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1. Introduction 
Vehicles are an integral part of everyday life for many 

of us; Poland featured 723 cars per 1000 inhabitants at the 

end of 2024, according to Statistics Poland. This score is 

the highest among European Union members, as many car 

users use their cars for daily commuting or leisure. Howev-

er, a passenger car has two main tasks. The first is to be 

designed to have good traction, and the second is to ensure 

the road user safety. The first task is simple in that, for 

technical reasons, a person can design any powertrain, but 

in light of the requirements to reduce carbon emissions and 

the carbon footprint, this is forcing a lot of improvements, 

modifications, and optimisation of the power units on car 

manufacturers. This applies equally to internal combustion 

(ICEV), hybrid (HEV), and electric (BEV) passenger vehi-

cle, which produces zero emissions in the TTW system. On 

the other hand, ensuring the powertrain's good technical 

performance associated with achieving accelerations of the 

order of 5 m/s
2
 or the ability to develop high travel speeds 

requires the powertrain to have a large power reserve [8, 

11]. Power is needed not only to drive the vehicle's 

wheels, but also to power the vehicle's increasingly so-

phisticated and extensive range of accessories, securing 

not only travel comfort, but also road user safety by ensur-

ing adequate controllability related to the acceleration 

required for manoeuvres such as merging into traffic or 

overtaking [1, 6, 10].  

Therefore, the authors used this paper to analyse the ac-

celeration intensity of an electric vehicle on the energy 

consumption in a road test. The passenger vehicle accelera-

tion was carried out in a flexibility test from an assumed 

initial speed, for various constant accelerator pedal posi-

tions providing constant power in the powertrain, until 

reaching a speed at which acceleration reached values close 

to 0 m/s
2
 or relatively 120 km/h. The analysis covered basic 

indices characterising the vehicle's movement, such as the 

speed profile's kinematic parameters or energy parameters 

in the form of energy consumption. In the energy balance of 

a vehicle in motion, the measure of the consumed electrical 

energy supplied from the traction batteries to the vehicle's 

powertrain and auxiliary equipment is the realised speed 

profile describing its movement dynamics [3]. 

2. Acceleration as a fundamental phase of vehicle 

motion 
The maintenance of good traction performance during 

acceleration is one of the most important phases of move-

ment in terms of energy consumption, which is a conse-

quence of the conversion of electrical energy stored in the 

traction batteries into driving force at the wheels[4]. At full 

acceleration intensity, it is required to feed the full power 

from the vehicle's electric motor into the powertrain. The 

acceleration achieved depends on a number of different 

factors, including external conditions such as wind or ex-

ternal temperature, the road surface condition, weight dis-

tribution, tyre type, frontal area, and body aerodynamics, all 

of which directly affect energy consumption [2, 9]. When 

analysing the acceleration process for an electric powertrain 

on a level road at a given intensity, the energy supplied 

from the traction batteries is balanced by the sum of its 

expenditure to overcome the resistance to motion, including 

rolling (ER) and air (EA), powertrain losses (EL) and also its 

expenditure to overcome the vehicle's inertia (EI), which is 

directly proportional to the acceleration achieved [5]. The 

energy balance can be written as an equation (1): 

 Ee = ER + EA + EI + EL. (1) 

When considering the individual components, the ener-

gy to overcome rolling resistance and air resistance, on  

a horizontal road, can be determined by completing a run-

http://orcid.org/0000-0002-3559-0405
http://orcid.org/0000-0002-1978-2909
http://orcid.org/0000-0001-9422-6374
http://orcid.org/0000-0002-9008-0635
http://www.combustion-engines.eu
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down test. Hence, in order to analyse the acceleration pro-

cess, it is a good idea to perform a two-phase cycle, consist-

ing of an acceleration phase immediately followed by  

a rundown phase. Thus, knowing the test vehicle's mass and 

also its deceleration during the rundown phase, the re-

sistance to motion becomes balanced with its inertia result-

ing from kinetic energy. We can therefore determine the 

rundown energy in accordance with equation (2) 

 ER+A =
mδw(V1

2−V2
2) 

2
 (2) 

where: m – road test vehicle mass; δw – rotating mass from 

the wheels; Vn – instantaneous speed of the vehicle in mo-

tion. 

Similarly, by knowing the vehicle's mass and, in this 

case, the acceleration during the acceleration phase, we can 

determine the energy required to overcome the vehicle's 

inertia (3): 

 EI =
mδw(V1

2−V2
2) 

2
 (3) 

where: m – road test vehicle mass; δw – rotating mass from 

the wheels; Vn – instantaneous speed of the vehicle in mo-

tion. 

Electric energy (Ee) supplied to the powertrain during 

the acceleration phase depends on the instantaneous electri-

cal power from the powertrain Ee when supplied with cur-

rent (4) [12]. 

 Ee = ∫ U(t) ∙ I(t)dt
t2

t1
 (4) 

where: U(t) – instantaneous voltage supplied from the trac-

tion battery to the electric motor; I(t) – instantaneous cur-

rent supplied from the traction battery to the electric motor; 

t – time of acceleration. 

Taking the above into account, it is possible to deter-

mine the efficiency of the vehicle's powertrain during the 

acceleration phase as the ratio of the useful energy trans-

ferred to vehicle motion (EL) to the total electric energy 

supplied from the traction batterie (Eₑ), as shown in equa-

tion [6] (5): 

 η =
EL

Ee
 (5) 

At the same time, for a fixed vehicle speed, in which the 

acceleration is equal to 0 m/s
2
, the energy balance features 

no inertia, thereby enabling the determination of the power-

train's efficiency under steady-state conditions.  

In order to compare the different powertrains of electric 

vehicles, one can determine the total specific energy con-

sumption Qje expressed as the ratio of the energy output 

from the traction batteries to the product of the mass and 

the distance travelled. 

 Qje =
Ee

m∙L
 (6) 

In order to objectively address the comparison of accel-

eration dynamics, the authors of [7] proposed a dynamics 

index, which can be presented with relation (7): 

 ID =
P

QE
 (7) 

The proposed passenger vehicle dynamics index com-

bines the available power of the powertrain and the specific 

energy consumption. This provides a versatile and objective 

tool for measuring traction parameters during the accelera-

tion process. This index takes into account the powertrain's 

capacity, the vehicle's mass, and the distance travelled. 

3. Methodology, test object, and research tools 
The paper contains an analysis of a passenger vehicle's 

acceleration process from a fixed initial speed to a fixed 

final speed in a road test on a horizontal road. The final 

vehicle speed results from the energy balance between the 

powertrain and the resistance to motion, or from the vehicle 

reaching an assumed final speed of 120 km/h. The accelera-

tion intensity was determined by a constant acceleration 

pedal use with which constant power was applied to the 

powertrain during the road test for a given fixed gear ratio. 

Each road test was repeated a minimum of three times on 

the same road section, driving in both directions on a given 

measuring section, from which mean values were taken.  

The Skoda Citigo-e iV electric passenger vehicle was 

used during the road tests conducted as part of the author's 

own research. The vehicle is equipped with a proprietary 

measurement data recording system using the onboard data 

transmission network. It is a front-wheel drive electric 

urban vehicle with a 61 kW motor with 212 Nm of torque. 

The electric motor's maximum rotation speed is 12,000 

rpm. The transmission system features a single gear trans-

mission, while the total ratio is equal to ic = 8.16. The mean 

energy consumption on the WLTP combined cycle is 16.4 

kWh per 100 km at a range of 260 km. The car's top speed 

is limited to 130 km/h, and the mass during testing is 1381 

kg. 

An important component of the road test is the appro-

priate selection of the measuring section, which was a 2.2 

km section with a slope of 0.05°. A proprietary measure-

ment system developed in the LabVIEW environment was 

used to record the Skoda Citigo-e iV vehicle's kinematic 

parameters. It enables the recording of kinematic parame-

ters in the time domain from the on-board CAN BUS-based 

data transmission network, recording other drivetrain pa-

rameters, such as electric motor's rotational speed, energy 

consumption, vehicle load and speed, battery capacity, 

accelerator pedal, distance, battery voltage and current, 

electric motor power, current to drive auxiliary equipment. 

In addition, a device recording GPS data – speed, accelera-

tion, distance travelled – was used.  

4. Acceleration process analysis 
The acceleration process analysis was based on the 

measurement of the kinematic parameters of the passenger 

vehicle's motion in real traffic conditions on a paved asphalt 

surface, from a constant linear speed of 40 km/h, regardless 

of the selected acceleration pedal position (10%, 20%, 30%, 

40%, 50%, 55%, 60%, 70%, 100%). The acceleration flexi-

bility test for initial acceleration pedal positions was carried 

out until a constant speed was reached (acceleration equal 

to 0 m/s
2
) and in other cases until a speed of 120 km/h was 

reached. Changes in the powertrain's basic indices during  
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the acceleration test for the initial acceleration pedal posi-

tion are shown in Fig. 1. 

 

Fig. 1. Diagram of the speed vs time dependency for the 10% acceleration 

 pedal position 

 

Figure 2 shows the time dependence of current and en-

ergy consumption. As expected, the current increases dur-

ing acceleration and then takes on a fixed value until the 

end of the acceleration phase. This current waveform re-

sults in a linear increase in energy consumption, while the 

voltage, at the same time, changes slightly from 318 V to 

312 V. 

 

Fig. 2. Diagram of the motor power P and energy consumed En vs time 

 dependency for the 10% acceleration pedal position 

 

The acceleration tests were carried out in both directions 

on the road and their progression is comparable for differ-

ent acceleration pedal positions, but the specific initial 

"peak" in the graphs for the 10% acceleration pedal position 

is important. It appears as soon as the acceleration pedal is 

depressed – the power momentarily rises to around 2.2 kW, 

before dropping to 1.5 kW and continuing to rise almost 

linearly. This is caused by the inertia in the powertrain, the 

so-called power jerk, which is clearly visible in Fig. 2, and 

also the large increase in acceleration values and their oscil-

lation in the subsequent course (Fig. 4). Figure 3 shows the 

cumulative averaged waveforms from all Skoda Citigo-e iV 

road tests.  

 

 

Fig. 3. Cumulative diagrams of the speed vs time dependency 

 

The speed vs time dependency diagram in Fig. 3 shows 

that only in the first three runs (10%, 20% and 30% accel-

eration pedal positions) the road test came to an end due to 

the speed stabilisation and an acceleration drop to 0 m/s
2
, as 

shown by the final acceleration waveform in Fig. 6. Despite 

the very slight differences in the speed profile for the accel-

eration pedal position of 55% and above, this recorded 

acceleration shows increasing values (Fig. 6), and this can 

be illustrated even better as a function of the change in 

acceleration vs speed (Fig. 7). 

 

Fig. 4. Cumulative diagrams of the acceleration vs time dependency 

 

Fig. 5. Cumulative diagrams of the acceleration vs speed dependency for 

 Skoda Citigo-e iV 

 

Figure 5 shows that once the speed reaches 10 m/s, it 

starts to reduce acceleration in each case, regardless of the 
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powertrain's set power. The higher the power value, the 

more intense the acceleration drop during the initial phase, 

and this is mainly due to the inertia and resistance to mo-

tion.  

Summarising the acceleration process, the specific val-

ues of the acceleration process from its start to end can be 

compiled as presented in Table 1. The table shows mean 

power P, mean energy consumption, specific energy con-

sumption Qe, and others. It is worth noting that power val-

ues close to maximum power do not significantly reduce 

acceleration power and distance.  

 
Table 1. Summary for driving 
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% kWh 
kWh/ 

100 km 
kW J/(kg·m) s m m/s2 m/s2 

10 0.18 15.7 5.8 1.5 106.8 1304 0.16 1.78 

20 0.27 26.4 13.9 3.0 69 1185 0.35 2.22 

30 0.35 37.7 23.3 3.3 54.7 1144 0.56 2.03 

40 0.35 52.6 32.6 6.6 38.7 851 0.82 2.62 

50 0.32 65.7 39.0 7.9 29.6 632 1.08 2.6 

55 0.30 77.1 44.1 9.6 24.5 514 1.30 2.99 

60 0.29 91.5 51.0 12.1 20.7 432 1.55 3.39 

70 0.28 100.6 56.1 13.4 18.3 373 1.74 3.67 

100 0.27 111.8 59.2 13.5 16.3 327 1.93 4.45 

 

The values between the initial and maximum power in-

crements are significant, and the difference in distance 

travelled between the 10% and 100% acceleration pedal 

position is nearly 1000 m. The mean power and specific 

energy consumption, on the other hand, are almost 10 times 

greater. The energy consumed from the battery during each 

test, except the first, oscillates around 0.3 kWh; the mean 

energy consumption increases as the distance travelled 

shortens considerably. Drawing attention to the energy 

consumed from the battery, one can observe that the car 

travelled a different distance in each test, preventing the use 

of this value to make a direct comparison between each 

acceleration process and partial power. Therefore, referring 

to Figs. 3 and 4, and Table 1, the authors further analysed  

a distance of 300 m and an acceleration time of approxi-

mately 16 seconds for the full power input to the power-

train. A diagram of the vehicle's speed vs road dependency 

for the Skoda Citigo-e iV is shown below in Fig. 6. 

The values shown in Table 2 represent the mean values 

for the acceleration process over a distance of 300m so that 

an acceleration dynamics index can be calculated for an 

electric vehicle. The presented dependencies prove that the 

considered acceleration process on a shorter representative 

section is characterised by established dependencies in 

terms of available power and mean mileage energy con-

sumption. However, the values for specific energy con-

sumption and the calculated dynamics index indicate that 

once a certain acceleration pedal power value is exceeded, 

the index no longer increases, but only the energy con-

sumption increases.  

