roughly 
40% lower than with petroleum diesel [26]. A comprehen-
sive study by McCaffery et al. (2022) on an off-road engine 
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Fig. 7. Emission characteristics of different aviation fuels (HEFA-SAF, 
RP-3, and Diesel) at various engine thrust levels: (a) carbon monoxide, (b) 
 carbon dioxide, (c) hydrocarbons, and (d) nitrogen oxides [38]  

noted statistically significant reductions in NOx as well 
(contrary to some earlier concerns that biodiesel can raise 
NOx): in their tests, switching to 100% HVO decreased 
NOx emissions, whereas blending biodiesel increased NOx 
(Fig. 7d). They also observed fewer polycyclic aromatic 
hydrocarbons (PAHs) in the exhaust and lower toxicity of 
the particulate matter with HVO. These trends are very 
positive from an air quality standpoint – less smoke, less 
CO, and potentially lower NOx [27]. 

For spark-ignition engines, if a high-octane sustainable 
fuel were used, emissions would likely also improve com-
pared to gasoline, because renewable components could be 
formulated to avoid benzene and other aromatic toxins 
present in gasoline. One example: ethanol, a bio-fuel, when 
used in high blends (E85) drastically lowers tailpipe PM 
and reduces CO (owing to oxygenated fuel and high octane 
allowing optimized combustion), though it can raise evapo-
rative HC emissions. A fully synthetic high-octane fuel 
might resemble iso-octane or other clean components, 
which would burn very cleanly. However, data in this area 
are sparse until such fuels are tested.  

It’s worth noting that modern automotive engines have 
aftertreatment (catalytic converters, particulate filters) that 
mitigate emissions regardless of fuel. Still, lower engine-
out emissions with SAF mean the aftertreatment has less 
work to do and can be more effective (for example, less 
soot means diesel particulate filters regenerate less fre-
quently and have longer life). 

Tailpipe CO₂ emissions from SAF are similar to fossil 
fuels on a per-energy basis (because burning a hydrocarbon 
always produces CO₂). The real climate benefit of SAF 
comes from the renewable sourcing: the CO₂ released was 
previously absorbed by the biomass or was waste carbon, 
so the net life-cycle CO₂ is lower (Fig. 7b). Depending on 
feedstock and process, SAF can achieve anywhere from 
~60% to 85% reduction in net GHG emissions [31]. Some 
pathways, like ATJ ethanol to jet, can claim up to 94% 
reduction in ideal cases [14]. These figures assume sustain-
able practices (e.g. used cooking oil feedstock has very high 
savings; a crop-based oil might have lower savings if land-
use change is accounted). Using SAF in piston engines 
would confer the same life-cycle CO₂ benefits. For exam-
ple, a diesel truck fleet running on HVO from waste oils 
can cut CO₂ emissions by ~80% compared to petro-diesel – 
this is already being realized in parts of Europe [34]. The 
environmental benefit for aviation piston engines (most of 
which currently use fossil avgas or Jet A) would be similar-
ly significant in terms of carbon footprint. 

Cleaner combustion with SAF generally means less soot 
and acidic byproducts, which is beneficial for engine lon-
gevity. Lower sulfur in fuel yields virtually zero SOx emis-
sions, preventing sulfuric acid formation in oil and exhaust. 
Also, fewer particulate emissions translate to less soot ac-
cumulation in oil, which can slow the degradation of oil and 
reduce engine wear due to abrasive particles. Some studies 
correlate the use of neat HVO with reduced engine deposits 
in combustion chambers and fuel injectors (because HVO 
has no heavy components or ash). That said, one must en-
sure that the fuel’s lubricity is sufficient – if not, fuel pump 
wear could offset some benefits. In practice, adding a lu-
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bricity improver or blending with a few percent of conven-
tional fuel is enough to protect components. 

In summary, SAF and related renewable fuels offer  
a clear emissions advantage: significantly lower local pollu-
tants (PM, CO, HC, and, depending on conditions, NOx 
reduction or at least no increase) and a large net reduction 
in CO₂ emissions when considering the full fuel production 
cycle. Additionally, by eliminating lead in avgas and sulfur 
in diesel, they remove two major toxic emissions (lead 
aerosols and SO₂) that affect health and the environment. 
For engine health, the cleaner burn of SAF can mean fewer 
deposits and potentially longer engine life, provided mate-
rial compatibility issues are managed. 

4. Economic and environmental considerations 
4.1. Cost and availability 

A major barrier to SAF adoption in any sector today is 
cost. SAF is currently significantly more expensive to pro-
duce than fossil fuels – roughly 2–5 times the price of Jet A 
on a per-gallon basis, depending on feedstock and region. 
This is due to the smaller scale of production, the cost of 
feedstocks, and processing costs. As of the mid-2020s, 
global SAF production is only a tiny fraction of total jet 
fuel use (on the order of < 1% of aviation fuel). Similar 
renewable diesel production is also limited relative to glob-
al diesel demand, though it’s growing with many new 
plants under construction. There are policy measures (sub-
sidies, tax credits, carbon pricing) that aim to bridge the 
price gap. For example, the United States’ SAF Grand 
Challenge not only sets volume targets but also seeks to 
reduce the cost to $3 per gallon by 2030 through R&D and 
scaling. In road transport, some countries have mandates or 
incentives for renewable fuel blending (e.g. California’s 
Low Carbon Fuel Standard credits have made renewable 
diesel economically attractive in that market). 

For piston-engine aviation (general aviation aircraft), 
the market is much smaller and fragmented compared to 
airlines, so expecting a dedicated SAF for avgas might be 
economically challenging. The unleaded avgas solutions 
being rolled out are mostly drop-in from existing refineries. 
If a fully renewable avgas were developed, it would likely 
cost even more per liter than SAF for jets due to more com-
plex processing (creating high-octane components efficient-
ly is hard). Thus, in the near term, it is more practical that 
piston aviation decarbonizes via fleet changes (e.g. more 
Jet-A diesel engines that can use SAF, or electrification for 
short-range aircraft) rather than via a unique SAF for spark-
ignition engines. 

For automotive and marine, renewable fuels can piggy-
back on the supply being made for aviation. Indeed, refiners 
often produce a mix of products; for instance, a HEFA plant 
might output some renewable diesel and some SAF. If 
policies drive aviation SAF use, that could increase supply 
and eventually lower costs for all sectors. Conversely, if a 
lot of renewable diesel is pulled into trucking and shipping, 
it might compete with SAF for feedstock. There is a feed-
stock limitation: fats, oils, and greases are in finite supply, 
so to scale to large volumes, cellulosic and waste feed-
stocks via FT or ATJ must come online, which is techno-
logically more complex. 

From the consumer perspective, unless subsidized, fuel 
users are cost-sensitive. Airlines can perhaps pass on  
a small ticket surcharge for using SAF (and justify it by 
sustainability commitments). Private pilots or trucking 
companies might be less willing to pay a premium for green 
fuel unless required or incentivized. Thus, a combination of 
mandates (like blending requirements) and incentives (cred-
its, lower taxes for SAF) is considered necessary to drive 
initial adoption. 

Comparison of market prices for conventional Jet A-1 
and various sustainable aviation fuel production pathways, 
including FT, AtJ, and E-jet, is shown in Fig. 8. While Jet 
A-1 maintains relatively stable and lower prices, alternative 
fuels—particularly electrofuels—show higher and more 
variable cost trends, reflecting technological maturity, feed-
stock availability, and scale-up challenges. 

 
Fig. 8. Historical jet fuel prices (2018–2025) for conventional and alterna-
 tive aviation fuels [23]  

4.2. Environmental and sustainability aspects 
The core reason for SAF is to reduce net carbon emis-

sions and mitigate climate impact, but there are other envi-
ronmental factors: resource use, land use, and air quality. If 
SAF is made from waste materials, it has a strong sustaina-
bility argument (avoiding landfill, utilizing residues). If 
made from purpose-grown crops, it raises questions about 
land use change, food vs fuel, etc. Regulatory criteria (like 
those in CORSIA or EU RED II) attempt to ensure sustain-
ability by excluding high-deforestation risk feedstocks and 
encouraging advanced (non-food) feedstocks. In an opti-
mistic scenario, SAF could provide up to 65% of the avia-
tion sector’s needed CO₂ reduction by 2050 according to 
industry roadmaps [36] – but only if production is scaled up 
massively and sustainably. For other sectors, renewable 
fuels are seen as a bridge or complement to electrification. 
For example, cars may mostly go electric, but heavy trucks, 
ships, and planes – sectors hard to electrify – might rely on 
biofuels/SAF to cut carbon. Using SAF in existing piston 
engines offers a way to decarbonize the existing fleet. Eve-
ry piston aircraft or diesel truck that can run on a drop-in 
biofuel means we reduce emissions without waiting for 
fleet turnover or expensive modifications. This is a big 
environmental win in the near to medium term, as new 
technologies (like electric aircraft or hydrogen fuel cells) 
will take time to mature and replace legacy engines. 

However, one must also consider non-CO₂ emissions 
and effects. In jet aviation, SAF’s reduction in soot may 
also reduce contrail formation and its climate impact, an 
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often-cited co-benefit. In piston aviation, contrails are not 
an issue, but local air quality around airports (particularly 
piston aircraft emit lead and unburned hydrocarbons) would 
improve with cleaner fuels. Using unleaded, low-sulfur, 
low-aromatic fuels in ground vehicles improves urban air 
quality by cutting pollutants and air toxics (important until 
the vehicle fleet is fully zero-emission). Another considera-
tion is that SAF often has slightly different density/energy 
content, which can affect range. Neat paraffinic SAF is a bit 
less dense (e.g. HEFA jet fuel might have ~3–4% lower 
energy per liter than standard Jet A due to no aromatics). In 
aircraft, that could translate to a small range reduction if 
tanks are volume-limited – though if burn is more efficient, 
the difference is minor. In practice, at blend levels of 50% 
or less, the effect is negligible. For HVO in diesel cars, 
drivers might observe a few percent higher volumetric fuel 
consumption, but again, very small differences in real use. 

To weigh the economic and environmental aspects: on 
the pro side, SAF enables the use of existing engines and 
infrastructure while achieving large GHG reductions and 
cleaner emissions – essentially a drop-in decarbonization 
solution. It can be implemented incrementally (blending) 
without waiting for new technology. On the con side, cur-
rent SAF supply is limited and expensive; relying on bio-
based fuels alone may face feedstock constraints, and with-
out careful sustainability governance, some pathways could 
have negative externalities (e.g. inducing palm oil expan-
sion, etc.). Thus, SAF is part of a broader strategy – espe-
cially vital for aviation and long-haul transport – but not  
a silver bullet to replace all fossil fuel usage unless coupled 
with massive investment and sustainable feedstock sourc-
ing. 

5. Current studies and test campaigns 
5.1. Aviation piston engine  

Research and demonstration projects are actively ex-
ploring SAF use in various piston engine contexts. 

Diamond Aircraft Industries announced in 2023 a dedi-
cated SAF test program for their Austro Engine line of jet-
fuel piston engines (turbocharged compression-ignition 
engines used in aircraft like the DA62) [13]. They installed 
a specialized engine test bench to run the engines on vari-
ous SAF blends and measure real-time cylinder pressure 
and emissions (CO, NOx, HC, CO₂). The aim is to validate 
and eventually approve 100% SAF (or high blends) for use 
in those aircraft. As of early 2023, Diamond noted they 
were awaiting sufficient quantities of certified SAF to con-
duct extensive tests, since the availability of the seven 
ASTM-approved SAF types was limited. In the meantime, 
they experimented with “regenerative fuels certified for 
road application” – likely HVO diesel – as an analogue. 
This indicates that engine manufacturers are proactively 
working toward SAF compatibility. We can expect results 
from such programs to demonstrate whether any adjust-
ments are needed for fuel systems, and to quantify perfor-
mance differences. Early indications (from informal reports 
and the heavy-fuel engine studies cited earlier) suggest the 
engines will run well on SAF, with improvements in emis-
sions. 

 

5.2. Heavy-fuel engine research 
A team at Beihang University (China) has published 

studies on a heavy-fuel aviation piston engine (a compres-
sion-ignition aero-engine) running on 100% HEFA SAF. 
They examined both performance and emissions. One paper 
reported that using SAF slightly improved high-altitude 
engine performance (as mentioned, marginally less power 
loss at altitude) and met all operability requirements [38, 
39]. Another paper from the same group focused on emis-
sions and found drastically lower particulate output and 
reduced CO/HC with neat SAF [39]. These are among the 
first peer-reviewed results confirming that a piston aircraft 
engine can run on neat SAF and actually benefit emissions-
wise. Such data is crucial for regulators considering allow-
ing 100% SAF in general aviation in the future. 

5.3. Unleaded Avgas development 
In the realm of spark-ignition aviation, current test cam-

paigns are mostly around unleaded (petroleum-based) fuels. 
The FAA’s Piston Aviation Fuels Initiative (PAFI) had 
tested candidate unleaded avgas formulations over the last 
decade, though none met all criteria to fully replace 100LL 
at that time [28]. Now GAMI ’s G100UL fuel has an FAA 
approval via STC, and another contender, Swift Fuel’s 
UL102, is in development. These are not SAF in the strict 
sense, but they solve the lead problem and could serve as a 
bridge – if their components could be synthesized from 
sustainable sources in the future, that would effectively 
create a SAF for piston GA. One could envision, for exam-
ple, synthetic isoparaffins and aromatics combined to meet 
a 100 octane spec. Research is needed in this area; so far, 
no large-scale projects are publicly known, likely because 
the priority has been on turbine SAF. 

5.4. Automotive engine trials 
On the ground, there have been numerous trials of HVO 

and other renewable fuels in cars, trucks, and buses. For 
instance, cities in Scandinavia have operated bus fleets on 
100% HVO diesel for years, with success in reducing pollu-
tion and no reported engine issues. Volvo Trucks and Sca-
nia officially support HVO in their engines, and field data 
show performance is on par with diesel. A recent demon-
stration by Porsche and partners has been the production of 
synthetic gasoline (from CO₂ and renewable electricity) – 
this “e-fuel” was tested in Porsche sports cars and even in 
motorsport to prove that a renewable gasoline could meet 
demanding engine requirements. This e-fuel (made via FT 
synthesis to produce a gasoline-range product) essentially 
functioned identically to premium gasoline in high-
performance engines. Such demonstrations underline that, 
given the right fuel composition, piston engines don’t 
“care” about the carbon origin of the fuel. The challenges 
are mainly economic and scaling ones. 

5.5. Marine trials 
The marine sector is also testing SAF-equivalent fuels 

(renewable diesel/HVO) in ship engines. The UK’s Nation-
al Oceanography Centre, for example, conducted trials in 
2024 using 100% HVO in their research ships RRS James 
Cook and Discovery, which normally run on marine gas oil 
[30]. They found HVO to be a viable drop-in with no modi-
fications, and it was attractive for its stability and perfor-
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mance in cold climates (Arctic) as well as warm regions. 
The trials noted that HVO’s cost and limited availability 
were the main hurdles, not technical performance. Other 
marine trials include harbor tugs in Singapore and Brazil 
running on HVO blends, and the British Antarctic Survey 
testing HVO in the polar research vessel Sir David Atten-
borough to reduce its carbon footprint [10, 18]. These pilot 
programs are important to build confidence that renewable 
fuels can meet the heavy-duty requirements of marine en-
gines over long durations. 

5.6. Military and multi-fuel engine tests 
The military has been interested in “single battlefield 

fuel” capability – using a common fuel (typically JP-8,  
a kerosene) in all equipment, including piston engines. This 
has indirectly fostered research into how different fuels 
perform in diesel engines. Some NATO trials have used FT 
synthetic fuels in armored vehicle engines, etc. The results 
generally found that engines run fine on these fuels, with 
maybe minor adjustments. Now, militaries are also explor-
ing SAF as part of energy resilience and emissions goals. In 
2018, the U.S. Navy tested ships and aircraft on biofuels 
(the “Great Green Fleet” demonstration), using a 50/50 
blend of HEFA in naval diesel engines and jet turbines. 
This showed that even warship engines (some of which are 
essentially marine diesel engines) could use SAF blends 
seamlessly [10, 18, 41]. 

6. Conclusions and future outlook 
Based on the technical evidence reviewed, SAF can be 

used in piston engines. For compression-ignition (diesel-
cycle) piston engines, SAF in the form of synthetic paraf-
finic fuels (HEFA, FT, etc.) is essentially a drop-in re-
placement for conventional diesel or jet fuel. These fuels 
can power diesel engines in aircraft, vehicles, and ships 
with equal or better performance, providing cleaner com-
bustion and dramatic emissions benefits (lower soot, CO, 
HC, and zero sulfur). Test programs by engine manufactur-
ers (Diamond/Austro, Cummins, Volvo, etc.) have demon-
strated operation on neat SAF or HVO with no modifica-
tions needed, confirming compatibility when the fuel meets 
appropriate standards. Thus, the primary hurdles for diesel 
engines are not technical but rather fuel availability, certifi-
cation, and cost. As SAF production grows and standards 
evolve to allow 100% use, diesel engines are ready to lev-
erage the full potential of SAF. For spark-ignition engines, 
the situation is more complex. Current SAF molecules do 
not meet the high-octane requirements, so direct use in 
existing gasoline engines is not feasible. However, this is 
spurring research into high-octane renewable fuels. In the 
near term, unleaded avgas initiatives will remove lead from 
aviation gasoline – a big environmental win – but remain 
fossil-derived. The long-term vision could involve synthe-
sizing gasoline-like fuels from sustainable sources, essen-
tially creating a “SAF for pistons” that is high-octane. This 
will likely lag behind the diesel side in timeline. In the 
interim, a practical approach for aviation piston fleet is the 
growing use of CI engines (many new small aircraft models 
offer Jet-A piston options), which can directly use SAF. 
Automobiles will likely see increasing blends of bio-

components (ethanol, renewable gasoline fractions) as part 
of climate policies until electrification predominates.  
Pros of SAF in piston engines: 
1. Greenhouse gas reduction – SAF offers life-cycle CO₂ 

reductions of 50–80%+, helping decarbonize legacy 
fleets. 

2. Air quality improvement – lower particulate matter, 
NOx, CO, and absolutely no lead or sulfur emissions. 
This has positive health impacts, especially in urban 
areas and around airports. 

3. Drop-in convenience – in many cases, the existing 
distribution infrastructure and engines can be used, 
avoiding the need for costly new engine technologies 
or fuel systems. For sectors like aviation and marine, 
where electrification is extremely challenging, SAF 
provides one of the few viable paths to significant 
emissions cuts. 

4. Energy security and flexibility – SAF can be made 
from diverse feedstocks available domestically in many 
countries, reducing reliance on petroleum and enhanc-
ing fuel supply resilience. 
 

Cons and challenges of SAF in piston engines: 
1. High cost and limited supply – currently, SAF is scarce 

and expensive, which limits adoption. Policy support is 
crucial to scale up production and drive down costs.  

2. Feedstock sustainability – ensuring that feedstock 
sourcing (e.g. bio-oils, waste, CO₂) truly yields envi-
ronmental benefits without adverse side effects (defor-
estation, food competition) is a constant concern. 
Strong sustainability criteria and perhaps next-
generation feedstocks (algae, municipal waste, etc.) are 
needed. 

3. Compatibility issues – while largely manageable, is-
sues like seal swell and lubricity require careful quali-
fication. Older equipment might need retrofits (e.g. 
swapping out a rubber seal for a fluoropolymer) if run-
ning high SAF content. 

4. Regulatory and certification hurdles – the certification 
of new fuels, especially for aircraft, is a lengthy and 
rigorous process. A collaborative industry effort is 
needed to test and approve fuels in all the different en-
gine models and to update standards accordingly 

5. Competing solutions – in the long run, other technolo-
gies (electric, hydrogen) will also come into play, po-
tentially limiting the window for SAF in some applica-
tions. For example, by the time SAF is cheap and 
abundant enough for cars, many cars might be electric. 
Nonetheless, for heavy-duty and aviation, SAF looks 
indispensable for the foreseeable future. 

In conclusion, SAF has strong potential to be used in in-
ternal combustion piston engines and to make them more 
sustainable. In the diesel domain, the transition is already 
happening [41]: fleets and even aircraft engines are slowly 
adopting SAF blends. In the gasoline domain, more innova-
tion is needed, but not impossible – it represents the next 
frontier for sustainable fuels. Achieving broad use of SAF 
in piston engines will require continued research, targeted 
investment, and supportive policy frameworks. When used 
appropriately, SAF can extend the useful life of existing 



 

Potential for the use of SAF in internal combustion piston engines 

142 COMBUSTION ENGINES, 2026;204(1) 

engine technology into a low-carbon future, buying time for 
new technologies to mature and ensuring that even legacy 
engines become part of the solution to climate change ra-
ther than just part of the problem. The journey to scale up 
SAF is underway, and its successful integration into piston 

engines across sectors will be a critical component of global 
decarbonization efforts. 
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Nomenclature 
ASTM  American Society for Testing and Materials 
ATJ alcohol-to-jet synthetic paraffinic kerosene 
AVGAS aviation gasoline 
CI  compression ignition 
CORSIA  Carbon Offsetting and Reduction Scheme for 

International Aviation 
FT  Fischer-Tropsch 
GHG  greenhouse gas 
HEFA  hydroprocessed esters and fatty acids 
IATA  International Air Transport Association 

ICAO  International Civil Aviation Organization 
IRENA  International Renewable Energy Agency 
LCA  life cycle assessment 
PtL  power-to-liquid 
SAF  sustainable aviation fuel 
SI  spark ignition 
SIP  synthesized iso-paraffins 
TEL  tetraethyl lead 
UCO  used cooking oil 
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The future of leaded aviation fuel: navigating the challenges of transition 
 

ARTICLE INFO  The improvement of unleaded fuels in general aviation represents a significant milestone in the pursuit  
of establishing a greener and more sustainable air transportation system. Conventional aviation fuels, such as 
AVGAS 100LL, have TEL (Tetraethyl Lead) in their composition, which is used to increase the octane rating  
of fuel and improve the efficiency of piston engines used in aviation. However, these substances are considered 
toxic, and their emissions into the atmosphere have negative effects on the environment and human health.  
Therefore, very strict air quality standards have been established by the European Union and member states. 
Years of research and cooperation throughout the aviation sector have contributed to the elimination  
of lead-containing fuels from most aircraft used in general aviation operations. Most engines have already been 
certified for the usage of unleaded gasoline, and so are all new engines. Nevertheless, one-third of the engines 
currently in use in the EU are not certified to burn unleaded fuel. Besides the lead, other toxic compounds are 
also being emitted with exhaust gases like CO2, NOx, and UHC. In this article, the discussion is about the 
profits of pursuing a zero-lead policy within General Aviation and the risks associated with introducing a leaded 
avgas prohibition without a valid alternative. 
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1. Introduction 
In an era characterized by the chase of environmentally 

friendly technologies, every sector is actively seeking for  
a way to reduce its emissions. According to the ICAO, in 
2022, the aviation industry accounted for 3.8–4% of total 
EU GHG emissions and 13.9% of all transport related 
emissions [21]. In addition, ICAO forecasted that by 2050, 
international aviation emissions could be tripled [23] due to 
the faster growth in comparison to other transportation 
methods. This motivates aviation companies to introduce 
modernization to their products and to conduct research to 
minimize the aviation industry’s negative impact on air 
quality. Modern airframes are characterized by significantly 
better aerodynamic properties. New engine designs for 
commercial airplanes introduced plenty of features that 
significantly reduce fuel consumption. Geared Turbofan 
design enabled Low Pressure Turbines to operate at optimal 
rotational speed [14]. Improvement of combustion chamber 
of modern engines, such as Rolls-Royce Phase 5 design or 
General Electric TAPS II (Twin Annular Premixing Swirl-
er) combustor, introduced a significant reduction in toxic 
particle emissions [3, 5, 9].  

General Aviation is an isolated case. The majority of the 
GA propulsion systems are piston engines. Transition to 
unleaded gasoline was not as successful as it was in the 
case of the automotive industry. However, when in 2000 
the leaded petrol was entirely withdrawn from the EU mar-
ket, the number of cars was more than 193 million. Today, 
the number of general aviation aircraft in the EU is around 
36.8 thousand. Going further, only one-third of them have 
no alternative to using leaded gasoline. Nevertheless, the 
general aviation sector – like the automotive industry in the 
past – has made efforts to identify and implement lead-free 
alternatives to traditional lead-containing fuels. The elimi-
nation of tetraethyl lead (TEL) from automotive gasoline 
began in earnest in the 1970s, driven primarily by public 

health concerns and the need to protect catalytic converters, 
which are highly sensitive to lead. Governments worldwide 
introduced phased regulations to limit and eventually ban 
TEL in road fuels. This process was supported by major 
advancements in fuel refining (e.g., catalytic reforming and 
hydrocracking), allowing the production of high-octane, 
unleaded fuels. Additionally, engine technologies evolved 
to accommodate these fuels, such as hardened valve seats to 
resist wear in the absence of lead lubricity. Motor Octane 
Number is critical in aviation. Aircraft operate under sus-
tained high load and variable altitude, which increases 
knock sensitivity. The Motor Octane Number of regular 
automotive gasoline is in the range of 81–85. Premium 
automotive gasoline reaches the MON up to 90. The UL94 
gasoline, very popular among lower-compression aviation 
engines, reaches the MON of 94. However, there is still  
a significant percentage of aircraft powered by high-load 
engines, i.e., Cessna T206 powered by Lycoming TIO540 
AJ1A, which are only certified to use AVGAS 100LL, 
which reaches the MON of 100. 

2. Aviation engine issues 
Piston engines represent the majority of propulsion sys-

tems within general aviation. Due to their higher efficiency, 
lower cost of purchase and operation (in the range 70–370 
kW), they are being used to supply small aircraft. Under-
standing the mechanics of these engines and the impact of 
their operations on emission levels is crucial for environ-
mental management and aviation safety. Especially consid-
ering the risk associated with using non-approved fuels. 

The operation and maintenance of piston engines signif-
icantly affect the levels of emitted pollutants. Key factors 
include fuel type, engine tuning, maintenance practices, and 
the condition of emission control systems. The type of fuel 
used in piston engines is a primary determinant of emis-
sions. Traditionally, aviation gasoline contained tetraethyl 
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lead (TEL), which has been used to enhance fuel perfor-
mance by increasing octane rating, to prevent engine 
knocking, and improve efficiency. On the other side, leaded 
avgas is a source of lead emissions, which can pose a sig-
nificant threat to human life when its concentration in the 
air is elevated. 

To ensure optimal combustion efficiency, a proper tun-
ing and calibration of the engine (and its components) 
should be provided. Non-optimal fuel-air mixtures together 
with incorrect ignition timing can increase emissions of 
CO, NOx, and UHC. Regular maintenance and use of diag-
nostic tools to fine-tune the engine are essential to minimize 
these emissions. Worn-off spark plugs can be a cause of 
incomplete combustion, which increases CO and UHC 
emissions. Thus, regular inspection and replacement of 
spark plugs is recommended. Air filters should be cleaned 
and replaced since clogged air filters reduce airflow, caus-
ing a low air-to-fuel ratio that increases CO and particulate 
emissions. 

It is also preferable to make sure the exhaust system is 
in good condition to reduce harmful emissions. Some piston 
engines are equipped with advanced emission control sys-
tems such as catalytic converters and exhaust gas recircula-
tion (EGR) systems to help reduce NOx emissions. The 
effectiveness of these systems depends on regular mainte-
nance and the quality of the fuel used. 

A recent regulatory change in the European Union to re-
strict the distribution of leaded gasoline, and in particular 
avgas from TEL, has raised concerns about the potential 
use of unapproved fuels. The use of such fuels in recipro-
cating engines that are not certified for them can lead to 
several problems, like detonation and knock combustion. 
Unleaded fuels often have a lower octane number compared 
to leaded fuels. Using them in engines designed for high-
octane leaded fuels can cause detonation, leading to knock 
combustion – a condition in which the fuel burns unevenly. 
This can result in serious engine damage, including piston 
and cylinder wear. Lead in fuel acts as a lubricant, protect-
ing engine components such as valve seats. The lack of lead 
in unleaded fuels can cause increased wear and recession of 
valve seats, leading to loss of engine compression and per-
formance. Some unleaded fuels contain ethanol, which can 
absorb water and cause corrosion of the fuel system and 
engine components that were not designed to handle alco-
hol-based fuels. Engines equipped with catalytic converters 
can be damaged if unapproved fuels clog or poison the 
catalytic converter, reducing the effectiveness of the system 
and increasing emissions. 

The leaded gasoline restriction creates a scenario where 
pilots and operators may resort to using unapproved fuels 
due to availability issues, especially in critical situations 
such as crop dusting or emergency services. This introduces 
significant human factor risks. The use of unapproved fuels 
can compromise aircraft safety, causing unpredictable en-
gine performance and potential failure. Operating aircraft 
with unapproved fuels can result in non-compliance with 
aviation regulations, leading to legal consequences and 
insurance cancellation. Increased emissions from the use of 
unsuitable fuels can have broader environmental and public 

health impacts, undermining efforts to reduce aviation's 
environmental footprint. 

3. Pollutants’ adverse influence 
3.1. Air pollutants from general aviation piston engines 

Piston engines, which are prevalent among smaller gen-
eral aviation aircraft, can emit a variety of air pollutants that 
contribute to environmental concerns and air quality issues. 
They produce carbon monoxide as a byproduct of incom-
plete combustion. CO is a colorless and odorless gas that 
can be harmful to human health when inhaled in high con-
centrations. Usually, its concentration in the atmosphere is 
less than 0.001%. Naturally, those concentrations are higher 
in big cities that suffer from high traffic congestion. Carbon 
monoxide is mostly exhaled from the lungs as unchanged 
gas. Less than 1% of it is oxidized to carbon dioxide. Ten to 
fifteen percent is bound to proteins. It competes with oxy-
gen for binding with hemoglobin and, as a result, leads to 
hypoxia. [7] It can be dangerous during engine start-ups in 
enclosed and non-ventilated areas. 

Nitrogen oxides are produced when nitrogen in the air 
reacts with oxygen at high temperatures during combustion. 
Nitrogen oxides react further with oxygen and within a few 
hours, Nitrogen dioxide marks its peak in a range of disper-
sion. In the third step, the level of NO2 declines and the 
concentration of ground-level ozone increases, which is  
a key component of smog, and can also contribute to acid 
rain. Ozone compounds damage plants and their fruits and 
irritate the human respiratory system. [19] Figure 1 shows 
the pattern of how the ground-level ozone concentration 
increases during the day [13]. 

 
Fig. 1. Graphic describing the nitrogen oxides and ground-level ozone 
 concentrations [19] 

 
Hydrocarbons are unburned fuel molecules that are re-

leased into the atmosphere when combustion is not com-
plete. In the sunlight, they react with nitrogen oxides and 
can contribute to the formation of ground-level ozone and 
have adverse effects on air quality [13]. In the literature, 
direct measurements of general aviation aircraft emission 
under various loads are presented [16]. 

Combustion engines emit particulate matter, tiny air-
borne particles that can have adverse health effects when 
inhaled. These particles can include soot, metal particles, 
and other combustion byproducts. In the upper atmosphere, 
it modifies Earth's radiation characteristics, impacts the 
formation of clouds, and catalyzes secondary pollutant 
formation. In the lower atmosphere, it affects atmospheric 
visibility and has a negative impact on human health, such 
as congenital heart defects, ischemic heart disease, respira-
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tory and circulatory mortality, preterm birth risk, or abnor-
mal fetal growth [17, 22]. 

Volatile organic compounds (VOCs) are a diverse group 
of carbon-based chemicals that readily evaporate at room 
temperature, contributing significantly to air pollution and 
posing various health risks. Among them, 1,3-butadiene, 
toluene, and benzene deserve special attention due to their 
widespread presence and harmful effects. 1,3-butadiene,  
a colorless gas with a mild gasoline odor, plays a key role 
in the production of synthetic rubber, essential for tires, 
auto parts and various industrial products. However, 1,3-
butadiene is also a known carcinogen, and exposure to it is 
associated with an increased risk of leukemia and other 
cancers. Its reactivity in the atmosphere further contributes 
to the formation of ground-level ozone and secondary or-
ganic aerosols, worsening air quality. Butadiene has many 
environmental sources, in addition to those previously men-
tioned; it is worth adding car exhaust and tobacco smoke, 
pointing out that 78.8% of its emissions are caused by the 

combustion of fuels in a reciprocating engine, and another 

19.6% by other combustion processes (such as cooking) [6].  
Toluene and benzene, significant components of fossil 

fuel emissions, pose serious health risks, especially to gas 
station workers. Toluene, a clear liquid with a sweet, pun-
gent odor, is widely used as a solvent in paints, thinners, 
adhesives, and chemical intermediates. Exposure to toluene, 
whether by inhalation, ingestion, or skin contact, can cause 
dizziness, headaches, and respiratory problems in the short 
term, while long-term exposure can lead to severe neuro-
logical damage, liver and kidney dysfunction, and devel-
opmental damage in fetuses. Benzene, a colorless or light 
yellow liquid with a sweet odor, is a natural component of 
petroleum and a byproduct of combustion processes, in-
cluding automobile emissions and industrial activities. 
Benzene is highly carcinogenic, and long-term exposure to 
it is strongly associated with leukemia and other blood 
disorders. Even low concentrations can affect the bone 
marrow, leading to anemia and a weakened immune sys-
tem. The combustion of fossil fuels, especially in piston 
engines used in general aviation, contributes significantly to 
the release of these volatile organic compounds. Piston 
engines, commonly used in small aircraft, rely on the com-
bustion of aviation gasoline, which contains high levels of 
toluene and benzene. This not only poses a risk to pilots 
and ground personnel but also contributes to broader envi-
ronmental pollution. Emissions from these engines include 
significant amounts of volatile organic compounds, which 
worsen air quality and threaten the health of surrounding 
communities. 

Joint statement of the world's largest organizations with-
in general aviation, one-third of piston engines in the EU 
used in general aviation have no alternative to leaded gaso-
line, such as avgas 100LL [10]. As a result, lead emissions 
are a serious problem, as lead is a potent neurotoxin that 
can harm both the environment and human health [20, 25]. 

Although general aviation emits these pollutants, quan-
titatively these emissions are much lower than those of 
commercial aviation, not to mention the automotive, energy 
or heavy industry. Nevertheless, the cumulative impact of 

general aviation on air quality and the environment can still 
be significant. Especially near the most popular airports. 

3.2. International regulations 
In the European Union, the air quality standards are de-

fined in Directive 2008/50/EC of the European Parliament 
and of the Council of 21 May 2008 on ambient air quality 
and cleaner air for Europe. In the US the Environmental 
Protection Agency (EPA) releases National Ambient Air 
Quality Standards (NAAQS). Those standards are presented 
in the Table 1. 

 
Table 1. EU and USA air quality standards 

Pollutant Measurement 
averaging time 

UE Standard 
[µg/m3] 

USA Standard 
[µg/m3] 

Carbon 
monoxide 

1 hour N/A 40750 
8 hours 10000 10480 

Lead 
Rolling three 

months average N/A 0.15 

1 year 0.5 N/A 
Nitrogen 
dioxide 

1 hour 200 188 
1 year 40 100 

Ozone 1 hour 240* N/A 
8 hours N/A 137 

Particulate 
matter 
(PM10) 

24 hour 50 150 

Sulfur 
dioxide 

1 hour 350  
24 hours 125 200 

*Alert level 

4. Modeling approach 
4.1. Modeling and management of aviation emissions 

Emission dispersion modeling plays an important role in 
managing the environmental impact of the aviation indus-
try. Precise information on the number of harmful pollu-
tants emitted and their spatial distribution allows us to bet-
ter understand what the final environmental impact of 
planned activities within the airport will be. Thus, it can be 
used to effectively manage traffic at the airport to reduce 
environmental impact. Emission dispersion modeling is  
a useful method that helps airport operations meet regulato-
ry requirements for protecting public health and the envi-
ronment. Dispersion modeling should also be used to sup-
port measurement units. A dense grid of measurement 
points would be very expensive to implement, however,  
a hybrid approach where a limited number of measurement 
points are supported by dispersion models seems to be an 
appropriate approach. Analysis of different flight routes, 
taxiing procedures and fuel-saving measures can lead to 
significant reductions in emissions. These optimizations 
improve air quality and increase the efficiency of flight 
operations. In the context of global climate change, emis-
sions dispersion modeling is expanding to quantify emis-
sions of greenhouse gases, such as carbon dioxide (CO2), 
from aviation operations. Such comprehensive emissions 
inventories help evaluate strategies to reduce the aviation 
sector's carbon footprint. 

4.2. Emission calculations 
The Aviation Environmental Design Tools (AEDT) 

program was used to modelling emissions and dispersion 
of aircraft engines. AEDT uses the Emission and Disper-
sion Modeling System (EMDS) algorithm for emission and 
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dispersion calculations. The aircraft engine’s emissions are 
calculated including their landside and airside operations 
among which the EDMS defines four modes: Taxi/Idle, 
Takeoff, Climb out and Approach. Aircraft operates in each 
mode for specific amount of time (TIM – Time in Mode). 
In Table 2 the default TIM for various aircraft is presented.  

 
Table 2. Default time-in-mode for various aircraft categories [24] 

Aircraft category Taxi/idle Takeoff Climb out Approach 
Commercial 
Jet-airliner 26 0.7 2.2 4 
Turbo-prop 26 0.5 2.5 4.5 
Transport/piston 13 0.6 5 4.6 
General Aviation 
Business jet 13 0.4 0.5 1.6 
Turbo-prop 26 0.5 2.5 4.5 
Piston 16 0.3 5 6 
Helicopter 7 – 6.5 5.6 

 
The emission sources of the specific airframe are its 

Engines, Auxiliary Power Units (APU), and Ground Sup-
port Equipment (GSE). The engine emissions are calculated 
using equation 1. 

 Eij = ∑(TIMjk) ∙ (
FFjk

1000
) ∙ (EIijk) ∙ (NEj) (1) 

where: Eij – total emission of pollutant I, in pounds, pro-
duced by aircraft type j for one LTO cycle, TIMjk – time in 
mode for mode k, in minutes, for aircraft type j, FFjk – fuel 
flow for mode k, in pounds per minute, for each engine 
used on the aircraft type j, EIijk – emission index for pollu-
tant I, in pounds of pollutants per one thousand pounds of 
fuel, in mode k for aircraft type k, NEj – number of engines 
used on aircraft type j. 

Emission index for various pollutants and engine types 
are sourced from the International Civil Aviation Organiza-
tion (ICAO) Engine Emissions Databank and other data-
bases. These factors are specified for different phases of 
flight, such as idle, takeoff, climb, cruise, and descent. 
During the LTO Cycle, those Emission indices are fixed. 
For mission calculations that go beyond the LTO cycle, 
various scaling methods like Boeing Fuel Flow Method 2 
can be used. 

GSE emission factors contained in the EDMS database 
are derived from the document “Technical Data To Support 
FAA’s Advisory Circular On Reducing Emissions From 
Commercial Aviation” [1, 24]. Those factors are based on 
brake horsepower, load factor, fuel type, and coolant type. In 
EDMS GSE emission factors are given in kilograms per 
hour. With an operation time per LTO cycle given in minutes, 

the calculation for emissions generated per LTO cycle is the 

product of the emission factor and operation time. 

4.3. Emission dispersion modelling in AEDT 
Once emissions are quantified, AEDT employs ad-

vanced dispersion modeling techniques to predict the distri-
bution and concentration of pollutants in the atmosphere. 
The dispersion modeling is based on principles of atmos-
pheric physics and chemistry, involving complex equations 
that describe the transport, diffusion, and chemical trans-
formation of pollutants. 

A primary approach used in AEDT for near-field dis-
persion (close to the emission source) is the Gaussian 
Plume Model. This model assumes that pollutants disperse 
in the atmosphere following a Gaussian distribution, influ-
enced by wind speed, atmospheric stability, and other me-
teorological conditions. The general form of the Gaussian 
plume equation for a continuous point source is: 

 
C(x, y, z) =

Q

2πσyσzu
exp (−

y2

2σy
2) ∙

[exp (− (
(z−H)2

2σz
2 )) + exp (− (

(z+H)2

2σz
2 ))]

 (2) 

where: C(x, y, z) is the concentration of the pollutant at 
location (x,y,z), Q is the emission rate (grams per second), 
σy and  σz  the dispersion coefficients in the horizontal and 
vertical directions, respectively, u is the wind speed (meters 
per second), H is the effective source height (meters), 
which accounts for the initial plume rise. 

For more comprehensive and regulatory-compliant as-
sessments, AEDT integrates the AERMOD (American 
Meteorological Society/Environmental Protection Agency 
Regulatory Model). AERMOD is a steady-state plume 
model that simulates the dispersion of pollutants by consid-
ering both simple and complex terrain and a wide range of 
meteorological conditions. AERMOD requires detailed 
input data, including: 
 Meteorological data: wind speed and direction, tempera-

ture, humidity, atmospheric pressure, and solar radiation 
 Terrain data: elevation profiles and land use categories 
 Emission data: source characteristics such as emission 

rates, stack heights, and exit velocities. 

5. Results and discussion 
The area of Warsaw-Babice Airport and its vicinity was 

selected for emission concentration assessment due to the 
relatively high number of operations and unique localiza-
tion in the middle of the highly urbanized province of War-
saw. In the direct vicinity of the airport, there are multi-
family houses and family allotment garden areas where 
people have a rest and grow food plants (Fig. 2). 

Airplane Cessna T206 powered by Lycoming TIO540 
AJ1A engine was selected due to its popularity and the fact 
that TIO540 AJ1A is not certified to use any unleaded 
gasoline. In Table 2, Lycoming TIO540 AJ1A emission 
indexes (by default implemented in the AEDT based on 
ICAO Aircraft Emission Data Bank) are presented. 

 
Table 3. Lycoming TIO540 AJ1A engine emission indexes for different 

LTO cycle phases in grams per kilogram of fuel. 
  Takeoff Climb out Approach Taxiing 
Carbon 
monoxide 1442.0 1470.9 1261.6 1293.7 

Nitrogen 
oxide 0.362 0.235 1.388 0.387 

Lead 0.7766 0.7766 0.7766 0.7766 
 
Lead emission index was calculated using the upper 

lead content per liter of Avgas 100LL, which is 0.56 g/dm3, 
and its density is equal to 0.7211 kg/ dm3. Some of the lead 
compounds, like lead oxides, can be sintered on the exhaust  
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Fig. 2. Area of Warsaw-Babice Airport with the direct vicinity of family allotment gardens and multi-family houses 

 

 
Fig. 3. Lead concentration distribution – C [ng/m3]: A – wind: 270 deg 6 m/s, B – wind: 270 deg 12 m/s, C – wind 90 deg 3.6 m/s, D – wind 90 deg 7.2 m/s 
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system of the engine; however, this is negligible since the 
addition of ethylene dibromide in the leaded fuels signifi-
cantly limits this process. 

On the Warsaw-Babice, there are environmental limita-
tions on the number of operations per hour and daily, 10 
and 100 operations, respectively. Figures 3–5 show the 
concentration of lead, nitrogen oxides, and carbon monox-
ide for 4 days in June 2022 with different wind directions 
and/or wind speeds. Aircraft approach and departure flying 
in a direction opposite to the wind. For each hour of each 
day, 5 arrival and 5 departure operations were modelled. 
All presented values correspond to 1-hour averaged, tier 1 
values. The meteorological data used in the modeling were 
obtained from the publicly available repository of the Insti-
tute of Meteorology and Water Management (IMGW). 

The concentration distribution maps A and B in Fig. 3 
show lead concentration for westerly winds of 6 m/s and 12 
m/s, respectively. Westerly winds are particularly unfavor-
able for people resting in nearby allotments. However, even 
for that wind direction, the estimated lead concentrations 
resulting from the Warsaw-Babice airport's operations rank 
between 0 and 0.00648 ng/m3 within the allotments area. In 
the case of easterly winds (maps C and D), this impact is 
limited to people working in the Warsaw-Babice airport 
area itself and people resting within allotment gardens on 
the north-west side of the airport. The lead concentration 
ranks there between 0 and 0.00384 ng/m3. Although there is 
no limit to the hourly concentration of lead in the air speci-

fied in both European and US regulations, it should be 
remembered that 1-hour averaged values will have signifi-
cantly higher values than values after annual averaging. 
This is due to the lack of flight operations during nighttime 
hours. 

The NOx concentration level presented in Fig. 4 is lower 
than the expected lead concentration, and this is a direct 
result of the lower NOx emission index.  In comparison to 
the emissions allowed by regulation, the resulting concen-
tration presented in the figure below can be considered as 
negligible. 

Compared to jet engines, the NOx emission index of pis-
ton engines is significantly lower. This, combined with 
substantially lower airflows, results in considerably lower 
nitrogen oxide emissions from aircraft powered by piston 
engines. The NOx emission index in piston engines is lower 
due to the fact that combustion in piston engines occurs in  
a confined space with a relatively short duration for NOₓ 
formation, as the high-pressure and high-temperature condi-
tions are transient. Jet engines have a continuous combus-
tion process, allowing more time for NOₓ formation due to 
prolonged exposure to high-temperature conditions in the 
combustion chamber. For comparison, the NOx emission 
index of the CFM56-7B26 engine, which is used to power 
Boeing 737-800 aircraft, is equal to 23.94 g/kg fuel, where-
as for the Lycoming TIO540 AJ1A, it is equal only to 0.362 
g/kg fuel. 

 
Fig. 4. Nitrogen oxides concentration distribution – C [ng/m3]: A – wind: 270 deg 6 m/s, B – wind: 270 deg 12 m/s, C – wind 90 deg 3.6 m/s, D – wind 90 

deg 7.2 m/s 
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Fig. 5. Carbon Monoxide concentration distribution C [μg/m3]: A – wind: 270 deg 6 m/s, B – wind: 270 deg 12 m/s, C – wind 90 deg 3.6 m/s, D – wind 90 

deg 7.2 m/s 
 
Figure 5 shows the CO concentration distribution. Car-

bon monoxide emissions result from the incomplete com-
bustion process. In the case of jet engines, which operate 
with a high air-fuel ratio across most operating ranges, the 
majority of CO emissions and the highest concentrations 
are observed along taxiing routes. For piston engines, 
which typically operate near stoichiometric mixtures (or 
richer), the CO emission factor remains relatively constant 
across all flight phases. Richer mixtures also lead to in-
creased CO emission factor; thus, piston engine-propelled 
aircraft are a significant source of that pollutant. Similar to 
nitrogen oxides and lead emissions, the highest concentra-
tions of carbon monoxide are found near the end of the 
runway.  

The global shift away from leaded gasoline in the auto-
motive sector has resulted in an increase in the relative 
contribution of general aviation and stationary industrial 
sources. Cho highlights it in the research, indicating that 
roughly 50% of Pb emission comes from aviation emissions 
[6]. However, the high mobility of an aircraft as a source 
does not result in a high contribution to local lead concen-
tration in the air. Mutlu and Lee state in their research that 
measurements show the highest long-term means of lead 
concentration in the highly industrial South Korean cities 
like Ulsan, Incheon, or Busan [18]. The largest annual 
mean Pb concentration level was recorded in 2004 in In 
 

cheon and was equal to 136 ng/m3. Statistical analysis also 
showed that the highest concentration could be observed 
from December to May. Since General Aviation activity is 
the most intensive during the summer season, it might indi-
cate that aviation is not a major contributor to the local 
pollution. Winter and spring seasons, however, are the 
times of specifically extensive energy consumption, which 
can be associated with increased Pb concentration. Lower 
lead concentration during the cold and dry winter/spring 
season is also reported by Feinberg on the Centennial Air-
port [8]. According to the FAA, roughly 1000 takeoff and 
landing operations are being held on the Centennial Airport, 
of which 89% are General Aviation operations. 

Measurements within this airport show that the monthly 
averaged lead concentration within the airport varies from 7 
to 30 ng/m3 from month to month. In the cited research, 
similar tools and methodology were used. Comparison of 
model results to measurements showed that the approach 
and results presented in this research are also overestimat-
ed. Carr et al in their research from 2011 presented AER-
MOD model results for comparison with measurements 
based on the Santa Monica Municipal Airport, on which 
200–300 landing and takeoff operations are held every day 
[4]. The results obtained in this study are similar, keeping 
in mind that the intensity of air traffic is almost three times 
higher. 
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6. Conclusions 
The presented results of calculations indicate that the 

concentration of lead compounds in the air is approximately 
three orders of magnitude lower than the allowable thresh-
old within the airport area. In addition, analysis shows the 
surroundings are not exposed to any significant lead con-
centration in the air. Also taking into consideration the 
analysis of NOx and CO, the concentration is very limited 
and might only gain in importance when added up to the car 
traffic ingestion emissions. Nearby family allotment gar-
dens are not exposed to the high concentrations of harmful 
pollutants emitted by the operations of Warsaw-Babice 
airport. However, the analysis does not consider concentra-
tions resulting from traffic on Warsaw's streets. While this 
study focuses on airborne lead emissions due to their direct 
impact on human inhalation exposure, it is important to 
note that long-term accumulation of lead in soil near air-
ports also poses significant environmental and health risks. 

From a sociological point of view, the sudden blocking 
of the possibility of using traditional lead fuels can be per-
ceived as arbitrary behavior by decision-makers who do not 
consider the situation of a significant number of aircraft and 
helicopter users. Usually, such bans are much better re-
ceived when viable alternatives are pointed out at the same 
time. 

The effects of the human factor will also be a major 
threat. In the absence of alternatives, some aircraft and 
helicopter owners will use unsuitable fuel, increasing the 
likelihood of failure of power units and, as a result, endan-
gering not only the pilots but also their passengers and 
people/infrastructure on the ground. 

Studies using a similar methodology have shown that 
using the AEDT model to estimate lead concentrations in 
the vicinity of a local airport leads to results that may be 
overestimated compared to actual measurements reported in 
the literature. This indicates that the methodology adopted 
may be conservative, which is an important aspect in the 
context of environmental risk assessment. The pollutant 
concentration values obtained in this research are compara-
ble with those obtained by other researchers [4, 6, 8, 18]. 

However, an important limitation of the present study is 
the lack of consideration of emissions associated with the 
aircraft run-up mode, which, as Carr has shown, can signif-
icantly affect local air lead concentrations. Including this 
stage in future analyses could allow for a more precise 
assessment of the impact of aviation activities on air quality 
in the airport environment. Another limitation of this study 
is the lack of consideration for the actual durations of the 
individual flight phases. Current research shows significant 

differences between the real durations of flight phases and 
those defined in the LTO regulations [12, 15]. 

The ban on the use of fuel containing TEL will nega-
tively affect the training of airplane and glider pilots. This 
should be considered in view of the growing shortage of 
personnel in aviation. The need to replace power units in 
many airplanes and helicopters will exceed the financial 
capacity of many aeroclubs, resulting in their demise, en-
tailing restrictions on access to flight schools.  

It seems that a good solution would be to ban the pro-
duction of power units requiring leaded gasoline. There 
should be a transition period during which the currently 
used engines of this type would be taken out of service due 
to normal wear and tear.  

In view of the rapid development of unleaded aviation 
fuels in recent years, the abrupt withdrawal of leaded fuels 
from the European market, without providing access to an 
alternative, is clearly premature and will have a negative 
impact on the owners of 16,000 aircraft. It is important to 
keep in mind the even larger number of European Union 
citizens whose business activities are based on the logisti-
cal, recreational, and sporting aspects of general aviation. 

The development of G100UL fuel offered the possibil-
ity of eliminating leaded gasoline in general aviation. After 
more than a decade of research, it received FAA approval. 
It is currently the only certified lead-free substitute for 
high-octane fuel. There is growing interest in this fuel in the 
US [2, 11]. Despite this success, the problem of its availa-
bility has yet to be solved. Distributors declare that U.S. 
demand will not be met until 2026, which allows us to 
tentatively assume that G100UL will not be available in the 
European market before 2030. An incentive for a dynamic 
entry into the European market would be the interest of 
users in purchasing a supplemental type certificate, the 
possession of which authorizes the aircraft owner to use 
G100UL fuel. 

Wind speed has a significant impact on local concentra-
tions of harmful compounds at airports. Higher wind speeds 
enhance the dispersion of pollutants, leading to lower local-
ized concentrations, while lower wind speeds contribute to 
the accumulation of emissions in the vicinity of their 
sources. This effect underscores the importance of consid-
ering meteorological conditions when assessing air quality 
and pollutant dispersion around airport environments. 

The carbon monoxide emission index of reciprocating 
engines is significantly higher than that of turbine engines. 
This is a direct result of richer mixtures. Nevertheless, the 
negative effect that could result from this is significantly 
reduced by significantly lower mass flow rates through the 
cylinders. 
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1. The essence of using the equalisation calculus 
The equalisation calculus is used in many fields of en-

gineering sciences and industry where experimental re-

search is carried out. It is a practical tool for the authentica-

tion and validation of measurement results [1, 5, 9, 11, 12]. 

In experimental testing of internal combustion engines, 

there are often situations where the number of calculated 

unknown quantities is less than the number of independent 

equations relating these quantities to the measured data. 

The unknowns determined directly from these equations 

can be calculated in a number of ways, depending on the 

choice of equation set. The remaining dependencies will not 

be fulfilled exactly, which is due to the occurrence of una-

voidable measurement errors, and consequently, the same 

quantities will take different values. In order to avoid these 

differences (obtaining one parameter value) and to get the 

consistency of all equations, it is necessary to carry out  

a procedure to reconcile the equations by means of the 

methods of equalization calculus [8, 13]. The essence of 

this calculus is the correction of measurement results, after 

which the results of calculations of unknown quantities, 

determined from different sets of equations, will be the 

same. 

The classic situation where the number of equations is 

greater than the number of unknowns also often occurs 

when carrying out measurements of the composition of 

exhaust gases, aimed at determining those quantities that 

are difficult or impossible to measure directly. The calcula-

tion algorithm then uses the balance equations of the ele-

ments involved in the combustion process. The unknowns 

(unit amount of air n’a and exhaust gas n”ss) can be calcu-

lated in several ways, depending on the choice of the set of 

balance equations. The influence of measurement errors on 

the deviations of the calculation results should be decisive 

in this respect. However, in this article, a different example 

will be presented, involving the application of the equalisa-

tion calculus to determine the characteristic parameters of 

the theoretical Seiliger-Sabathe cycle. 

 

 

The subject of the article concerns primarily the prob-

lem of applying the equalization calculus in engine prob-

lems. The problem of adjusting the Seiliger-Sabathe cycle 

to a real cycle served only as an example of its application. 

Generally, all independent equations (so-called equa-

tions of conditions) form a system of functions of the gen-

eral form [8, 10]: 

  r...1k,y,...,y,...,y,x,...,x...,,xFF
uj1ni1kk

       (1) 

where: xi – measured quantity (i = 1 ... n),  n – number of 

measured quantities, yj – unknown quantity (j = 1 ... u), u – 

number of unknown quantities, r – number of equations of 

the conditions. 

The equations of conditions forming the system (1) 

must satisfy the mutual independence condition and the 

determinability condition for the unknowns. The verifica-

tion of these conditions involves examining the order of the 

appropriate Jacobi matrices from the partial derivatives of 

the function Fk according to the arguments xi and yj [8]. 

By substituting the results of the measurements and the 

approximate (pre-calculated) values of the unknowns into 

the equations of the conditions, some of them do not meet. 

A system of equations is obtained: 

 
k0,u0,j0,10,n0,i0,1k

wy...y...y,x...x...xF      (2) 

where: xi,0 – result of measurement of the i-th quantity (i = 

1 ... n), yj,0  – approximate value of the j-th unknown (j = 1 

... u), wk – incompatibility of the k-th equation of condition 

(k = 1 ... r). 

Obviously, the incompatibilities wk of the equations of 

the conditions used for the initial calculation of the un-

knowns are zero (wk = 0). 

In order to obtain compatibility of all the equations of 

the conditions, it is necessary to introduce corrections i to 

the measurement results and corrections j to the approxi-

mate values of the unknowns. These corrections are calcu-

lated from the system of equations [10]: 
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where: kk – correlates, coefficients in determining condi-

tional extreme, mi – mean absolute error of the measure-

ment result of the i-th quantity. 

The coefficients aki and bkj of the above system of equa-

tions are the partial derivatives of the function Fk according 

to the measured quantities xi and according to the un-

knowns yj, respectively, calculated at a point with coordi-

nates: 

 
0,u0,j0,10,n0,i0,1

y...y...y,x...x...x . 

They are therefore calculated from the relationship: 
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2. Reconciling the parameters  

of the Seiliger-Sabathe cycle 
The presented example concerns the problem of select-

ing the parameters of the theoretical Seiliger-Sabathe cycle 

(Fig. 1) according to the experimentally determined real 

engine cycle [2, 14]. This is therefore the so-called inverse 

problem. 

 

 Fig. 1. Open Seiliger-Sabathe cycle 

 

In order to unambiguously determine the course of the 

Seiliger-Sabathe cycle, it is necessary to determine [14]: 

– isochoric load parameter (pressure increase ratio) γ: 

1,
p

p

2

3
                               (5) 

– and isobaric load parameter (volume increase ratio) φ: 

1,
V

V

3

4
                               (6) 

from here, the heat distribution number Ψ can be deter-

mined, defined as: 

10,
Q

Q

d

v,d
                          (7) 

The quantities used to define the above parameters are 

marked in Fig. 1, which shows the Seiliger-Sabathe cycle in 

the p-V system. Defined parameters (5), (6) and (7) are 

linked together by independent formulas: 

)1(

)1(E
1





                               (8.1) 

 )1(
)1(E

)1(E)1(
1





                      (8.2) 

where:  = V1/V2 – compression ratio, E – energy-stoichio-

metric parameter, defined as [7]: 

11

d

Vp

Q
E                                      (9) 

In the case of experimental (based on indirection) de-

termination of approximate, preliminary values of the pa-

rameters γ0 and φ0, as well as knowledge of parameter E 

and compression ratio , there will be one unknown in two 

equations (8) – the heat distribution number Ψ. Thus, in this 

situation, it is possible to use the equalization calculus to 

obtain the reconciliation of the relations (8), which are the 

equations of the conditions. 

The following designations have been adopted: 

γ0 – experimentally determined isochoric load parameter 

(preliminary value) 

φ0 – experimentally determined isobaric load parameter 

(preliminary value) 

Ψ0 – pre-calculated value of the heat distribution number 

from the formula (8.1) 

νγ – correction of the isochoric load parameter γ 

νφ – correction of the isobaric load parameter φ 

δ – correction of the heat distribution number Ψ 

mγ = mφ = 0.1 – mean absolute error of the measurement 

result γ and φ. 

Taking the first of the equations of the conditions (8.1) 

for the initial calculation of the unknown heat distribution 

number Ψ, the system of equations (3) allowing the calcula-

tion of the corrections νγ, νφ, and δ will take the form (10): 
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Once the corrections have been calculated, the final cor-

rected values can be determined: 

– isochoric load parameter: 




0u                                 (11) 

– isobaric load parameter: 




0u                                (12) 

– and also, the number of heat distribution: 


0u

                                (13) 

The effect of reconciliation for the analysed example is 

presented graphically in Fig. 2. 

 

Fig. 2. Results of parameter (γ and φ) reconciliation for the Seiliger-Saba-

 the cycle 

 

The experimentally determined measuring point does 

not lie on the characteristic showing the exact course of the 

relationship φ = f(γ) due to measurement errors. Also, for 

this reason, two different values of the unknown heat distri-

bution number (Ψγ,p and Ψφ,p – Fig. 2) were obtained from 

the two relations (8.1) and (8.2). After applying the recon-

ciliation procedure of the formulas (8), there was a shift of 

the measurement point to the line φ = f(γ), because now the 

relations (8) are strictly satisfied. Both formulas (8) also 

give the same values of the heat distribution number 

(marked Ψu in Figure 2). It is characteristic that the recon-

ciliation algorithm does not move the measurement point to 

the line φ = f(γ) according to the smallest distance (Fig. 2). 

The corrections νγ and νφ (Fig. 2) satisfy the condition: 

ii
m3                               (14) 

which satisfies the conditions for the applicability of the 

reconciliation method [9]. Therefore, the assumed accuracy 

of the measurements was maintained, and the reconciliation 

results can be considered satisfactory. At engine operating 

points where the above condition (14) is not met, the meas-

urement results should be rejected. 

Figure 3 shows, for illustration, the effect of double 

reconciling measurements with gross errors [4, 6]. The 

measuring point is located at a greater distance from the 

exact course of the relationship φ = f(γ). In such a situation, 

the reconciliation procedure does not cause this point to be 

shifted to the line φ = f(γ). Only the repeated application of 

the reconciliation algorithm shifts the point to the line of 

the exact function φ = f(γ). However, in this case, the val-

ues of the corrections νγ and νφ do not satisfy condition (14) 

for the applicability of the reconciliation algorithm. 

 

Fig. 3. Effect of double reconciliation on the correction of measurement 

 results with gross errors 

 

This means that the accuracy of the measurements has 

not been met. In this situation, the measurement results 

should be discarded because the errors exceed the required 

range. It is advisable to repeat the measurement of the pa-

rameters γ and φ for this engine operating point. 