 

Fig. 6. Diagram for the speed vs distance travelled dependency for a 300 m 
distance – Skoda Citigo-e iV 

 
Table 2. Summary for a 300 m distance travelled – Skoda Citigo-e iV 
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10 0.05 19.4 4.4 2.1 2.3 1.7 44.3 300.2 0.27 1.78 1.39 

20 0.09 36.3 11.8 3.8 8.0 3.8 28.4 301.0 0.63 2.22 2.09 

30 0.13 53.8 22.2 5.4 16.8 3.7 22.7 301.0 0.97 2.03 2.41 

40 0.17 71.2 30.6 6.8 23.8 8.8 19.7 300.9 1.26 2.62 2.77 

50 0.19 81.5 37.4 7.5 29.8 9.5 18.5 301.4 1.44 2.53 3.14 

55 0.21 90.6 43.0 8.3 34.7 11.0 17.5 301.4 1.60 2.99 3.16 

60 0.23 102.6 50.3 9.0 41.2 13.1 16.5 300.8 1.78 3.39 3.22 

70 0.25 107.5 55.7 9.6 46.1 14.2 16.1 302.1 1.89 3.67 3.24 

100 0.25 114.5 59.1 10.0 49.1 13.8 15.6 301.1 1.99 4.45 3.57 

5. Passenger vehicle acceleration dynamics index 
Figures 7 and 8 show graphs of the mean energy con-

sumption and acceleration pedal position vs dynamics index 

dependency, according to the values shown in Table 2.  

The dynamics index was calculated, which determines 

the energy required to accelerate a passenger vehicle with  

a mass of 1 kilogram over a distance of 1 metre in 1 second, 

based on calculations according to equation 7. According to 

the unit's designation, it is a value defined as per the unit of 

momentum. The presented dependency between the dynam-

ics index with values such as mean energy consumption 

(Fig. 7) or acceleration pedal position (Fig. 8) allows for 

determining the moderate acceleration area associated with 

the energy consumption minimisation. The moderate accel-

eration area covers the acceleration process up to the accel-

eration pedal position of 40%, while the dynamic accelera-

tion area covers the range exceeding this value. The bound-

ary between these areas can be established based on trend 

lines – a point which is then projected onto the axes is es-
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tablished at their intersection. In the case of the diagram in 

Fig. 7, the limit point has a value of approximately Id = 3.12 

kg·m/s with an energy consumption value of approximately 

80 kWh per 100 km.  

 

Fig. 7. Diagram of the energy consumption vs dynamics index dependency  

 

Fig. 8. Diagram of the acceleration pedal position vs dynamics index 

 dependency 

 

These values were compared to the results presented by 

the authors in paper [3] for a passenger vehicle with an 

indirect-injection combustion engine and a homogeneous 

combustion system with a power output of 110 kW, i.e. 

almost twice the power output of the tested electric vehicle. 

A comparison of the dynamics index shows that, for both 

the internal combustion and electric vehicles, the moderate 

acceleration area occurs at no more than 40% of the accel-

eration pedal position. In the case of internal combustion 

motors, the increment in fuel expenditure is steeper in rela-

tion to the dynamics index, which takes on higher values 

due to the internal combustion motor's power output. 

6. Conclusions 
The paper presents the results of tests on the accelera-

tion dynamics of an electric vehicle on the Skoda Citigo-e 

iV, with a particular focus on the effect of acceleration 

intensity on energy consumption in real road tests. The 

results show that moderate acceleration, at around 40% of 

the acceleration pedal position, is the most energy efficient. 

Further increases in power lead to a significant increase in 

energy consumption with a slight increase in acceleration 

dynamics index. 

The paper introduces a dynamics index that combines 

the powertrain's available capacity with specific energy 

consumption, thereby allowing an objective comparison of 

the vehicles' energy and traction efficiencies. This index is 

a versatile tool for assessing vehicle traction performance, 

thereby allowing for the comparison of different power-

trains. A comparison of the dynamics index with the inter-

nal combustion vehicle showed similarity in the moderate 

acceleration area. Acceleration as the primary phase of  

a vehicle's motion is a key element in the analysis of energy 

consumption, and the research results indicate that moder-

ate acceleration is the most energy efficient, which is im-

portant for increasing the range of electric vehicles. The 

results suggest that drivers should avoid pressing the power 

pedal rapidly beyond 45% to optimise power consumption, 

which may also have a positive impact on powertrain dura-

bility and battery life. Research on the impact of accelera-

tion intensity on the total energy consumption of electric 

vehicles is essential to optimise driving strategies and ex-

tend vehicle range. Understanding this relationship also 

supports the development of more efficient powertrain 

control systems. 

 

Nomenclature 

BEV  battery electric vehicle 

ER  rolling resistance energy 

EA  air resistance energy 

EI  inertia resistance energy 

EL  losses in powertrain energy 

HEV hybrid electric vehicle 

ICEV  internal combustion engine vehicle 

Id  dynamics index 

I(t)  instantaneous current supplied from the traction 

battery to the electric motor 

m  road test vehicle mass 

t  time of acceleration 

TTW  tank-to-well 

U(t)  instantaneous voltage supplied from the traction 

battery to the electric motor 

Vn  instantaneous speed of the vehicle in motion 

δw  wheels rotating mass  
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1. Introduction  
Butanol, also known as butyl alcohol, is one of many 

chemicals that play a key role in today's world in terms of 

reducing emissions of harmful compounds from marine 

combustion engines. This organic compound, an alcohol, 

has many uses and interesting properties that attract the 

attention of scientists, industrialists, and chemistry enthusi-

asts. Butanol has long been an important element of the 

chemical industry and other economic sectors, and also 

plays an important role in scientific research, especially in 

the context of alternative energy sources and sustainable 

development. The paper is a continuation of the team's 

previous research on the composition of marine fuel  

n-butanol. In addition to testing exhaust emissions, the team 

also investigated engine vibration characteristics [1, 5, 13, 

14]. Similar studies are being conducted in other facilities 

around the world. An interesting approach to the topic of 

blended fuels was presented by Yu et al. [20]. Their work is 

based on a three-dimensional simulation model of an en-

gine cylinder developed using the commercial simulation 

software AVL-Fire, with its accuracy validated against 

experimental data. The impact of diesel/biodiesel/n-butanol 

fuel blends on engine performance, combustion behavior, 

and emission characteristics was examined through simula-

tions conducted on the model. The combustion process was 

analyzed for fuel mixtures containing 0%, 5%, 10%, 15%, 

and 20% n-butanol at different loads. Despite the engine's 

brake power decreasing, brake-specific fuel consumption 

rose, and NOx emissions increased. Furthermore, across all 

load conditions, soot and CO emissions were observed to 

decline as the proportion of n-butanol in the fuel blend 

increased. The authors presented an interesting approach in 

the paper [6, 7]. The effect of oxygenated diesel fuel con-

taining n-butanol on the exhaust emissions of passenger 

cars was described, which was tested on the NEDC transi-

tion cycle. The tests carried out showed that a die-

sel/butanol blend containing 10% n-butanol caused a signif-

icant reduction in PM and smoke emissions, had no effect 

on NOx and CO₂ emissions, and caused higher CO and HC 

emissions. Tipanluisa et al. reached similar conclusions [17, 

19]. This research explored the use of a single-zone com-

bustion model combined with triple Wiebe functions to 

evaluate the effects of diesel/n-butanol blends as drop-in 

fuels for a four-cylinder heavy-duty diesel engine. Com-

mercial diesel fuel served as the baseline for comparison 

with n-butanol blends containing 5%, 10%, and 20% by 

volume. The study examined combustion behavior, engine 

performance, and emission characteristics across various 

speed and load conditions in accordance with the World 

Harmonized Steady-State Cycle (WHSC). All n-butanol 

blends led to a reduction in CO and particulate emissions 

across all operating conditions. However, emissions of 

THC and NOx increased, particularly at full load. Among 

the tested blends, 10% concentration demonstrated superior 

engine performance as well as favorable combustion and 

emission characteristics, highlighting its potential as  

a promising fuel blend. It should be noted that despite many 

publications showing that n-butanol mixtures improve 

combustion processes, also susceptible to changes in ambi-

ent temperature. The authors of the publication [4, 5, 8, 9, 

18] pointed out that the inclusion of n-butanol as a compo-

nent of the mixture is beneficial for both efficiency and 

particulate emissions, but the concentration of the mixture 

is limited by problems with starting at very low ambient 

temperatures, which should be carried out on marine com-

bustion engines. The authors [7, 11, 12, 15] of the paper 

also reach the same conclusions by conducting experiments 

on a four-stroke, single-cylinder, air-cooled diesel engine 

http://orcid.org/0000-0002-5076-6675
http://orcid.org/0000-0002-6354-5484
http://orcid.org/0000-0001-9835-8411
http://orcid.org/0000-0002-8294-873X
http://orcid.org/0000-0003-2879-591X
http://www.combustion-engines.eu
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due to its transition from neat rapeseed oil biodiesel to fuel 

blends prepared by mixing in various proportions (by vol-

ume) of rapeseed methyl ester and butanol [4]. At full 

(100%) load conditions, the lowest NOx emission was ob-

tained with the engine running on a biofuel blend. The 

lowest level of carbon monoxide emissions (CO) was ob-

served when the engine was running with the most butanol-

oxygenated biofuel blend. The highest smoke opacity of the 

exhaust was obtained when the engine was fueled with neat 

biodiesel and at full load. However, when examining the 

concentrations of individual compounds together with the 

engine parameters, it is difficult to assess the impact of the 

tested mixture on marine engine work, especially under 

different loads. Therefore, this opens the way for other 

multi-criterion tools that can be very helpful in drawing 

conclusions. 

2. Research plan and object 
The research on the composition of marine fuel was car-

ried out on the Cegielski-Sulzer 6AL20/24 marine diesel 

engine [3].  

 

Fig. 1. The marine diesel engine Cegielski-Suzer 6AL20/24 laboratory 

 stand 

 

Engine operating parameters were recorded using an 

engine monitoring system and the TESTO 350 analyzer 

[16] was used to measure emissions of harmful compounds. 

During the measurements, the engine's fuel consumption 

was also recorded. Technical data were shown in Table 1.  

The complete three-valued plan was selected for the ex-

periment, consisting of 1 block and 27 measuring points. 

The tests were carried out for a mixture of marine fuel and 

n-butanol at concentrations of 0, 15, and 30 percent. 

 
Table 1. Marine diesel engine Sulzer type 6AL20/24 [3] 

Specification 

Piston arrangement Inline 

Cylinder diameter 200 mm 

Piston stroke 240 mm 

Displacement volume 1 cyl. – 7.54 dm3 

Nominal power 420 kW 

Starter pressure compressed air – 3 MPa 

Number of cylinders 6 

Number of valves per cylinder 4 

 

The value of the stoichiometric constant of the fuel was 

calculated based on the equation: 

 LT = 11.84 ∙ c + 34.214 ∙ h [
kg

kgfuel
] (1) 

The composition of the fuel used on Navy ships is:  

c = 0.87 and h = 0.13. The following values were adopted 

for mixture of n–butanol and marine fuel: But15 – c = 

0.8367; h = 0.1309; o = 0.0324; But30 – c= 0.8034; h = 

0.1318; o = 0,0648. The calculations were made on the 

basis of a program calculating calorific values and theoreti-

cal air demand. The calorific values were adopted based on 

the previous research conducted and described in the paper 

[21]. Substituting the theoretical mass air demand into the 

excess air coefficient formula: 

 λ =
LR

LT
 (2) 

After transformation, the determined actual air demand: 

 LR = λ ∙  [11.84 ∙ c + 34.214 ∙ h] [
kg

kgfuel
] (3) 

The excess air coefficient is calculated based on the re-

lationship: 

 λ =
CCO2max

CCO2

 (4) 

where: CCO2
 – carbon dioxide concentration in exhaust 

gases [%]. 

The air flow rate is calculated as: 

 maiṙ = Ge ∙ LR  [
kg

s
] (5) 

Exhaust mass flow rate: 

 meẋ = Ge + maiṙ [
kg

s
] (6) 

The next step was calculation emission intensity of in-

dividual harmful compounds calculated on the basis of 

equation: 

 ej = u ∙ cj ∙ ṁex (7) 

where: ṁex – exhaust mass flow rate, cj – concentration of 

the exhaust component, u – the coefficient depending on 

the exhaust component: NOx – 0.001587, CO – 0.000966, 

CO2 –15.19. 

The relative emission to the registered engine power 

was calculated: 

 em =
ej

Pe
  (8) 

Finally, the overall engine efficiency was determined 

from the data recorded from the engine (from each meas-

urement point). 

3. Multi-criteria ranking  

3.1. Optimization using multi-criteria methods 
Multi-criteria ranking is used to compare many options 

or solutions, taking into account criteria that are supposed 

to facilitate decision making. It is useful when a decision 

has to be made based on various factors. The main assump-

tion is to unify the examined factors and structure the eval-

uation of various options, which in turn facilitates the anal-

ysis. The final result of the analysis depends on the weights 
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that will be assigned to individual criteria. The search for an 

optimal solution using a single criterion is rather rare, so it 

is important that the decision maker precisely defines the 

criteria and their weights. 