The reconciliation of measured quantities enables the 

determination of unambiguous and most probable values of 

unknowns along with an assessment of their accuracy. The 
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errors mj of the unknowns yj after reconciliation can be 

calculated according to the law of error transfer according 

to the relationship [7, 8]: 
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The presented example of the problem of selecting the 

parameters of the theoretical Seiliger-Sabathe cycle (load 

parameters γ, φ, and heat distribution number Ψ as an un-

known) with the use of the equalisation calculus fully con-

firmed the need for its use. 

Using the presented algorithm for reconciling the men-

tioned parameters, the example effects of selecting the 

theoretical cycles according to the real cycles are then pre-

sented. Example experimental tests of the real cycles were 

carried out on a spark-ignition engine type 170A1.046, the 

basic data of which are presented in Table 1. A comparison 

of the real engine cycles with the corresponding Seiliger-

Sabathe cycles for idle and full load is illustrated in Fig. 4 

and Fig. 5, respectively. 

 
Table. 1. Technical data of the tested SI combustion engine 

Engine designation 170A1.046 

Engine type 
spark ignition, 

4-stroke, 

naturally aspirated 

Number and arrangement of cylinders 4-cylinders in line 

Piston diameter and stroke 65  67.7 mm 

Engine displacement 0.899 dm3 

Compression ratio 9 

 

For both tested engine operating conditions, the degree 

of internal excellence was also calculated, which is defined 

as follows [7]: 

o

i

i
L

L
                                      (16) 

where: Li – internal work (work of the real cycle), Lo – 

work of the theoretical cycle, and its values are presented in 

Table 2. 

 
Table. 2. Degree of internal excellence for tested SI engine loads 

Engine load ξi 

Idling (Fig. 4) 0.250 

Full load, 59.6 Nm/rad (Fig. 5) 0.584 

 

A characteristic feature of the operation of a spark-

ignition engine is a much lower value of the ξi degree at 

idle speed compared to higher loads, especially full load. 

One of the main reasons for this situation is the quantitative 

method of load regulation using a throttle valve as a flow 

throttling element. Thus, the degree of internal excellence ξi 

characterizes the quality of thermal and flow processes 

occurring during engine operation. Its value, and therefore 

also the internal work of the engine Li (also called indicated 

work, i.e. work of real cycle), is significantly influenced by 

many factors, in particular: 

 heat exchange (engine cooling) 

 charge exchange work 

 incomplete combustion 

 the real composition of the combustible mixture 

 fuel burnout course 

 working medium as a real gas 

 way and the ignition point of the mixture. 

 

Fig. 4. Comparison of the real engine cycle with the corresponding theo-

 retical Seiliger-Sabathe cycle for idling 

 

Fig. 5. Comparison of the real engine cycle with the corresponding theo-

 retical Seiliger-Sabathe cycle for full load 

 

The comparison of theoretical and real cycles presented 

in Fig. 4 and Fig. 5 additionally leads to the conclusion that 

the Seiliger-Sabathe cycle is also an appropriate theoretical 

cycle for the SI engine. Such a conclusion is justified by the 

fact that heat release during combustion in the spark-

ignition engine also takes place at the beginning of the 

power stroke. 
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3. Conclusion 
The essence, principles, and purpose of using the equal-

ization calculus to reconcile measurement data are present-

ed. The issue was illustrated by an example of reconciling 

the dependencies linking the parameters of the Seiliger-

Sabathe theoretical cycle, which fully confirmed the need to 

use this calculus. 

The reconciliation procedure is particularly useful in 

situations where the formulas from which the unknown 

quantities are calculated are particularly “sensitive” to 

measurement errors of experimentally determined quanti-

ties. The reconciliation algorithm provides the following 

advantages [3, 6, 8, 9]: 

– unambiguous and most probable values of unknowns 

are obtained, along with an assessment of their accuracy 

 

– probable errors of measurement results are reduced 

– one obtains the ability to control whether the assumed 

accuracy of measurements has been met 

– those measurement results whose probable error ex-

ceeded the required range can be rejected. 

In addition, the equalization calculus can also be used to 

check the accuracy of quantities that are estimated, for 

example, on the basis of literature data and to control sim-

plifying assumptions. 
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Nomenclature 

E energy-stoichiometric parameter 

k correlates 

m mean absolute error of the measurement result 

Mo torque 

n engine speed 

p pressure 

Q heat 

s specific entropy 

V volume 

γ isochoric load parameter (pressure increase ratio) 

δ correction of the heat distribution number 

 compression ratio 

νγ correction of the isochoric load parameter 

νφ correction of the isobaric load parameter 

φ isobaric load parameter (volume increase ratio) 

ξi degree of internal excellence 

Ψ heat distribution number 
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Research on fuel and electric energy consumption in passenger cars in a mixed  

cycle, using the example of local road traffic in Opole 
 
ARTICLE INFO  This paper presents a comparative analysis of fuel and electric energy consumption by passenger cars in  

a mixed cycle in real road conditions, taking into account the specific nature of local traffic in the city of Opole. 
The research was carried out in real road conditions on a designated road cycle, in accordance with the 
guidelines described in the RDE (Real Driving Emissions) road cycle procedure. The designated road cycle 
reflects the conditions prevailing on urban, rural, and motorway roads. The results obtained from the road cycle 
were compared with the fuel and electric energy consumption values declared by car manufacturers in the type-
approval documentation authorizing the car for use on public roads. The comparative analysis revealed dis-
crepancies between actual and laboratory data, which for electric passenger cars are determined in relation to 
the WLTP cycle. In the case of combustion engine passenger cars, fuel consumption was additionally converted 
into energy expenditure, which enabled a comparison of the energy efficiency of different drive systems in real 
road conditions in the TTW (Tank-To-Wheels) system. The article highlights the challenges of developing  
a representative road cycle for local road conditions that complies with RDE guidelines.  
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1. Introduction  

In recent years, there has been a rapid development of 
alternative propulsion technologies, in particular electric 
(BEV) and hybrid (HEV/PHEV) cars, with an ongoing  
debate as to which propulsion system will be dominant in 
the future. A clear increase in the number of passenger cars 
equipped with electric propulsion is already being ob-
served. According to the International Energy Agency 
(IEA), global sales of electric passenger cars exceeded 17 
million units in 2024, accounting for more than 20% of all 
new passenger cars put on the road. Projections for 2025 
show a further increase in sales to more than 20 million 
electric cars, meaning that at least a quarter of all passenger 
cars sold globally will be electric [16]. At the same time, 
the issue of reliably assessing the electric energy consump-
tion under the actual operating conditions of an electric car 
is becoming increasingly important [23, 33]. Many studies 
have been devoted to this problem and are being carried out 
by various research institutions, providing databases used 
by car manufacturers [7, 11]. Different companies and 
organisations have developed tests to determine the driving 
range of electric vehicle with different results. Some tests 
have been standardised where the procedure must follow 
specific protocols such as NEDC, WLTP, FTP-75 and JP-
08 [5]. Research procedures based on modelling, simula-
tion, and optimization of the electric vehicle powertrain are 
proposed, taking into account various factors affecting the 
vehicle’s range [2]. Driving conditions, the influence of 
auxiliary devices, the driving style of the driver and the 
braking energy recuperation strategy were considered to be 
the most important. The driving range of an electric vehicle 
is therefore not a fixed value, as it depends on many factors 
such as driving mode [25], road type [22], environment 
[17], battery aging [35], etc. Therefore, the actual value is 
currently different from the car manufacturer's data. The 

driving range depends on the capacity of the battery, pro-
vided that the above-mentioned factors remain constant, so 
a higher capacity results in a longer range. Nevertheless, 
battery capacity is not constant as it evolves with discharge 
rate and power demand, resulting in variable autonomy and 
driving range. The impact of discharge rate has been exten-
sively studied by many authors analysing various factors 
that modify battery capacity due to operating conditions 
(uncertainty in charging decisions) [37]. In 2017, the Real 
Driving Emissions (RDE) cycle for combustion-powered 
passenger cars was introduced. It was based on real road 
conditions. It was introduced as part of the European Un-
ion's vehicle emissions regulations [8] to measure actual 
emissions during normal driving on the road and not just 
under laboratory conditions [24, 31]. The justification for 
the introduction of the cycle and its further development is 
confirmed by studies conducted which show significantly 
higher emissions during on-road measurements than those 
reported during chassis dynamometer tests [29, 32]. 

Regardless of the powertrain used in a passenger car, its 
type-approval documentation contains information on the 
fuel and/or electric energy consumption per 100 km trav-
elled. Since September 2017, new regulations have been 
introduced, replacing the NEDC laboratory tests with 
WLTP cycles for newly manufactured cars. The driving 
time has been changed from 20 to 30 min., the distance 
covered has been increased from 11 to 23.25 km and the 
average cycle speed has been increased from 34 to 46.5 km, 
while the maximum speed has been increased from 120 to 
131 km/h. This change gives a more reliable reference of 
the cycle to road conditions, but not the actual road condi-
tions. A turning point in considering the reliability of fuel 
consumption and emission data and was the so-called ‘Die-
sel gate scandal’, which revealed the use of so-called ‘de-
feat devices’ – solutions to identify the test procedure and 

http://orcid.org/0009-0006-3093-6637
http://orcid.org/0000-0001-9422-6374
http://orcid.org/0000-0003-4117-7534
http://orcid.org/0000-0002-3559-0405
http://www.combustion-engines.eu
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the possibility of artificially underestimating emissions 
under laboratory conditions [10]. A study by Franco et al. 
showed that nitrogen oxide emissions under real-world 
driving conditions could exceed acceptable limits by up to 
20 times, especially for modern diesel cars formally meet-
ing Euro 5 and Euro 6 standards [13]. In response to a crisis 
of confidence in test procedures, the aforementioned Real 
Driving Emissions (RDE) procedure was developed to 
make measurements more transparent and representative 
[30]. On-road emissions of nitrogen oxides, hydrocarbons 
or carbon monoxide are very sensitive and variable, but 
carbon dioxide emissions resulting mainly from fuel burned 
show less sensitivity [1, 14, 20, 28, 35]. An important aspect 
of the test procedure is that there are a number of factors that 
affect fuel consumption and emissions [28]. These can be 
generally divided into weather-related factors (wind speed 
and direction, humidity and temperature), road topography 
(road grade, elevation, surface roughness), road environment 
(traffic condition, road features, travel distance), driving 
dynamics (speed, acceleration, deceleration, power demand) 
and driver behaviour (timid, aggressive) [15, 34, 36]. 

In view of taking the above into account, it is currently 
recognised that the RDE cycle procedure allows fuel con-
sumption and carbon dioxide emissions to be determined in 
a realistic manner with the possibility of comparing them 
authentically with each other, with repeatable journeys over 
a given road cycle. As a result of the aforementioned sever-
al aspects of the problem under consideration, the question 
arises in the context of the changes in the segment of elec-
tric passenger cars produced and changes in the measure-
ment procedure: How to reliably compare the fuel and elec-
tric energy consumption of the new types of propulsion 
systems – especially combustion-electric (hybrid) and elec-
tric – in the context of their consumption under conditions 
of everyday use. This issue becomes particularly relevant 
under local traffic conditions, where it is influenced by 
traffic volume, infrastructure, terrain or frequency of stops 
and accelerations, among other factors [3]. Many studies 
have found that local driving conditions, including the 
intensity of acceleration or frequency of stops, have a sig-
nificant impact on the energy intensity of an electric car. 
EVs with different drivetrain types show different sensitivi-
ty to these factors, as confirmed by the study of Thomas et 
al. [30]. In the article, Mamala et al. found that the frequent 
braking and speed changes characteristic of urban driving 
contribute to efficient energy recovery in electric cars, in-
creasing their energy efficiency [18, 19]. In contrast, for 
conventionally powered cars, driving in a similar style 
usually means an increase in fuel consumption. In this con-
text, the findings of Fluder et al. are also relevant, as they 
demonstrated that the driving mode selected in a hybrid 
vehicle has a significant impact on the nature of energy 
flow and, consequently, on total fuel and energy consump-
tion in the RDE test. Furthermore, these studies have shown 
that the energy efficiency of a vehicle varies depending on 
the drive control strategy, confirming the need for real-
world measurements also for HEV/PHEV vehicles [12]. 

In light of the above, the analysis of fuel and electric 
energy consumption in the RDE cycle, set in the context of 
local driving conditions – on the example of mainly the 

Opole city area – is a justified and necessary approach for  
a full evaluation of the efficiency of the passenger car 
powertrains. 

2. Research methodology and object of research, 
and justification for own research 

2.1. Methodology of conducting own research 
In view of the constant discrepancies between the de-

clared and actual fuel and electric energy consumption at 
variable speed, the authors undertook their own research 
aimed at comparing the data from the tests approving the 
car for road traffic with the results obtained in local real 
traffic conditions. To this end, based on the RDE cycle 
guidelines, a mixed cycle road test was developed, with the 
route running mainly through the city of Opole and its im-
mediate surroundings. The total length of the route was 
92.5 km and included urban, rural, and motorway sections, 
covering both infrastructure characteristics and traffic in-
tensity. Each of the declared road sections was at least 
16 km long, and the proportion of individual traffic phases 
were determined for the road cycle developed in this way. 
For the road cycle prepared in such way, road tests of pas-
senger cars were carried out using the individual case 
method, for which the unit energy consumption in the TTW 
system was determined.  

The tests were conducted in a certain manner, ensuring 
the comparability of results between passenger cars and 
compliance with road test requirements. Each passenger car 
completed the test route with a single driver, while record-
ing traction indicators of the speed profile and drive system 
indicators, with its mass in accordance with the RDE cycle 
requirements. The energy expenditure of the electric pas-
senger car was recorded by measuring the energy consump-
tion from the traction battery in terms of its current and 
voltage. For the combustion engine drive system, fuel con-
sumption was measured from the fuel tank in the form of 
fuel mass loss over time. The obtained data allowed the 
determination of the energy consumption per unit distance 
(kWh/100 km) and the energy consumption per unit mass 
of the car (J/(kg·m) for both types of powertrains. 

2.2. Description of research objects 
Passenger cars representing different drive units in an 

automated drive system were used for the road tests. The 
first passenger car is a fourth-generation Škoda Citigo-e 
electric vehicle (BEV) manufactured in 2019 (Fig. 1). It is  
a compact car equipped with an electric drive powered by  
a lithium-ion battery pack with a net capacity of 32.3 kWh 
(total capacity: 36.8 kWh). The curb weight of this electric 
car is 1235 kg, of which 248 kg is accounted for by the 
traction battery installed in the chassis. The technical data 
of the EV are shown in Table 1. 

The second passenger car is an internal combustion en-
gine (ICE) car, an Audi Q5 manufactured in 2019, with  
a spark ignition (gasoline) engine with a displacement of 
1984 cm3. The car is equipped with an AWD (quattro) drive 
system (Fig. 2), an automatic transmission, and driver assis-
tance systems typical for the mid-size SUV segment. The 
curb weight of the ICE car is 1789 kg. The technical data 
for the combustion engine vehicle is provided in Table 2. 
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Fig. 1. Test object no. 1 [27] 

 
Table 1. Technical data of the BEV [27] 

Technical data Value 
Gross battery capacity 36.8 kWh 
Net battery capacity 32.3 kWh 
Maximum speed 130 km/h 
Average energy consumption WLTP 12.6 kWh/100 km 
WLTP range 265 km 
Engine power 61 kW 
Torque 212 Nm 
Curb weight 1235 kg 

 
Fig. 2. Test object no. 2 [4] 

 
Table 2. Technical data of the ICE vehicle 

Technical data Value 
Engine capacity 1984 cm3 
WLTP CO2 emission 187 g/km 
Maximum speed 240 km/h 
Average fuel consumption WLTP 8.3 dm3/100km 
Basic fuel range 843 km 
Engine power 185 kW 
Torque 370 Nm 
Curb weight 1789 kg 

 
The passenger cars used in the tests differ in terms of 

design, drive system, and traction characteristics. A car 
equipped with an electric drive system, taking into account 
the technical data, has a significantly lower curb weight and 
no gearbox compared to a car with a conventional drive  
system, and is a typical type of passenger car optimized for 
urban driving, providing a range suitable for everyday use 
with an automatic transmission. Differences in weight, 
movement resistance, type of drive, and intended use sig-
nificantly affect energy consumption in real road condi-
tions, which makes their comparison particularly interesting 
from the point of view of analysing unit energy consump-
tion per 1 kg of car weight.  

An important element of the measurements performed 
in the road cycle is the measurement system for traction 
indicators and the drive system. A GPS data recording 

device was used to record traction cars – speed, accelera-
tion, distance travelled. For drive system indicators, a pro-
prietary measurement system developed in LabView envi-
ronment was used It enables the recording of drive system 
indicators in the time domain from the on-board data 
transmission network based on the CAN BUS, recording, 
among other things the rotational speed of the electric mo-
tor drive shaft, the intensity and current supplying the elec-
tric motor, torque, battery capacity, acceleration pedal, 
distance, electric motor power, and the power required to 
drive additional devices (Fig. 3). 

 

 
Fig. 3. Device for measuring traction indicators and the drive system: a) 
connection to the CAN BUS network, b) data recording device, c) GPS 
 system recording [6] 

 
In the case of a vehicle with a conventional internal 

combustion engine, fuel consumption was determined on 
the basis of data recorded using one of the dedicated inter-
faces for Volkswagen group cars (VCDS Diagnostic Sys-
tem). This enabled the reading and recording of the engine's 
operating parameters in real time. The basic parameter used 
in the analysis was the only signal for instantaneous fuel 
consumption, recorded in volume units (l/h). This data was 
recorded continuously during the test drive at a sampling 
frequency of 0.25 Hz. 

In order to determine the mileage fuel consumption on  
a given section of the route, instantaneous fuel consumption 
was summed and then converted in relation to the distance 
travelled, which allowed for obtaining the fuel consumption 
unit expressed in liters per 100 km (l/100 km). The solution 
used is highly repeatable under comparative conditions, 
which makes it useful in relative analyses (e.g., comparison 
of routes, driving styles, or vehicles with different drive 
systems). The accuracy of fuel consumption measurement 
results from the method and algorithms applied by the vehi-
cle’s onboard computer manufacturer. The fuel measure-
ment is based on the injector performance corrected for fuel 
temperature. In this case, these are Bosch injectors with a 
flow rate of 4 ml/s under pressure, which, with a signal 
sampling rate of 0.25 Hz, allows recording instantaneous 
fuel consumption with a dose of 1 ml. 

Fuel consumption measurement for a vehicle with an in-
ternal combustion engine was an additional and compara-
tive measurement applied in road testing. Therefore, the 
accuracy of fuel flow through specific injectors was not 
determined in relation to the gravimetric fuel consumption 
method. The injector calibration performed by the manufac-
turer, with coding specific to the engine control computer, 
is sufficient for road measurements based on cumulative 
fuel consumption and average values, while the obtained 
data on mileage fuel consumption should be treated as 
approximate. 
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2.3. Development of a road test in a mixed cycle 
The development of a road test cycle based on the re-

quirements of the RDE (Real Driving Emissions) procedure 
is a challenge when analysing the actual energy or fuel 
consumption in the drive system. Unlike laboratory test 
conditions, such as WLTP or the earlier NEDC, the RDE 
procedure requires measurements to be taken in real traffic 
conditions, taking into account variations in speed, terrain 
gradients, road, and weather conditions. This subsection 
presents the assumptions and process of developing  
a mixed cycle road test, which was used to compare the 
energy consumption of electric and combustion engine cars. 
The development of the test includes not only the selection 
of a route in accordance with RDE metrics, but also ensur-
ing its representativeness for typical conditions of electric 
car use.  

 
Table 3. Requirements for the RDE procedure compared with WLTP test 

conditions: a) road conditions, b) boundary conditions [9] 
a) 

RDE WLTP 

Test details RDE test conditions WLTP test 
conditions 

Type of trip (test) Real traffic Laboratory test 
Total trip duration 90–120 min ~30 min. 

Driving 
area 

Urban > 16 km 
Total distance: 

 ~23.25 km Rural > 16 km 
Motorway > 16 km 

Ratio of 
driving in 
the area to 
the total  
distance 

Urban 29–44% Specific driving 
phases: 

Low; Medium; 
High; Extra high 

Rural 23–43% 

Motorway 23–43% 

Average  
driving 
speeds 

Urban 15–40 km/h 
Overall average:  

~46.5 km/h 
Rural 60–90 km/h 

Motorway > 90 km/h (> 100 
km/h for > 5 min) 

b) 
RDE WLTP 

Parameter RDE test conditions WLTP test condi-
tions 

Vehicle weight ≤ 90 of max vehicle 
weight 

Test weight – 
reference weight 
(dependent on 

vehicle variant) 

Elevation 
Moderate 0–700 m No evaluation 

changes Extended 700–1300 m 

Altitude difference Between start and 
finish of trip > 100 m No 

Cumulative altitude gain 1200 m/100 km No hills 

Ambient 
temperature 

Moderate 0–30°C 
~23°C 

Extended (–7°C) – 0°C  
30–35°C 

Percentage of stopping 6–30% during the trip 
in the urban area 

Urban cycle simu-
lation 

Maximum speed 

145 km/h (160 km/h 
for 3% of the driving 
time in the motorway 

area) 

Up to ~131 km/h 
(in the ‘Extra high’ 

phase) 

Dynamic 
boundary 
conditions 

Max. 
metric 95th percentile v·a Specific accelera-

tion and decelera-
tion points – no 

RPA 
Min. 
metric 

RPA (Relative Posi-
tive Acceleration) 

Use of auxiliary systems  
Free use without 

restriction as in real 
use 

Limited 

2.3.1. Detailed guidelines for RDE-compliant road cycles 
To fully illustrate the difference between tests and real-

world tests, a comparison of the requirements is presented 
in the form of Table 3 [9]. 

2.3.2. Detailed description of the mixed cycle in Opole 
The road cycle (Fig. 4) ran mainly through the city of 

Opole, in accordance with the research objective. Due to 
the proximity of a motorway, this section of the road was  
integrated into the road cycle as a high-speed traffic area. 
The total distance of the route was in line with the RDE  
requirements Depending on the traffic intensity, the journey 
took between 90 and 120 minutes. The characteristic points 
of the route are shown below. 

 
Fig. 4. Diagram of the most important points along the route 

 
The cycle consists of five stages, including urban, rural, 

and motorway driving, starting and ending at the Faculty of 
Mechanical Engineering of the Opole University of Tech-
nology. The total distance is 92.5 km, and the estimated 
travel time is 1 hour and 35 minutes. The route is character-
ized by varied topography (143–195 m above sea level) and 
a speed range typical for road cycles (average 50–60 km/h, 
maximum 140 km/h). The most important points along the 
route include key transport sections around Opole, provid-
ing various traffic conditions. Taking into account the speed 
classification and data from the running through the city of 
Opole, it was possible to determine the distance for three 
characteristic driving areas, hence, in the urban area, the 
vehicle travelled 39.6 km, in the rural area 28.7 km, and 
26.3 km in the motorway area, meeting the minimum dis-
tance requirement of 16 km in a given area. This route was 
planned to take into account real traffic conditions and 
topography, while meeting the RDE test requirements for 
distance, speed, and elevation difference. 

The structure of the cycle was verified by analysing te-
lemetry data, and the results were presented in the form of 
graphs and tables.  

Figure 5 shows a visualization of the speed profile for 
the entire distance, divided into speeds that determine the 
area of travel: urban, rural, and motorway. 
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Fig. 5. Recorded speed profile for the RDE cycle in the Opole city area for 

a sample trip, VS – Vehicle Speed 

 
Fig. 6. Visualisation of driving speed for a recorded road cycle 

 
Thanks to the data recorded by the GPS system, it was 

possible to compile the most important kinematic parame-
ters graphically on a map (Fig. 6) and in the form of table 
(Table 4), comparing them with the requirements of the 
RDE cycle procedure. 

 
Table 4. Comparison of measurement data with the conditions of the RDE 

test procedure for cycle running through the city of Opole 
Parameter Value RDE test conditions 

Route loop area 

The city of 
Opole and the 
surrounding 

area 

Variable driving area: 
– urban area 
– rural area 
– motorway area 

Total driving time 114 min 90–120 min 
Total distance 92.5 km > 48 km 
Avg driving speed  
– urban areas 31.0 km/h 15–40 km/h 

Avg driving speed  
– rural areas 74.9 km/h 60–90 km/h 

Avg driving speed  
– motorway areas 

113.2 km/h 
11.5 min 

> 90 km/h 
(> 100 km/h  
for 5 min) 

Distance in urban areas 39.6 km > 16 km 
Distance in rural areas 28.7 km > 16 km 
Distance in motorway areas 26.3 km > 16 km 
Percentage of urban areas 42.8% 29–44% 
Percentage of rural areas 31% 23–43% 
Percentage of motorway 
areas 26.1% 23–43% 

Percentage of time spent 
stationary in urban areas 27% 6–30% 

   
Compliance with the RDE procedure  

Data from the on-board GPS receiver was also used to 
analyse the topography of the terrain along the entire test 
route. Based on the recorded geographical coordinates and 
altitude above sea level, it was possible to reconstruct the 
elevation profiles of the route (Fig. 7). The altitude values 
were digitally processed and then converted into a time 
series, which made it possible to calculate the total altitude 
gain in accordance with the requirements of the RDE (Real 
Driving Emissions) metric.  

 
Fig. 7. Height profile and data for a registered sample measurement sec-
 tion 

 
Only positive altitude changes (ascents) were used for 

further analysis, which made it possible to assess the actual 
load on the drive system resulting from the terrain. The 
values obtained were referenced to the total length of the 
route, which made it possible to verify compliance with the 
requirement: a maximum of 1200 m of elevation gain per 
100 km (i.e. 12 m/km). In the analysed case, this value was 
4.9 m/km, which means that the route was within the limits 
acceptable for RDE tests and can be considered representa-
tive in terms of topography. The data is summarised in the 
Table 5. 

 
Table 5. Summary of terrain topography data 

Parameter Value 
The main area City of Opole 
Total estimated driving time 1 h 35 min. 
Total distance 92.5 km 
Lowest point 143 m a.s.l. 
Highest point 195 m a.s.l. 
Average driving speed 50–60 km/h 
Maximum driving speed 140 km/h 
The greatest difference in height 52 m a.s.l. 
Height difference (start – finish) ~0.3 m 
Total height increase 490 m/100 km 
  
Compliance with the RDE procedure  

3. Results and data analysis 
3.1. Presentation of actual measurement data 

Table 6 shows the discrepancy between actual and de-
clared (homologated) electric energy consumption. In the 
case of a car equipped with an electric drive system, during 
test no. 1, with active and effective energy recuperation, the 
average energy consumption was 11.1 kWh/100 km, which 
was 12% lower than the homologation value (WLTP).  
A similar situation occurred in the case of a combustion 
engine car, where fuel consumption was 22.3% lower than 
the declared value. In order to verify the impact of the en-
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ergy recovery level, a test with a minimum level of recu-
peration was carried out in test no. 2. In this case, the ener-
gy consumption was 13.2 kWh/100 km, which is only 4.8% 
higher than the WLTP value (12.6 kWh/100 km). Setting 
the control preferences in the drive system by the intensity 
of energy recuperation has a significant impact on the total 
energy consumption in the actual driving cycle. 

 
Table 6. Comparison of actual and measured data: a) for a BEV, b) for an 

ICE vehicle 
a) 

BEV Average EC WLTP Average EC RDE 
[kWh/100 km] [kWh/100 km] 

Test no. 1 12.6 11.1 
Test no. 2 12.6 13.2 

b) 
ICE Average FC WLTP Average FC RDE 

[dm3/100 km] [dm3/100 km] 
Test no. 3 8.3 6.8 

3.2. Conversion of fuel consumption into energy expenditure 
In order to compare the energy efficiency of both drive 

systems based on the actual road cycle, fuel consumption 
was converted into energy value (Wh/km), assuming the 
calorific value of 95-octane gasoline to be 32 MJ/dm3 [21]. 
This approach allows for a direct comparison of energy 
values between ICE and BEV cars, also in the context of 
different levels of recuperation (maximum and minimum) 
used in electric vehicles. The results obtained are presented 
in a numerical summary – separately for sample drive trip.  

Energy expenditure calculations for an ICE car in  
a TTW (Thank To Wheels) system: 

 Ec [
Wh

km
] =

Fc[
dm3

100 km
] ∙ HVf[

MJ

dm3]

100
  (1) 

where: Ec – energy consumption [Wh/km], Fc – fuel con-
sumption [dm3/100 km], HVf – heating value of fuel 
[MJ/dm3] 

 Ec [
Wh

km
] =

6.8 [
dm3

100 km
]∙ 32 [

MJ

dm3] 

100
 (2) 

Energy expenditure assuming that 1 MJ = 277.78 Wh: 

 Ec [
Wh

km
] = 604.4 [

Wh

km
] (3) 

This value is the chemical energy value of the fuel type 
used (Table 7). 
 

Table 7. Summary of energy expenditure for an ICE car 
ICE Average FC RDE ETTW 

[dm3/100 km] [Wh/ km] 
Test no. 3 6.8 604.4 

 
 

Table 8. Summary of energy expenditure for a BEV car 
BEV Average EC RDE ETTW 

[kWh/100 km] [Wh/km] 
Test no. 1 11.1 111 
Test no.2 13.2 132 

 
However, the energy expenditure values for a BE vehi-

cle in the TTW (Thank To Wheels) system can be calculat-
ed by taking into account the average energy consumption 

calculated on the basis of the voltage and current recordings 
of the vehicle's traction battery. The results are presented 
for two tests carried out and are shown in Table 8. 

In road tests based on the RDE procedure, the energy 
consumption of a combustion engine (ICE) car was 604.4 
Wh/km (TTW) and was calculated based on fuel consump-
tion in a full road cycle. For an electric vehicle (BEV), 
varying values of electric energy consumption were record-
ed, amounting to 111 Wh/km for test no. 1, with maximum 
recuperation settings, and 132 Wh/km for test no. 2, with 
minimum energy recuperation. The electric car showed 
lower energy consumption in the TTW system compared to 
the ICE, more than 5 times lower, depending on the intensi-
ty of recuperation. Effective recuperation (test no. 1) addi-
tionally reduced energy consumption by approximately. 
15.9% compared to test no. 2.  

3.3. Energy efficiency analysis for specific driving areas 
The recording of traction and drive system indicators 

made it possible to analyse the impact of actual road condi-
tions on energy efficiency for specific driving areas, in 
accordance with the adopted RDE procedure classification, 
i.e., urban, rural, and motorway areas. In order to present 
the energy consumption of the drive system, the results 
were converted into kWh and kWh/100 km (Table 9). The 
weights for individual driving areas are also given in brack-
ets, referring to the total energy and total distance travelled, 
respectively [26]. 
 
Table 9. Summary of energy expenditure for individual driving areas: a) 
BEV with maximum recuperation, b) BEV with minimum recuperation,  
 c) ICE vehicle in normal operating mode [26] 
a) 

BEV Driving 
area 

ETTW Distance Specific EC 
[kWh] [km] [kWh/100 km] 

Test 
no.1 

Urban 3.4 (32.6%) 39.2 (42.4%) 8.57 
Rural 3.2 (31.3%) 30.2 (32.6%) 10.7 
Motorway 3.7 (36.1%) 23.1 (25.0%) 16.1 

b) 
BEV Driving 

area 
ETTW Distance Specific EC 

[kWh] [km] [kWh/100 km] 

Test 
no.2 

Urban 3.8 (31.5%) 38.4 (41.5%) 10.0 
Rural 3.3 (31.3%) 27.7 (29.7%) 11.9 
Motorway 5.1 (41.6%) 26.4 (28.5%) 19.3 

c) 
ICE Driving 

area 
ETTW Distance Specific EC 

[kWh] [km] [kWh/100 km] 

Test 
no.3 

Urban 22.6 (40.4%) 36.2 
(39.1%) 62.4 

Rural 15.0 (26.8%) 29.6 
(32.0%) 50.8 

Motorway 18.3 (32.7%) 26.7 
(26.4%) 68.5 

 
In accordance with the adopted classification of RDE 

cycle areas (urban, rural, motorway), it showed significant 
differences in specific energy consumption (kWh/100 km) 
and in the structure of the share of individual areas in total 
energy consumption. For a BEV car driving with maximum 
recuperation, the lowest energy consumption occurred in 
the urban area – 8.57 kWh/100 km, with a high distance 
share (42.4%) and a correspondingly lower energy share 
(32.6%). On motorways, electric energy consumption al-
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most doubled to 16.1 kWh/100 km. Although motorways 
accounted for only 25% of the route, they consumed as 
much as 36.1% of the total energy, due to strong aerody-
namic resistance at higher speeds. 

In the case of the RDE cycle with the same car but a dif-
ferent energy recovery configuration (minimum electric 
energy recovery), the reduction in recovery resulted in an 
increase in unit electric energy consumption in each area, 
especially in urban and motorway areas: urban: 
10 kWh/100 km, motorway: 19.3 kWh/100 km. In this case, 
the motorway area, despite accounting for 28.5% of the 
route, already accounted for 41.6% of total energy con-
sumption, which further highlights its energy intensity in 
the absence of electric energy recovery. 

RDE testing with a car with a conventional internal 
combustion engine (ICE) in urban areas, despite accounting 
for only 39.1% of the distance, accounted for as much as 
40.4% of the total energy consumption, with a mileage 
electric energy consumption of as much as 62.4 kWh/100 
km, which indicates very low efficiency in starting and 
braking conditions in the TTW system. The highest electric 
energy consumption per kilometre was recorded on the 
motorway – 68.5 kWh/100 km, and the share of this area in 
the distance was the smallest (26.4%). 

3.4. Specific energy consumption 
In order to carry out a physically comparable analysis of 

the energy efficiency of cars, a unit energy consumption 
indicator was used, which determines the amount of energy 
consumed to move a given car mass over a specific dis-
tance, regardless of the type of drive or fuel. Unlike com-
monly used indicators such as fuel consumption (dm3/100 
km) or electric energy consumption (Wh/km), the unit 
J/(kg·m) is based solely on the basic SI units (mass, dis-
tance, energy), thus ensuring full comparability of results 
between cars of different mass, design, and power source. 

 
Fig. 8. Specific energy consumption for the BEV and ICE vehicle 
 
For the calculations for the two cars tested, the masses 

before the road cycle test, including the driver's weight, 
were used. For the BEV car, this value was 1335 kg, while 

for the ICE car it was 1889 kg. The results are summarised 
in the Fig. 8. 

The electric passenger car (BEV) demonstrated signifi-
cantly lower specific energy consumption per unit of mass 
and distance travelled. During the first run, with maximum 
energy recovery, the specific energy consumption was 0.30 
J/(kg·m), which was 74% lower in comparison to the ICE 
car (Φ = 1.15 J/(kg·m)). During the second run, with mini-
mum energy recovery, the Φ value increased to 0.36 
J/(kg·m), but was still 68% lower than the value obtained 
by a conventional car. 

4. Conclusion 
Analysis of actual data from the RDE cycle clearly indi-

cates a significant advantage of electric vehicles (BEVs) 
over internal combustion engine vehicles (ICEs) in terms of 
energy efficiency – both in the TTW (Tank-to-Wheel) sys-
tem and in terms of physical energy consumption 
[J/(kg·m)]. The lowest unit energy expenditure was 
achieved by the BEV car using the maximum level of ener-
gy recuperation (0.30 J/(kg·m)), while the highest was 
achieved by the ICE car (1.15 J/(kg·m)), which confirms 
the approximately four times higher unit energy consump-
tion of a conventionally powered car. Even under condi-
tions of limited recuperation (test no. 2), the electric car 
retains more than three times higher efficiency per unit of 
mass and distance travelled. Empirical data recorded during 
road tests also showed a significant impact of environmen-
tal characteristics and traffic dynamics on the distribution 
of energy consumption in different driving areas. In the 
case of BEVs, the highest energy consumption occurred in 
motorway conditions, while for ICEs it occurred in urban 
environments. This is due to differences in the traction 
characteristics of the car and its energy loss mechanisms, 
especially aerodynamic losses and rolling resistance (domi-
nant in motorway traffic), as well as the lack of recupera-
tion and the low efficiency of the combustion engine during 
frequent starting and stopping (typical of urban traffic). 
Currently, there is no strict standardisation of the mixed 
driving cycle for local conditions, which limits the possibil-
ity of objectively comparing cars in a given traffic envi-
ronment. The use of averaged homologation standards (e.g. 
WLTP) does not take into account the characteristics of 
local traffic, the intensity of intersections, the length of stop 
phases, or the typical speed profile, which can lead to sig-
nificant deviations in actual energy and emission results. 
Therefore, the development and validation of a local mixed 
driving cycle that reflects the real conditions of driving on 
the streets of Opole and its surroundings is an important 
direction for further research and may contribute to a more 
accurate assessment of drive technologies and the planning 
of future sustainable urban mobility strategies.  

 

Nomenclature 
AWD   all-wheel drive 
BEV  battery electric vehicle 
CAN  controller area network 
CO  carbon monoxide 
DK  national road 

Ec   energy consumption 
Fc   fuel consumption 
EV  electric vehicle 
HC  hydrocarbon 
HEV  hybrid electric vehicle 
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HVf  heating value of fuel 
ICE  internal combustion engine 
NEDC  New European Driving Cycle  
NOₓ  nitrogen oxides 
PHEV  plug-in hybrid electric vehicle 

RDE  real driving emissions 
SUV  sport utility vehicle 
TTW  thank to wheels 
WLTP  Worldwide Harmonized Light Vehicle Test Proce-

dure 
 

Bibliography 
[1] Adamiak B, Andrych-Zalewska M, Merkisz J, Chłopek Z. 

The uniqueness of pollutant emission and fuel consumption 
test results for road vehicles tested on a chassis dynamome-
ter. Eksploat Niezawodn. 2025;27(1):195747.  
https://doi.org/10.17531/ein/195747 

[2] Aidi A. Study of the factors affecting battery electric vehicle 
range. Figshare 2020.  
https://doi.org/10.6084/m9.figshare.12739982.v1 

[3] Al-Wreikat Y, Serrano C, Sodré JR. Driving behaviour and 
trip condition effects on the energy consumption of an elec-
tric vehicle under real-world driving. Appl Energy. 2021; 
297:117096. https://doi.org/10.1016/j.apenergy.2021.117096 

[4] Audi Media Center. Even more sporty and versatile – the 
second generation of the Audi Q5 arrives. Warsaw: Audi 
Poland; (cited 2025 Aug 3).  
https://www.audi-mediacenter.com/en/press-releases/the-
second-generation-of-the-audi-q5-arrives-10123 

[5] Chen K, Zhao F, Liu X, Hao H, Liu Z. Impacts of the new 
Worldwide Light-Duty Test Procedure on technology effec-
tiveness and China’s passenger vehicle fuel consumption 
regulations. Int J Environ Res Public Health. 2021;18(6): 
3199. https://doi.org/10.3390/ijerph18063199 

[6] CSS Electronics. CAN bus data loggers and telematics. 2024 
(cited 2025 Jun 15). https://www.csselectronics.com 

[7] Edmunds tested: electric car range and consumption (cited 
2025 Jun 11). https://www.edmunds.com/car-news/electric-
car-range-and-consumption-epa-vs-edmunds.html#chart 

[8] European Commission. Commission Regulation (EU) 
2016/427 of 10 March 2016 amending Regulation (EC) No 
692/2008 as regards emissions from light passenger and 
commercial vehicles (Euro 6). Off J Eur Union. 2016;L82:1-
98. 

[9] European Commission. Commission Regulation (EU) 
2017/1151 of 1 June 2017 supplementing Regulation (EC) 
No 715/2007 of the European Parliament and of the Council 
on type-approval of motor vehicles with respect to emissions 
from light passenger and commercial vehicles (Euro 5 and 
Euro 6) and on access to vehicle repair and maintenance in-
formation. Off J Eur Union. 2017;L175:1-643. 

[10] European Environment Agency. Exposing the true emis-
sions of diesel cars: how effective are new EU vehicle emis-
sion standards in reducing emissions from light-duty diesel 
vehicles? Copenhagen: EEA 2016. 

[11] EV Database. Range of full electric vehicles cheatsheet. 
(cited 2025 Jun 11).  
https://ev-database.org/cheatsheet/range-electric-car 

[12] Fluder K, Pielecha I, Cieślik W. The impact of drive mode 
of a hybrid drive system on the energy flow indicators in the 
RDE test. Combustion Engines. 2018;175(4):18-25.  
https://doi.org/10.19206/CE-2018-403 

[13] Franco V, Posada F, German J, Mock P. Real-world exhaust 
emissions from modern diesel cars. Washington (DC): In-
ternational Council on Clean Transportation; 2014. Report. 
White Paper. 

[14] Giechaskiel B, Valverde V, Melas A, Clairotte M, Bonnel P, 
Dilara P. Comparison of the real-driving emissions (RDE) 
of a gasoline direct injection (GDI) vehicle at different 
routes in Europe. Energies. 2024;17(6):1308.  
https://doi.org/10.3390/en17061308 

[15] Guo C, Yang B, Andersen O, Jensen CS, Torp K. Ecomark 
2.0: empowering eco-routing with vehicular environmental 
models and actual vehicle fuel consumption data. Geoinfor-
matica. 2015;19:567-599.  
https://doi.org/10.1007/s10707-014-0221-7 

[16] International Energy Agency. Global EV outlook 2025: 
catching up and pulling ahead. Paris: IEA 2025. 

[17] Li J, Wu X, Xu M, Liu Y. A real-time optimization energy 
management of range extended electric vehicles for battery 
lifetime and energy consumption. J Power Sources. 2021; 
498:229939.  
https://doi.org/10.1016/j.jpowsour.2021.229939 

[18] Mamala J, Graba M, Mitrovic J, Prażnowski K, Stasiak P. 
Analysis of speed limit and energy consumption in electric 
vehicles. Combustion Engines. 2023;195(4):83-89.  
https://doi.org/10.19206/CE-169370 

[19] Mamala J, Graba M, Stasiak P. Energy efficiency of the 
electric drive system of a passenger car under normal opera-
tion conditions. In: Rackov M, Miltenović A, Banić M, edi-
tors. Machine and industrial design in mechanical engineer-
ing. Mechanisms and Machine Science. 2025;174:921-932. 
Springer. Cham.  
https://doi.org/10.1007/978-3-031-80512-7_92 

[20] Mei H, Wang L, Wang M, Zhu R, Wang Y, Li Y et al. 
Characterization of exhaust CO, HC and NOx emissions 
from light-duty vehicles under real driving conditions. At-
mosphere. 2021;12(9):1125.  
https://doi.org/10.3390/atmos12091125 

[21] Minister of Climate and Environment. Regulation of 4 July 
2022 on the methodology for calculating greenhouse gas 
emissions, determining emission factors and calorific values 
for individual fuels and the energy value of electricity. J 
Laws. 2022;1494. 

[22] Mruzek M, Gajdáč I, Kučera Ľ, Barta D. Analysis of param-
eters influencing electric vehicle range. Procedia Eng. 2016; 
134:165-174. https://doi.org/10.1016/j.proeng.2016.01.056 

[23] Netherlands Organisation for Applied Scientific Research. 
Real-world fuel consumption and electric energy consump-
tion of passenger cars in the Netherlands. Report No.: 
R10409. Delft: TNO; 2022. Available from:  
https://resolver.tno.nl/uuid:5d57a8 

[24] Pryciński P. Selected emissivity assessment issues for elec-
tric and hybrid vehicles. Combustion Engines. 2025;202(3): 
27-35. https://doi.org/10.19206/CE-205274 

[25] Scurtu L, Varga BO, Mariasiu F, Buidin T, Borzan A, Mol-
dovanu D. Numerical analysis of the SOC factor variations’ 
influence on the autonomy of an electric vehicle. IOP Conf 
Ser Mater Sci Eng. 2019;568:012046.  
https://doi.org/10.1088/1757-899X/568/1/012046 

[26] Siłka W. Teoria ruchu samochodu. WNT. Warszawa 2002. 
[27] Škoda Auto. Citigoe iV – powertrain and safety. Mladá 

Boleslav: Škoda Auto (cited 2025 Jun 17).  
https://www.skodaauto.com/models/layers/layers/citigoe-iv-
powertrain-and-safety 

[28] Sordyl A, Chłopek Z, Merkisz J. Correlation relationships of 
processes in the combustion engine in the RDE test. Com-
bustion Engines. 2024;199(4):112-125.  
https://doi.org/10.19206/CE-192877 



 

Research on fuel and electric energy consumption in passenger cars in a mixed cycle, using the example of local road traffic in Opole 

166 COMBUSTION ENGINES, 2026;204(1) 

[29] Suarez-Bertoa R, Valverde V, Clairotte M, Pavlovic J, 
Giechaskiel B, Franco V et al. On-road emissions of passen-
ger cars beyond the boundary conditions of the real-driving 
emissions test. Environ Res. 2019;176:108572.  
https://doi.org/10.1016/j.envres.2019.108572 

[30] Thomas J, Huff S, West B, Chambon P. Fuel consumption 
sensitivity of conventional and hybrid electric light-duty 
gasoline vehicles to driving style. SAE Int J Fuels Lubr. 
2017;10(3):1052-1060.  
https://doi.org/10.4271/2017-01-9379 

[31] Tietge U, Mock P, German J, Bandivadekar A, Ligterink N. 
From laboratory to road – a 2017 update of official and “re-
al-world” fuel consumption and CO₂ values for passenger 
cars in Europe. Washington (DC): International Council on 
Clean Transportation; 2017. Report. White Paper. 

[32] Weiss M, Bonnel P, Hummel R, Provenza A, Manfredi U. 
On-road emissions of light-duty vehicles in Europe. Environ 
Sci Technol. 2011;45(19):8575-8584.  
https://doi.org/10.1021/es2008424 
 

[33] Weiss M, Winbush T, Newman A, Helmers E. Energy con-
sumption of electric vehicles in Europe. Sustainability. 
2024;16(17):7529. https://doi.org/10.3390/su16177529 

[34] Xu H, Lei Y, Liu M, Ge Y, Hao L, Wang X et al. Research 
on the CO₂ emission characteristics of a light-vehicle real 
driving emission experiment based on vehicle-specific pow-
er distribution. Atmosphere. 2023;14(9):1467.  
https://doi.org/10.3390/atmos14091467 

[35] Yao M, Zhu B, Zhang N. Adaptive real-time optimal control 
for energy management strategy of extended range electric 
vehicle. Energy Convers Manag. 2021;234:113874.  
https://doi.org/10.1016/j.enconman.2021.113874 

[36] Zeng W, Miwa T, Morikawa T. Exploring trip fuel con-
sumption by machine learning from GPS and CAN bus data. 
J East Asia Soc Transp Stud. 2015;11:906-921.  
https://doi.org/10.11175/easts.11.906 

[37] Zhou Y, Wen R, Wang H, Cai H. Optimal battery electric 
vehicles range: A study considering heterogeneous travel 
patterns, charging behaviors, and access to charging infra-
structure. Energy. 2020;197:116945.  
https://doi.org/10.1016/j.energy.2020.116945 

 
Maciej Sproch, MEng. – Faculty of Mechanical 
Engineering, Opole University of Technology, 
Poland. 
e-mail: m.sproch@student.po.edu.pl 

 
  

Prof. Jarosław Mamala, DSc., DEng. – Faculty of 
Mechanical Engineering, Opole University of Tech-
nology, Poland. 
e-mail: j.mamala@po.edu.pl 

 
  

Prof. Andrzej Augustynowicz, DSc., DEng. – Facul-
ty of Mechanical Engineering, Opole University of 
Technology, Poland. 
e-mail: a.augustynowicz@po.edu.pl 

 
  

Mariusz Graba, DEng. – Faculty of Mechanical 
Engineering, Opole University of Technology, 
Poland. 
e-mail: m.graba@po.edu.pl 

 
  

 
 

 



 
Article citation info:  
Grochowalska J, Wrzask K, Kapusta Ł. Proper orthogonal decomposition analysis of an atomized fuel spray of marine diesel engine. 
Combustion Engines. 2026;204(1):167-175. https://doi.org/10.19206/CE-210467 

COMBUSTION ENGINES, 2026;204(1) 167  

Joanna GROCHOWALSKA   
Klaudia WRZASK  
Łukasz KAPUSTA  

 
 

Polish Scientific Society of Combustion Engines 

 
 
Proper orthogonal decomposition analysis of an atomized fuel spray of marine  

diesel engine 
 
ARTICLE INFO  Most marine vessels are powered by diesel engines. Unfortunately, fuel combustion releases harmful toxic 

compounds into the atmosphere. The International Maritime Organization (IMO) regulates these emissions, 
making their reduction essential for engineers and scientists. The fuel combustion process in a marine diesel 
engine's cylinder precedes the fuel spray injection and atomization. Fuel spray's flow fluctuations and vortex 
structures significantly impact the combustion. This paper presents research using the Mie Scattering optical 
technique to analyze snapshot sequences of spray patterns recorded with a high-speed camera. These snapshots 
are the results of experimental research on atomized fuel sprays with a marine diesel engine injector within a 
constant volume chamber. The influence of different chamber backpressures on the fuel spray is studied. The 
Proper Orthogonal Decomposition (POD) method is promising for quantitatively analyzing spray structures and 
flow characteristics. This research demonstrates how different chamber conditions affect the decay of the POD 
singular values, which typically indicate flow characteristics like coherence and fluctuations.  
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1. Introduction 

Maritime shipping is one of the most important 
transport sectors utilized in international trade for the trans-
portation of goods, with most sea vessels traveling between 
continents. Marine vessels primarily use diesel engines for 
main and auxiliary propulsion. These marine diesel engines 
commonly burn heavy fuel oil (HFO) and marine diesel oil 
(MDO). Combustion of these fuels produces exhaust gases 
containing nitrogen oxides (NOx), sulfur oxides (SOx), 
carbon monoxide (CO), and particulate matter, significantly 
contributing to air pollution in marine environments [8, 19]. 
According to the International Maritime Organization 
(IMO), shipping emissions accounted for around 3% of 
global emissions in 2018 [9]. Despite ongoing development 
and introduction of alternative propulsion technologies and 
fuels, diesel engines continue to be the predominant equip-
ment in vessel power plants. Diesel engines dominate mari-
time transport due to their reliability and established infra-
structure, indicating that the shift to alternatives will be 
gradual. It becomes reasonable for engineers and scientists 
to work on improving the quality of fuel combustion in 
marine diesel engines. According to Deng [3], emission 
reduction strategies for diesel engines can be categorized 
into fuel optimization, pre-combustion control technologies, 
and exhaust after-treatment systems.  The combustion pro-
cess in marine diesel engine cylinders is characterized by 
dynamic, interdependent phenomena, with fuel atomization 
quality playing a critical role. Factors influencing fuel at-
omization include fuel injection pressure [4, 10, 17], fuel 
properties [16], and fuel injector nozzle geometry [22]. 
Furthermore, in [21], the authors show that the exhaust gas 
composition strongly depends on the opening pressure of 
the fuel injector. 

When fuel is injected into the combustion chamber un-
der high injection pressure, it is atomized, rapidly evapo-
rates, and mixes with compressed air. The first stage of fuel 

jet breakup is called the primary breakup. This stage of fuel 
spray breakup is very important, as it determines the initial 
size and distribution of the resulting droplets, which direct-
ly affect the efficiency of atomization and subsequent atom-
ization processes. 

In the second stage, the disintegration of the fuel jet oc-
curs under the influence of aerodynamic forces from the 
surrounding medium. Droplets formed by separation from 
the liquid core subsequently undergo secondary disintegra-
tion. In this context, assessing the quality of fuel atomiza-
tion in internal combustion engines with direct cylinder fuel 
injection is crucial to achieving optimal combustion, energy 
efficiency, and low exhaust emissions [15]. Atomization 
quality is assessed based on the spray pattern and droplet 
distribution. It is not possible to directly measure the fuel 
atomization process inside the cylinder during engine oper-
ation. Therefore, specialized experimental setups equipped 
with constant volume chambers are typically used to inves-
tigate the fuel atomization process [6, 7, 23]. Fuel injection 
and atomization are rapidly changing phenomena. Optical 
imaging provides dynamic insights into the structural evo-
lution of fuel sprays over time, necessitating sophisticated 
image processing techniques that accurately preserve struc-
tural characteristics [18]. It should also be noted that meas-
uring droplet diameters in diesel sprays poses a challenge 
due to the small droplet size and high optical density, which 
significantly limit the range of techniques available for 
characterizing spray microstructure [13]. 

In this study, we explore the application of Proper Or-
thogonal Decomposition (POD) as an effective method for 
analyzing and quantifying the fuel atomization processes. 

The POD method has been applied across various fields, 
including signal analysis, data compression, and image 
processing. In the context of fluid mechanics, POD was 
first introduced by Lumley [14] and was primarily used to 
describe turbulent flows quantitatively [1]. POD also finds 
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application in Computational Fluid Dynamics (CFD), par-
ticularly for dimensionality reduction [5]. This technique 
has become a popular and effective analysis tool in engine 
research. It has been successfully used to identify turbulent 
flows and fluctuations generated by the intake port of  
a direct injection spark ignition engine [11]. In [2], the 
authors demonstrated that POD can be applied to identify 
and quantify cyclic variations in intake air motion and spray 
structure under running engine conditions. Additionally, 
Weiss [20] offers a practical and intuitive tutorial on the 
POD method for fluid mechanics engineers, including 
MATLAB code examples.  

This paper aims to present the application of the POD 
method for the preliminary analysis of the fuel injection 
processes inside the cylinder of a marine diesel engine. To 
this end, experimental results of fuel spray characteristics 
obtained in a constant volume chamber using a marine 
diesel engine injector were utilized. Integrating POD with 
high-speed imaging allows for decomposing complex spray 
behavior into low-order coherent modes and higher-order 
dynamics, which represent time–varying fuel flow struc-
tures and spray characteristics. In this work, the POD meth-
od was used for the preliminary assessment of the effect of 
changes in backpressure in a constant volume chamber on 
the characteristics of the fuel spray, in particular, turbulent 
flows and fluctuations. Through this approach, we aim to 
contribute to a better understanding of the fuel-air mixing 
and atomization process in application to design more effi-
cient and cleaner marine combustion systems. 

2. Experimental setup 
This article presents laboratory research [6, 7]. The se-

lected parameters are consistent with those typically ob-
served in marine diesel engines. The fuel injector used in 
this research is part of the Sulzer Al 25/30 marine diesel 
engine injection system. The fuel injector system operated 
on the basis of a common-rail configuration. Therefore, the 
high-pressure fuel system (UPS – Unit Pump System) 
maintained a constant pressure of approximately 50 MPa. 
Only one hole diameter of the fuel injector was active, and 
the others were plugged. The nozzle diameter was 0.285 
mm, and the L/D coefficient was practically 10.9, where L 
is the hole length and D is the hole diameter. The presented 
experimental tests were carried out at ambient temperature, 
and the fuel injection time was 0.04 s. Diesel fuel with  
a density of 816.1 kg/m³ at 40°C was used in this research. 
One of the main elements of the experimental setup was the 
constant volume chamber, presented in Fig. 1.  

The constant volume chamber was equipped with access 
windows measuring 100 mm in diameter and was filled 
with inert gas nitrogen. Backpressures of 3.2 MPa and 4.3 
MPa in the constant volume chamber were considered. 
These backpressures correspond to the cylinder pressures in 
the marine diesel engine Sulzer 3 Al 25/30 at the start of 
injection, 18° before top dead center, operating under low 
and high load conditions. The conditions of experimental 
research were presented in Table 1. 

The mechanical injector was calibrated to fuel opening 
pressures of 15 MPa and 25 MPa, respectively, using  
a spring needle adjustment. The fuel pressure before the 
injector was measured with a piezoresistive pressure sensor, 

Kistler type 4067E [12]. The process of fuel injection into 
the constant volume chamber was visualized using the 
optical Mie scattering method with a high-speed Photron 
SA 1.1 camera, operating at a recording frequency of 15 
kHz. The laboratory experimental setup is presented in Fig. 
2. The Mie scattering optical technique requires appropriate 
lighting. Therefore, two halogen lamps of 500 W each were 
used to illuminate the fuel injection into the constant vol-
ume chamber. 

 
 Fig. 1. The constant volume chamber 

 
Table 1. Conditions of experimental research 

Parameter  Value Unit 
Injector opening pressure  15, 25 MPa 
Backpressure  3.2, 4.3 MPa 
Injector opening time  0.04 s 
Nozzle diameter  0.285 mm 
L/D  10.9 – 
Shape of the hole  cylindrical – 
Test temperature  293–298 K 
Diesel oil properties 
Density (at 40°C)  816.1 kg/m3 
Viscosity  2.35 mPa·s 

 
Fig. 2. The experimental set-up: 1 – marine diesel engine fuel injector, 2 – 
constant volume chamber, 3 – high–speed camera Photron 1.1, 4 – halo-
 gen lamps, 5 – fuel pressure sensor [6] 

 
To assess the repeatability of the experiment, tests were 

conducted three times under each chamber condition. Fur-
ther in the text, these tests are referred to as runs 1–3. The 
process of fuel injection into a constant volume chamber 
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was recorded from the beginning to the complete develop-
ment of the spray. As a result, a series of photographs was 
obtained for each measurement, of which 180 images were 
selected for analysis. Fig. 3 presents example spray images. 

a.  

b.  

c.    

d.  
Fig. 3. Example images of fuel spray at an injector opening pressure of 25 
MPa and a backpressure 3.2 MPa; time after start of fuel injection: a. 0.9 
 ms, b. 1.4 ms, c.1.9 ms, d. 2.4 ms 

3. Data processing 
To analyze the dynamic characteristics of the fuel spray, 

we used the POD method. POD is a technique to extract the 
dominant patterns from dynamically changing data, such as 
a sequence of spray images. It decomposes the data into 
spatial modes and associated time coefficients, ordered 
according to the most energetic structures. In this section, 
we explain all the steps needed to perform POD. 
 Step 1: Preprocessing   

For preprocessing, we first converted all images to 
grayscale. Then, we normalized the data within each test to 
eliminate differences in exposure and illumination between 
snapshots. Next, we ensured that the spray appeared in the 
same location across all snapshots and that the injection 
start time was consistent for all cases. This resulted in 180 
snapshots per fuel spray test. Given the camera sampling 
rate of 15 kHz, this corresponded to 12 ms of analyzed 
time. The analyzed image dimensions of 464 × 710 pixels. 
 Step 2: Data centering  

In this step, we first calculate the mean field by averag-
ing all the snapshots across the same test. Next, the mean 

field was subtracted from each snapshot, resulting in a 
centered dataset.  

               X′ = X − X                                 (1) 

By performing this step, we ensure that POD will cap-
ture only the meaningful dynamics structure of the fuel 
spray. Further, in the POD decomposition, the average 
spray pattern X  represents the steady-state structure and 
will be referred to as the zero-th mode. 
 Step 3: Data organization  

Additionally, we conducted image vectorization, where 
each 2D snapshot was transformed into a 1D vector. These 
vectors were then organized as columns in a data matrix 
X′∈Rm×n, where m represents the number of pixels per 
image and n denotes the number of snapshots. In this case, 
it was m = 329440 and n = 180. 

 
Fig. 4. Flowchart of the main steps to perform POD on a sequence of 
 image data 
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 Step 4: Singular Value Decomposition (SVD)  
The centered data matrix X′ undergoes the Singular 

Value Decomposition (SVD): 

               X′ = UΣVT                                 (2) 

As a result of such data decomposition, we obtain 
U ∈ Rm×n  – a matrix that contains the spatial modes, 
Σ ∈ Rn×n – a diagonal matrix with singular values σi repre-
senting each mode's energy, and V  ∈ Rn×n – contains tem-
poral coefficients showing how each mode evolves in time.  

As a summary, in Fig. 4 we present a flowchart of all 
the steps needed to perform POD on a sequence of image 
data. 

4. Result analysis 

4.1. Singular value analysis 
In this section, we present an analysis based on the POD 

decomposition of a sequence of snapshots – including the 
singular values, spatial modes, and temporal coefficients – 
and explain the physical interpretation of the results. 

A flowchart of the possible POD analysis for spray in-
jection dynamics, taking into account the singular values, 
spatial modes, and temporal coefficients, is presented in 
Fig. 5. 

 
 Fig. 5. Flowchart of the POD analysis 

 
As a result of the POD decomposition on spray snap-

shots, we first present the singular values 𝜎𝑖 from the Σ 
matrices for each test run. The experimental trials that were 
conducted under the same pressure conditions are marked 
with the same color. In Fig. 6, the first ten singular values 
are presented for all experimental trials. 

A rapid decay in singular values suggests that the sys-
tem is dominated by a few coherent modes, which is typical 
in structured fluid flows. In contrast, a slow decay indicates 
the presence of many contributing modes and points to 

more complex or potentially turbulent dynamics. Further, in 
Fig. 7, the first 30 singular values are presented in a loga-
rithmic scale for improved visibility. The close agreement 
between the singular value spectra across runs within the 
same pressure conditions demonstrates the reliability of the 
experimental setup and robust reproducibility of the flow 
structures captured by the POD method. 