In multi-criteria optimization problems, there are two 

groups of solutions [10]:  

 dominated: binding criteria that cannot be improved 

without simultaneously deteriorating the value of the 

other criteria. There is no clear answer in this group, but 

a group of favorable solutions can be distinguished 

 non-dominated: it is possible to find one solution, but it 

requires parameterization and application of all criteria. 

One of the advantages of such a solution is reducing the 

multi-criteria problem to a single-criteria problem, 

while the disadvantage is subjectivism in normalization 

and difficulties in estimating the weights of individual 

criteria.  

In the search for a single solution, the weighted sum 

method is most often used, where the criteria are combined 

into one objective function according to a specific formula. 

Then, the zero unitarization method can be used, which is 

used to evaluate a finite number of variants to choose from. 

In this method, all variables are used in evaluating individ-

ual criteria and divided into three classes: stimulants (in-

crease in the evaluation of the phenomenon), destimulants 

(decrease in the evaluation of the phenomenon), and nomi-

nants (favorable value). When specifying a variable as  

a stimulant or a destimulant, the direction of the function 

(minimum or maximum) is important. 

3.2. Zero unitarization method  

Fixed reference points should be assumed in the zero 

unitarization method. For this purpose, the range of the 

normalized variable was determined [2]: 

 G(Xj) =
max xij − min xij

i                   i 
 (9) 

The following relationship was used to calculate the 

value of stimulants: 

 zij =

xij−min xij

    i 

G(Xj)
      (

i = 1, 2, … , r
j = 1, 2, … , s

) ,  Xj ∈ S (10) 

However, determining the value of the destimulant: 

 zij =

max xij− xij

i              

G(Xj)
   (

i = 1, 2, … , r
j = 1, 2, … , s

) ,  Xj ∈ D (11) 

It should be noted that in the zero unitarization method, 

values in the <0;1> range are obtained. The normalization 

of diagnostic features is the initial stage that allows to ob-

tain a joint multi-criteria assessment of each of the consid-

ered objects, which are then summed up to obtain an aggre-

gate (synthetic) variable: 

 Qi = ∑ zij   (i = 1, 2, … , r)s
j=1  (12) 

Variable Qi is a synthetic variable that is a large-criteria 

evaluation of a complex phenomenon characterizing the i-th 

object. Knowledge of this variable allows for the construc-

tion of a ranking, i.e., a system of objects ordered in rela-

tion to non-increasing values of Qi. The objects with the 

best values are at the beginning, while the objects with the 

worst values are at the end of the ranking. In order to divide 

the set of objects into three parts (best, average, worst), the 

following relation should be used to calculate the limit 

value of average objects: 

 U =  

max Qi− min Qi
i                   i 

3
 (13) 

The following subgroups were obtained in this way: 

 best object: 

 Qi ∈ <
max Qi −  U

i           
,
max Qi

i  
> (14) 

 average objects  

 Qi ∈ (
max Qi −  2U

i           
,
max Qi −  U

i           
) (15) 

 worst-case objects: 

 Qi ∈ <
min Qi

i  
,
max Qi −  2U

i           
> (16) 

 
Table 2. The Q and UQ coefficient values based on calculations [2] 

Rotational 

speed 

[1/min] 

Load [kNm] 

Butanol 

concentration 

[%] 

Q UQ 

450 0.98 0 2.24 0.55 

450 1.9 0 2.42 0.59 

450 2.81 0 2.36 0.58 

600 0.98 0 1.29 0.32 

600 1.9 0 2.57 0.63 

600 2.81 0 2.98 0.73 

600 4.65 0 3.16 0.77 

675 0.98 0 1.91 0.47 

675 2.81 0 3.22 0.79 

675 4.65 0 3.37 0.83 

750 0.98 0 1.87 0.46 

750 1.9 0 2.70 0.66 

750 2.81 0 3.68 0.91 

750 4.65 0 3.87 0.95 

450 0.98 15 3.21 0.79 

450 1.9 15 2.31 0.57 

450 2.81 15 2.28 0.56 

600 0.98 15 1.55 0.38 

600 1.9 15 2.69 0.66 

600 2.81 15 2.96 0.72 

600 4.65 15 3.29 0.81 

675 0.98 15 1.85 0.45 

675 2.81 15 3.24 0.79 

675 4.65 15 2.95 0.72 

750 0.98 15 1.75 0.43 

750 1.9 15 2.66 0.65 

750 2.81 15 3.64 0.89 

750 4.65 15 3.85 0.94 

450 0.98 30 3.86 0.94 

450 1.9 30 2.16 0.53 

450 2.81 30 2.10 0.52 

600 0.98 30 1.58 0.38 

600 1.9 30 2.55 0.62 

600 2.81 30 3.08 0.75 

600 4.65 30 3.05 0.75 

675 0.98 30 1.86 0.454 

675 2.81 30 3.61 0.89 

675 4.65 30 3.39 0.83 

750 0.98 30 1.82 0.45 

750 1.9 30 2.48 0.61 

750 2.81 30 3.78 0.93 

750 4.65 30 4.08 1 
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Based on the results of engine parameters and concen-

trations of harmful compound emissions: nitrogen oxides, 

carbon monoxide, and carbon dioxide, the emission of 

individual harmful compounds was calculated. Then, the 

values of overall engine efficiency were calculated at the 

tested measurement points. The values of overall engine 

efficiency are considered as stimulants, and the emission of 

individual harmful compounds is assumed as a destimulant. 

On this basis, the Q coefficient was determined as a result 

of calculations (Table 2). 

From the data obtained: maximum value maxQ = 4.08, 

average value U = 0.93, and minimum value minQ = 1.29.  

Dividing into subgroups, the following results are present-

ed: 

 best object:  Qb ∈ < 3.15, 4.08 >  

 average objects  Qa ∈ (2.22, 3.15)  

 worst-case objects: Qw ∈ < 1.29, 2.22 >. 

Due to the fact that the determined values do not clearly 

explain the influence of stimulants and destimulants on Q 

value, it is necessary to perform a statistical analysis. For 

this purpose, the unit values are adopted for the next steps 

(Table 2): 

 UQ =  
Qi

maxQ
 (17) 

3.3. Statistical analysis  

The statistical analysis of the determined unit values of 

UQ factor was carried out in the Statistica program [2]. All 

42 measurement points were taken into account, appropri-

ately divided by the concentration of n-butanol in ship fuel 

(14 points each for But0 – 0%, But15 – 15%, and But30 – 

30% concentration). Descriptive statistics determined char-

acteristics describing the properties of the distribution of 

UQ value characteristics. The location of the feature (mean, 

median, lower and upper quartile), its measures of disper-

sion (quartile range, variance, standard deviation), measures 

of asymmetry (skewness), and measures of concentration 

(Kurtosis) were examined. The results of the statistical 

analysis were presented in the form of Fig. 2 and Fig. 3 and 

Table 3 and Table 4. 

 

Fig. 2. The box plots represent the median values with upper and lower 
 quartiles of UQ factor 

 

The mean and median values of the UQ factor are close 

to each other. Mean values increase with increasing  

n-butanol concentrations. The highest median value of the 

UQ factor is at a n-butanol concentration of 15%. The me-

dian values for concentrations of 15% and 30% in blended 

fuel are higher than the median value of marine fuel.  

 

Fig. 3. The box plots represent the mean values with the standard deviation 
 of UQ factor 

 

The set of UQ coefficient values is not very diverse, as 

evidenced by small variance values. The coefficient of 

skewness is close to zero for all concentrations. However, 

at concentrations of 0 and 15, it takes negative values 

(slight left-side asymmetry), and at a concentration of 30%, 

it takes a positive value (slight positive asymmetry). Kurto-

sis values are negative, which indicates a flattened distribu-

tion. 

 
Table 3. Descriptive statistics for UQ factor 

Variable 

Descriptive statistics  

Valid N 
 

Mean 
 

Median 
 

Minimum 
 

Maximum 
 

But0 
 

14 0.66 0.65 0.32 0.95 

But15 
 

14 0.67 0.69 0.38 0.94 

But30 
 

14 0.69 0.68 0.39 1.00 

 

The quartile range is similar for marine fuel and 15%  

n-butanol concentration. For the concentration of 30% 

butanol is the highest. 

 
Table 4. Descriptive statistics for UQ factor (continued) 

Variable 

Descriptive statistics  

Lower 

quartile 
 

Upper 

quartile 
 

Quartile 

range 
 

Variance 
 

Std. dev. 
 

Skewness 
 

Kurtosis 
 

But0 
 

0.55 0.79 0.24 0.033 0.180 –0.159 –0.54 

But15 
 

0.56 0.79 0.23 0.03 0.17 –0.21 –0.9 

But30 
 

0.52 0.89 0.37 0.04 0.2 0.05 –1.49 

 

The lower quartile for But0 and But15 is 0.55, while for 

But30 it is 0.51. The upper quartile for But0 and But15 is 

0.79, while for But30 it is 0.88. A quartile range of 0.23 

(But 0 and 15) indicates that the middle 50% of the data is 
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narrowed to within 0.23 units of the data. This means that 

the data in this range are relatively close together, suggest-

ing low variability in this central region of the data set. For 

the concentration value of But30, the quartile range interval 

with a width of 0.36 units, and the data range is the largest. 

The variance for the cases studied ranges from 0.17 to 

0.2. This means that the data values are fairly close to the 

mean, but are not completely clustered at one point. The 

values in the set do not deviate too far from the mean, but 

are not clustered very closely together either. 

In the case of But0 and But15 concentrations, negative 

skewness indicates that the data is shifted to the left, with  

a long left tail and fewer extremely low values. Weak 

skewness, i.e., the dispersion of data around the mean, is 

still relatively equal. Such a distribution is characterized by 

a greater concentration of data to the right of the mean, and 

the mean is smaller than the median.  

Concentration But30 has low positive skewness. This 

indicates that the distribution is close to symmetric, but 

with minimal right shift. The mean is only slightly higher 

than the median, and the right tails are relatively short. 

In each analyzed case, negative values of kurtosis were 

presented. Negative kurtosis (platykurtic) indicates a data 

distribution that is flat, with short tails and rare outliers. UQ 

factor data in such a distribution is more evenly distributed, 

and extreme values are less common. In the context of 

statistical analysis, this can mean that the data is less 

"noisy" and does not contain many exceptions, which can 

simplify analysis. 

The UQ factor distribution was presented in graphical 

(Fig. 4–6) and tabular form (Table 4–6). The histogram 

distribution was divided into 14 parts. 

 

 Fig. 4. Histogram UQ factor distribution for concentration But0 

 

The highest UQ factor values for But0 concentration 

were observed in the ranges from 0.5 to 0.6 and 0.7 to 0.8, 

while the lowest were in the ranges from 0.3 to 0.4 and 

from 0.8 to 0.9. A slight fit to the normal distribution can be 

seen, but it deviates in the range of values from 0.9 to 1. 

 
 

 

Table 4. Frequency table UQ factor for concentration But0 

Category 

Frequency table: But 0; K-S d = 0.09670. p > 0.20; Lilliefors p > 0.20 

Count 
 

Cumula-

tive 

count 
 

Percent 

of valid 
 

Cumul 

% 

of valid 
 

% of all 

cases 
 

Cumulative % 

of all 
 

0.2 < x  0.3 
 

0 0 0 0 0 0 

0.3 < x  0.4 
 

1 1 7.14286 7.1429 7.14286 7.1429 

0.4 < x  0.5 
 

2 3 14.28 21.43 14.28 21.43 

0.5 < x  0.6 
 

3 6 21.43 42.8 21.43 42.86 

0.6 < x 0.7 
 

2 8 14.28 57.14 14.28 57.143 

0.7 < x  0.8 
 

3 11 21.43 78.57 21.43 78.57 

0.8 < x  0.9 
 

1 12 7.143 85.714 7.143 85.71 

0.9 < x  1.0 
 

2 14 14.28 100.00 14.28 100 

Missing 
 

0 14 0 
 

0 100 

 

 Fig. 5. Histogram UQ factor distribution for concentration But 15 

 
Table 5. Frequency table UQ factor for concentration But 15 

Category 

Frequency table: But 15; K-S d = 0.12386; p > 0.20;  

Lilliefors p > 0.20 

Count 
 

Cumula-

tive 

count 
 

Percent 

of valid 
 

Cumul 

% 

of valid 
 

% of all 

cases 
 

Cumulative % 

of all 
 

0.3 < x  0.4 
 

1 3 7.143 7.143 7.143 7.14 

0.4 < x  0.5 
 

2 5 14.28 21.43 14.28 21.43 

0.5 < x  0.6 
 

2 7 14.28 35.71 14.28 35.71 

0.6 < x 0.7 
 

2 11 14.28 50.00 14.28 50.00 

0.7 < x  0.8 
 

4 13 28.57 78.57 28.57 78.57 

0.8 < x  0.9 
 

2 14 14.28 92.85 14.29 92.85 

0.9 < x  1.0 
 

1 14 7.15 100 7.15 100 

Missing 
 

0 1 0.0  0.0 100.0 

 

For the case of But15 concentration, the largest number 

is located in the range from 0.7 to 0.8 of the UQ factor 

value. The smallest number is located on the border of the 

ranges, i.e., in the ranges from 03 to 0.4 and from 0.9 to 1. 