 
 Fig. 6. Singular values, the first 10 modes for each spray run 

 
 Fig. 7. Singular values, the first 30 modes for each spray run 

 
Each singular value squared σi

2 represents the energy 
variance captured by the i-th mode. Then, the total energy 
in POD is defined as the sum of the singular values squared 
from all modes, i.e.,  

Etotal = ∑ σi
2r

i=1                                (3) 
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As a physical interpretation, the total energy corre-
sponds to the overall variability in the spray over time, i.e., 
how much the spray pattern changes over time across all 
snapshots. In general, a higher value of energy corresponds 
to more dynamics. In Table 2, we show the total energy for 
all pressure conditions. The close agreement between the 
energy distributions across runs demonstrates the reliability 
of the experimental setup and the consistency of the POD 
decomposition interpretation.  

From the moment fuel is injected into the combustion 
chamber, the jet begins to break up into droplets. The geo-
metric parameters of the injector, such as orifice diameter, 
length-to-diameter ratio (L/D), and the pressure difference 
between the injection pressure and chamber pressure, sig-
nificantly influence the primary breakup. As the fuel jet 
propagates further into the chamber, it undergoes secondary 
breakup. This secondary disintegration is driven by aerody-
namic drag forces resulting from the chamber’s backpres-
sure. Based on Table 2, it was found that increasing the 
backpressure of gases in the constant volume chamber from 
3.2 MPa to 4.3 MPa results in higher energy values, which 
in turn leads to enhanced spray dynamics caused by more 
intensive break-up of fuel spray.  

 
Table 2. Total energy from POD decomposition 

Conditions Total energy from POD 
Opening  

pressure [MPa] 
Back-pressure 

[MPa] 
run 1 run 2 run 3 

15 3.2 539067 604844 636939 
15 4.3 658921 735052 680911 
25 3.2 796846 899307 922222 
25 4.3 1054458 1013955 1064898 

 
Next, we analyze the relative energy contribution of 

each mode, defined as: 

Ei =
σi

2

∑ σj
2r

j=1

                               (4) 

In Fig. 8, we present the relative energy contribution of 
each spray injection run on a logarithmic scale. For all 
experimental runs, the energy contribution of mode 3 is 
below 10%, mode 8 is below 1%, and mode 30 is below 
0.1%. 

Further, in Table 3, we present the energy contributions 
of the first mode (E1), the first two modes (E1–E2), and the 
first five modes (E1–E5). The first mode captures approxi-
mately 70% of the total dynamics in most cases, indicating 
that the spray is coherent, though not entirely uniform. An 
exception is observed in two runs conducted under an open-
ing pressure of 15 MPa and a backpressure of 3.2 MPa in 
the constant volume chamber, where the first mode captures 
only 55% of the energy. This suggests noticeable secondary 
dynamics – likely related to the onset of atomization and 
turbulence. The first two modes account for about 80–83% 
of the total dynamics, while the first five modes capture 
approximately 90–92% across all experimental spray runs. 
These results suggest organized, low-dimensional coherent 
behaviour, although minor contributions from atomisation 
or turbulence are still possible. 

 

Fig. 8. Energy contribution of the first 30 modes for each spray injection 
 run 

 
Table 3. Energy contribution from the first mode (E1), the first two modes 

(E1–E2), and the first five modes (E1–E5) for each spray injection run 
Energy  
contribution 

E1 [%] E1–E2 [%] E1–E5 [%] 

Conditions run run run 
Opening 
pressure 
[MPa] 

Back-
pressure 
[MPa] 

1 2 3 1 2 3 1 2 3 

15 3.2 69 66 69 81 81 83 90 90 91 
15 4.3 68 65 66 80 81 80 90 91 90 
25 3.2 55 54 71 81 81 82 90 91 90 
25 4.3 72 69 72 83 80 83 90 90 92 
 
The energy contribution alone is not a sufficient indica-

tor for fully characterizing our experimental setup and 
spray pressure conditions. Therefore, we proceed with ana-
lyzing POD spatial modes and temporal coefficients. 

4.2. Spatial modes analysis 
The spatial modes from the 𝑈 matrix obtained from the 

POD analysis are a valuable source of information about 
the spray structure. Shadow images of the spatial modes, 
calculated for run 1 of each experimental setup, are pre-
sented in Fig. 9 and Fig. 10 for opening pressures of 15 
MPa and 25 MPa, respectively. Selected modes are shown 
for backpressures of 3.2 MPa and 4.3 MPa. 

In POD analysis, Mode 0 represents the overall geomet-
ric shape of the fuel spray, resulting from preprocessing 
data centering, while Mode 1 corresponds to the dominant 
structure, such as the cone shape. The number of times  
a spatial mode changes sign (observed as a black-to-white 
color transition in Fig. 9 and Fig. 10) can provide infor-
mation for distinguishing between coherent dynamics and 
high-frequency structures, such as those associated with 
atomization. 

Lower-order POD spatial modes represent the spray's 
core and primary breakup structures. The backpressure of 
gases in the constant-volume chamber directly influences 
the shape of the diesel fuel spray and its atomization. The 
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intensity at the center of the spatial mode provides insight 
into the spray's core dynamics. Furthermore, the symmetry 
of the mode shapes, as seen in Fig. 9 and Fig. 10, indicates 
that the spray fluctuates in a balanced way on both sides of 
the spray axis. 

Higher-order POD spatial modes can represent droplet 
behavior, turbulence, and noise. The disintegration of the 
diesel fuel spray depends on instabilities caused by aerody-
namic drag forces. Due to the impact of aerodynamic forces 
exerted by the gas, the spray surface is subject to violent 
disturbances, particularly in the outer regions. The edges 
highlighted in the spatial modes, as seen in Fig. 9 and Fig. 
10, suggest that the spray boundary is dynamically active. 
In these regions, intense secondary breakup occurs, forming 
cloud-like structures composed of dispersed droplets. Sim-
ultaneously, an increase in the cone angle of the fuel spray 
is observed. 

 
Fig. 9. Spatial mode shapes for opening pressure: 15 MPa with backpres-
 sures of 3.2 MPa (left) and 4.3 MPa (right) 

 
Furthermore, if a mode is localized upstream, it may in-

dicate nozzle fluctuations in higher-order modes or injec-
tion irregularities in lower-order modes. On the other hand, 
if the mode is localized downstream, it may point to droplet 
cloud dispersion or final breakup events. 

The interpretation of spatial modes very much depends 
on the resolution of the snapshots and the physical distance 
represented by each image pixel. An overall interpretation 
for mode shapes is given in Table 4. 

Table 4. Spatial modes interpretation 
Modes Interpretation 

Mode 0 The mean through all snapshots, i.e., the baseline 
structure 

Mode 1 Represents the dominant structure, like the cone 
shape 

Lower Modes Represent spray core and primary breakups 

Higher Modes Represent turbulence, droplet behavior, or noise 

     
Fig. 10. Spatial mode shapes for opening pressure: 25 MPa with backpres-
 sures of 3.2 MPa (left) and 4.3 MPa (right) 

4.3. Temporal coefficients analysis 
For a better understanding of the dynamic behavior of 

the spray, we also analyze the temporal coefficients ob-
tained from POD. By temporal coefficients analysis, it is 
possible to determine if the spray shows oscillatory behav-
ior, random fluctuations, or other sudden transient events. 

Temporal coefficients, calculated from run 1 of each 
experimental setup, for selected modes are shown in Fig. 11 
and Fig. 12 for opening pressures of 15 MPa and 25 MPa, 
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respectively. These coefficients indicate the contribution of 
each spatial mode over time and reflect the underlying flow 
dynamics. Analysis of higher-order modes confirms the 
presence of complex oscillatory and transient behaviors, 
which are characteristic of turbulent atomization, droplet 
interactions, and breakup phenomena.  

Additionally, spectral analysis of the temporal signals 
could be applied to identify dominant frequencies, offering 
a more quantitative measure of spray behavior. 

5. Conclusions 
In this work, we demonstrated the applicability of the 

POD method for analyzing the fuel spray atomization pro-
cess. By decomposing the complex spray dynamics into 
spatial modes and temporal coefficients, we characterized 
the dominant structures and their evolution over time.  

 
Fig. 11. Temporal POD coefficients for an opening pressure of 15 MPa 
 and backpressures of 3.2 MPa (left) and 4.3 MPa (right) 

       

Fig. 12. Temporal POD coefficients for an opening pressure of 25 MPa 
 and backpressures of 3.2 MPa (left) and 4.3 MPa (right) 

 
The consistency of the POD results across repeated tests 

under the same operating conditions confirms the reliability 
of the experimental setup and POD methodology. The anal-
ysis of singular values showed that the fuel spray is largely 
governed by a few dominant modes, with the first mode 
capturing approximately 70% of the total energy under 
most experimental conditions. Increased backpressure in 
the constant volume chamber was shown to enhance spray 
dynamics by increasing the energy associated with second-
ary breakup and turbulent dispersion. The POD spatial 
modes provided valuable information about the effects of 
nozzle fluctuations, core dynamics, and droplet dispersion 
at different stages of spray development. The temporal 
coefficient analysis confirmed the presence of oscillatory 
and transient behaviors, representing complex atomization 
processes. It should be emphasized that the test results and 
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their analysis are valid only for the specific fuel injection 
parameters presented in this work and for the Mie scattering 
measurement method. The POD method can be used to 
analyze droplets in a fuel spray in terms of the general 
structures (modes) present. Therefore, information about 
which structures dominate the fuel atomization and air 
mixing process, depending on the injection parameters, can 
be utilized in the design phase of marine fuel injection 
systems. 

This work's findings suggest that POD can be a power-
ful tool for optimizing the fuel atomization process in ma-
rine diesel engine injectors, supporting future efforts to 

design more efficient and cleaner combustion systems.  It 
should be noted, however, that the possibility of analyzing 
the results of fuel spray and spray dynamics tests using 
POD depends on the specific optical measurement method 
employed. 
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Nomenclature 
CI compression ignition 
CNG compressed natural gas 
DI direct injection 
LPG liquified petroleum gas 
POD proper orthogonal decomposition 
SI spark ignition 

SVD singular value decomposition 
U  spatial mode matrix 
σi  singular value for i-th mode 
Σ  singular values matrix  
V  temporal coefficient matrix 
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Comparative analysis of IC diesel engine performance fueled with diesel/hydrogen 
and diesel/ammonia mixtures 

 
ARTICLE INFO  The paper presents the results of research performed on an internal combustion diesel engine operating on  

a dual-fuel strategy. Fuels used during the study were diesel as a reference fuel, pure hydrogen, and ammonia as 
a hydrogen carrier. Fuel mixtures of diesel/hydrogen and diesel/ammonia were added to the engine, at energetic 
shares of 8, 12, 22, and 32% to maintain the constant engine load compared to the engine fueled with diesel.  
A comparison of the engine performance and the combustion process was made. Under the test conditions for all 
mixtures, the indication of the combustion pressure was made. The indication results were used to calculate 
engine performance parameters, such as IMEP, engine power, COVIMEP, and thermal efficiency. They were also 
used to describe the combustion process, including the determination of parameters like combustion stages, 50% 
MFB position, and HRR. The analysis of the results shows that adding hydrogen or ammonia as a main fuel 
causes a much faster combustion process compared to a diesel fuel engine. With an increase in energetic share, 
the combustion characteristic of the diesel/hydrogen engine shows two maxima in the HRR curve, besides 32% 
where there is only one peak. In contrast, for the diesel/ammonia engine, there is only one maximum, where an 
increase in the value of the kinetic combustion phase and the delay of ignition occur. 
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1. Introduction 

The global industrialization based on fossil fuel energy 
production negatively influences living organisms on our 
planet [17, 25]. The negative causes of industrialization are 
related to the emission of toxic and harmful gas com-
pounds, greenhouse gases (GHG), which significantly in-
fluence climate change [4, 10]. One of the reasons for this 
is the use of worldwide transport, which is based on vehi-
cles equipped with internal combustion (IC) engines. To 
prevent an increase in emissions and reduce them to zero, 
the European Union has introduced the Fit for 55 program 
[21]. To respond to that program, it is necessary to switch 
the technology of the IC engine, which is based on the 
combustion of fossil fuels, to a clean combustion technolo-
gy that uses alternative fuels, such as carbon-free fuels. 
Carbon-free fuels can be characterized as those for which 
combustion doesn’t lead to carbon dioxide (CO2) emission 
[3], for this group of fuels, hydrogen and ammonia can be 
considered. 

The hydrogen (H2) as an energy carrier can be used as  
a fuel in pure form for IC engines, both spark-ignited (SI) 
and compressed-ignition (CI), and in fuel cells [8, 9, 22, 
26]. Hydrogen as a fuel for IC engines has specific proper-
ties that distinguish it from fossil fuels. An important dif-
ference is in its atomic structure, where there is no carbon 
atom, which benefits the decrease in GHG emissions. For 
the mass unit, it has a very high lower heating value (LHV), 
which is 120 MJ/kg, which is close to three times higher 
than for petroleum fuels. From that point of view, it can be 
recognized as a fuel with big potential as a substitute for 
conventional fuels. However, as a gaseous fuel, it has  
a very low density, which implies that for a volume unit, 
the LHV is around 10.3 MJ/m3, and if this value is com-
pared with, for example, natural gas (NG), whose LHV is 

equal to 34.5 MJ/m3, it is around three times lower. Hydro-
gen also has a very high laminar flame speed (LFS), which 
in normal conditions and in stoichiometric mixtures is 2.5 
m/s [24]. For natural gas, the LHV value is 0.4 m/s [6], and 
it is nearly six times lower compared with hydrogen. Hy-
drogen can be a catalyst that increases the chemical reactiv-
ity of co-combusted fuels, and also because of its wide 
flammability limits, which are from 5 to 75% of volume, it 
promotes combustion of very lean co-combusted mixtures 
of fuels. Also, high penetration of the hydrogen flame in-
creases the efficiency of the combustion process itself and 
leads to more complete combustion. However, there are 
several problems and challenges with hydrogen use as  
a fuel for IC engines, which are related to such topics as 
storage, transportation, and production. The production of 
hydrogen is generally costly and mostly done by electroly-
sis or by steam methane reforming. The storage technology 
used in transportation nowadays is based on high-pressure 
(350 to 700 bar) or cryogenics (1 atm; –240°C) tanks, 
which are expensive and advanced technologies [8]. And 
from that point of view, an interesting alternative can be 
ammonia (NH3). 

Ammonia, as a hydrogen carrier that can be treated as  
a fuel, also does not have a carbon atom in its structure. 
Thanks to that property, it can also be considered as a fuel 
which leads to a decrease in the emission of one of the 
GHGs, namely CO2. But unfortunately, additional nitrogen 
in the structure promotes the emission of nitrogen oxides 
(NOx). The energetic density of ammonia is higher than that 
of hydrogen. Ammonia compressed to 1 MPa has a volu-
metric energy density equal to 13.6 GJ/m3, which is a high-
er value than methane, which has 10.4 GJ/m3 at 25 MPa. 
Laminar flame speed for ammonia is 0.07 m/s, which is 
very low, and determines the character of the combustion 
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process; it causes an increase in ignition delay [13]. The 
combustion process of ammonia is prolonged, which caus-
es, in many cases, increased emission of unburnt NH3 [20, 
31], which is also recognized as a greenhouse gas [30]. The 
flammability limits by volume for ammonia are lower than 
for pure hydrogen, and they are respectively 15 to 28%, 
which is wider than for petroleum fuels. 

As it was mentioned, most alternative and all petroleum 
fuels have carbon in their structure, which means that dur-
ing their combustion, as a result, we get the emission of 
carbon dioxide, which is responsible, among others, for 
greenhouse gas emissions (GHGs) [19]. Based on the anal-
ysis of hydrogen and ammonia properties, it can be stated 
that they can be an alternative to carbon-based fuels [16]. 
Those fuels can be used both in spark-ignition and com-
pression-ignition engines. However, because of the high-
octane number, which leads to a low cetane number, they 
are difficult to ignite in CI engines, and to do that, the pilot 
injection of high-reactivity fuel, such as diesel oil, should 
be used. The hydrogen addition increases combustion 
speed, which is decreased by ammonia, which has, as men-
tioned earlier, a low LFS compared to other fuels. 

Those combined properties cause blends of die-
sel/hydrogen and diesel/ammonia to be very interesting as 
an alternative energy source for IC compression-ignition 
engines. The research related to the combustion of the 
aforementioned fuel blends is the subject of research per-
formed by many institutions around the world. The results 
presented by Kanth and Debbarma [11] determined the 
increase in engine efficiency by 2.5% when it was fueled by 
a mixture of diesel and hydrogen and 1.6% when it was a 
mixture of diesel and biodiesel (10% v/v). They also noted 
a decrease in CO and UHC emissions, but accompanied by 
an increase in NOx. Investigation of a dual-fuel engine 
powered by diesel and hydrogen was presented by Gomes 
Antunes et al. [7]. In this case, both fuels were directly 
injected into the engine cylinder. They observed an increase 
in engine power by 14%, and to achieve stable engine oper-
ation, they heat up the intake air. An increase in pressure 
and efficiency was also noted during those tests. Akra et al. 
[1] performed the tests with an engine fueled by a bio-
diesel/hydrogen mixture, and they added hydrogen to get an 
improvement in the combustion process. They achieved an 
increase in engine performance and a decrease in exhaust 
gas emissions except for the NOx. The co-combustion of 
hydrogen with diesel and biodiesel and their mixture was 
tested by Köse and Acaroğlu [12]. As a result, they ob-
served that the highest increase in engine efficiency was for 
an engine fueled by biodiesel with a 2.5% addition of hy-
drogen, and for a diesel/biodiesel with a 2.5% hydrogen 
mixture, maximum power output was achieved. Bjørgen et 
al. [2] tested an engine fueled with a mixture of diesel and 
NH3, where those fuels were separately injected into the 
engine cylinder. The ammonia energy share was 40, 50, and 
60%. The diesel injection timing was constant with the 
value of 15° bTDC. Advancing ammonia injection 15° 
before diesel injection causes an increase in ignition delay. 
Injection of ammonia simultaneously or after diesel injec-
tion had a positive impact on the combustion process and 
the smooth running of the engine. Injection at the same time 

of diesel and ammonia resulted in the highest efficiency 
value, lower ammonia slip, and decreased NOx emission. In 
the research presented by Nadimi et al. [18], the results of 
NH3/diesel mixtures with various ratios were presented. 
The tests show that increasing the ammonia energetic ratio 
(AER) switched combustion mode from diffusive (diesel) 
to premixed combustion (diesel/ammonia) in a dual-fuel 
engine. Increase in AER changed combustion phases. Addi-
tion of NH3 reduces the emissions of CO2, CO, and particle 
matters (PM), at the same time, causes an increase in NOx 
and NH3 emissions. Also, Liu et al.[15] tested a dual-fuel 
diesel engine where additional fuel, ammonia, was added. 
The parameters that were changed during those tests were 
ammonia energy fraction (AEF), diesel injection pressure, 
and diesel injection timing. As a result of that research, they 
found that an increase in AEF causes a decrease in peak 
pressure, an increase in combustion duration, a reduction of 
NOx, soot, and CO2 emissions, which also causes an in-
crease in emissions of unburned ammonia UNH3 and N2O. 

Besides the aforementioned fuel mixtures, die-
sel/hydrogen and diesel/ammonia, there is research being 
performed at an IC compression ignition engine where the 
mixture of those three fuels, diesel/ammonia/hydrogen, is 
used. Zhang et al. [32] performed the tests at full load for 
different energetic rates for ammonia up to 50% and hydro-
gen up to 8%. They found that the addition of NH3 im-
proves engine performance, whereas the addition of H2 
improves the combustion of the diesel/ammonia mixture. 
The addition of NH3 and H2 causes a reduction of NOx, 
CO2, and soot, but causes an increase in NH3 emissions. 
The research of Wang et al. [29] was performed on a sin-
gle-cylinder diesel engine at a constant speed, where the 
energetic fraction of hydrogen was changed from 10 to 
90%. The results of those tests were that the optimal hydro-
gen energetic fraction was 30%, which led to a drop in NH3 
emission by almost 90% but caused an increase in NOx 
emission by close to 60%. The tests on a 1-cylinder diesel 
engine fueled with diesel/ammonia/hydrogen blends were 
performed by Dhas et al. [5], where ammonia and hydrogen 
were added to the engine with a constant flow equal to 10 
LPM (liter per minute). They found that the addition of 
NH3 and H2 improved brake thermal efficiency, reduced 
carbon dioxide (CO2), hydrocarbons (HC), and smoke, but 
increased NOx emissions. 

As shown in the literature review, the use of die-
sel/hydrogen and diesel/ammonia mixtures in IC compres-
sion ignition engines gives many advantages compared to 
the combustion of petroleum fuels. These advantages can 
be observed especially in terms of engine performance, 
efficiency, and emission of exhaust gases, especially those 
based on carbon fuel combustion. As a good aspect of hy-
drogen and ammonia mixing with diesel, it can be pointed 
out that, as a carbon-free fuel, it is a clean energy source in 
its own right. Ammonia is much safer to transport and 
store, and its volumetric energy index is higher than that of 
hydrogen itself, making it an attractive engine fuel. On the 
negative side, hydrogen burns very quickly and has a very 
low ignition energy, which creates problems with combus-
tion control. Rapid combustion is accompanied by large 
temperature increases, which increase nitrogen oxide emis-
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sions. Ammonia, on the other hand, burns slowly, which 
can be problematic for high-speed engines. The aggressive 
nature of ammonia requires the use of materials resistant to 
its effects. 

The research presented in this paper was performed on 
1-cylinder diesel engines. The engine was running with 
constant speed and load. The addition of hydrogen and 
ammonia to the engine was in that manner to ensure the 
constant load level equal to that of a diesel-fueled engine. 
During the test, the engine's indication was done, and 100 
consecutive cycles for each measured point were stored for 
combustion analysis. On the basis of measurement, the 
analysis of the combustion process was done, and the pres-
sure, heat release rate, and normalized heat release curves 
were presented. The combustion phases were determined 
for each case, and the engine performance parameters, such 
as power, indicated efficiency, and COVIMEP, were calcu-
lated and presented. The research performed in this paper 
presents the comparison analysis of combustion parameters 
between an engine fueled with diesel/hydrogen and a die-
sel/ammonia mixture. The research was done at the same 
load conditions and energetic shares of gas fuels, which 
gives interesting information about the combustion process 
of those gaseous fuels in a dual fuel engine, especially from 
fuel chemical properties. 

2. Materials and methods 
The tests were carried out on a 1-cylinder industrial du-

al-fuel compression-ignition engine 1CA90 powered by 
diesel oil and hydrogen or ammonia. The engine was air-
cooled and the fuel system provided a constant injection 
timing of 20°CA bTDC. The engine operated at a constant 
rotational speed of 1500 rpm. 

The engine was equipped with an indication system. An 
encoder with a resolution of 1 °CA  was mounted on the 
engine crankshaft; this signal was used in the data acquisi-
tion system. Data obtained from the measuring track 
equipped with a pressure transducer (Kistler 6118C) and  
a charge amplifier (Kistler 5018A) were transferred to a PC 
using an A/C converter (USB-1608HS). The author's com-
puter program allowed for real-time observation of pressure 
courses, released heat, HRR, temperature, combustion 
phases, and IMEP. The engine intake system was equipped 
with an air filter, a rotary flow meter (CGR-01), and a pres-
sure pulsation damper. Hydrogen/ammonia was fed to the 
intake manifold in the gas phase, and its volume flow was 
controlled by a needle valve at the gas reducer. The gas 
flow was measured by a flow meter (RTU-10-300). A de-
tailed description of the research test stand is presented in 
studies [27, 28]. 

The aim of the research was to conduct a comparative 
analysis of the co-combustion process of H2/NH3 with die-
sel fuel in an industrial compression-ignition engine. The 
research was carried out for a constant engine load defined 
as IMEP, whose value was 0.77 MPa. The energy share of 
fuels was determined from the relationship: 

 HEF/AEF =
dH2/NH3∙LHVH2/NH3

dD100∙LHVD100+dH2/NH3∙LHVH2/NH3
 (1) 

where: AEF – ammonia energy fraction, HEF – hydrogen 
energy fraction, dD100 – mass of diesel fuel dose per cycle, 

dH2/NH3 – mass of hydrogen/ammonia dose per cycle, 
LHVH2/NH3 – lower heat value of hydrogen/ammonia, 
MJ/kg. 

IMEP was calculated based on following equation: 

 IMEP =
1

Vd
∫ p

dV

dφ

720

0
 (2) 

where: Vd – displacement volume [m3]. 
The indicated thermal efficiency can be defined as the 

ratio of the indicated work in the cylinder volume to the 
amount of heat supplied to the cylinder.  

 ITE =
IMEP∙Vd

Qcycle
∙ 100% (3) 

where: IMEP – indicted mean effective pressure [Pa], Qcycle 
– total heat supplied to the engine [J]. 

The heat release rate is one of the parameters that analy-
sis allows to describe the combustion process in an IC en-
gine. This parameter is determined on the basis of the in-
cylinder pressure measurement. It can be calculated on the 
basis of the first law of thermodynamics and the equation of 
state. A simplification of those equations allows us to cal-
culate the net heat release rate. A net heat release is calcu-
lated based on the following equation: 

 dQ

dφ
=

1

κ−1
[κp ∙

dV

dφ
+ V ∙

dp

dφ
] (4) 

where:   – the ratio of specific heats [–], V – cylinder vol-
ume [m3], p – in cylinder pressure [Pa]. 

The indicator of unrepeatability of IMEP was deter-
mined based on the following equation: 

 COVIMEP =
σIMEP

(IMEP)mean
∙ 100% (5) 

where: IMEP – standard deviation of IMEP. 
Table 1 presents the mass and energy doses of fuels 

supplied to the engine for the individual analyzed meas-
urement points. 

The results show that with the increase in the share of 
H2 or NH3, the share of diesel fuel decreased so that the 
power generated by the engine remained at a constant level. 
The increase in the share of H2/NH3 caused the engine to 
require a smaller dose of energy contained in the fuel to 
generate the same power. 
 

Table 1. Mass and energy doses of fuels 

HEF 
D100 H2 Qen(H2) qNH2 Qcycle 
kg/h kg/h MJ/h J/cycle J/cycle 

0% 1.202 0.000 0.00 0.00 1122 
8% 1.018 0.0293 3.52 78.72 1029 

12% 0.966 0.0467 5.60 124.54 1027 
22% 0.827 0.0811 9.73 245.06 1015 
32% 0.738 0.1209 14.51 322.50 1012 

 

AEF 
D100 NH3 Qen(NH3) qNH3 Qcycle 
kg/h kg/h MJ/h J/cycle J/cycle 

0% 1.202 0.000 0.00 0.00 1122 
8% 1.087 0.219 4.12 91.49 1106 

12% 1.044 0.319 6.01 133.58 1108 
22% 0.883 0.552 10.38 256.18 1080 
32% 0.759 0.788 14.82 329.34 1038 
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3. Results 
The basis for assessing the combustion process in a pis-

ton engine is the knowledge of the pressure course in the 
cylinder. As part of the research, 100 consecutive engine 
work cycles were recorded, and the average course from the 
entire set of realizations was analyzed. The engine was 
characterized by high repeatability of subsequent cycles 
observed in real time during the research. Each measure-
ment point was repeated 3 times while maintaining thermal 
stabilization of the engine for each change in the fuel share. 

 

 

 
Fig. 1. Pressure curves in the engine cylinder for different H2 (a) and 
 NH3 (b) proportions 

 
Figure 1a presents a comparison of pressure courses for 

a dual-fuel engine fueled with diesel oil and hydrogen, and 
Fig. 1b with diesel oil and ammonia. It can be seen that 
with the increase in the share of hydrogen, the peak pres-
sure value also increases, and this value also occurs closer 
to TDC. That change, because of the hydrogen properties, 
such as high LFS and diffusion, was expected. For the en-
gine fueled with hydrogen, with its highest energy share, 
there was an increase in pmax by 0.76 MPa compared to the 
engine fueled with diesel fuel. When fueled with ammonia, 
the maximum pressure increase was noted for a 12% share 
of NH3 and amounted to 0.05 MPa. For the ammonia fuel,  
a significant delay in the pressure courses is visible com-
pared to the reference case, which is not the case for the 
hydrogen fuel, and it was caused by the low value of LFS 
of this fuel. Figure 2 presents the heat release rate courses 
that are the basis for assessing the combustion process.  

From the HRR courses for the hydrogen-fueled engine, 
it can be seen that with the increase of the H2 share, up to 
22%, the combustion process takes place in two stages, 
after the first peak on the HRR curve, a second maximum 
begins to appear. Exceeding this H2 share caused the com-
bustion to pass into one stage of kinetic combustion with  

a noticeable disappearance of the diffusion part. Such be-
havior of a diesel/hydrogen mixture can be caused by an 
increase in the energetic share of the fuel, which has a low 
ignition energy value. Consequently, in certain cylinder 
conditions, the ignition of the hydrogen-air mixture occurs. 
The increase in HRRmax did not exceed 15 J/deg. For the 
engine fueled with ammonia, the kinetic combustion phase 
increased by 12 J/deg, which is similar to that of hydrogen. 
In this case, the nature of the HRR courses is similar for all 
NH3 shares. There was a clear reduction in the diffusion 
combustion phase with the increase of the NH3 share. Simi-
larly to the pressure courses, a delay in combustion was 
visible with the increase of the NH3 share. This was caused, 
among others, by the increase in the share of fuel with low 
laminar combustion speed (0.07 m/s) and high heat of va-
porization (1370 kJ/kg). 

 

 

 

Fig. 2. Heat release rate curves for different H2 (a) and NH3 (b) fractions 
 
Based on the heat release rate curves, the heat release 

curves were determined, which, after normalization, were 
used to determine characteristic combustion stages. The 
ignition delay time (CA10) was determined, defined as the 
time from the beginning of liquid fuel injection to the mo-
ment of 10% heat release. The combustion duration 
(CA10–90) was also determined, defined as the time from 
the beginning of combustion (CA10) to the moment of 90% 
heat release (CA90).  

The determined heat release courses after normalization 
are shown in Fig. 3. Fueling the engine with hydrogen 
clearly affects the heat release course. With an increase in 
the H2 share, a clear increase in heat release is visible in the 
initial combustion phase. Hydrogen, thanks to its high LFS 
value, intensifies the combustion process. For the engine 
fueled with NH3, a change in the nature of heat release is 
also visible, but here, after the initial intensification of this 
process, it is clearly slowed down due to the limited flam-
mability of ammonia. 
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Fig. 3. Normalized heat release curves for different H2 (a) and NH3 (b) 
 fractions 
 

In Figure 3 (a and b) characteristic combustion stages 
are marked, 10% Qnorm is the ignition delay time (CA10) 
and 90% Qnorm is the conventional end of combustion time 
(CA90). The type of fuel is crucial for the initiation and 
combustion process in both spark ignition and compression 
ignition engines. It influences characteristic combustion 
phases, such as ignition delay and combustion duration. For 
a diesel engine, these phases are most often determined 
based on the curves of the total released heat. 

Figure 4 shows the changes of CA10 and CA10-90 dur-
ing co-combustion of diesel fuel with hydrogen and ammo-
nia in a dual fuel engine for the analyzed ranges of H2 and 
NH3 shares. The addition of hydrogen to diesel fuel, in 
comparison with the addition of ammonia, caused a smaller 
ignition delay and shortened the combustion duration. The 
smaller CA10 for the diesel/hydrogen engine resulted from 
providing better conditions for ignition in the engine cylin-
der due to the improved homogeneity of the combustible 
mixture containing hydrogen.  

 
Fig. 4. Characteristic combustion stages: ignition delay (CA10) and 
 combustion duration (CA10-90) 

Easier ignition of mixtures with H2 also resulted from 
the low minimum ignition energy of hydrogen (0.018 mJ), 
significantly lower than the minimum ignition energy of 
ammonia (5–8 mJ). The shorter combustion time of mix-
tures with H2 added compared to NH3 added was mainly 
caused by the difference in laminar flame speed values for 
both fuels. High peak laminar flame speed of hydrogen 
(2.65–3.25 m/s), which is about 40 times higher than the 
laminar flame speed of ammonia (0.07 m/s), intensifies 
combustion and helps to shorten CA10–90.  

Figure 5 presents a comparison of changes in the IMEP 
non-repeatability coefficient for a diesel/hydrogen and 
diesel/ammonia dual-fuel engine. It can be seen that in both 
cases the COVIMEP values did not exceed the 5% limit per-
missible for combustion engines and were comparable to 
the values achieved by a conventional diesel engine. For the 
engine combusting a mixture with the addition of NH3, in 
the entire range of energy shares of this fuel, the COVIMEP 
values were about 2%. For the engine burning a mixture 
with the addition of H2, a slight increase in non-repe-
atability was noted for the largest 32% share of this fuel. In 
this case, a large amount of hydrogen in the combustible 
mixture caused premature ignitions in some cycles, result-
ing in distortion of the cycles and deepening the differences 
between them and the average cycle. 

 
Fig. 5. Coefficient of variation for IMEP 

 
Objective evaluation of the combustion engine opera-

tion is also possible thanks to utility indicators such as 
thermal efficiency (ITE) and specific energy consumption 
(SEC). Fig. 6 presents the curves of ITE and SEC changes 
obtained for the diesel/hydrogen and diesel/ammonia en-
gines. They show that the dual-fuel engine worked more 
efficiently compared to the conventional diesel engine. It 
can also be seen that the dual-fuel engine with H2 addition 
was characterized by higher efficiency and lower specific 
energy consumption compared to the engine fueled with 
NH3. For the diesel/hydrogen engine, the shorter combus-
tion time limited heat losses to the combustion chamber 
walls and contributed to reduced energy consumption and 
improved efficiency. For both combusted mixtures, the 
maximum value of ITE was observed for 12% energy 
share. 
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Fig. 6. Engine Thermal Efficiency (ITE) and Specific Energy Consump-
 tion (SEC) 
 

When fueling a piston engine with conventional fuels, 
the basic mechanism for the formation of nitrogen oxides is 
the thermal mechanism. The share of hydrogen in the fuel 
mixture contributed to the increase in the combustion tem-
perature and thus intensified the NOx formation process. 
The data in Fig. 7 show this almost linear relationship be-
tween NOx emissions and the share of hydrogen in combus-
tion. For the engine fueled with the reference fuel, the NOx 
concentration was 457 ppm and for a 32% share of H2 it 
increased to 860 ppm, i.e. increased almost twice.  

 
Fig. 7. NOx concentration in exhaust gases depending on the fuel type 

 
In the case of NH3 engine fueling, NOx emissions will 

also be affected by the thermal mechanism, but the fuel 
mechanism will play a significant role. Ammonia is a com-
pound of nitrogen and hydrogen, which means that access 
to nitrogen in the fuel contributes to changing the nature of 
NOx formation mechanisms. According to literature sources 
[13, 23], the deNOx mechanism can also occur with such 
fuel. In the analyzed cases, for an 8% share of NH3, the 
NOx concentration increased by 120 ppm, and for a further 
increase in the share of NH3, a systematic decrease in NOx 
concentration was noted. One of the main benefits of using 
alternative fuels, such as hydrogen or ammonia, in a com-
pression ignition engine is the reduction of carbon-based 
compound emissions. One of them is soot, which is a sig-
nificant problem for conventional diesel engines. Figure 8 
shows changes in the soot concentration in the exhaust 
gases of a dual-fuel engine in the analyzed range of H2 and 
NH3 shares. Emission results showed a significant reduc-
tion in soot content in the exhaust of the dual fuel engine, 

compared to a conventional engine fueled with diesel fuel 
alone. Replacing part of the diesel fuel with fuels free of 
elemental carbon, such as hydrogen or ammonia, in the 
engine cylinder reduced the possibility of incomplete fuel 
combustion and reduced the amount of soot in the exhaust. 
The diesel/hydrogen engine was characterized by lower 
soot emissions compared to the diesel/ammonia engine due 
to the better ability of H2 to homogenize the combustible 
mixture and reduce fuel-rich zones in the engine cylinder. 

 
Fig. 8. The influence of H2 and NH3 on soot emission 

4. Conclusions 
As shown in this research, the addition of hydrogen or 

ammonia as an energy substitution for diesel fuel can be an 
interesting solution not only because of diesel engine per-
formance but also the combustion process itself. On the 
basis of the research, the following conclusion can be 
drawn: 
 The addition of hydrogen and ammonia to diesel fuel 

decreases the total energy of the cycle from 1122 kJ to 
1022 kJ for diesel/hydrogen and from 1122 kJ to 1038 
kJ for diesel/ammonia, to achieve the same IMEP as for 
diesel fuel. 

 The addition of hydrogen to diesel causes an increase in 
the cycle's pmax, and that value constantly increases with 
the increase in hydrogen share by 0.76 MPa from 6.24 
to 7.00 MPa. The ammonia addition did not cause a sig-
nificant increase in pmax. The pmax was almost constant 
for all energy ratios, and it was around 6.24 MPa. 

 The diesel/hydrogen combustion is characterized by two 
maxima on the HRR curve for all energy ratios except 
the 32% ratio, where there is only one maximum. The 
increase in HRR value is 15 J/deg for all cases, except 
for the 32% energy ratio, where HRR is 20 J/deg. The 
combustion of a diesel/ammonia mixture is character-
ized by only one maximum, indicating a combustion 
process closer to a kinetic one. In this case, the increase 
in HRR value doesn’t exceed 15 J/deg for all energy ra-
tios. 

 The hydrogen addition did not affect an ignition delay 
(CA10), which is, for all cases, close to 17°CA, whereas 
the ammonia constantly increases that period from 
17°CA to 19°CA, with an increase in the ammonia en-
ergetic share. 

 The CA10–90 phase for hydrogen constantly decreases 
with an increase in energy share, and it was around 
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14°CA for an energy share equal to 22% from 54°CA to 
40°CA. Because of an increase in unstable combustion 
for an energy share equal to 32% the increase in that pa-
rameter was noted to CA10–90 = 50°CA. For die-
sel/ammonia mixtures, there was a constant increase in 
the CA10–90 phase with an increase in the ammonia 
energy share from 54°CA to 58°CA. 

 The addition of hydrogen or ammonia causes an in-
crease in the indicated thermal efficiency, where for 
both combusted mixtures, the maximum value was ob-
served for 12% energy share, and it is 38% and 34% re-
spectively. 

 The addition of ammonia did not cause any significant 
change in COVIMEP, and the same trend was observed 
for all energy fractions of hydrogen, except for the last 
one, which was 32%. An increase in COVIMEP for this 
energy fraction was observed. It is worth noting that the 
COVIMEP for all tested mixtures was under 5% value. 

 The emission of NOx increases in both tested fuel mix-
tures. However, a more visible increase was observed 
for diesel/hydrogen mixtures, where the increase is from 
457 ppm to 860 ppm. For diesel/ammonia mixtures, the 
increase in NOx emissions was from 450 ppm to 500 
ppm. 

 In both cases of fuel mixtures, a decrease in soot emis-
sion was observed. In both mixtures, diesel/hydrogen 
and diesel/ammonia, the decrease was from a value lev-
el of 1500 ppm to 200 ppm. 
The use of alternative fuel, which does not contain car-

bon particles in its structure, is an interesting solution to 
improving the combustion process and emissions of internal 
combustion diesel engines. Both fuels, when blended with 
diesel, improve ITE but also demonstrate that it is im-
portant to use their full potential, which requires controlling 
injection timing. The next step of the research will be the 
modification of the engine fuel supply system from me-
chanical to an electronically controlled one, which gives the 
possibility to change the injected fuel dose in a wider range 
and also provides control of the injection timing, which 
allows for the expansion of the field of research. 
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Nomenclature 
AEF ammonia energy fraction 
bTDC before top dead center 
CI compression ignition 
COVIMEP coefficient of variation for IMEP 
HEF hydrogen energy fraction 
HRR heat release rate 
IC internal combustion 

IMEP indicated mean effective pressure 
ITE indicated thermal efficiency 
LFS laminar flame speed 
LHV lower heating value 
LPG liquefied petroleum gas 
SEC specific energy consumption 
σIMEP standard deviation of IMEP 
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Problems of filtration and standardization on parameter conformity of diesel fuels 
containing decarbonization components and processing impurities 

 
ARTICLE INFO  The use of alternative fuels and fuel components derived from organic and inorganic waste enables progress 

toward the goals set by decarbonization policies and environmental protection, but on the other hand, it presents 
a number of challenges related to maintaining the operational quality of these fuels. This primarily involves 
achieving normative physico-chemical parameters for newly formulated blends intended for powering automo-
tive engines, as well as identifying and effectively removing both solid and liquid contaminants specific to each 
fraction (component). Information concerning the chemical composition and purity of individual fuel compo-
nents is essential in the context of formulating substitute fuels. This article presents the results of comparative 
studies on the amount of contaminants found in substitute fuel components such as hydrotreated vegetable oil 
(HVO), tire pyrolysis oil (TPO), and plastic-derived pyrolysis oils – polypropylene pyrolytic oil (PPO) and 
polystyrene oil (PSO). For diesel fuel and substitute fuels, microfiltration was carried out using membrane 
filters to determine the quantity of solid impurities. The aim of the study was to assess the feasibility of using 
these types of fuels either on their own or in blends with diesel fuel, under the assumption that they would be 
used directly after processing to power compression ignition engines. The research showed that the distillation 
process of pyrolytic oils significantly reduces the content of process-related impurities. The greatest reduction 
was observed for PPO, where after filtering a 50 ml sample the level of contaminants after distillation and 
ashing decreased from approximately 23 mg to a value close to zero. 
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1. Introduction 

The absence of contaminants in fuels used to power in-
ternal combustion engines is one of the most critical re-
quirements that such fuels must meet. This is particularly 
important for compression ignition engines due to their 
high operating pressures and the extremely precise toler-
ances of fuel system components. Fuel injection systems 
used today are built to extremely precise standards and 
operate under very high pressure. Because of that, they are 
easily affected by even tiny traces of contaminants – 
whether solid particles or liquid residues. When such impu-
rities get into the system, they can cause wear and tear 
much faster than expected, damage delicate parts, or block 
narrow channels. This can end up lowering engine perfor-
mance, raising emissions, and leading to more frequent or 
expensive repairs. In this context, the presence of any for-
eign substances – whether particulate, chemical, or micro-
biological – poses a significant risk to engine reliability and 
durability. Therefore, these factors necessitate effective fuel 
filtration – not only to remove solid and microbiological 
contaminants but also to eliminate water, which can cause 
corrosion, irregular combustion, accelerated microbial 
growth, and degradation of fuel quality during storage and 
operation [24]. Effective filtration becomes even more 
crucial when dealing with alternative or waste-derived 
fuels, which may contain unique contaminants resulting 
from their specific production processes. 

Fuel contamination is not just a problem once the fuel 
reaches the engine – it can start much earlier, right at the 
point of delivery. Tanks, pipes, and even fuel nozzles at 
stations are not always perfectly clean. Over time, tiny bits 
of rust, moisture, or grit can build up, and during refueling, 
some of that stuff can easily get into the vehicle's tank. It 
might not seem like much, but it can cause real trouble 
down the line. Modern injection systems, especially com-
mon rail types running at over 2000 bar, are incredibly 
sensitive. They are built with extreme precision, and unfor-
tunately, that means even the smallest particles can do 
damage. Tests and field data have shown that one of the 
biggest threats to these systems comes from very small, 
hard particles – often inorganic. They are sharp enough to 
gradually wear out injectors, valves, and other precision 
components. As wear adds up, fuel delivery becomes in-
consistent. That throws off combustion, leads to more emis-
sions, and overall, the engine just does not perform like it 
should.  

These days, there is growing pressure to cut down on 
harmful emissions like nitrogen oxides (NOx), carbon mon-
oxide (CO), unburned hydrocarbons (HC), particulate mat-
ter (PM), and carbon dioxide (CO2) – which is widely rec-
ognized as a major contributor to climate change [16]. With 
environmental rules getting tougher and the public demand-
ing cleaner solutions, researchers and engineers have been 
turning more and more to renewable fuels and bio-based 
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additives. What makes this option appealing is that it does 
not require overhauling existing engines. In most cases, 
only small changes to things like injection timing, air-fuel 
ratio, or exhaust gas recirculation are needed [19]. So, in-
stead of replacing entire systems, we can work with what 
we already have. This makes renewable fuels a realistic 
way to lower emissions in transportation without massive 
costs or disruptions to current infrastructure. 

Mixing bio-components into fuel can change how it be-
haves in more ways than one. The fuel might get thicker, 
and water can behave differently – sometimes staying sus-
pended longer or forming larger droplets. How much this 
happens depends a lot on how the liquids interact on a sur-
face level, like their tension [2]. These changes can be sub-
tle but still affect how the fuel performs. People working 
with engines – especially in real-world settings – have 
noticed that biodiesel tends to plug up filters sooner than 
regular diesel. That seems to happen more often when 
there’s more water involved. The way biodiesel flows and 
how it moves through filter media probably has something 
to do with it [11]. 

Moreover, the degradation process of biodiesel leads to 
the formation of soft particles that negatively impact filtra-
tion efficiency [4, 5, 8]. Reports from users regarding 
clogged fuel filters [12] and damaged engine components 
have prompted the development of solutions aimed at miti-

gating the adverse effects of biocomponent usage. One such 

solution is the implementation of multi-stage filtration sys-

tems, which can significantly extend filter service life [9]. 
Despite ongoing research, the impact of biodiesel on the 

filtration process remains insufficiently understood [20]. 
Even less is known about the behavior of newer fuel addi-
tives containing decarbonizing components such as hy-
drotreated vegetable oil (HVO), pyrolytic oils from used 
tires (TPO), and plastic-derived oils, including polypropyl-
ene pyrolytic oil (PPO) and polystyrene oil (PSO), along 
with the process-related contaminants associated with their 
production. 

Some newer approaches to removing water from fuel 
include filters made with graphene-based materials – which 
are also known for their ability to kill bacteria [7]. Another 
solution uses filters built from fine polypropylene (PP) and 
polyamide (PA6) fibers. These are made using co-extrusion 
and delamination methods. In lab tests, they have shown 
better water separation than standard commercial filters, 
with results ranging from about 62% to 85% under the 
same testing conditions [22, 23]. 

One of the other problems that can come up when using 
biodiesel is contamination from glycerides – these can end 
up clogging fuel filters. Even a small amount of mono-
glycerides in the fuel can cause buildup, especially when 
temperatures drop [17]. Some tests [14, 15] using filters 
with different pore sizes – along with a modified version of 
the CSFT method (ASTM D7501) – showed that filters 
with bigger pores tend to collect fewer deposits. 

At the same time, researchers have looked into whether 
certain materials can help improve biodiesel filterability. 
One study [1] tested several common adsorbents – includ-
ing activated carbon, silica, and sand. Out of those, activat-
ed carbon worked best. 

But monoglycerides aren’t the only issue. Other sub-
stances, like sodium soaps and free sterol glycosides, also 
play a role in shortening filter life. According to another 
study [3], current fuel standards don’t fully cover these 
problems, and there is a growing case for updating regula-
tions to better protect fuel systems running on biodiesel. 

Some studies have explored how less conventional plant 
oils – like karanja or palm – perform when used in fuel 
blends [13]. Since these oils usually come from non-edible 
sources, they are often seen as a good option for scaling up 
biofuel production without cutting into the food supply. 
Still, their chemical makeup is different from what is used 
in more common feedstocks, and that can bring up new 
issues with fuel cleanliness. For karanja oil in particular, 
research shows that doing things like esterification, trans-
esterification, or degumming can help. These treatments 
reduce the amount of sticky compounds – like gums, polar 
residues, or heavier materials – that tend to block filters 
[21]. These refining steps improve fuel stability and miti-
gate the formation of deposits that can obstruct fuel flow 
under operational conditions. For example, study [20] ob-
served that the tendency to clog the FBT filter increased 
exponentially with higher biodiesel content in the blend, 
emphasizing the sensitivity of filtration systems to bio-
diesel-induced contamination. Tests showed that filters 
used with biodiesel had about 35% more pressure drop than 
those with regular diesel. In simple terms – the fuel had  
a harder time flowing, and filters wore out quicker. That 
might not matter much everywhere, but in places with high 
biodiesel use or seasonal blends, it could turn into a real 
issue. On the other hand, research [13] showed that diesel 
locomotives running on a 20% biodiesel–palm oil mix were 
still filtering well after 125 hours of generator use or even 
after three months of traction service. So, with the right 
blending and processing, biodiesel can hold up well – even 
in tough, long-running conditions. It all comes down to mak-
ing sure that processing steps match the type of feedstock 
used. When that is done right, it is possible to get both good 
engine performance and real environmental gains. 

To quantitatively evaluate how effectively fuel filters 
retain contaminants, researchers employ a variety of analyt-
ical techniques. These include gas chromatography–mass 
spectrometry (GC-MS), X-ray fluorescence spectroscopy 
(XRF), Fourier-transform infrared spectroscopy (FTIR), 
and scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (SEM/EDX). Thermogravi-
metric analysis (TGA) is also commonly used for this pur-
pose [4, 5]. 

Lab tests are useful, no doubt, but they can not always 
show what is really going on inside the filter. So, in a lot of 
cases, researchers build math-based models to help them 
get closer to the actual behavior [6]. These tools let them 
try out different combinations – fuel blends, particle size, 
filter material – to see what happens when everything inter-
acts. Not under perfect conditions, but more like what 
would be got in the real world. It is not always exact, but it 
is enough to find weak spots or make early design changes 
that would take a lot longer to test in practice. By account-
ing for factors such as fluid flow dynamics, particle size 
distribution, mechanisms of pore blockage, and pressure 
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drop evolution, these models support the development of 
filtration systems that are both more efficient and more 
durable. Furthermore, predictive modeling helps reduce the 
time and cost of empirical testing by narrowing the range of 
design options before physical prototypes are constructed 
and validated. Nevertheless, despite these advancements, 
the filtration of fuels containing a wide range of additives 
remains a poorly understood issue that requires further 
detailed investigation. The growing diversity of renewable 
and waste-derived fuel components introduces an array of 
contaminant types with distinct physical and chemical 
properties, which may behave differently from those en-
countered in conventional fossil-based fuels. Some of these 
contaminants come from leftover by-products, materials 
that break down during processing, or particles that get in 
from raw materials or equipment. The way they interact 
with filter materials is still not fully understood, which 
makes it hard to reliably predict how well a filter will per-
form when different types of alternative fuels are used. 

The primary objective of this study is to conduct a com-
parative analysis of contaminants present in selected waste-
derived substitute fuels, namely hydrotreated vegetable oil 
(HVO), polypropylene pyrolysis oil (PPO), polystyrene 
pyrolysis oil (PSO), and waste tire pyrolysis oil (TPO) – in 
relation to conventional diesel fuel. Too many contaminants 
in fuel can shorten the service life of filters – both in fuel-
ing equipment at stations and inside engine systems. This 
not only drives up maintenance costs but also puts long-
term equipment reliability at risk. In more serious cases, 
especially where high-precision fuel injection is used, 
heavy contamination may lead to unexpected breakdowns 
or even major engine damage. Since this area is still not 
well understood, and considering how strongly fuel quality 
affects engine performance, there is a clear need for more 
detailed research. Solid, real-world data are necessary – not 
just to help shape fuel blending guidelines, but also to sup-
port better design of filtration systems. That kind of 
knowledge will be key to safely and effectively including 
waste-based fuels in today’s fuel distribution networks. 

2. Research methodology 
The first stage of the study focused on determining the 

mass of solid contaminants. Mass measurements were per-
formed using a RADWAG WAA40/160/X/1 analytical 
laboratory balance, characterized by a readability of 
0.01 mg and repeatability of 0.02 mg. Each fuel sample was 
tested in duplicate, and the results for mass and filtration 
time were averaged. A proprietary testing methodology was 
developed based on the ISO 4020 procedure. 

The determination of solid impurities involved forced 
filtration of 50 ml of fuel through an ashless cellulose ace-
tate (CA) membrane filter with a diameter of 47 mm and  
a pore size of 0.8 µm, under a vacuum of 80 kPa ±1 kPa.  
A standard laboratory vacuum filtration setup was used 
(Fig. 1), following the procedure below. 

Measurement of the mass of a porcelain crucible used to 
hold the filter membrane: 
− measurement of the crucible with the membrane prior to 

filtration 
− placement of the membrane on the sintered disc of the 

vacuum filtration apparatus 

− filling the glass filtration funnel with 50 ml of the test 
fuel 

− activation of the vacuum pump and adjustment of the 
vacuum pressure to 80 kPa ±1 kPa 

− initiation of the filtration process with simultaneous 
timing of the filtration duration 

− transfer of the membrane into the porcelain crucible 
post-filtration 

− measurement of the crucible mass with the membrane 
after filtration 

− drying the crucible with the membrane at 100°C for 
1 hour 

− cooling of the crucible in a desiccator 
− measurement of the crucible mass after drying 
− placement of both the post-filtration and clean mem-

branes in crucibles onto a hot plate heated to 550°C 
±5°C for preliminary ashing 

− transfer of the crucibles to a muffle furnace at 800°C 
±20°C for 2 hours 

− removal of the crucibles from the furnace and cooling in 
a desiccator for 1 hour 

− measurement of the crucible masses with the ash resi-
dues 

− calculation of the mass of solid contaminants based on 
the difference in mass before and after ashing. 

 
Fig. 1. A standard laboratory vacuum filtration setup used to sedimentation 
 tests; assembled view (at left); component view (at right) 
 

Comparative testing was performed for conventional 
diesel fuel and selected waste-derived substitute fuels: 
HVO, PPO, PSO, and TPO. 

This selection of fuels represents a broad spectrum of 
chemical compositions and production technologies, each 
associated with distinct impurity profiles. Hydrotreated 
vegetable oil (HVO), produced via catalytic hydrotreat-
ment, typically contains minimal contaminants due to ex-
tensive processing steps. In contrast, pyrolysis-derived oils 
such as PPO, PSO, and TPO generated through thermal 
decomposition of plastic waste or end-of-life tires can re-
tain significant amounts of process-related impurities, in-
cluding unconverted feedstock residues, oligomers, char 
particles, and various organic compounds. The physico-

    

filtered liquid 

cup 

membrane 

placement sieve 

filter plate 
core 

liquid collecting 

bottle 

to vacum pump 



 

Problems of filtration and standardization on parameter conformity of diesel fuels… 

COMBUSTION ENGINES, 2026;204(1) 187 

chemical properties of the tested fuels, as well as the pro-
duction technologies of the waste-derived fuels, were pre-
viously reported by the authors [10, 18], providing a com-
prehensive basis for understanding their behavior in filtra-
tion processes. 

In the second stage of the study, atmospheric distillation 
was performed in accordance with the standard PN-EN ISO 
3405, Petroleum and related products of synthetic or natural 
origin – Determination of distillation characteristics at 
atmospheric pressure, for PSO, TPO, and PPO. The appli-
cation of this distillation process was aimed at simulating 
industrial-level purification steps to assess the potential of 
reducing contaminant loads in these fuels through relatively 
simple thermal separation methods. By removing the most 
volatile and heavy fractions, the distillation process was 
expected to concentrate residual contaminants and allow for 
a more accurate quantification of the solid impurity content 
remaining in the fuel. 

The measurements were carried out using an OptiDist 
distillation apparatus (Fig. 2), which was configured ac-
cording to Group 4-a configuration representative of diesel 
fuel – thus maintaining consistent instrument settings across 
all fuel samples. This standardized configuration ensured 
that variations in distillation behavior and residual contami-
nation could be attributed solely to the intrinsic properties 
of the fuels themselves rather than to differences in test 
methodology. The ability to apply identical distillation 
parameters to both conventional and substitute fuels al-
lowed for direct comparability and provided an objective 
basis for evaluating the efficacy of distillation as a contam-
inant-reduction technique. 

 
Fig. 2. OptiDist distillation apparatus used to perform atmospheric 
 distillation tests 

 
Following the distillation process, the mass of residual 

contaminants in the waste-derived fuels was determined. 
The visual assessment of the post-distillation samples (Fig. 

3) revealed notable differences in clarity and sediment 
content, which were indicative of the varying efficiency of 
impurity removal across the different fuel types. The dis-
tilled fuels were designated as follows: PSO-D, TPO-D, 
and PPO-D, each representing the respective distillate frac-
tion after thermal processing. This nomenclature was 
adopted to distinguish between the raw and purified forms 
of each substitute fuel throughout the subsequent filtration 
analyses. 

 
Fig. 3. Fuel samples after distillation, for which the mass of contaminants 
 was determined 

3. Analysis of research results 
The objective of the study was to conduct a comparative 

analysis of contaminant levels in waste-derived substitute 
fuels relative to conventional diesel fuel, using a vacuum-
assisted filtration system designed to quantify solid impuri-
ties. This method enabled a direct evaluation of the filtra-
tion load imposed by each fuel type, reflecting their respec-
tive purity levels and potential operational risks for fuel 
systems. Figure 4 presents the appearance of the filtration 
membranes following the filtration process for diesel fuel 
and the analyzed substitute fuels. The degree of membrane 
darkening serves as a visual indicator of contaminant con-
centration, with progressively darker membranes suggest-
ing greater amounts of retained particulate matter. Among 
the tested fuels, the membrane corresponding to PPO dis-
played the most pronounced darkening, indicating the high-
est concentration of solid contaminants in this fuel. This 
qualitative observation was fully consistent with the quanti-
tative results obtained from mass measurements of the 
retained impurities (Fig. 5), confirming PPO as the most 
heavily contaminated among the tested samples. Further-
more, these results were corroborated by the recorded filtra-
tion times (Fig. 6), which serve as an additional proxy for 
filter loading and flow resistance. Fuels with higher con-
taminant content exhibited longer filtration durations, re-
flecting increased membrane fouling and reduced permea-
bility under the applied vacuum conditions. 

As illustrated in Fig. 5, PPO resulted in the most sub-
stantial deposit on the membrane, with a recorded mass of 
1.4310 g. This considerable buildup indicates a high impu-
rity load in pyrolysis oil derived from polypropylene. The 
likely sources of these residues include incomplete break-
down of feedstock, carryover of solid particles, or conden-
sation of heavier organic compounds during the thermal 
process. Supporting this, the filtration of PPO required over 
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two hours to complete, as shown in Fig. 6, highlighting 
severe membrane obstruction and restricted flow. In real-
world systems, such conditions would likely lead to rapid 
filter clogging in engines and fuel dispensers. 

 
 Fig. 4. Filtration membranes after the filtration process 

 
 Fig. 5. Average mass of contaminants after filtration 

 
When compared with diesel, PPO left behind a signifi-

cantly larger amount of solid residues – 1.3870 g more – 
indicating a clearly higher filtration burden. For TPO, the 
retained contaminant mass reached 0.1890 g, which is 
0.1450 g above the diesel benchmark. Although pyrolysis 
oil derived from used tires still contains a notable level of 
impurities, the overall load remains much lower than that 
associated with PPO. This difference is likely tied to varia-
tions in feedstock composition as well as operational set-
tings during thermal conversion. The filtration process for 
TPO also took longer than for diesel, by approximately 
1.0 ±0.1 s, pointing to a moderate increase in membrane 
resistance. In contrast, HVO demonstrated the cleanest 
profile. The amount of material deposited on the membrane 
for this fuel averaged 0.0319 g, which is 0.0121 g less than 
the value observed for diesel. This aligns with the high 
purity typically achieved during hydrotreatment. With such 
a low contaminant load, HVO can be regarded as a clean, 
low-risk fuel in terms of filtration system wear and perfor-
mance. 

In the following stage of the study, attention was turned 
to the distilled fuel samples – PSO-D, TPO-D, and PPO-D. 
After undergoing atmospheric distillation, all three fuels 

showed a clear drop in the amount of contaminants collect-
ed on the filtration membranes. For PSO-D and TPO-D, the 
measured deposit levels were similar to those found for 
conventional diesel, which indicates that distillation re-
moved a large share of the particulate and processing-
related impurities present in the original feedstocks. This is 
most likely due to the fact that the distillation process sepa-
rates lighter compounds, which tend to contain fewer heavy 
residues or particles. While PPO-D also benefited from the 
distillation step, the total amount of filtered material was 
still slightly above that observed for diesel – by around 
0.0083 g – possibly due to the persistence of trace heavier 
fractions in the final product. A slight difference in retained 
mass between PPO-D and diesel fuel was still observed, 
which may point to the partial persistence of high-boiling 
residues from the polypropylene pyrolysis process. Along-
side this, notable improvements in filtration behavior were 
also recorded for the distilled samples. All distillates passed 
through the membrane faster than diesel, suggesting 
smoother flow and reduced membrane resistance under 
vacuum-assisted conditions. Among them, PPO-D had the 
longest filtration time at 10.3 ±0.1 seconds – still a consid-
erable improvement compared to the much longer filtration 
duration seen for untreated PPO. In contrast, PSO-D 
showed the fastest filtration time at 4.1 ±0.1 seconds, indi-
cating a particularly clean fraction. These results collective-
ly confirm that atmospheric distillation has a strong positive 
effect on the filtration performance of fuels derived from 
waste, especially those obtained from plastic feedstocks. 