Histogram: But 0
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 Fig. 6. Histogram UQ factor distribution for concentration But30 

 
Table 6. Frequency table UQ factor for concentration But30 

Category 

Frequency table: But30; K-S d = 0.13912; p > 0.20;  

Lilliefors p > 0.20 

Count 
 

Cumula-

tive 

count 
 

Percent 

of valid 
 

Cumul % 

of valid 
 

% of all 

cases 
 

Cumulative % 

of all 
 

0.3 < x  0.4 
 

1 1 1 7.14 7.14 7.14 

0.4 < x  0.5 
 

2 2 3 14.28 21.42 14.28 

0.5 < x  0.6 
 

2 2 5 14.28 35.71 14.28 

0.6 < x 0.7 
 

2 2 7 14.28 50 14.28 

0.7 < x  0.8 
 

2 2 9 14.28 64.28 14.28 

0.8 < x  0.9 
 

2 2 11 14.28 78.57 14.28 

0.9 < x  1.0 
 

3 3 14 21.42 100 21.42 

Missing 
 

0 0 14 0  0 

 

UQ factor values distribution for concentration But30 

shows the highest number in the range from 0.9 to 1, while 

the lowest number is in the range from 0.3 to 0.4. In the 

range from 0.4 to 0.9, the numbers are at a constant level. 

4. Summary  
The paper presents a comprehensive analysis of the im-

pact of a marine fuel and n-butanol mixture on the emis-

sions of harmful substances from marine diesel engines. 

Research conducted using multicriteria analysis has shown 

that such a mixture could become a promising alternative to 

traditional fuels. The key conclusions can be divided into 

several main areas: 

1.  Impact on pollutant emissions. Experimental results 

show that adding n-butanol to marine fuel leads to  

a significant reduction in emissions of harmful com-

pounds. The reduction in emissions helps reduce the 

negative environmental impact of shipping. 

2.  Operational efficiency of the engines. Despite the intro-

duction of an alternative fuel mixture, the operational 

efficiency of diesel engines has been maintained. This 

means that environmental benefits go hand in hand with 

maintaining efficient performance, which is crucial for 

practical marine transportation applications. 

3.  Eco-economic potential. The authors emphasize that 

fuel blending has the potential to contribute to improved 

environmental performance by reducing emission harm-

ful compounds from exhaust gases. At the same time, 

because of the maintained engine performance, its use 

can also be economically viable. This dual approach – 

environmental protection combined with operational 

profitability – is an attractive direction for further re-

search and implementation. 

4.  Need for further research and optimization. Although 

the results are promising, the article indicates that the 

use of a mixture with higher n-butanol concentrations 

requires further research. Optimization of engine per-

formance and precise determination of fuel mixing con-

ditions are essential to fully realize the eco-economic 

potential of this technology. 

 

Nomenclature 

CO  carbon oxide 

CO2  carbon dioxide 

GHG  greenhouse gas 

MDF  marine diesel fuel 

NOx  nitrogen oxides 

THC  hydrocarbons 
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Prospects for the development of fuel cells in railway applications 
 

ARTICLE INFO  In recent years, there has been a huge increase in interest in fuel cell technology, which has undergone a period 

of rapid development. In the automotive market and in the railway industry, there is a growing trend in the 

production of transport containing fuel cells. The European Union is also striving to minimize greenhouse gas 
emissions in order to achieve climate neutrality by 2050. The article discusses the current use of hydrogen fuel 

cells in the railway industry. It shows groundbreaking projects of hybrid rail vehicles in the last few years. It 

also presents a brief overview of hydrogen fuel cell technology, its advantages and further challenges that need 
to be addressed to develop the market. 
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1. Introduction 
Nowadays, in the 21st century, one of the biggest chal-

lenges has become global warming. The whole world is 

striving to minimize the use of fossil gases and the emission 

of greenhouse gases (GHGs) that cause them. Legislation 

(Directive 2003/87/EC) suggests that new vehicles should 

be zero emission by 2035. In 2050, the European Union is 

to achieve climate neutrality - zero net emissions (NZE). To 

achieve this, the International Energy Agency (IEA) in-

forms that CO2 emissions in the transport sector must de-

crease radically by more than 3% per year by 2030 [29]. 

Railways are considered to be an economical, environ-

mentally friendly form of transport. They have a very large 

load capacity, and the tracks take up very little space com-

pared to roads [16]. However, this method of transport can 

also be improved to become zero-emission. It is equally 

important to continue to encourage more and more passen-

gers to use this form of transport. Diesel-powered railway 

vehicles, which burn oil, are currently very popular on low-

frequency long-distance routes. These engines are charac-

terized by high thermodynamic efficiency and high torque 

[4]. However, burning oil causes very large greenhouse gas 

emissions (approx. 2,69 kg CO2/dm
3
). So far, electric or 

hybrid vehicles have been designed to minimize carbon 

monoxide emissions into the atmosphere [33]. However, 

electric vehicles have many disadvantages, including long 

charging time, low cell life, and the existing hybrid systems 

do not meet CO2 emission limits. Currently, in order to 

reduce greenhouse gas emissions in railways, they are being 

electrified. 

The history of the first electric railways dates back to 

the 19th century, when the first electric train designed by 

Werner von Siemens was presented in Berlin in 1879 [33]. 

However, the electrification of railway lines and the related 

construction of new infrastructure (supply lines, power 

substations, rectifier stations) are associated with very high 

costs. Therefore, the electrification of railways took place 

only in places with high traffic, mainly in urban railways. 

Such drastic zero emission requirements dictated by the 

European Union force the creation of new hybrid systems 

containing hydrogen fuel cells. An increase in the interest 

of manufacturers in investing in the electric drive sector can 

be observed in the automotive and railway markets [3]. 

Currently, there are several types of hydrogen cells, de-

pending on the type of fuel used. However, hydrogen has 

found the greatest application in transport due to its high 

reactivity both at high temperatures (even 500
o
C) and low 

temperatures [26]. Initially, fuel cells were mainly used in 

road transport – cars and buses. However, currently there 

are also attempts to implement hybrid drives using hydro-

gen fuel cells in rail transport [33]. There are studies [8, 22] 

that show that the diesel rail vehicles used so far can be 

replaced by a hybrid drive using hydrogen fuel cells and a 

cooperating battery energy storage unit. The only additional 

element related to infrastructure and the related cost is refu-

eling stations. 

The principle of the fuel cell was discovered by chemist 

Christian Friedrich Schoenbein in 1838. The scientist dis-

covered it by accident during an experiment related to elec-

trolysis. He disconnected the battery from the electrolyzer 

and connected two electrodes. He observed that the current 

flowed in the opposite direction, and oxygen and hydrogen 

were consumed. However, the chemist could not cope with 

the corrosion of the electrodes, which is why it was com-

monly believed that it was useless. At that time, he used 

sulfuric acid as an electrolyte. Several decades later, chemi-

cal engineer Francis Bacon resumed work on fuel cells. He 

changed the acid electrolyte to alkaline (KOH solution) and 

used powdered nickel as electrodes. Thanks to this, he 

obtained a higher power density of the cell and dealt with 

the problem of electrode corrosion [13]. 

2. Principle operation of hydrogen fuel cells  

and their types 

2.1. Introduction 
The operation of a fuel cell is based on the reverse elec-

trolysis process. Hydrogen fuel cells convert chemical en-

ergy into electrical energy as an exergonic reaction of hy-

drogen with oxygen (oxidation-reduction reaction-redox). 

The principle of their operation was known in the 19th 

century, but they did not find application until the use of a 
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cell with polymer membranes in the Gemini and Apollo 

space missions to power NASA satellites and space cap-

sules [37]. 

A hydrogen fuel cell consists of an anode, a cathode, 

and an electrolyte. Hydrogen is continuously supplied to the 

anode, and oxygen is continuously supplied to the cathode. 

Theoretically, during the oxidation-reduction (redox) reac-

tion, each atom changes its oxidation state. The catalyst at 

the anode splits the hydrogen into protons and electrons. 

Then the electrolyte allows only protons to pass to the cath-

ode. And the electrons move to the cathode via an external 

electrical circuit. At the cathode, electrons and protons 

combine with oxygen to form steam of water, which es-

capes from the cell [23, 32]. 

Basic chemical reactions occurring in a hydrogen fuel 

cell: 

 Near the anode in an acidic solution, a hydrogen mol-

ecule is adsorbed on the catalyst surface and dissoci-

ates into a proton and an electron: 

 H2

←
→ 2H+2e−         Ea

0 = 0 V   (1) 

 The protons then flow through the electrolyte; at the 

cathode, oxygen is reduced and steam of water mole-

cules are formed: 

 
1

2
O2 + 2H+ + 2e−

←

→ H2O        Ee
0 = 1.23V   (2) 

The total reaction can be written using the equation: 

 H2

←

→ 2H+2e−         Ea
0 = 0 V        (3) 

There are several types of hydrogen fuel cells currently 

in use and they may differ depending on the way the fuel is 

used, the operating temperature of the cells and the type of 

electrolyte used [18, 23, 38]. 

 
Table 1. Classification of hydrogen fuel cells 

Fuel cell Electrolyte Catalyst Fuel 

Operating tem-

perature  

(0°C) 

LT 

PEMFC 

Polymer mem-

brane (H+) 
Fri H2 40–90 

HT 

PEMFC 
PFSA (H+) 

Fri/Fri H2 90–1000 

AFC 

Alkaline solution 

(most often KOH 

solution), (OH–) 

Fri/Mon 

Sun 
H2 60–220 

MCFC 
Li or K carbonates 

(CO3
2−) 

No H2 600–700 

SOFC Zr oxides (O2– ) – H2 600–1000 

 

Types of cells and their classification: 

a) Depending on fuel use: 

 direct hydrogen supply 

 indirect – the fuel is obtained in the reforming pro-

cess. 

b) Depending on the operating temperature of the cells: 

 low temperature 25–100°C 

 high temperature – above 100°C 

c) Depending on the type of electrolyte used: 

 with polymer membrane (PEMFC) 

 alkaline (AFC) 

 carbonate (MCFC) 

 oxide ceramic (SOFC) 

Table 1 presents the classification of hydrogen fuel cells 

taking into account their characteristic features. The type of 

electrolyte used, the temperature range at which the cell 

operates, and the catalysts used (both on the anode and 

cathode) are taken into account [18, 37]. 

2.2. Low temperature fuel cells 
The most popular due to safety and energy efficiency 

is the low-temperature hydrogen cell with polymer mem-

brane LT PEMFC. The electrolyte is a polymer containing 

sulfonic groups (most often Nafion) [1, 5]. It is formed 

into a membrane covered with porous platinum, acting as 

a catalyst. The electrodes are two graphite sheets. The 

whole is pressed at a high temperature. Due to the pres-

ence of platinum in the electrolyte, PEMFC cells are very 

sensitive to carbon monoxide – at a CO concentration of 

10–20 ppm and an operating range of 60–80
o
C, the cata-

lyst is "poisoned" [5]. Hydrogen used as fuel in these cells 

must be very pure (≥ 99.97% – the maximum content of 

pollutants must not exceed 300 ppm); it cannot come from 

reforming. Therefore, another, better application may be 

HT PEMFC cells operating at temperatures above 100
o
C 

LT PEMFC cell stacks provide energy efficiency of up to 

about 60% [15]. 

The oldest, one of the first fuel cells, is the alkaline 

AFC cell. It was thanks to alkaline fuel cells that the first 

American space missions were successful. Traditional AFC 

cells, like PEMFC, can also operate at room temperature 

(40–75 °C). However, they have an electrolyte that is high-

ly sensitive to CO2 (35–85% wt. KOH solution); it degrades 

when in contact with carbon monoxide. In addition to tradi-

tional cells with a liquid electrolyte, alkaline fuel cells also 

include more modern solutions – fuel cells with a polymer 

anion exchange membrane (AEMFC). AEMFC cells can be 

used in a slightly wider temperature range of 50–90 °C and 

are characterized by a much higher current density of 300–

9700 mA cm
–2 

(compared to traditional cells, 100–300 mA 

cm
–2

). However, to date, they have only found laboratory 

applications [12, 18]. Compared to other fuel cells operat-

ing at low temperatures, alkaline cells do not have noble 

metals such as Pt or Pd used as a catalyst. 

2.3. High temperature fuel cells HT PEMFC  
Higher operating temperature fuel cells are attracting 

increasing attention because they do not require expensive 

metal catalysts and because the exhaust heat can be effi-

ciently managed by other thermal cogeneration systems. 

High-temperature fuel cells also have higher efficiency com-

pared to low-temperature fuel cells [23]. Such fuel cells 

include polymer membrane HT (PEMFC), carbonate MCFC, 

oxide ceramic (SOFC), and zinc air (ZAFC) [34, 46]. 

One type of hydrogen-polymer cells with a polymer 

membrane, but suitable for use at temperatures above 

100°C, are HT PEMFC cells. The best solution for PEMFC 

cells is to use pure hydrogen as fuel, but currently, this is  

a very expensive solution. Hydrogen is most often obtained 

by reforming organic fuels, including natural gas and gaso-

line. Hydrogen produced in this way usually contains about 
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0.1–2% of impurities. HT PEMFC cells, compared to 

LT PEMFC, are more resistant to catalyst poisoning. The 

entropy of the adsorption phenomenon of carbon monoxide 

on Pt is negative, so adsorption preferentially occurs at low 

temperatures. At the same time, at higher temperatures, 

when using high-temperature cells, the adsorption of harm-

ful gases on the catalyst is slower, which is why they show 

greater tolerance to these gases. Another challenge for 

PEMFC cells is their efficiency. The use of HT PEMFC 

cells reduces the problem of the need for cooling technolo-

gy, because they can operate at higher temperatures. How-

ever, the main problem with using PEMFC cells at higher 

temperatures is that the membranes and catalysts degrade 

much faster. HT PEMFC cells do not have platinum as  

a catalyst. They can also be powered by hydrogen produced 

by the reforming process. The energy efficiency of the fuel 

cell is typically 35–60% [4, 18, 46]. 

The generated electricity from fuel cells is transferred 

directly to the rail vehicle drive system or to energy stor-

age (most often batteries). The use of hydrogen fuel cells 

as the only source of energy is associated with many dis-

advantages, including their high cost, shorter service life, 

and slow response to changes in dynamics. Therefore, in 

rail vehicles, in order to minimize gas emissions and de-

mand for fossil fuels, a hybrid system is usually designed, 

in which the primary power source is hydrogen fuel cells, 

and the storage is batteries. A hybrid system is designed, 

consisting of a fuel cell and an ESS (energy storage sys-

tem); additionally, appropriate control algorithms are 

needed to manage energy from these sources [4, 31, 35]. 

There are various energy storage devices, most often cur-

rently these are lithium-ion Li-on batteries, nickel-

cadmium NiCd batteries, and newer solutions, such as 

LiFePO4 and titanium batteries. Lithium-ion batteries are  

a very good solution due to their high energy density and 

low weight. 

The EMS energy management system efficiently man-

ages the energy between the PEMFC cells and the batteries 

to minimize fuel consumption and achieve high charging 

efficiency [22]. The PEMFC and the battery together pro-

vide power to the vehicle. There are three driving modes: 

 Battery Drive Mode – When the total power require-

ment is supplied solely by the battery 

 Fuel Cell Driving Mode – The battery charges, and the 

entire power requirement is supplied by the fuel cell 

 Fuel cell and battery-powered driving mode – when the 

total power requirement is supplied by the fuel cell and 

battery. 

There are many advantages to using hydrogen fuel cells 

in rail transport. These include: 

 quiet operation of railway vehicles 

 energy independence of states 

 reduction of greenhouse gas emissions, including CO2 (g) 

 if hydrogen production and the entire hydrogen technol-

ogy are introduced on a wide scale, the costs of hydro-

gen fuel cells will be reduced [23] (from USD 2.5 per 

kilogram to as much as USD 6.8) 

 high efficiency of fuel cells (ok. 40–50%). 

 

3. Overview of hydrogen drives in rail vehicles 

3.1. Light Rail Vehicles (LRV) and suburban and  

regional multiple units running on non-electrified 

tracks 

Taking into account all the given requirements and fea-

tures of hydrogen cells, four types of rolling stock require  

a change of system. These are: light rail vehicles (LRV), 

suburban and regional trains running on non-electrified 

tracks, switch locomotives, and mining locomotives [20]. 

Over the years, there has been a tendency towards a grow-

ing interest in the topic of hydrogen-powered railways. In 

2016, over 70 publications were written on the subject of 

"Hydrogen Trains", and in 2022, scientists undertook to 

write about 200 publications [16]. 

In 2017, the Chinese Tangshan Railway presented the 

first prototype of a light rail vehicle (LRV) powered by 

hydrogen fuel cells with batteries and ultracapacitors. This 

combination ensures completely wireless operation of the 

railway. The power of the hydrogen cells used was 150 kW. 

The supplier of hydrogen fuel cells was the Canadian com-

pany Ballard Power Systems. The LRV prototype has hy-

drogen tanks with a capacity of 12 kg, thanks to which it 

has a range of 40 km on a single refueling [20]. 

The first hydrogen traction unit was introduced to the 

market by Alstom [2, 39], which showed it at an event 

held in Munich in 2018 (Fig. 1). Alstom entered into co-

operation with other companies producing fuel cells, bat-

teries, and hydrogen tanks, including Selectron Systems, 

Hydrogenics, Hexagon Xperion, and Akasol [39]. Two 

prototypes underwent field tests on the Elbe-Weser line in 

Germany. The train, called Coradia iLint, is capable of 

reaching a distance of 1175 km without refueling at  

a maximum speed of 140 km/h. The fuel cells and hydro-

gen tank are situated on the roof of the train, while the rest 

of the hydrogen drive is located in the lower part of the 

train. The kinetic energy generated during braking is 

stored in lithium-ion batteries.  

 

Fig. 1. A trainset manufactured by Alstom, using a hydrogen drive 

 system [26] 

 

Table 2 presents the basic data of selected Light Rail 

Vehicles (LRV) [11, 28, 29, 43, 44]. 

3.2. Shunting locomotives 
In recent years, there has also been a development of 

large-scale prototypes of high-power traction vehicles. In 

2009, Vehicle Projects LLC, a company consisting of lead-

ing US hydrogen production and storage companies, creat-

ed a large-scale prototype of a hybrid shunting locomotive 

powered by hydrogen fuel cells and lead-acid batteries for 

use in cities and military bases [7, 15]. At 127 tons, the 

power reached 250 kW using a PEM fuel cell drive, and the 

transient power significantly exceeded 1 MW. This was the 

largest hydrogen fuel cell vehicle to date. Miller [6] de-
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scribed that the fuel cell stacks provide a mean power of 75 

kW, with lead-acid batteries as an additional energy storage 

device, which provides peak power. The hydrogen was 

stored in compressed gas cylinders at a pressure of 350 bar 

[6, 17, 27]. The locomotive was tested at the Pueblo Test 

Facility. It was used as a shunting locomotive in Southern 

California and then transferred to the Oklahoma Railroad 

Museum in 2023 [6, 27]. 

 
Table 2. Basic data of selected Light Rail Vehicles (LRV) 

Name of 

the 

traction 

unit 

Year of 

produc-
tion 

Maximum 

speed 

Maximum 

distance 

without 

refueling 

Additional  

information 

Mireo 

Plus H 
2024 160 km/h 1200 km 

Fuel cell power: 

2  200 kW 

Traction power:  

544 kW 

Coradia 

Ilint 
2018 140 km/h 1175 km 

Traction power:  

1.7 MW (battery and fuel 

cell) 

Cinova 

H2 
2024 200 km/h 1200 km 

Fuel cell power: 

4  960 kW 

Hydro 

Flex 
2019 130 km/h 1000 km 

Fuel cell power: 

200 kWh 

Hydrogen storage:  
20 kg 

FLIRT 

H2 
2022 127 km/h 2803 km 

Fuel cell power: 

6  100 kW 

The fuel cells are placed 

in an additional car in the 
middle of the train 

 

In 2012, China also began to take action to protect the 

environment and reduce greenhouse gases. The first 

PEMFC-based shunting locomotive was developed (Fig. 2). 

The locomotive's energy source is hydrogen, and the addi-

tional power source is lithium-ion batteries. The hydrogen 

storage system consists of nine 35 MPa cylinders that can 

store about 23 kg of compressed hydrogen. The hydrogen 

propulsion system is placed in the second half of the engine 

room. It consists of: a PEMFC stack module, an air supply 

module, a cooling module, and an auxiliary power module. 

The PEMFC stack has a rated power of 150 kW at 570–640 

V. The locomotive was tested on a test line in Chengdu, 

Sichuan. Satisfactory results were obtained, which formed 

the basis for further modifications and development of 

hybrid locomotives [10]. 

 

Fig. 2. System layout of the PEM fuel cell locomotive [10] 
 

The next Chinese hybrid locomotive was designed by 

CRRC Datong and State Power Investment Corporation 

(SPIC) in 2021. The locomotive is designed for both shunt-

ing and regular line service. It is capable of operating con-

tinuously without refueling for 24.5 hours at a maximum 

speed of 80 km/h. The company claims that the locomotive 

reduces greenhouse gas emissions by about 80 kg per 1000 

ton-km compared to a diesel locomotive [14]. 

3.3. Mining locomotives 
Mining vehicles, due to their specific nature and closed 

workplace, should have be safe; an explosion could threaten 

a tragic accident. The advantage of a vehicle using hydro-

gen fuel cells compared to a locomotive using crude oil is 

the lack of extracted pollutants. The first prototype (Fig. 3) 

of a hydrogen-powered locomotive was developed and 

demonstrated in the USA by Vehicle Projects Inc. in 2002 

[27, 36, 42]. The vehicle was powered by a polymer mem-

brane fuel cell, and the energy was stored using metal hy-

drides and batteries. The vehicles were to be used in mining 

for platinum extraction. In 2012, the first commercial intro-

duction of four 10-ton locomotives took place in South 

Africa as a mining vehicle. The locomotives have a metal 

hydride storage system, 22 kW fuel cells and a lithium-ion 

battery. The mining vehicle has a maximum power of 17 

kW. Due to the use of a metal hydride energy storage sys-

tem, it operates at a pressure of 10–15 bar, unlike other 

energy storage systems [19, 27]. 

 

Fig. 3. First hydrogen fuel cell-powered mining vehicle [25] 

4. Challenges for hydrogen fuel cells 
The biggest challenge for fuel cells is the cost of pro-

ducing the fuel cells themselves, the cost of hydrogen 

production, its storage and transport, the cost of hydrogen 

power plants and the cost of investing in hydrogen fuel 

stations. The main factor contributing to the increase in 

the cost of fuel cells is the cost of, among others, the cata-

lyst (usually platinum). Considering the use of fuel cells 

in transport, the cell systems would have to have a similar 

service life to alternative, current systems. Comparing the 

durability of current car engines, the durability of fuel 

cells after approx. 1000 h decreases significantly [9]. As 

for the costs of the technology itself and the hydrogen 

infrastructure, it depends on its mass production and hy-

drogen production. The assumption is based on the state-

ment that long-term costs will be reduced with the in-

crease in the number of hydrogen refuelling stations built 
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and the entire infrastructure. Hydrogen refuelling stations 

are much more problematic to build compared to conven-

tional stations due to the physical properties of hydrogen. 

Special tanks, cooling units, and compressors are needed 

[16]. Considering means of transport, the lack of commer-

cialization of the entire hydrogen-based technology, in-

cluding hydrogen refueling stations, will result in a lack of 

demand for fuel cell vehicles. However, if the automotive 

industry does not produce hydrogen fuel cell vehicles, 

there will be no demand for companies to build hydrogen 

refueling stations. The entire issue is called a "chicken and 

egg" by the automotive industry and research institutes 

[30]. This is one of the reasons why governments around 

the world are currently strongly supporting and subsidiz-

ing the fuel cell industry. If the entire hydrogen invest-

ment gains momentum, the cost of cells and hydrogen 

itself should drop significantly. Another important chal-

lenge is waste management technology towards sustaina-

ble and low-emission transport [30]. 

One of the biggest controversies is also the aspect of the 

safety of using hydrogen. Hydrogen is stored in special 

tanks under pressure, usually 70 MPa. For safety reasons, 

they are placed separately on the roofs of trains or in sepa-

rate carriages [45]. 

5. Conclusions 
The examples of existing hydrogen fuel cell technolo-

gies in rail transport presented in this article clearly show 

that hydrogen cells are a beneficial alternative to existing 

common solutions based on, among others, fossil fuel en-

gines or electric motors. 

There are a number of advantages to hydrogen fuel 

cells, including: 

 elimination of greenhouse gases (GHGs) – if hydrogen 

is produced only from renewable energy sources [46] 

 the speed of refueling vehicles with hydrogen (com-

pared to charging electric vehicles) 

 low noise level compared to combustion engines 

 high efficiency of fuel cells compared to diesel engines 

(fuel cell vehicles can reduce energy consumption by up 

to 58% compared to diesel engine vehicles) [45]. 

However, there are also a number of challenges that are 

still waiting to be solved. The biggest of them are: the high 

costs of hydrogen, the entire technology of hydrogen pro-

duction and fuel cells, hydrogen refueling stations, and the 

durability of fuel cells. Thanks to government support, 

many countries have decided to introduce hydrogen vehi-

cles and develop hydrogen infrastructure on their territory. 

Recently, there has been a large development of rail 

transport powered by hydrogen fuel cells. Currently, the 

leading companies that are involved in the production and 

introduction of rail transport powered by hydrogen cells 

include Alstom, Siemens Mobility, Vehicle Projects, and 

Stadler. 

Most often, rail vehicles are designed as hybrid vehicles 

with both hydrogen fuel cells as the main source of energy 

and batteries (most often lithium-ion) as an additional ener-

gy storage. Fuel cells themselves as an energy source have 

a slow response to changes in dynamics, so during accelera-

tion, for example, additional energy comes from batteries. 

 

Nomenclature 

AEMFC anion exchange membrane fuel cell 

AFC  alkaline hydrogen fuel cell 

EMS  energy management system 

HT PEMFC  high temperature hydrogen proton exchange 

membrane fuel cell 

IEA  International Energy Agency 

LiFePO4 lithium iron phosphate battery 

LRV  light rail vehicle 

LT PEMFC  low temperature hydrogen proton exchange 

membrane fuel cell 

MCFC  carbonate hydrogen fuel cell 

NZE  net zero emissions 

Pd palladium 

Pt platinum 

SOFC  solid oxide fuel cell 
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ARTICLE INFO  The study presents the use of a driving simulator as a tool for evaluating driver behavior in the context of eco-
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1. Introduction 
Due to growing environmental awareness and the con-

stant rise in fuel costs, the search for effective strategies to 

reduce fuel consumption and greenhouse gas emissions is 

becoming a priority and an integral part of responsible 

vehicle use. The search for alternative energy sources to 

improve efficiency, reduce toxic emissions into the atmos-

phere, and prevent global warming are currently key areas 

of development in the energy sector, including the design of 

internal combustion engines [30]. Road transport accounts 

for over 85% of total freight transport. In this process, mo-

tor vehicles are primarily used for transport operations [33]. 