 
 Fig. 6. Average filtration time 

 
The graph presented in Fig. 7 illustrates the average 

mass of contaminants retained on the filtration membrane 
after filtering various fuels and their distilled fractions, 
followed by thermal treatment of the membranes in a muf-
fle furnace at 100°C for 1 hour. This process allowed for 
the evaporation of volatile compounds. 

The highest amount of contaminants retained on the fil-
tration membrane was recorded for PPO, with a mass of 
0.7504 g. Compared to diesel fuel (DF), this represents an 
increase of approximately 97%, highlighting the significant 
impurity burden associated with raw polypropylene pyroly-
sis oil. The substantial contaminant mass suggests that the 
pyrolysis of polypropylene generates not only condensable 
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hydrocarbons but also considerable amounts of solid resi-
dues, char particles, and high-molecular-weight by-products 
that are difficult to remove without additional refining 
steps. A lower, though still elevated, contaminant mass was 
observed for TPO, which exhibited 0.1178 g of retained 
contaminants, an increase of approximately 83% relative to 
DF. This elevated level likely reflects the presence of tire-
derived inorganic fillers, carbon black, and metallic resi-
dues often encountered in waste tire processing streams. 
PSO presented a considerably lower contaminant mass of 
0.0254 g, corresponding to approximately 21% more than 
diesel fuel, suggesting that the pyrolysis of polystyrene 
yields a cleaner product in terms of solid impurities com-
pared to other waste-derived feedstocks. 

 
Fig. 7. Average mass of contaminants after heating of the filter membrane 

 
In contrast, the lowest levels of contamination were ob-

served for HVO (0.0069 g), confirming once again the high 
purity of this hydrotreatment-derived fuel. Among the dis-
tilled fuels, contaminant levels were further reduced, with 
PSO-D (0.0049 g), TPO-D (0.0065 g), and PPO-D (0.0102 g) 
demonstrating significantly improved filtration cleanliness 
compared to their raw counterparts. These results reinforce 
the beneficial role of atmospheric distillation in removing 
impurities, particularly from pyrolysis-derived fuels, and 
suggest that simple distillation can serve as an effective 
initial purification step prior to fuel utilization or blending. 

The final stage of the study involved ashing the filtra-
tion membranes, followed by thermal treatment of the resi-
due at 800°C ±20°C for 2 hours in a muffle furnace. This 
high-temperature treatment allowed for the complete com-
bustion of organic matter, isolating only the inorganic solid 
residues. The mass of these residues serves as a reliable 
indicator of non-volatile inorganic contaminants, including 
metals, ash-forming minerals, and refractory compounds 
that could contribute to long-term engine wear or deposit 
formation. 

Figure 9 summarizes the results concerning the average 
mass of contaminants remaining after the ashing and heat 
treatment of the membrane samples, providing a more de-
tailed characterization of the nature and persistence of solid 
impurities in the tested fuels. 

 
Fig. 8. Average mass of residue after filtration membrane ashing followed 
 by high-temperature drying 

 
PPO stood out among all the tested fuels by leaving the 

largest quantity of ash after combustion, with 0.0230 g of 
residue recorded. Compared to diesel fuel (DF), this repre-
sents an increase of approximately 360%, indicating that 
polypropylene pyrolysis oil retains notable amounts of non-
volatile inorganic material even after the organic content 
has been burned off. Such residues are most likely com-
posed of metals, remnants of catalysts, or thermally re-
sistant char substances often formed as by-products during 
the thermal breakdown of plastic waste. In contrast, HVO 
samples showed the least contamination, with ash content 
averaging 80% lower than in diesel, pointing to a much 
cleaner composition. The results for HVO once again 
demonstrated its exceptionally high purity. Practically no 
ash remained after the ashing procedure, which reflects the 
effectiveness of hydrotreatment in eliminating both organic 
and inorganic contaminants. Thanks to this high degree of 
cleanliness, HVO can be considered well suited for use in 
modern injection systems, with little risk of filter blockage 
or injector deposits. 

In the case of PPO-D, no solid residue was detected af-
ter ashing. This indicates that atmospheric distillation was 
successful in removing almost all non-volatile contaminants 
from the original pyrolysis fraction. The result further sup-
ports the idea that distillation may serve as a straightfor-
ward but efficient method for cleaning up plastic-derived 
pyrolytic oils. For raw PSO, the post-ashing mass was ap-
proximately 20% lower than that of diesel, pointing to  
a naturally low concentration of thermally stable inorganic 
matter in polystyrene-derived fuels. TPO, in contrast, left 
behind 0.0050 g of ash, essentially matching the result 
obtained for diesel. This finding reflects the typical com-
plexity of tire-based fuels, which often contain both carbo-
naceous residues and mineral-based additives. Distilled 
versions of these fuels – PSO-D and TPO-D – exhibited 
significantly improved cleanliness. The amount of residual 
ash dropped by about 60% compared to diesel. This reduc-
tion not only confirms a lower total level of contaminants 
but also shows that distillation is particularly effective at 
removing substances that would otherwise remain as ash 
after combustion. These improvements highlight the poten-
tial of distillation to prepare waste-based pyrolysis fuels for 



  

Problems of filtration and standardization on parameter conformity of diesel fuels… 

190 COMBUSTION ENGINES, 2026;204(1) 

use in diesel engines without posing additional operational 
risks. 

4. Conclusions 
Based on the conducted research, the following conclu-

sions can be drawn: 
− the lowest mass of contaminants was recorded for HVO, 

confirming the high degree of purification achieved 
through hydrotreatment, which effectively eliminates 
both organic and inorganic impurities 

− PSO and diesel fuel (DF) exhibited comparable levels of 
solid contaminants, suggesting that polystyrene-derived 
pyrolysis oil, even in its raw form, contains relatively 
few non-volatile residues that could challenge filtration 
systems 

− the filtration time of the tested fuels closely correlated 
with the mass of retained impurities, demonstrating that 
increasing contaminant load directly impacts filtration 
performance and resistance to flow 

− the highest contaminant levels were found in PPO and 
TPO, reflecting the more complex composition and im-
purity profiles of polypropylene and tire-derived pyroly-
sis oils, which contain significant solid residues, char 
particles, and refractory compounds 

− distillation proved to be an effective method for reduc-
ing process-related contaminants in pyrolytic oils de-
rived from plastics and used car tires; the significant re-
duction in both organic and inorganic impurities after 
distillation demonstrates the practical value of this rela-
tively simple purification step in improving the filtera-
bility and potential usability of waste-derived fuels. 

The results of this study clearly indicate that, due to 
their high impurity content, raw waste-based pyrolytic oils 
are not suitable for direct application as fuels in diesel en-
gines, as their use would likely lead to rapid filter clogging, 
injector fouling, and accelerated wear of precision fuel 
system components. However, as demonstrated by the 
experimental data, atmospheric distillation may serve as  
a viable and technically straightforward method for purify-
ing such fuels. The resulting distillate fractions exhibit 
substantially improved purity, making them potential can-
didates for use either as standalone fuels or as blending 
components with conventional diesel or HVO. Neverthe-
less, while the reduction of solid contaminants is a crucial 
step toward the practical application of waste-derived fuels, 
their full suitability for diesel engine operation requires 
further comprehensive research. Additional investigations 
should address other critical fuel parameters, such as lubric-
ity, cetane number, chemical stability, and the formation of 
combustion deposits, all of which directly influence com-
bustion processes, emissions, long-term engine durability, 
and ope-rational safety. 
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Nomenclature 
CA cellulose acetate membrane 
DF diesel fuel 
HVO hydrotreated vegetable oil 
PPO polypropylene pyrolysis oil 
PPO-D distillated polypropylene pyrolysis oil 

PSO polystyrene pyrolysis oil 
PSO-D distillated polystyrene pyrolysis oil 
TPO waste tire pyrolysis oil 
TPO-D distillated waste tire pyrolysis oil 
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Analysis of the current lubricant requirements of the latest combustion engines 
 

ARTICLE INFO  The advancement of combustion engines is driven by stricter emission regulations (e.g., Euro/EPA standards), 
requiring innovations in lubrication. Modern oils must ensure wear protection, emission system compatibility 
(e.g., DPFs) and fuel efficiency. This paper analyzes updates to ACEA, API, and OEM specifications, focusing 
on oxidation resistance, low-SAPS formulations, and fuel economy. The trend toward low-viscosity oils (0W-20, 
0W-16) reduces friction but challenges lubrication under high loads. The study evaluates these changes’ impact 
on engine durability and future oil development amid tightening sustainability and emission norms. This article 
will analyze lubricant requirements for passenger cars. 
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1. Introduction  

Modern emission requirements (Euro 6/VI standards, 
EPA Tier 3 regulations) have fundamentally dictated the 
evolution of internal combustion engine designs, resulting 
in significant modifications to their operational parameters 
[14]. Stringent limits on harmful emissions have necessitat-
ed combustion process optimization, consequently leading 
to increased thermomechanical stresses in contemporary 
powertrain units. This technological transformation has 
directly influenced the tightening of quality criteria for 
engine lubricants. In response to these challenges, standard-
ized classification systems (OEM, ACEA, API, SAE) have 
implemented precise specifications defining: 
 Physicochemical parameters of lubricants 
 Application ranges for different powertrain types 
 Operational boundary conditions (including temperature 

operating ranges).  
The article aims to summarize the current requirements 

for engine oils set by car manufacturers and industry asso-
ciations. 

2. Engine oil requirements 
Engine oil requirements have evolved significantly 

alongside advancements in powertrain technology and 
increased machinery accessibility [1]. Initial formulations 
focused primarily on providing adequate lubrication for 
naturally aspirated engines with limited service intervals 
(typically 3000–5000 km) [2]. Industrialization and strin-
gent emission regulations (Euro 6d, EPA Tier 3) have fun-
damentally transformed lubricant development priorities 
[3]: 
 Increased mechanical/thermal loads (peak cylinder 

pressures > 200 bar) 
 Advanced aftertreatment compatibility (DPF, SCR, GPF 

systems) 
 Extended drain intervals (up to 30,000 km in OEM 

specifications) 
 Restriction of hazardous additives: 

 Zinc dialkyldithiophosphate (ZDDP) reduction to ≤ 
0.08% P [3] 

 Sulfated ash limits < 0.8% in Low SAPS formula-
tions [2]. 

Modern engines increases power density. Table 1 shows 
comparison between two turbochargered ~2000 cm³ spark 
ignition engines. 

 
Table 1. Spark ignition engines comparison 

Parameter Lancia Delta HF  
(1987-1994) 

VW EA888 Gen3 

Displacement 1995 cm³ 1984 cm³ 
Power Output 158 kW @ 5750 rpm 245 kW @ 6500 rpm 
Torque 314 Nm @ 2500 rpm 420 Nm @ 2000 rpm 

 
Power density increase necessitates: 

 Piston ring coatings (CrN, MoS₂, DLC) [15] 
 Reduced ring pack width (1.2 mm → 0.8 mm) 
 Aluminum engine blocks with plasma-sprayed cylinder 

liners. 
One of the next requirements for modern engines is a 

change in the friction reduction strategy. Modern engines 
employ low-viscosity oils (SAE 0W-20 replacing 5W-30), 
variable displacement oil pumps and electronically con-
trolled cooling jets. All organizations describe extended 
drain oil capability (circa 30,000 km for passenger cars). 
An extended interval most often causes changes in oil pa-
rameters:  
 Base number retention (TBN > 50% of initial value) 
 Oxidation stability (RPVOT > 150 min) [4] 
 Soot handling capacity (< 3% dispersion efficiency 

loss). 
Due to the increase of combustion temperatures and op-

erating temperatures, the oil specification requires:  
 CCS viscosity < 6200 mPa·s @ –35°C (SAE 0W) 
 HTHS viscosity > 2.6 mPa·s @ 150°C 
 Flash point > 230°C. 

Emission standards forced some other oil features like: 
Fuel dilution resistance (< 5% viscosity change at 7% fuel 
contamination) [15] and aftertreatment compatibility fea-
tures for example, low SAPS formulation, where the fol-
lowing parameters are limited:  
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 Phosphorus: 600–800 ppm 
 Sulfur: < 0.3% 
 Sulfated ash: < 0.5%. 

3. Industry standards 

3.1. API standards [2] 
The American Petroleum Institute (API) has established 

a standardized engine oil quality classification system, 
which utilizes a two-letter alphanumeric code to designate 
performance specifications, where the first letter indicates 
engine type: 
 "S" (Spark Ignition): gasoline/petrol engines (quality 

progression: SA → SB → SC → SD → SE → SF → 
SG → SH → SJ → SL → SM → SN → SP → SQ). 
Note: Each subsequent letter denotes improved perfor-
mance requirements 

 "C" (Compression Ignition): diesel engine (quality pro-
gression: CA → CB → CC → CD → CD-II → CE → 
CF → CF-2 → CF-4 → CG-4 → CH-4 → CI-4 → CJ-4 
→ CK-4 → FA-4. 
Suffix designations: "II" or "2": Applicable to two-

stroke diesel engines "4" or no suffix: Applicable to four-
stroke diesel engines. 

The second letter follows alphabetical progression, with 
each advancement indicating stricter performance bench-
marks (e.g., SN > SM > SL). 

FA-4 is a specialized category for fuel-efficient, lower-
viscosity diesel oils (HTHS 2.9–3.2 mPa·s). 

Obsolete classifications (e.g., SA–SH) remain docu-
mented but are no longer certified for modern applications. 
This system ensures backward compatibility where appli-
cable while mandating compliance with evolving OEM and 
regulatory requirements.  

3.2. Analysis of the evolution of API standards  
Table 2 shows API spark ignition oil standards with key 

advancements. 
 

Table 2. API classification system for gasoline engine oils 

API Class Introduction 
Year Key Advancements 

SG 1988 Basic oxidation stability, wear  
protection 

SJ 1996 Improved deposit control, phosphorus 
limits (0.1% max) 

SL 2001 Enhanced high-temperature deposit 
protection 

SM 2004 Improved oxidation resistance, extended 
drain capability 

SN 2010 Turbocharger protection, fuel economy 
improvement 

SN PLUS 2018 LSPI (Low-Speed Pre-Ignition)  
prevention 

SP 2020 Advanced LSPI protection, enhanced 
fuel economy 

 
Critical changes in API Spark ignition oil requirements:  

 Phosphorus content reduction (SJ (1996): ≤ 0.1% to SP: 
≤ 0.08% due to catalyst protection 

 HTHS value decreased from ≥ 2.6 mPa·s to ≥ 2.3 mPa·s 
(SN) and  ≥ 1.7 mPa·s (SP for 0W-16) 

 Deposit control (TEOST 33C test limit increased from 
30 mg (SM) to 35 mg (SP)) 

 Fuel economy improvement (sequence VIE test intro-
duced in SP specification and minimum 0.5–1.5% im-
provement over previous generations. 
API standards also introduce requirements resulting 

from the engine design and limiting its wear and aftertreat-
ment systems wear: 
 SN and later standards include specific tests for turbo-

charger deposit control and high-temperature stability 
(150°C+ conditions) 

 LSPI prevention (SN Plus introduced first test – se-
quence IX, API SP reduced 50% of LSPI events vs. API 
SN (due to special additive formulation and Ca/Mo bal-
ance 

 SP reduced sulfated ash (≤ 1.0%), sulfur content (≤ 
0.4%), and phosphorus (≤ 0.08%). 
The latest API spark ignition oil requirements have a 

performance test: 
 Sequence IVA: Valve train wear protection 
 Sequence VH: Sludge and varnish control 
 Sequence VIII: Bearing corrosion 
 Sequence IX: LSPI prevention 
 Sequence VIE/VID: Fuel economy measurement. 
and requires physical parameters: 
 Noack volatility: ≤ 15% 
 Shear stability: ≤ 10% viscosity loss 
 Foaming tendency: < 10 ml/50 ml/10 ml (Seq I/II/III). 

The API SQ specification, introduced in 2025, tightened 
the API SP requirements. Table 3 shows selected differ-
ences. 

 
Table 3. API SP/SQ differences 

Parameter API SP API SQ 
LSPI Preven-
tion 50% reduction vs. SN Enhanced testing protocols 

Wear protec-
tion 

Sequence IVA 
(valvetrain) 

New sequence X (bear-
ing/cylinder tests) 

Oxidation 
stability 

ASTM D7528 (TE-
OST MHT-4) Stricter deposit limits 

Hybrid 
compatibility 

No specific require-
ments Fuel dilution resistance 

SAPS limits Phosphorus ≤ 0.08%, 
sulfur ≤ 0.4% 

Further reduced additive 
restrictions 

HTHS  
viscosity ≥ 2.9 mPa·s (5W-30) Lower viscosities permit-

ted (0W-12) 
Fuel  
economy Sequence VIE Enhanced friction reduc-

tion 
 

Technical Improvements in API SQ: 
 Enhanced deposit control (30% better high-temperature 

deposit prevention vs. SP (per ASTM D7097)) 
 Advanced additive chemistry (optimized calcium/mo-

lybdenum ratios for LSPI protection) 
 Extended drain capability (improved TBN retention 

(+15% vs. SP in ASTM D2896). 
This analysis includes how API classifications have 

consistently addressed issues that occur in gasoline tech-
nology due to turbocharging, fuel control, and emission 
configuration control in recent specifications. Moving from 
SJ to SP means 60% deposit control and 40% attack protec-
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tion based on standard test protocols and reduced fuel con-
sumption through the HTHS parameter. Near-term devel-
opment in the context of hybrid vehicles and engine anti-
wear protection in water-in-oil conditions. New API SQ 
spec will be the base for some OEM specs for Ford Eco-
Boost engines and VW EA888 Gen4 engines. Figure 1 
shows graphical differences between API standards.  

 
Fig. 1. API spark ignition standards [13] 

3.3. ACEA standards  
The Association des Constructeurs Européens d'Auto-

mobiles (ACEA) [2] establishes rigorous performance 
standards for engine lubricants, reflecting the evolving 
demands of modern powertrain technologies and stringent 
Euro 7 emission regulations. This classification system is 
structured to address three critical operational domains: 
durability, emissions compatibility, and energy efficiency. 

Modern emission requirements (Euro 6/VI standards, 
EPA Tier 3 regulations) have fundamentally dictated the 
evolution of internal combustion engine designs, resulting 
in significant modifications to their operational parameters. 
Stringent limits on harmful emissions have necessitated 
combustion process optimization, consequently leading to 
increased thermomechanical stresses in contemporary 
powertrain units. This technological transformation has 
directly influenced the tightening of quality criteria for 
engine lubricants. In response to these challenges, standard-
ized classification systems (OEM, ACEA, API, SAE) have 
implemented precise specifications defining: 
 Physicochemical parameters of lubricants 
 Application ranges for different powertrain types 
 Operational boundary conditions (including temperature 

operating ranges). 
ACEA introduced 4 different oil specification ranges: 

 A for gasoline engines 
 B for light-duty diesel engines 
 C for all engines with aftertreatment systems 
 E for heavy-duty diesel engines. 

 

 

3.4. Analysis of differences of ACEA standards  
ACEA describes oil specification by oil parameters, and 

real engine test [15]: 
 viscosity (HTHS measured per CEC L-36-90 (150°C, 

shear rate 10⁶ s⁻¹)) 
 shear stability measured per (CEC L-14-93, ASTM 

D6278/D7109) – oils must retain viscosity grade after 
30 shear cycles 

 volatility (noack evaporation – CEC L-40-93 – maxi-
mum mass loss after 1 h at 250°C should be less than 
13% depending on spec. (minimum ≤ 11% for C3, C4) 

 total base number (TBN) – ASTM D2896/D4739 (min-
imum ≥ 6.0 mgKOH/g) 

 elastomer compatibility (CEC L-112-16 – evaluates seal 
material degradation after 7-day immersion in fresh oil) 

 piston cleanliness & turbo deposits (CEC L-111-16 – 
EP6CDT – minimum RL259 merit rating for piston de-
posits) 

 Low-temperature sludge & varnish (ASTM D8256 – 
sequence VH ≥ 7.6 merit for average engine sludge) 

 valvetrain wear (ASTM D8350 – sequence IVB ≤ 3.3 
mm³ max intake lifter wear) 

 soot handling (CEC L-106-14 – DV6C viscosity in-
crease ≤ 2.5 mm²/s at 5.5% soot) 

 engine wear (CEC L-099-08 – OM646LA camshaft 
wear ≤ 120 µm) 

 piston cleanliness & ring sticking (CEC L-117-20 – VW 
TDI zero ring sticking, deposits ≥ RL276 – 5 merit) 

 low-speed pre-ignition (LSPI – ASTM D829 ≤ 5 pre-
ignition events (C6/C7)) 

 timing chain wear (ASTM D8279 – sequence X ≤ 
0.085% elongation. 
Tables 4 and 5 show selected results. A and B classes 

are High SAPS oils, C class is Low/Mid SAPS oil. Tables 
contain results from the latest ACEA revision. 

Figure 2 and 3 show graphical differences between all C 
and A/B 2023 ACEA specs. 

 
Table 4. ACEA 2023 A/B parameters 

Parameter A3/B4-23 A5/B5-23 A7/B7-23 
HTHS ≥ 3.5 mPa·s 2.9–3.5 mPa·s 2.9–3.5 mPa·s 

TBN ≥ 10.0 
mgKOH/g ≥ 8.0 mgKOH/g ≥ 6.0 mgKOH/g 

LSPI  
Protection Not required Not required Sequence IX ≤ 

5 events 
Key  
Application 

Conventional 
turbo Fuel-efficient ICE High-

performance DI 
 

Table 5. ACEA 2023 C parameters 

Parameter C2-23 C3-23 C5-23 
HTHS ≥ 2.9 mPa·s ≥ 3.5 mPa·s 2.6–2.9 mPa·s 
Sulfated ash ≤ 0.8% ≤ 0.8% ≤ 0.8% 
Phosphorus 0.07–0.09% 0.07–0.09% 0.07–0.09% 

Fuel economy M111 
≥2.5% Not required 2ZR-FXE 

≥0.3% 
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Fig. 2. 2023 ACEA C standards [13] 

 
Fig. 3. 2023 ACEA C standards [13] 

3.5. Analysis of the evolution of ACEA standards  
ACEA Oil Sequences, established by the European Au-

tomobile Manufacturers’ Association, have undergone 
iterative revisions since their inception in 1996. These up-
dates reflect advancements in [2, 7, 9, 11]: 
 Engine technology (e.g., turbocharging, hybridization) 
 Emission regulations (Euro norms, aftertreatment com-

patibility) 
 Material compatibility (low-SAPS formulations, elas-

tomer resilience). 
Milestones of ACEA revisions: 

 1996 First standardized classification (A/B for gaso-
line/diesel, C for catalyst-compatible oils), introducing 
HTHS viscosity as a critical parameter, A3/B3 empha-
sized shear stability for extended drain intervals 

 2007 split A5/B5 into A5/B5-04 (lower HTHS: 2.9–3.5 
mPa·s) for fuel economy, added C4 (ultra-low SAPS: 
Ash ≤ 0.5%, P ≤ 0.09%) 

 2013 introduced C5 with HTHS ≥ 2.6 mPa·s for re-
duced friction, mandated Sequence IIIG (ASTM 
D7320) for oxidation stability 

 2021 A7/B7 debuted with LSPI (low-speed pre-ignition) 
protection, C6 combined fuel economy with turbo-
charger deposit control 

 2023 C7 introduced with HTHS ≥ 2.3 mPa·s (ultra-low 
viscosity for hybrids), stricter LSPI limits (ASTM 
D8291) for GDI engines. 
Table 5 shows the Comparative Analysis of ACEA 

specs. 
Figures 4, 5 and 6 show the evolution of selected ACEA 

specs. 
 

Table 5. Changes in ACEA specs 

Parameter 1996–2004 2007–2016 2021–2023 
HTHS 
viscosity 

A3/B3:  
≥ 3.5 mPa·s 

A5/B5:  
2.9–3.5 mPa·s 

C7: ≥ 2.3 mPa·s 

SAPS 
limits 

Not  
standardized 

C4: Ash ≤ 0.5% C6: Mid-SAPS 

LSPI 
protection 

N/A A7/B7  
introduced 

≤ 5 events (ASTM 
D8291) 

Diesel 
Soot 
handling 

Sequence 
IIIE 

DV4 (CEC L-
78-99) 

DV6C (CEC L-106-
14) 

 
Fig. 4. 2023 ACEA A5/B5 evolution [13] 

 
Fig. 5. 2023 ACEA C2 evolution [13] 
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Fig. 6. 2023 ACEA A3/B4 evolution [13] 

4. OEM oil specifications 
OEM (Original Equipment Manufacturer) oil standards 

constitute a set of technical requirements imposed directly 
by automotive manufacturers such as BMW, Ford, Mer-
cedes-Benz, and others on lubricants intended for specific 
engine designs used in their vehicles. Unlike ACEA and 
API classifications, which provide broad industry-wide 
benchmarks, OEM specifications are more stringent as they 
address the precise engineering demands of particular en-
gines or engine families within a manufacturer’s lineup. 

Overview of selected OEM oil specifications  
The BMW Longlife-17 FE+ (LL-17 FE+) specification 

is a premium engine oil standard based on ACEA C5 de-
veloped by BMW Group for modern gasoline and diesel 
engines. It emphasizes fuel efficiency (FE), extended drain 
intervals, and enhanced engine protection, particularly for 
vehicles equipped with particulate filters (GPF/DPF) and 
turbocharged direct-injection engines. 

Key performance requirements [8, 12]: 
 Low high-temperature high-shear (HTHS) viscosity  

(≤ 2.9 mPa·s) to reduce friction and improve efficiency, 
– Formulated with advanced friction modifiers to meet 
FE+ (fuel economy plus) requirements 

 Compatible with BMW’s condition-based service 
(CBS) system, allowing extended oil change intervals 
(up to 30,000 km or 2 years, depending on driving con-
ditions) 

 Enhanced oxidation stability to prevent oil degradation 
under high temperatures 

 Low SAPS (sulphated ash, phosphorus, sulfur) formula-
tion for compatibility with particular filters 

 Improved wear protection (e.g., turbocharger bearings, 
timing chains) 

 Primarily synthetic (group III+/PAO/ester-based) for 
superior thermal stability 

 Advanced additive package with anti-wear agents (e.g., 
optimized ZDDP levels), detergents & dispersants to 
prevent deposits, anti-foaming & corrosion inhibitors. 

Table 6 shows a comparison between different BMW 
oil specs. Figure 7 and 8 shows the difference between the 
different BMW OEM spec and ACEA base of this spec. 
 

Table 6. BMW engine oil comparison 

Specifica-
tion 

HTHS  
Viscosity 

SAPS 
Level 

Key applications 

LL-17 FE+ ≤ 2.9 mPa·s Mid SAPS GPF/DPF engines, 
hybrids 

LL-04 ≥ 3.5 mPa·s Low SAPS Older diesels (DPF-
equipped) 

LL-01 FE ~3.5 mPa·s High SAPS Pre-2020 gasoline 
engines 

 
Fig. 7. BMW LL 17 FE+ vs. ACEA C5 [13] 

 
Fig. 8. Comparison of BMW specs  [13] 

 
The VW 508.00 (gasoline) and VW 509.00 (diesel) 

specifications represent Volkswagen Group's latest engine 
oil standards for vehicles produced since 2019. These specs 
were developed for WLTP/RDE-compliant engines, parti-
cle filter-equipped vehicles (GPF/DPF), and extended drain 
interval systems. 

Key performance requirements: 
 SAE 0W-20 grade mandated 
 HTHS viscosity 2.6–2.9 mPa·s (lower than previous 

VW standards) 
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 Optimized for energy efficiency (FE++ classification) 
 Up to 30,000 km/2 years’ service intervals 
 Compatible with VW's flexible service regime 
 Sulphated ash ≤ 0.8%, phosphorus ≤ 0.05%, sulfur ≤ 

0.2% 
 Enhanced engine protection (special anti-wear additives 

for: timing chain systems, turbocharger bearings, direct 
injection components 

 Improved oxidation stability for hybrid applications. 
Additionally, this specification requires full synthetic 

(Group III+/PAO) base oils. 
Table 9 shows comparison between different VW oil 

specs. Figure 9 shows comparison of VW specs. 
 

Table 8. BMW engine oil comparison [5] 

Specifica-
tion 

HTHS  
Viscosity 

SAPS 
Level 

Key Applications 

LL-17 FE+ ≤ 2.9 mPa·s Mid SAPS GPF/DPF engines, 
hybrids 

LL-04 ≥ 3.5 mPa·s Low SAPS Older diesels (DPF-
equipped) 

LL-01 FE ~3.5 mPa·s High SAPS Pre-2020 gasoline 
engines 

 
Table 9. VW engine oil comparison 

Specification Viscosity SAPS Level Key Applications 
508.00/509.00 0W-20 Ultra-Low GPF/DPF (2019+) 
504.00/507.00 5W-30 Low Pre-WLTP vehicles 
502.00/505.00 5W-40 High Older generations 

 
Fig. 9. Comparison of VW specs [13] 

5. Specific lubricant requirements for internal 
combustion engines in hybrid electric vehicles 

5.1. Introduction 
Conventional internal combustion engines (ICEs) are 

designed to operate under relatively stable load and temper-
ature conditions. In hybrid electric vehicles (HEVs, 
PHEVs), the ICE operates in a fundamentally new, dynam-
ic environment that presents a unique set of challenges for 
engine lubricants. The necessity to cooperate with an elec-
tric motor, frequent start-stop cycles, and operation at low-
load ranges significantly impact oil degradation and the 
formation of specific contaminants. This chapter details the 
key requirements for lubricants intended for use in hybrid 

engines, focusing on issues related to fuel dilution, oxida-
tion and wear. 

5.2. Characterization of ICE operation in a hybrid  
system and its impact on lubricant  

The primary difference in the operation of a hybrid en-
gine is its discontinuous and often brief operation. The 
engine is started and stopped multiple times during a single 
drive cycle to cooperate with or recharge the electric motor. 
This leads to several key phenomena [10]: 
 Reduced operating temperature: the ICE in a hybrid 

system often operates within its optimal but relatively 
low-load range, resulting in a lower average oil sump 
temperature compared to conventional engines. Low 
temperature hinders the evaporation of condensed water 
and unburned fuel that enters the crankcase (a phenom-
enon known as fuel dilution). 