Transport accounts for a significant portion of energy con-

sumption and emissions of environmentally harmful dust 

and gases [22]. Reducing carbon dioxide emissions to miti-

gate climate change has become a key focus of research and 

development in the sector in recent years [10, 26, 29]. As  

a result, the concept of eco-driving, or eco-friendly driving, 

is gaining in importance and popularity. Eco-driving is not 

only a way of driving, but also a comprehensive strategy 

involving the application of special techniques and driving 

behaviour in order to minimise the vehicle's negative im-

pact on the environment, while at the same time reducing 

fuel consumption and operating costs. The main principles 

of eco-driving are based on smooth driving, reducing un-

necessary acceleration and braking. The technique involves 

driving the car in the highest possible gear, at the lowest 

possible engine speed. It is also important to brake the 

engine by reducing gears – e.g. when approaching traffic 

lights (idling) [4]. Eco-driving appears to be an effective 

way to achieve energy savings and emission reductions in 

the short term [27]. It is becoming increasingly common 

and is thought to improve driving behaviour. Research 

results presented in papers such as [32] show that the use of 

eco-driving not only has environmental benefits but also 

reduces operating costs through lower fuel consumption, 

which is particularly important in this day and age. The 

issue of eco-driving is currently very popular and is ad-

dressed in numerous publications. Researchers have noted 

the potential impact of eco-driving on improving the safety 

of transport users. Studies [2, 6, 8, 28] show a link between 

eco-driving and safe driving, as safe driving includes, 

among other things, observing speed limits and avoiding 

rapid acceleration or braking. Many studies on eco-driving 

have shown potential reductions in fuel consumption and 

CO2 emissions ranging from 5% to 40% [2]. The authors 

focus on the implementation of eco-driving into fleet driver 

training. They emphasise that eco-driving not only reduces 

costs and environmental impacts, but also improves driving 

safety – through smoother driving, reduced speed and earli-

er response to traffic situations, among other benefits [6]. 

Deliberate reductions in greenhouse gas and particulate 

emissions have been shown to contribute to climate change 

mitigation [7, 8, 11], as well as generating economic bene-

fits through reduced fuel consumption of vehicle engines 

[8]. Driving according to eco-driving principles can have  

a significant impact on reducing fuel consumption by up to 

10%, thereby reducing CO₂ emissions while driving by the 

same amount [7]. The concept of eco-driving may be rele-

vant and is often studied and analysed, especially in the 

context of companies operating large fleets of vehicles [6, 

15, 13]. According to research findings, it can be concluded 

that the application of eco-driving principles brings tangible 

benefits such as reduced fuel consumption, lower emissions 

of greenhouse gases and air pollutants, reduced vehicle 

operating costs, and extended vehicle life [4, 14]. Com-

pared to normal driving, eco-driving resulted in a reduction 

in fuel consumption of 0.44 dm³/100 km (–6.6%), while 

aggressive driving led to an increase of 1.64 dm³/100 km 

(+24.6%) [4]. In order to carry out effective research in the 

context of eco-driving, it is necessary to select appropriate 

parameters such as road conditions [16], route choice [24], 

traffic volume, and other relevant factors. It should be not-

ed, not under all conditions will eco-driving principles 

produce noticeable benefits [5, 9, 23, 24]. In the literature, 

researchers often mention routes with a high number of 

intersections with traffic lights because they force the driver 

to brake, accelerate and idle frequently [17], which pro-

vides a realistic context for evaluating the effectiveness of 

eco-driving strategies. 

http://orcid.org/0009-0002-4366-140X
http://orcid.org/0000-0003-0105-1283
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Vehicle simulators offer the possibility of programming 

routes in such a way that consistent and repeatable meas-

urement conditions, e.g. the number of intersections with 

traffic lights, environmental conditions, and traffic behav-

iour, remain consistent across all test drives. Achieving 

such standardisation in actual road tests would be extremely 

difficult. Therefore, the use of driving simulators allows 

controlled experimentation with identical traffic scenarios, 

enabling analysis and comparison of driver performance 

under repeatable conditions. According to the literature, the 

greatest environmental and economic benefits of eco-

driving are observed in urban and suburban traffic (e.g. on 

national, regional, and local roads), while the least benefits 

are reported for driving on motorways and expressways due 

to the relatively smooth flow of traffic and fewer stops [5, 

9, 23, 24]. This article presents potential applications of 

vehicle simulators in eco-driving-related research. By dis-

cussing various aspects of eco-driving and presenting re-

search results, the aim is to highlight the importance of this 

concept as an effective strategy to reduce fuel consumption 

and greenhouse gas emissions in the context of modern 

road transport. The article presents selected aspects of 

measurement methodologies in the field of eco-driving 

using a vehicle simulator. Simulators play a key role and 

are frequently used tools in many studies [18, 21, 24]. Sim-

ulators provide a safe, controlled and precise environment 

for testing and improving driving techniques [19, 21]. They 

enable not only the collection of research data, but also the 

effective training of drivers [25] and the testing of new 

technologies to support sustainable transport development. 

They also provide reproducible and safe testing conditions. 

This allows testing under controlled conditions and strict 

traffic scenarios, eliminating the risks associated with real-

world traffic. This makes it possible to test different driving 

situations and techniques without endangering drivers. 

Simulators also offer highly precise data acquisition capa-

bilities. They are equipped with advanced measurement 

systems that enable detailed tracking of vehicle dynamics 

and parameters characterising driving behaviour, such as 

acceleration, braking, gear changes, engine revolutions, and 

fuel consumption. This data is essential for analysing the 

effectiveness of various eco-driving techniques. One of the 

biggest advantages of simulators is the ability to reproduce 

identical test conditions for different drivers. Through the 

use of simulators, the same route and driving conditions can 

be accurately reproduced for each participant, allowing 

reliable comparisons and evaluation of the impact of differ-

ent factors on eco-driving efficiency. This approach elimi-

nates potential errors due to route variability or changing 

road conditions. Simulators are also widely used in driver 

training. Through practical exercises, drivers can learn and 

improve their eco-driving techniques, which then directly 

translates into improved driving behaviour in real-world 

conditions. Testing in a vehicle simulator also allows new 

technologies to be tested, including driver assistance sys-

tems and systems that support eco-driving, such as fuel-

optimised navigation, intelligent speed management sys-

tems and different engine modes. In addition, simulators 

facilitate the study of the behavioural aspects of driving. 

They allow researchers to analyse how factors such as 

stress or fatigue, for example, affect driver behaviour and 

the ability to apply eco-driving techniques effectively. The 

aim of this study is to develop indicators to analyse driver 

behaviour and to investigate selected eco-driving tech-

niques using a vehicle simulator. The study also focuses on 

developing and testing an indicator-based model to classify 

drivers' driving styles according to eco-driving principles. 

This research responds to current socio-economic needs 

related to reducing transport emissions, promoting fuel 

efficiency, and improving drivers' technical competence. 

The importance of sustainability in the transport sector is 

constantly growing and requires effective tools to assess 

and influence driver behaviour. The classification model 

proposed in this thesis is practical and flexible, making it 

potentially useful both in training processes (e.g. for profes-

sional drivers) and in monitoring fleet performance. Basing 

the analysis on real measurement data collected from the 

simulator increases the reliability of the results and opens 

up prospects for further research and implementation of 

solutions in practice. 

2. Methods 

2.1. Research equipment 

The research was conducted using the Oktal™ driving 

simulator, located at the Laboratory of Vehicles and Trac-

tors of the Kielce University of Technology (Fig. 1). 

 

Fig. 1. Oktal™ Vehicle Simulator 

 

The simulator's motion system platform has six degrees 

of freedom and is driven by six electric actuators, working 

in conjunction with electronically controlled gear systems. 

It allows angular oscillations of up to ±10° and linear dis-

placements of up to ±50 mm. The simulator cab is a section 

of the actual vehicle cab. It is equipped with all the neces-

sary components for driving. It includes a steering wheel 

with an angle sensor and active force feedback up to 15 

Nm, capable of ±540° rotation and simulating uneven road 

surfaces. The accelerator, brake, and clutch pedals feature 

passive force feedback, which mimics real pedal resistance, 

and are equipped with pressure and position sensors. The 

manual gearshift lever includes a gear position sensor (sup-

porting up to five or six forward and reverse gears), passive 

resistance, and a mechanical function that simulates clutch 

engagement by locking the gear when disengaged. Addi-

tional cabin features include a keyed ignition, manual park-

ing brake, indicator lever, light switches, hazard warning 

button, horn, and programmable dashboard. The dashboard 

can display parameters such as vehicle speed, engine crank-
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shaft speed, fuel consumption, brake pedal pressure, steer-

ing angle, and more. The cabin is equipped with an adjusta-

ble driver's seat, seat belts, and an audio system that gener-

ates dynamic vehicle sounds (such as engine operation, 

tyre-road interaction, and skidding), as well as ambient 

sounds [20]. The simulator allows customised measurement 

routes to be programmed to suit research needs. It also 

allows full control over environmental conditions, including 

time of day, weather, and traffic volume. During the exper-

iments, the system records hundreds of parameters such as 

vehicle speed, position, acceleration, fuel consumption, 

gear selection, crankshaft speed, accelerator and brake 

pedal pressure, clutch engagement, and total simulation 

time. The ability to record and analyse these parameters 

under reproducible and controlled conditions enables  

a comprehensive assessment of driver behaviour, particular-

ly in relation to eco-driving practices. For the purpose of 

the study, a route was chosen that represented driving con-

ditions typical of an urban environment. The total length of 

the route was 2.5 km. It was programmed to allow repeated 

testing of driver behaviour under identical environmental 

conditions. Each driver had to drive the exact same route.  

The route included, among other things, intersections with 

traffic lights, which required drivers to stop and start fre-

quently, creating convenient conditions for assessing driver 

behaviour in terms of eco-driving efficiency. The choice of 

a relatively short test route (2.5 km) was dictated by the 

need to ensure consistent, controlled, and repeatable exper-

imental conditions. The main objective of the study was to 

compare driver behaviour in well-defined and repeatable 

urban traffic scenarios, which required minimising the 

variability of external factors such as traffic volumes, sig-

nalling patterns, and road infrastructure layout. The limited 

distance also facilitated the efficient conduct of multiple 

repetitions of the test within a limited time and under stable 

environmental conditions, thus increasing the reliability and 

comparability of the results obtained by the participants. 

Nevertheless, the authors recognise the limitations of the 

short route length. Therefore, future research will consider 

implementing longer and more varied routes that more accu-

rately reflect the complexity of real traffic conditions and 

allow for more precise statistical averaging of driver behav-

iour indicators. The programmed route is shown in Fig. 2. 

 

Fig. 2. Route map of the driving simulation 

2.2. Participants 

A total of 37 drivers aged between 21 and 67 years par-

ticipated in the study. The age of the drivers averaged 28.22 

years (standard deviation = 9.54), and the median age was 

25 years. Table 1 shows the characteristics of the study 

group. 

 
Table 1. Characteristics of the driver study group  

Length of holding a driving licence 

Up to a 

single year 
1–5 years 6–10 > 10 

2.70% 35.14% 32.43% 29.73% 

Frequency of vehicle use 

Daily Several times a week Several times a month 

72.97% 21.62% 5.41% 

Distance travelled per month 

Up to  

100 km 
101–300 km 301–1000 km 

1001–

3000 

Up to  

100 

km 

8.11% 5.41% 43.24% 35.14% 8.11% 

Total distance travelled 

5–50 thousand 

kilometres 

50–150 

thousand 

kilometres 

150–300 thou-

sand kilometres 

> 300 thousand 

kilometres 

16.22% 37.84% 24.32% 21.62% 

Is their work related to driving a vehicle? 

Yes No 

24.32% 75.68% 

 

The results indicate that the group of drivers participat-

ing in the study was diverse in terms of age and driving 

experience, as measured by monthly driving distance and 

time since obtaining their licence. The task assigned to each 

participant was to drive a designated, pre-programmed 

route in a driving simulator. The route was designed to 

elicit various driving behaviours typical of urban traffic, 

such as stopping at intersections. 

2.3 Parameters for eco-driving analysis 
Tests carried out using the Oktal™ vehicle simulator al-

lowed data to be collected that could be used to assess driv-

ing style. During the experiment, participants were asked to 

drive through urban areas at a speed typical of urban traffic, 

while choosing a pace they considered safe. Participants 

were first given a test drive to familiarise themselves with 

the simulator and the route. While driving, participants had 

to remain alert to their surroundings, including other road 

users. The route included intersections with traffic lights, 

intersections without traffic lights, and roundabouts. Figure 

3 shows a screenshot of a sample simulation drive. 

The figures below show examples of the characteristics 

that can be obtained during simulation studies. These ex-

ample profiles illustrate the measurement capabilities of the 

simulator in eco-driving research and demonstrate its poten-

tial for use in larger-scale statistical analyses.  