 Frequent start-stop cycles: each start-up event is associ-
ated with momentary, intense boundary wear, as the oil 
film has not yet fully protected all tribological pairs. 
The repeated nature of this cycle accelerates the degra-
dation of anti-wear additives and the base oil itself. 

 Prolonged engine-off periods: when the vehicle is driv-
en solely by electric power, the ICE cools down com-
pletely. During these periods, combustion by-products 
and water can condense into the oil, leading to the for-
mation of acids and sludge 

5.3. Main challenges and requirements for engine  
lubricants  

5.3.1. Fuel dilution 
This is one of the most critical challenges in hybrid en-

gines, particularly in those with gasoline direct injection 
(GDI). During frequent cold starts, fuel injected into the 
cylinder partially washes down the liner walls and enters 
the crankcase. The low operating temperature of the engine 
prevents its effective evaporation. A high degree of fuel 
dilution (above 5–10%) reduces the oil's viscosity, leading 
to increased wear and risk of bearing damage. Furthermore, 
gasoline degrades performance additives and lowers the 
oil's flash point, posing a potential safety hazard. 

Requirement: lubricants for hybrid engines must exhibit 
high volatility performance (low Noack volatility) and 
viscosity stability in the presence of diluents to maintain an 
adequate lubricating film. 

5.3.2. Oxidation and acid contamination 
Despite a generally lower bulk oil temperature, local 

temperatures in the combustion chamber and exhaust sys-
tem remain very high. While a conventional engine oper-
ates stably after reaching its operating temperature, a hybrid 
engine repeatedly undergoes rapid heating and cooling 
phases. These thermal cycles promote oil oxidation. Addi-
tionally, condensed water and combustion blow-by gases 
(oxides of sulfur and nitrogen) form acids that attack metal-
lic surfaces and lead to corrosion. 

Requirement: exceptionally high thermal-oxidative sta-
bility and a robust total base number (TBN) are necessary 
to neutralize acids formed over extended oil drain intervals. 
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5.3.3. Wear and wear protection 
Frequent starts mean repeated periods of operation un-

der boundary lubrication conditions, where the protection 
from anti-wear additives (e.g., ZDDP) is crucial [10,11]. 
Concurrently, modern emission standards limit the use of 
some traditional additive chemistries. Furthermore, a weak-
ened oil film due to fuel dilution further increases the risk 
of adhesive and abrasive wear. 

Requirement: the lubricant must contain an advanced 
package of anti-wear and friction modifier additives that 
provide immediate protection at start-up, are resistant to 
fuel dilution, and meet environmental regulations. Manu-
facturers' requirements specifically for hybrid vehicles are 
not observed. Manufacturers typically require API SP/SQ 
and ACEA C5. In the case of OEM specifications, hybrid 
vehicles use oils identical to those used in conventional 
engines. 

6. Conclusions 
The automotive lubrication industry has undergone  

a paradigm shift in engine oil specifications, driven by 
increasingly stringent emissions regulations and rapid tech-
nological advancements in powertrain design. Our compre-
hensive analysis reveals that while API and ACEA specifi-
cations continue to provide fundamental performance 
benchmarks, OEM-specific requirements have emerged as 
the dominant force shaping lubricant formulations. This 
evolution reflects the growing complexity of modern engine 
architectures and aftertreatment systems. 

The industry-wide transition to ultra-low viscosity 
grades (0W-20, 0W-16 and lower) represents a critical 
response to WLTP and RDE emission protocols [6, 12]. 
However, this shift has introduced significant technical 
challenges in maintaining adequate engine protection while 
achieving fuel economy targets. The reduction of HTHS 
viscosity to ≤ 2.3 mPa·s necessitates the development of 
advanced anti-wear additives, including molybdenum dithi-
ocarbamate compounds and precision-formulated ZDDP 
packages, to prevent boundary lubrication failures. Simul-
taneously, the prevalence of turbocharged gasoline direct 

injection (TGDI) engines has made Low-Speed Pre-Ignition 
(LSPI) mitigation a paramount concern, driving the creation 
of new test protocols. 

The electrification of vehicle powertrains has introduced 
unprecedented formulation challenges. Modern hybrid 
systems require lubricants capable of withstanding ≥ 15% 
fuel dilution. OEMs are responding with proprietary test 
methods that frequently precede ACEA/API updates by 12-
18 months. While ACEA C6 (2022) and API SP provide 
partial harmonization, they lack the engine-specific valida-
tion sequences and aftertreatment compatibility require-
ments mandated by leading automakers. 

Looking ahead, the industry must prioritize several key 
development areas. Next-generation friction modifiers 
stable below 100°C are essential for optimizing cold-start 
fuel economy, while advanced soot-handling dispersants 
will be critical for extending DPF service intervals. The 
establishment of OEM-collaborative test benches for hy-
brid-specific wear modes and high-throughput screening 
methods for LSPI inhibitor development should be consid-
ered urgent infrastructure investments. 

The impending transition to synthetic fuels and hydro-
gen combustion systems will necessitate fundamental re-
formulation of lubricant chemistries. Key focus areas in-
clude enhanced high-temperature stability (>150°C bulk oil 
temperatures) and novel additive packages compatible with 
emerging seal and gasket materials. The formation of indus-
try consortia to develop standardized lubricants test meth-
ods and bio-based base oil specifications should be priori-
tized to ensure a cohesive transition to alternative propul-
sion technologies. 

In conclusion, the lubrication industry stands at an in-
flection point, where the traditional boundaries between 
mechanical protection, emissions compliance, and energy 
efficiency are being radically redefined. Success in this new 
paradigm will require unprecedented collaboration between 
additive chemists, OEM engineers, and testing organiza-
tions to develop solutions that meet the competing demands 
of tomorrow's powertrain technologies. 

 

Nomenclature 
HTHS high temperature high share 
SAPS  sulfated ash phosphorus and sulfur 
ACEA  European Automobile Manufacturers' Association 
API American Petroleum Institute 

SI spark ignition 
DI direct injection 
LSPI low-speed pre-ignition 
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ARTICLE INFO  This study presents an experimental investigation into the acoustic emissions of a Wankel rotary engine fueled by 

three distinct injection strategies: unleaded gasoline (E10), hydrogen with water addition (H2W), and pure 
hydrogen (H2). Measurements were carried out on an engine test bench under steady-state operating conditions. 
The analysis encompassed both sound pressure levels and frequency-domain characteristics of the acoustic 
signals. A microphone array in conjunction with CAE Noise Inspector software was used to capture and analyse 
noise emissions originating from the combustion chamber. The results revealed distinct variations in acoustic 
behaviour depending on the fuel type. Notably, the engine powered by pure hydrogen exhibited the highest 
amplitude of emitted combustion noise, potentially attributable to knocking combustion phenomena. The study 
underscores that fuel selection has a significant impact on the acoustic signature of the Wankel engine. Fur-
thermore, the adopted measurement methodology proved effective in identifying combustion-related sound 
patterns and provides a foundation for future optimisation of rotary engines operating on alternative fuels. 
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1. Introduction 

The Wankel engine, due to its unique rotary piston de-
sign, is an interesting alternative to conventional piston 
engines. Its advantages, such as high-power output at  
a compact size and smooth operation, make it applicable in 
various fields of technology. In recent years, the growing 
interest in alternative fuels, including hydrogen, has led to 
intensive research into the use of this gas as an environmen-
tally friendly energy source for internal combustion en-
gines. Both of these considerations make the use of an 
alternative fuel such as hydrogen for a Wankel engine  
a legitimate challenge. In such a case, one of the problems 
to be solved is the occurrence of knock combustion during 
the operation of the power unit. Knock combustion in inter-
nal combustion engines was first described by Harry Ricar-
do. This undesirable phenomenon involves the premature 
ignition of the fuel-air mixture due to contact with the su-
perheated walls of the combustion chamber. An analysis of 
the scientific literature reveals that the problem of knock 
combustion is the subject of intensive research not only in 
Wankel engines. The literature points to various methods of 
detecting this phenomenon, including the analysis of pres-
sure pulsations in the combustion chamber, the measure-
ment of mechanical vibrations of engine components, and 
the use of advanced diagnostic systems. In particular, am-
plitude-frequency analysis makes it possible to precisely 
determine the intensity and characteristics of knock com-
bustion, so that measures can be taken to eliminate it. In 
spark-ignition (SI) engines, knocking combustion manifests 
itself in high-frequency pressure pulsations, which can lead 
to mechanical damage and reduced efficiency of the power 
unit [24].  

Knock combustion, as a result, can lead to negative con-
sequences for engine operation [9]. The causes of knock 
combustion, such as abnormal ignition, high temperature  
 

and pressure in the combustion chamber, allow the selec-
tion of appropriate detection and control methods. It is also 
worth emphasising the importance of optimising the com-
bustion process to prevent knock combustion and ensure 
proper engine operation. 

One of the main parameters affecting the formation of 
knock combustion is the temperature occurring in the com-
bustion chamber [16]. Higher temperatures can increase the 
propensity for this phenomenon to occur. Currently, the 
mechanisms of knock combustion initiation under different 
thermal conditions are being analysed to better understand 
this complex process. The results of the research indicate 
that the temperature in the combustion chamber must be 
controlled to minimise the risk of knocking combustion. 

As pressure and temperature increase, the mixture may 
self-ignite at specific points in the combustion chamber. 
These self-ignition points interact with the flame front in an 
uncontrolled manner, causing pressure and temperature 
oscillations. The rapidly changing pressure amplitude can 
lead to potential engine damage [6, 32]. The process of 
knock initiation, recorded using a camera for recording 
rapidly changing phenomena, is shown in the Fig. 1. 

 
Fig. 1. Screenshots from the recording of rapidly changing measurements 
 for engine operation with knocking combustion [15] 
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Wankel engines are characterised by a rather specific 
combustion process due to their design. The tendency for 
knocking combustion in a Wankel engine differs from that 
in piston engines, which means that current research on 
hydrogen combustion may not be directly applicable to this 
type of engine. Therefore, research on hydrogen combustion 
in piston engines is more common, but its results are not 
easily transferable to Wankel engines. [1, 2, 5, 14, 21, 26]. 

The occurrence of knocking combustion is also influ-
enced by other engine operating parameters such as engine 
speed, engine load and the composition of the fuel-air mix-
ture [17]. The available experimental results allow us to 
determine the optimal engine operating conditions that 
minimise the risk of knock combustion. The importance of 
precise control of the combustion process to ensure stability 
and efficiency should be emphasised here. 

For example, the authors of the article [20] presented 
a way to improve the efficiency of a spark-ignition engine 
with an increased compression ratio. They proposed to 
counteract knocking combustion by dosing fuel with an 
increased octane number. The publication also presents the 
idea of measurements, the test stand and the results ob-
tained. Changing from traditional fuel to hydrogen fuel can 
affect the intensity of the combustion process. The specific 
properties of hydrogen that distinguish it from traditional 
hydrocarbon fuels reveal the potential benefits and chal-
lenges of using hydrogen as a fuel in internal combustion 
engines, including its impact on knocking combustion. The 
publication [18] highlights the need to adapt engine design 
and operating parameters to the specifics of hydrogen com-
bustion. 

It is not only hydrogen that affects the possibility of 
knock combustion. The paper [27] presents a preliminary 
study of the intensity of knock combustion in a large meth-
anol engine. The effectiveness of five conventional indica-
tors of knock combustion intensity (MAPO, IMPO, AE, 
MVTD, and HRR) was examined at 50%, 75% and 87.5% 
load of a methanol-hydrogen engine with an average speed. 
The MAPO index was shown to be the most suitable for 
knock combustion analysis. 

Various methods are used to detect knock combustion in 
internal combustion engines. The article [12] describes 
a simple knock combustion sensor tester. The article also 
presents information that most knock combustion processes 
oscillate in frequency ranges from 5000 to 15,000 Hz, and 
the presented sensor can record up to 37,000 Hz. 

Another method is presented in the article [3], where the 
concept of using low-cost and readily available Arduino 
microprocessor modules and the Matlab computing pack-
age to detect knocking combustion in spark-ignition en-
gines is presented. The tests were carried out for a typical 
range of vibration frequencies characteristic of knock com-
bustion. The tests were performed for two piezoelectric 
sensors with linear characteristics, which indicated the need 
for signal amplifiers in the target measurement system. 
According to the authors, the measurement methods used 
cannot satisfactorily handle the piezoelectric sensors used. 
Sampling frequencies of microprocessor modules com-
municating directly with Matlab software turned out to be 
much lower than the hardware capabilities. This justifies 

the need to use another type of method for detecting knock 
combustion, such as a microphone array. 

On the other hand, the article [10] presented a method 
for the detection of knock combustion in gasoline engines 
based on the Hilbert-Huang transformation. This analysis 
technique allowed the decomposition of the signal into 
individual components, which enabled precise information 
about the combustion process. Analysis of the pressure 
signal using the Hilbert-Huang transform allowed accurate 
monitoring and evaluation of the combustion process of the 
fuel-air mixture. 

Another method used to analyse knock combustion is 
the use of the optical signal from the combustion chamber. 
The article [23] presents research conducted on a modified 
single-cylinder engine equipped with an optical sensor with 
direct access to the combustion chamber. Spectral analysis 
of the flame in the combustion chamber, taking into ac-
count chemiluminescence phenomena, made it possible to 
assess the intensity of knock combustion. The results con-
firmed the possibility of detecting and evaluating the inten-
sity of knock combustion based on optical signal analysis. 

Sound recording methods of internal combustion en-
gines are also used to detect and analyse the phenomenon 
of knock combustion. They make it possible to evaluate the 
intensity of knock combustion. Acoustic methods are wide-
ly used in the analysis of internal combustion engines. The 
article [25] presents an acoustic analysis of a single-
cylinder diesel engine using magnetised blends of biodiesel 
and diesel fuel. The effect of biodiesel percentage (0; 5; 10 
and 20%) and magnetic field strength (0; 5300 and 7000 G) 
on engine noise was studied. The results of the analysis of 
variance confirmed significant differences between the 
tested fuel blends and magnetic levels at the 1% probability 
level. 

On the other hand, the article [30] proposes a method 
for the separation and identification of diesel engine noise 
sources, which combines the binaural noise localisation 
method and the blind source separation method. The meth-
od can effectively separate and identify combustion noise 
and piston impact noise of a diesel engine. The results show 
that the frequency of combustion noise and piston impact 
noise are concentrated at 4350 Hz and 1988 Hz, respective-
ly. Compared with the blind source separation method, the 
proposed method has better separation and identification 
results, and the separation results have fewer interfering 
components from other noises. 

An interesting idea for acoustic analysis is the method 
presented in the article [7], where the correlation between 
airborne sound and structure-borne sound in a diesel engine 
was analysed. It was shown how structure-borne sound 
signals can be used to evaluate engine noise. The study 
showed a high correlation between airborne sound and 
structure-borne sound. The article suggests that analysis of 
structure-borne sound can be useful in diesel engine man-
agement systems for noise control. 

As mentioned earlier, there are also publications de-
scribing the correlation between knock combustion and 
combustion noise. The article [31] describes a correlation 
method based on time-frequency masking theory. The pro-
posed method simultaneously takes into account the effects 
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of time and frequency masking, which allows for a more 
accurate analysis of knock noise. The method has been 
successfully applied to the objective evaluation of diesel 
engine knock noise and verified by subjective evaluation. 
The results of the study show the potential of the new 
method in the objective evaluation of the noise quality of 
diesel engines. 

Some authors also present methods for diagnosing en-
gine damage based on noise intensity analysis. In the publi-
cation [29], the noises of an EFI gasoline engine in normal 
and damaged states were measured, and their sound intensi-
ty level (SIL) contours were calculated by interpolation to 
preliminarily investigate the possibility of SIL-based EFD. 
An incomplete WPA model consisting of a five-level dis-
crete wavelet transform (DWT) and a four-level WPA was 
developed and applied to the measured noise signals to 
extract engine damage features. A multi-layer ANN model 
was used to classify engine damage using the extracted 
noise features. The results presented here suggest that 
noise-based WPA-ANN models are effective for engine 
damage diagnosis. 

Changing the fuel also affects the combustion noise 
emitted by a working engine. The paper [22] investigated 
the combustion noise characteristics of a diesel engine with 
hydrogen added to the intake air. The noise of the engine 
with 10 % vol. hydrogen added to the intake air was lower 
than that of the engine with diesel alone at late fuel injec-
tion times. A transient combustion noise generation model 
was introduced to discuss the noise characteristics based on 
the conversion of energy from combustion impact to noise 
through structural vibration. The results showed that maxi-
mum combustion impact energy had a dominant effect on 
maximum engine noise power for each cycle. 

On the other hand, the paper [11] investigated the com-
bustion noise characteristics of hydrogen reciprocating 
engines, in which the authors found an opportunity to re-
duce combustion noise. The results showed that increasing 
the air-fuel equivalence ratio, ignition delay, and exhaust 
gas recirculation ratio produced favourable acoustic effects, 
with the air-fuel equivalence ratio being the most effective, 
with a possible noise reduction of up to 20 dB. 

In summary, the identification of the combustion noise 
amplitude of knock combustion in a hydrogen-powered 
Wankel engine is a key aspect in the context of monitoring 
and optimising the combustion process of such a power 
unit. However, the use of hydrogen presents several techno-
logical challenges, one of the most serious of which is the 
phenomenon of knocking combustion [4]. In the case of 
hydrogen-powered Wankel engines, this problem becomes 
even more complex due to hydrogen's specific properties, 
such as high combustion velocity and propensity for self-
ignition [28]. 

This article presents the results of a study on identifying 
the amplitude of the sound of knocking combustion in  
a hydrogen-powered Wankel engine. This research was 
based on the analysis of the amplitude and frequency of 
sounds recorded in real time at constant engine operating 
conditions. Based on the data obtained, an evaluation was 
made of the primary and alternative fuels on the intensity of 
the sound amplitude. Further parts of the article include  

a detailed description of the research methodology, analysis 
of the results obtained and conclusions regarding the possi-
bility of the occurrence of knock combustion in a Wankel 
engine. 

2. Methodology 
2.1. Engine description 

The object of the study was the Aixro XR 50 Wankel 
engine (Fig. 2). It is a naturally aspirated, four-stroke, 
spark-ignition engine offered by the German company 
Aixro GmbH. It is a single-rotor four-stroke unit with a dis-
placement of 294 cm3. It achieves a power equal to 33 kW 
(for a rotational speed of 8750 rpm), the maximum torque 
produced by the engine is 39 Nm (for a rotational speed of 
7500 rpm), and the permissible rotational speed is 10,800 
rpm. At the factory, the manufacturer equips the engine with 
a carburettor power system and a magnetoinduction ignition 
system with a fixed ignition advance angle. The basic tech-
nical parameters of the engine are shown in Table 1. 

 
Table 1. Basic technical data of the research engine [8] 

Parameter Value Unit 
Manufacturer/designation AIXRO GmbH / XR50 – 

Type 4-stroke with a single 
rotor – 

Max. power (8750 rpm) 33 kW 
Max. torque (4500 rpm) 35 Nm 

Max. speed 11,000 rpm 
Combustion chamber 

capacity 294 cm3 

Ignition type Magneto ignition 
with a fixed timing – 

Fuel 
Automotive gasoline 
with a 2% addition of 

lubricating oil 
– 

Mass 17 kg 
 
To carry out the tests, the power unit was fueled with 

the original fuel (motor gasoline) and hydrogen gas. There-
fore, the engine was equipped with additional systems. 
Here we can distinguish: a system of indirect injection into 
the intake manifold, both original fuel and hydrogen fuel, 
and a lubricating oil metering system (the factory engine 
was fed with a mixture of lubricating oil and fuel). The 
magnetoinductive ignition system was replaced by an elec-
tronic ignition system. The engine was also retrofitted with 
an electronically controlled throttle and a water injection 
system for the intake manifold. An electronic ECU was also 
developed to integrate the measurement sensors installed on 
the test unit and to precisely control the actuators. To pre-
cisely dispense the gaseous fuel, a hydrogen supply system 
was developed. This system consisted of a battery of gase-
ous fuel storage tanks, three stages of pressure reduction 
from 200 to 1 bar (due to the remote location of the tank 
battery from the test facility), a fuel storage tank, a fuel 
mass flow meter and a fuel injector. A water injection sys-
tem was also developed for the intake manifold of the test 
facility. This system consisted of a demineralised water 
tank, a pump, a pressure regulator and an injector. The 
coolant was injected into the intake manifold, just after the 
air throttle and the gasoline and hydrogen injectors. The test 
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stand with the AIXRO XR50 engine installed allows full 
calibration and adjustment of the fuel supply, lubrication, 
and ignition systems. 

 
 Fig. 2. AIXRO XR50 engine on the test bench 

2.2. Acoustic camera 
The approach used for measuring noise sources in-

volved utilising the Noise Inspector software in conjunction 
with an acoustic camera provided by CAE Systems & Soft-
ware. This sophisticated equipment transforms sound into 
visual representations, such as images or videos. Through 
this method, noise-emitting sources become distinguishable 
and their precise locations can be swiftly identified [9]. 
Thanks to this visual representation, the identification of 
noise origins can occur in real-time. The system is adept at 
both detecting noise sources and quantifying their intensity 
in terms of emitted sound pressure. By visualising noise 
sources in images or videos, the time required for meas-
urements is substantially reduced compared to traditional 
methods [13]. The apparatus comprises an array of 16 mi-
crophones arranged in a single plane, with an HD camera 
centrally positioned (Fig. 3). Additional components in-
clude modules for signal and image processing. The entire 
system is linked to a portable computer. A diagram of the 
entire test setup is shown in Fig. 4. 

 
 Fig. 3. Engine and acoustic camera 

Key components of the Noise Inspector system are [19]: 
– microphone array 
– Microsoft LifeCam Studio 1080p HD camera 
– 16 G.R.A.S. 40PH one-dimensional microphones 
– ICP data acquisition module PXIe-1073 from National 

Instruments 
– PXI-4496 measurement card 
– portable computer 
– CAE Noise Inspector V6.0 software. 

 
Fig. 4. Measurement station diagram 

 
This measurement technique offers exceptional conven-

ience. The modular architecture of the Noise Inspector 
system ensures adaptability to meet specific requirements. 
Notable benefits of the acoustic camera include [19]: 
– a single measurement suffices, eliminating the need for 

multiple readings 
– greater accuracy compared to conventional measuring 

microphones 
– non-intrusive operation, allowing measurements without 

disrupting equipment functionality (e.g., in industrial 
environments) 

– rapid measurement process, typically taking only a few 
minutes 

– generation of noise source maps, facilitating identifica-
tion of unwanted noise origins 

– capability to pinpoint specific system components re-
sponsible for noise and assess noise levels 

– no requirement for work stoppages at the measurement 
location 

– effective identification of noise sources even in rever-
berant settings 

– suitability for both indoor and outdoor measurements. 
The fundamental working principle of the acoustic 

camera system involves capturing noise sources across 
different acoustic levels. A unique feature of this system 
is its ability to adjust the focus level after the measure-
ment, enabling the production of multiple acoustic images 
without the need for repeated measurements. Furthermore, 
the live preview function offers immediate access to pre-
liminary measurement data in real-time [13]. 
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2.3. Measurement conditions 
The test plan included performing tests at three different 

engine operating conditions labelled sequentially: 
 E10 – feeding with unleaded 95 gasoline 
 H2W – hydrogen feed with water added 
 H2 fueling with pure hydrogen. 

The second power strategy concerned hydrogen fueling 
with the addition of water, i.e. to lower the combustion 
temperature of the mixture and thus mitigate the process of 
knocking combustion, a water injection map was developed 
when fueling with hydrogen to maximise the use of the 
gaseous fuel – to obtain the highest possible mechanical 
power generated by the engine. The third strategy involved 
feeding pure hydrogen with no water input. 

Three separate noise recordings (3 seconds each) were 
made for each trial, following one after the other. In addi-
tion, the noise of the accessories when the engine was 
turned off (electro-brake, ventilation, stand cooling, etc.) 
was recorded in a separate trial. 

The tests were performed for engine operating parameters: 
– speed 5000 rpm 
– torque of 10 Nm 
– hydrogen flow in H2W and H2 tests 290 l/min. 

In all tests, the engine was in the same thermodynamic 
state. The tests were performed at short intervals, which 
eliminated the influence of external factors. The acoustic 
camera was 1.1 meters away from the engine. 

3. Research results 
Figure 5 shows the average value of noise amplitude as 

a function of its frequency. The curves represent 3 different 
supply conditions of the Wankel engine E10, H2W, and H2 
(each averaged from three separate samples). For the analy-
sis, four frequency ranges were selected in which the great-
est difference in noise amplitudes is noticeable, and at the 
same time, the source of the noise comes from the engine: 
– 4000–6000 Hz 
– 6000–8000 Hz 
– 8000–12,000 Hz 
– 12,000–22,000 Hz. 

 
Fig. 5. Average value of noise amplitude as a function of its frequency for 
 three different engine operating conditions 

 
Ranges below 4000 Hz were discarded because no sig-

nificant difference in the noise amplitude waveform for 

different samples was noticed there. The maximum value 
that was analysed was also limited to 22,000 Hz, because 
the higher frequency range of noise is inaudible to humans. 
Figure 3 also shows the noise of accessories (electro-brake 
cooling, ventilation, etc.) recorded when the engine was not 
running. 

To further visualise the differences presented in Fig. 5,  
a plot of Fig. 6 was made showing the differences in sound 
amplitude values, respectively, between the  
– H2W supply, and E10 supply 
– H2 supply, and H2W supply. 

As can be seen in Fig. 6, the differences between H2W 
and E10 supply are not as large as those between H2 and 
H2W supply. When switching from E10 to H2W fuel,  
a reduction in noise amplitude is noticeable in the range of 
4000 to 12,000 Hz. On the other hand, an increase in noise 
amplitude occurred in the range of 12,000 to 22,000 Hz. 
The situation is different when changing from H2W fuel to 
H2. In this case, an increase in noise amplitude was noticed 
in all four tested ranges from 4000 to 22,000 Hz, by about  
a maximum of 6 dB. 

 
Fig. 6. Variations in the average value of noise amplitude as a function of 
 its frequency for three different engine operating conditions 

 
To highlight these differences, an additional analysis 

was performed showing the exact average values of the 
noise amplitude in each range and for each type of fuel 
supply. Figure 7 shows a larger value of the average ampli-
tude for the H2 supply in the ranges from 4000–6000 and 
8000–22,000 Hz. On the other hand, in the frequency range 
of 6000–8000 Hz, the E10 supply has the highest value of 
average amplitude. Figure 7 also indicates the value of the 
standard deviation from the three trials conducted for each 
engine supply strategy. 

The pure hydrogen supply (H2) generates the highest 
combustion noise emissions in the ranges: 4000–6000 Hz, 
8000–12,000 Hz, and 12,000–22,000 Hz, reaching maxi-
mum values of 86.55 dB, 76.31 dB, and 68.83 dB, respec-
tively (Fig. 7). This indicates a rather dynamic course of 
heat generation in the engine combustion chamber. 

Since the trend of increased noise amplitude for the H2 
supply is noticeable from the previous results, it was also 
decided to analyse the maximum noise values. Figure 8 
shows the maximum noise values recorded during each test. 
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The difference in the amplitude level of the H2 supply is 
also evident in this parameter. 

 
Fig. 7. Average value of noise amplitude for selected frequency ranges for 
 three different engine operating conditions 

 
Fig. 8. Maximum noise amplitude values for selected frequency ranges 
 from all tests for three different engine operating conditions 

 
The acoustic noise analysis system also allows localisa-

tion of the noise source in the recorded image. For this 
purpose, the program performs interpolation of the noise 
amplitude level in the selected frequency range and applies 
these values to the recorded image. The system has 16 
independent microphones, which makes it possible to accu-
rately analyse the location of the noise source. Figure 9 
shows the results of such analysis for selected frequency 
ranges. Unfortunately, the software does not allow the 
presentation of results averaged from several measure-
ments, so it was decided to present the results from meas-
urement no. 3 for each type of engine fuel supply strategy. 
Figure 9 also shows the maximum noise values for each 
sample. Note that the legend of the results was selected 
individually for each frequency range. As can be seen from 
the presented results, each noise location corresponds to the 
location of the Wankel engine body. In addition, the differ-
ence in the amplitude level of the noise is visible, which is 
the same as the previously presented results in the form of 
waveforms or graphs. It was not decided to present the 
results in the 12,000–22,000 Hz frequency range graphical-
ly due to the lack of visualisation of the focused source of 
the noise. 

 

4. Conclusions 
This article presents the methodology and results 

of acoustic testing of a rotary piston engine, the Wankel 
Aixro XR50, fueled with three different fuel strategies: 
motor gasoline only (E10), hydrogen with water (H2W), 
and hydrogen gas only (H2). The use of an acoustic camera 
during the study made it possible to analyse in detail the 
sources of noise and their location for different frequency 
ranges. Experimental studies showed that the greatest dif-
ferences in noise emission occurred in the high frequency 
range (above 8000 Hz), especially when the engine was 
supplied with pure gaseous hydrogen (H2).  

 
Fig. 9. Noise source localisation for selected frequency ranges for three 
 different engine operating conditions 

 
The supply of hydrogen with the addition of an injected 

dose of water (H2W) allowed for the reduction of the inten-
sity of noise, which confirms the effectiveness of supplying 
water to the combustion chamber in reducing noise, 
and thus in mitigating contact combustion of the gas-fueled 
engine. In addition, it can be concluded that water injection 
in the case of gaseous hydrogen fueling reduces noise in-
tensity levels, particularly evident in the high frequency 
range (8000–22,000 Hz), and noise source location maps 
confirm that the dominant source of noise emissions is 
within the chamber where the heat generation process takes 
place, regardless of the power supply strategy, but the in-
tensity level is clearly highest for pure hydrogen fuel (H2). 
By using an advanced measurement system, it was possible 
to quickly and precisely identify the source of the noise, 
which can provide a basis for further optimisation of the 
design and power strategy of Wankel engines using alterna-
tive energy sources, especially hydrogen gas. As part of 
future research, we plan to conduct a comprehensive analy-
sis of the noise source using Noise Inspector and measure 
the pressure in the combustion chamber, which will enable 
precise identification and characterisation of the knocking 
phenomenon. 
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Nomenclature 
AE average energy 
ANN artificial neural network 
DWT discrete wavelet transform 
ECU electronic control unit 
EFD early fault detection 
EFI electronic fuel injection 
HD high definition 

HRR heat release rate based on the knock metric 
IMPO integral of modulus of pressure oscillations 
MAPO maximum amplitude of pressure oscillations 
MVTD minimum value of the third derivative 
SI spark ignition 
SIL speech interference level 
WPA wavelet package analysis 
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