 



 

The use of a vehicle simulator for eco-driving research 

26 COMBUSTION ENGINES, 2025;203(4) 

 

Fig. 3. Screenshot of a representative location during the simulation drive 

 

The following variables were analyzed: 

 Vehicle velocity [km/h] (Fig. 4a) 

 Selected gear [-] (Fig. 4b) 

 Engine crankshaft speed [rpm] (Fig. 4c) 

 Fuel consumption [l/s] (Fig. 5). 

a)) 

 

b) 

 

c) 

 

Fig. 4. Sample profiles obtained during the simulation drive: a) vehicle 

velocity and gear selection during the drive, b) engine crankshaft rotational 

velocity and corresponding gear, c) engine crankshaft rotational velocity 
 and the vehicle velocity at the given moment 

 

Analysis of the graphs above indicates that the test route 

was relatively dynamic and required frequent speed chang-

es. In eco-driving, the optimal approach is to maintain  

a smooth and steady driving style that minimises the need 

for frequent gear changes. It is generally recommended to 

keep the vehicle speed as constant as possible, to avoid 

rapid acceleration or braking, and to select gears that keep 

the engine crankshaft speed within the optimum operating 

range. Interpreting these profiles makes it possible to assess 

whether the driver has chosen the right gears in relation to 

the vehicle speed. A common problem among drivers is 

keeping the engine speed excessively high or too low, 

which is inefficient in terms of fuel consumption and me-

chanical performance. The sample profiles allow the driv-

er's behaviour to be assessed in the context of eco-driving 

principles, particularly in terms of gear selection on a spe-

cific test route. The data reveal moments when the driver 

failed to reduce gears in a timely manner – particularly in 

situations where he or she continued to drive in a higher 

gear despite a significant drop in vehicle speed and engine 

speed. 

Figure 5 shows the vehicle speed profile in combination 

with engine crankshaft speed and fuel consumption during 

the simulation drive. 

a)) 

 

b) 

 

Fig. 5. Fuel consumption during the simulation drive: a) in relation to 
 vehicle velocity, b) in relation to engine crankshaft rotational velocity 

 

Analysis of the vehicle speed profile (Fig. 5a) identifies 

points where fuel consumption was particularly high (la-

belled point A), and points where it remained relatively low 

despite maintaining adequate vehicle speed and crankshaft 

speed (labelled point B). Dynamic changes in engine speed 

are associated with an increase in fuel consumption. Any 

rapid acceleration results in a sharp increase in fuel con-

sumption. By analysing the engine crankshaft speed profile 

(Fig. 5b), it is possible to identify periods when fuel con-

sumption remained relatively low under relatively stable 

revving conditions. To assess drivers from an eco-driving 

perspective, the following indicators were defined (Fig. 6). 

Over-speed indicator (W1): expressed as a percentage 

of the total driving time in which the vehicle exceeded the 

speed limit. This indicator provides information on whether 
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a driver complies with traffic regulations and how often and 

to what extent he or she exceeds the speed limit. Exceeding 

the speed limit not only constitutes a legal offence but can 

also lead to increased fuel consumption. 

High Engine RPM Indicator (W2): expressed as a per-

centage of the time that the engine crankshaft speed ex-

ceeded 3,000 revolutions per minute (rpm). High engine 

speeds, especially in the context of unreasonably aggressive 

driving, lead to higher fuel consumption and increased 

emissions. A well-defined indicator makes it possible to 

assess how often the engine operates in the excessive rev 

range, which is a key aspect of driving style analysis in the 

context of eco-driving principles. 

Engine Idling Time Indicator (W3): expressed as a per-

centage of the total time the vehicle remains idling (e.g. 

during traffic jams or stopping at traffic lights). Longer 

engine idling results in unnecessary fuel consumption and 

increased CO₂ emissions. While this may be due to factors 

beyond the driver's control – such as road infrastructure – it 

can be remedied by implementing Intelligent Transport 

Systems (ITS), which improve traffic flow, and by equip-

ping vehicles with Start-Stop systems. Reducing this rate is 

a key element in improving economic driving performance. 

 

 

Fig. 6. Diagram of the applied indicators 

 

Fuel Consumption Indicator (W4) is a direct measure of 

driving efficiency, representing the amount of fuel con-

sumed relative to the distance travelled. Analysis of this 

indicator makes it possible to assess the impact of driver 

behaviour on vehicle fuel efficiency. These indicators make 

it possible to identify common mistakes made by drivers 

that can lead to increased fuel consumption. As part of the 

study conducted, each participant drove in urban conditions 

using a driving simulator, covering the same route. The 

following parameters were recorded for each participant 

during the drive: instantaneous speed, selected gear, engine 

crankshaft speed and instantaneous fuel consumption. Indi-

cators W1 to W4 were calculated from the collected data. 

Weights were then assigned to each of these indicators, 

allowing the WEco index to be calculated for each driver. 

Based on the WEco index value, participants were classi-

fied into one of three driver profile groups. 

3. Results 

3.1. Characterisation of driving sessions in terms of eco-

driving 

In order to initially characterise the data used to calcu-

late the WEco index, an analysis of the distribution of the 

four operational variables was carried out. For this purpose, 

box plots were used to graphically assess the dispersion, 

asymmetry and presence of outliers in the data set. 

Figure 7 shows the distributions of the previously men-

tioned parameters. 

The first variable analysed, representing the percentage 

of time driving at speeds exceeding 50 km/h (Fig. 7a), had  

a median of 12.48%. 

The interquartile range was from 9.11% to 18.5%, with 

non-outliers ranging from 1.44% to 32.26%. 

Numerous outliers were observed, indicating significant 

variation in driving speed among drivers, with some partic-

ipants displaying a much more dynamic driving style. 

The second variable, illustrating the percentage of time 

driving with an engine crankshaft speed above 3000 rpm 

(Fig. 7b), had a median of 16.54% and an interquartile 

range from 5.95% to 24.29%. 

Nevertheless, the presence of outliers suggests signifi-

cant differences in acceleration techniques and gear selec-

tion strategies, which have a direct impact on fuel economy. 

The third variable, the proportion of idling time (Fig. 

7c), showed a median of 7.1%. 

Most observations fell between 3.36% and 11.38%, 

while non-outlier values ranged from 0.64% to 18.5%. 

This distribution may reflect differences in driving 

smoothness and frequency of stops – such as during traffic 

congestion or while waiting at signalized intersections. 

Extended engine idling is an undesirable phenomenon 

from an energy efficiency perspective. 

The last analyzed variable – fuel consumption in liters 

per 100 km (Fig. 7d) – had a median value of 12.63 l/100 

km, with quartiles ranging from 12.03 to 13.95 l/100 km. 

Numerous outlier observations were recorded, reaching 

up to 22–25 l/100 km. 

This highlights significant variation in vehicle operating 

intensity, resulting from factors such as driving dynamics, 

acceleration behavior, and engine RPM usage. 

The relatively high median confirms that urban condi-

tions – combined with certain driving styles – can lead to 

substantial fuel consumption. 

In summary, the analysis of the four partial indicators 

revealed notable variability in driver behavior, with the 

presence of both typical and outlier values. 

Particularly pronounced variation was observed in indica-

tors W2 and W4, confirming their critical role in construct-

ing the WEco indicator and in the overall assessment of 

eco-driving performance. 

 
 

\ 
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a) 

 

b) 

 

c) 

 

d) 

 

Fig. 7. Indicator values: a) W1 – proportion of time with speed exceeding 50 km/h, b) W2 – proportion of driving time with crankshaft rotational speed 

above 3000 rpm, %, c) W3 – fraction of total operating time at idle, %, d) W4 – fuel consumption, dm3/100 km 

 

3.2. Indicator-based assessment of driving style 
The presented driver classification model is a proposal 

and can be modified according to research and practical 

needs. Four key eco-driving indicators, defined in Chapter 

2.3, were analyzed. To construct a synthetic WEco index 

that takes into account various aspects of driver driving 

style, each indicator was assigned a weight corresponding 

to its potential impact on economic and environmental 

performance. By multiplying the indicator values by the 

weights, adjusted values were obtained, reflecting the im-

portance of a given parameter in the overall assessment of 

driving style. The choice of weights presented in this article 

is a proposal and can be modified depending on the adopted 

methodology, available data, or the purpose of the analysis. 

Different scenarios may place greater emphasis on, for 

example, CO₂ emissions, fuel consumption, or acceleration 

intensity. The presented classification method is open-

ended and can be modified depending on the specifics of 

the case study, research assumptions, or practical require-

ments—for example, in the context of specific vehicle fleet 

types or training systems. The choice of weights was based 

on the assumption that individual indicators differ in their 

importance in terms of their impact on economic and envi-

ronmental performance. A high WEco value, according to 

the adopted criteria, may indicate a less economical/eco-

logical driving style, while a lower value may indicate  

a smoother and more economical driving style. 

The fuel consumption index (W4) received the highest 

weight of 0.4 because it was considered the most critical 

component of the combined score. Fuel consumption is  

a direct and tangible consequence of inefficient driving, and 

its impact on the final score was deliberately emphasized 

[31]. 

The second most important variable was the percentage 

of time the engine crankshaft speed exceeded 3000 rpm 

(W2), which was assigned a weight of 0.3. High engine 

speeds typically correlate with aggressive acceleration and 

frequent operation above optimal speeds for a given gear, 

which negatively impacts fuel economy and exhaust emis-

sions. 

The engine idling time index (W3) was assigned  

a weight of 0.2. This parameter indirectly reflects driving 

smoothness and the driver's ability to effectively manage 

idle times – long idling times are associated with lower 

energy efficiency, especially in urban conditions. This is 

particularly important for pollutant emissions, and modern 

vehicles often use start-stop systems to mitigate this issue. 

The lowest weight, 0.1, was assigned to W1, the percentage 

of time driving at speeds exceeding 50 km/h. Although this 

variable relates to road safety and provides information 
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about driver behavior, its direct impact on fuel consumption 

in an urban environment is relatively limited and more 

difficult to interpret compared to other indicators. 

Based on the calculated WEco values, drivers were di-

vided into three groups. The decision to use a three-level 

classification was made to ensure transparency and analyti-

cal usefulness of the results. This division distinguishes 

between drivers with low, medium, and high WEco scores, 

corresponding to three general profiles: eco-driving, aver-

age driving, and non-ecological driving. This simplification 

allows for simple interpretation and facilitates further statis-

tical comparisons between groups. 

Classification thresholds were determined based on the 

empirical distribution of WEco values (i.e. a histogram), 

taking into account a uniform distribution of participants 

and the presence of clear natural breakpoints in the data. 

The aim was to maintain a balanced group size (as far as 

possible), while reflecting the actual variability in driving 

behaviour. Interval grouping, based on data-driven cut-off 

values, is shown in Fig. 8. 

 

Fig. 8. Histogram of the WEco indicator (sum of operational parameters) 

 divided into 3 classes 

 

Based on the calculated WEco values, drivers were as-

signed to the appropriate classification group. 

Group 1 (n = 14) comprises drivers with the lowest 

WEco values (≤ 11.7), indicating the relatively most eco-

nomical and environmentally friendly driving style. 

Drivers in this group are characterised by moderate 

speed, a low proportion of driving at high crankshaft 

speeds, short idling times, and moderate fuel consumption. 

Their driving style can be described as smooth, calm and 

energy-efficient. 

Group 2 (n = 14) represents an average level of efficien-

cy, with WEco values ranging from 11.71 to 15.70. 

Drivers in this group show an average level of adher-

ence to eco-driving. Their driving behaviour is more varia-

ble, which may reflect an inconsistent driving style or  

a lack of dominance of fuel-saving habits. 

Group 3 (n = 9) includes drivers with the highest WEco 

values (> 15.70), indicating the least economical driving 

style in the sample. Their driving style was associated with 

more frequent use of high engine speeds, higher fuel con-

sumption and longer idling periods. 

The style of this group can be characterised as more dy-

namic and potentially less environmentally friendly. 

In order to assess the relevance of the classification 

adopted and the contribution of the individual WEco com-

ponents, a statistical analysis of the differences between the 

groups (groups 1–3) was carried out for four sub-indices: 

W1, W2, W3, and W4. 

For this purpose, the non-parametric Kruskal-Wallis test 

was used. 

The analysis confirmed that the WEco indicator was ef-

fective in differentiating drivers according to their driving 

style. 

Significant differences, especially at W1 (H = 13.42,  

p = 0.0012) and W2 (H = 28.73, p = 0.00000058), indicate 

that a more dynamic driving style – characterised by higher 

speeds and increased engine crankshaft speed – clearly 

differentiates the classification groups. 

The results confirm the usefulness of the WEco index as  

a tool for assessing driving efficiency and further bench-

marking. 

4. Discussion 
The aim of this study was to develop and evaluate an 

indicator model for classifying driving styles in urban envi-

ronments, with particular emphasis on eco-driving princi-

ples using a vehicle simulator. The study defined four key 

indicators, which were assigned arbitrarily determined 

weights based on their assumed impact on eco-driving and 

environmental friendliness. These values were used to cal-

culate the WEco index, which provided an overall assess-

ment of driver behavior behind the wheel. The WEco index 

was then used to classify drivers into three groups repre-

senting different levels of driving efficiency and eco-

friendliness. The obtained values revealed noticeable varia-

tion among participants, enabling the identification of both 

highly efficient and decidedly unsustainable driving styles. 

The largest number of drivers was recorded in groups 1 and 

2, suggesting that a moderate approach to vehicle operation 

may be the dominant trend among the drivers studied. Alt-

hough the proposed model is still in development, it 

demonstrates potential for practical application – for exam-

ple, in fleet management systems, driver behavior monitor-

ing applications, eco-driving training programs, and in 

assessing progress in reducing fuel consumption and ex-

haust emissions. Based on easily measurable vehicle pa-

rameters obtained during actual driving using telematics 

systems, it is possible to identify drivers who effectively 

employ eco-driving techniques in practice. It should be 

emphasized, however, that the presented concept remains 

open to adaptation – both the indicators themselves and the 

weights assigned to them can be adapted to specific appli-

cations, available datasets, or transport policy goals. Further 

work in this area is planned. Driver classification based on 

the WEco indicator is consistent with existing literature on 

eco-driving and driver behavior analysis. Research indi-

cates that variables such as fuel consumption, engine idling 

time and high-rpm operation are key to assessing energy 

efficiency and emissions [3, 31]. The literature also high-

lights the effectiveness of simple standarised indicators as 

tools for monitoring driving style, especially in the context 

of vehicle fleets or driver education programmes [1, 12]. 
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Therefore, the WEco indicator proposed in this study is 

in line with current knowledge and offers a useful analytical 

tool for future research and practical applications. 

5. Conclusions 
In this study, a composite WEco index was developed 

and initially validated to classify drivers' driving style in 

terms of compliance with eco-driving principles. Analysis 

of four component indices (W1–W4) enabled effective 

differentiation of driver behavior in simulated urban traffic 

conditions. The results confirm the potential of WEco as  

a tool for assessing the energy efficiency of driving style, 

with potential applications in driver training and assistance 

systems. Despite limitations – such as the short test route – 

the obtained data were consistent and repeatable. Future 

plans include expanding the study to include longer and 

more diverse driving scenarios, which will enable a more 

comprehensive assessment of the stability and usefulness of 

the WEco index. As a result of the analyses, the WEco 

index was developed, enabling not only a qualitative but 

also a quantitative assessment of driving style in relation to 

eco-driving principles. Based on this index, participants 

were assigned to three efficiency classes, including drivers 

with smooth and energetic driving styles, as well as those 

with a more dynamic and less economical driving style. 

The Kruskal-Wallis test results confirmed statistically sig-

nificant differences between the groups, particularly in 

terms of engine operation at high speed and fuel consump-

tion, which confirms the validity of the proposed classifica-

tion approach. 

The model presented can be applied both in research 

and in practice – for example, in driver training pro-

grammes or fleet management systems. With climate 

change on the rise, the concept of eco-driving is gaining 

importance. Eco-driving is a driving style that not only 

reduces fuel consumption but also reduces the emission of 

harmful pollutants into the atmosphere, such as carbon 

dioxide (CO₂) and nitrogen oxides (NOx). Environmental 

responsibility in everyday activities, including vehicle op-

eration, is becoming a key factor in the fight against global 

warming and air pollution. This highlights the importance 

of promoting appropriate driving behaviour, starting with 

driver education. 

Driving simulators are an innovative tool that plays  

a significant role in promoting and teaching eco-driving. 

These technologies make it possible to assess driver behav-

iour in terms of eco-driving. Thanks to advanced systems, 

simulators can accurately reflect road conditions and driv-

ing dynamics, enabling a detailed analysis of an individual's 

driving style. They assess aspects such as driving fluidity, 

use of gears, braking, and acceleration technique. As  

a result, simulators can effectively identify areas where 

drivers can improve their habits to become more environ-

mentally responsible behind the wheel. 

For young drivers just starting their driving adventure, 

simulators provide particularly valuable educational sup-

port. In a controlled and safe environment, they can learn 

the principles of eco-driving from the very beginning. Reg-

ular simulator training allows them to acquire and reinforce 

habits that not only reduce their environmental impact but 

also improve road safety. Young drivers learn how to avoid 

sudden acceleration and braking, maintain a constant speed, 

and optimally use gears to reduce fuel consumption. 

Eco-driving brings not only environmental but also eco-

nomic benefits. Reduced fuel consumption translates into 

savings, providing additional motivation for drivers to im-

plement eco-driving principles in their daily practice. Fur-

thermore, simulators allow drivers to familiarize themselves 

with various realistic driving scenarios where eco-driving 

techniques are particularly beneficial – for example, in 

urban environments, where frequent stop-and-go driving 

often leads to increased fuel consumption. 

In the face of climate challenges, eco-driving education 

is becoming an essential part of both new driver training 

and the ongoing development of experienced drivers. 

Thanks to their advanced capabilities, simulators offer  

a unique opportunity for both learning and assessment, 

making them a very valuable tool in promoting sustainable 

and responsible driving behaviour. 
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Experimental investigation on the influence of passive/active pre-chamber  

injection strategy on the hydrogen knock limit 
 
ARTICLE INFO  Hydrogen combustion in an engine is related to the high speed of the process, the wide variability of the excess 

air ratio, and the high intensity of knock combustion. This paper presents analyses of knock combustion in a TJI 

engine under passive and active pre-chamber fuelling. The tests were conducted on a single-cylinder AVL 5804 
test engine at n = 1500 rpm and medium load (IMEP = 3–4 bar). Attention was focused on the knock indicator – 

MAPO at different excess air ratio values. The possibilities of reducing this phenomenon in the TJI engine 

during different pre-chamber fuel injection strategies and at different excess air ratio values are presented. The 
probability of knock occurrence was determined cycle by cycle for several combustion cases (including a further 

2 to 5 engine cycles). The paper shows that knock occurs differently in the main chamber and pre-chamber when 

the engine is actively or passively fed. 
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1. Introduction 

1.1. Carbon and carbon-free fuels 

The search for substitutes for fossil fuels leads to a re-

duction in greenhouse gas emissions (mainly CO2), while at 

the same time increasing the conversion efficiency of ener-

gy sources. Hydrogen as a fuel for transport is used in fuel 

cells (high-purity hydrogen – 99.97% according to ISO 

14687:2025, ISO 19880-8:2024, and ISO 19880-9:2024) 

and in internal combustion engines (hydrogen with limited 

purity) in the form of a single-component fuel or multi-

component fuel. Dual-fuel systems mainly involve the co-

combustion of hydrogen with the following fuels: 

 petrol, LPG, ethanol 

 natural gas or in the form of HCNG (methane, H2–CNG 

blend) 

 diesel 

 ammonia. 

1.2. Turbulent Jet Ignition combustion system 

An interesting way of burning hydrogen in combination 

with the above-mentioned fuels is to use a two-stage Turbu-

lent Jet Ignition system. An engine equipped with such a 

system is characterised by having two combustion cham-

bers. A pre-chamber and a main chamber. The prechamber 

usually does not exceed 5% of the volume of the main 

chamber [20]. Ignition takes place in the prechamber, then 

flames enter the main chamber through the prechamber 

orifices to ignite the remaining fuel-air mixture there. The 

TJI ignition system is divided into two types, with an active 

prechamber and a passive prechamber. The passive pre-

chamber is filled during the compression stroke with ho-

mogeneous fuel-air mixtures available in the main chamber. 

The active pre-chamber system is integrated with an auxilia-

ry fuel-metering device to accurately control the equivalence 

ratio of the stratified mixture [27]. The influence of the pre-

chamber design (number and diameter of holes) on the com-

bustion process was investigated by Wakasugi et al. [24]. 

The results of the research showed that a small number of 

orifices was advantageous for getting longer penetration 

into the main chamber. The number of orifices hardly af-

fects the cone angle of the torch flame. The study also 

shows that the cone angle is consistently larger for larger 

orifices diameter. Excessively high jet velocity at a small-

sized nozzle increases flame stretching and cooling losses 

at the orifice hole. The effect of pre-chamber orifices diam-

eter on combustion parameters in a hydrogen-fuelled TJI 

engine was also analysed by Górzyńska et al. [6]. The re-

search was a numerical simulation using CFD analysis of 

the combustion process inside the prechamber and main 

chamber. The study showed that increasing the diameter of 

the holes led to an increase in the maximum pressure in the 

cylinder and the rate of heat release. An important conclu-

sion of the study is also that the maximum temperature 

value in the cylinder increased with the increase in the 

diameter of the holes. The presented properties of the TJI 

ignition system mean that it has the potential to be used 

during the combustion of dual fuels, especially in the case 

of an active prechamber. 

1.3. Co-combustion of hydrogen with other fuels 

The combustion of pure hydrogen is usually carried out 

using indirect injection (PFI) or direct injection (DI). An 

analysis of direct injection of hydrogen into an engine was 

presented by Liu et al. [11]. The central hydrogen injection 

at medium load (10 bar) and 1500 rpm without exhaust gas 

recirculation was used. The maximum indicated combus-

tion efficiency was obtained at 45% with four injector ori-

fices.  

Research carried out by Gürbüz et al. [9] involved the 

use of a two-stage combustion system during the combus-

tion of hydrogen with petrol. Hydrogen was injected into 

the intake manifold, and petrol was injected into the pre-

chamber (it accounted for about 2% of the total volume). 

Tests were carried out with varying values of  (0.8–1.2) at 

n = 2300 rpm. Increasing the excess air ratio results in an 

http://orcid.org/0000-0001-5724-0927
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extension of the combustion duration in the range of 0–10% 

mass fraction burned (MFB) with a corresponding increase 

in the fuel dose to the pre-chamber. Increasing the dose to 

the prechamber at different excess air ratios led to settling 

of the load at 6.3 bar. At lower values of  a higher load 

was observed (about 6.6 bar), at  = 1.2 the IMEP value 

equaled 5.1 bar. The unevenness of the combustion process 

(as determined by CoV(IMEP)) was greatest when using 

the passive combustion chamber and increased from 0.8% 

to 3.0% when increasing the excess air ratio. 

The study by Shi et al. [19] was conducted on a TJI en-

gine at a relatively high compression ratio (17.5:1), excess 

air ratio  = 2.1, and n = 3000 rpm. The pre-chamber was 

fuelled with hydrogen, and the main chamber with gasoline. 

This fuel injection strategy resulted in low NOx concentra-

tions (approximately 20–30 ppm) being recorded at 1–2 

MPa hydrogen injection pressure. This value increases with 

the advance of the ignition angle. 

Vehicle simulation studies (AVL Cruise) performed by 

Rimkus et al. [17] show that a small addition of hydrogen 

(5%) to petrol results in a large increase in nitrogen oxides 

concentration (by about 20%) during the WLTC test. The 

addition of hydrogen also resulted in a reduction of other 

gaseous components: CO by 22%, CO2 by 15% and hydro-

carbons by more than 35%. 

The combustion of diesel fuel with additions of hydro-

gen and natural gas was studied by Menaa et al. [13] in the 

research, a dual-fuel (diesel-natural gas) was used with 

various hydrogen additions (from 0 to 20% H2). The lack of 

natural gas addition in the fuel resulted in a higher maxi-

mum thermal efficiency of the engine (30%) than the sys-

tem with natural gas addition. In the second case, only at 

maximum load was greater efficiency achieved (around 

32%).  

Yang et al. [26] investigated the effect of varying hy-

drogen content in the pre-chamber, while feeding the main 

chamber with methane, on engine performance. Feeding the 

pre-chamber with hydrogen resulted in an increase in ther-

mal efficiency of up to 46% (with a passive chamber, the 

result was about 45%). The use of the passive pre-chamber 

also resulted in an increase in nitrogen oxide emissions of 

approximately 70%. Fueling the pre-chamber with methane 

or hydrogen rapidly reduced NOx emissions. (at  = 2.0–2.1). 

Combined combustion of hydrogen and ammonia (de-

spite much worse thermodynamic performance) is becom-

ing more and more important. Research by Guo et al. [8] 

conducted with a TJI engine involved feeding the main 

chamber with NH3 + H2 and pre-chamber with H2 at  = 1 

(in the main chamber). With an increase in the hydrogen 

blending ratio from 10% to 50%, the ammonia combustion 

efficiency improves from 96.9% to 98.6%, accompanied by 

a significant reduction in the unburned ammonia emissions. 

A simulation study of the combustion of hydrogen with 

ammonia was conducted by Zue et al. [28]. Analyses were 

conducted with direct mixture injection ( = 2.0–3.0) in the 

range of 10–30% ammonia content. A higher value of the 

excess air ratio increases the combustion duration while 

sharply reducing IMEP. The highest thermal efficiency 

(47.5%) was obtained at 20% NH3 and  = 2.5 (increase or 

decrease of  resulted in a deterioration of efficiency).  

Consideration of the use of hydrogen in combination 

with conventional and alternative fuels shows that its high 

reactivity can bring benefits in terms of thermal efficiency. 

Hydrogen as a carbon-free fuel may also prove to be a way 

of reducing emissions of harmful carbon compounds such 

as unburned hydrocarbons, CO2 and CO. An engine with  

a TJI ignition system is a promising way to use hydrogen 

together with previously mentioned fuels, but it is important 

to first investigate the effects of TJI engine operating condi-

tions on knocking combustion during hydrogen combus-

tion. 

1.4. Knock during combustion of hydrogen 

Knock combustion is assumed to be incorrect combus-

tion of air-fuel mixture resulting in the generation of uncon-

trolled pressure waves acting against the main combustion 

source leading to a decrease in overall engine efficiency 

[12]. For conventional liquid fuels, an octane number is 

determined which indicates the resistance of the fuel to 

knocking combustion. The octane number scale is deter-

mined by comparing fuels with two standards, heptane, 

which has an octane value of 0, and iso-octane, which has 

an octane value of 100. In the case of liquid hydrogen,  

a laboratory octane number in excess of 130 has been rec-

orded, meaning that in this form it has a high resistance to 

knocking. However, it is noteworthy that for the methane 

number used for gaseous fuels, hydrogen is used as a stand-

ard, which has a 0 on this scale, meaning that in its gaseous 

state of matter it is a fuel susceptible to knock combustion 

[23]. Hydrogen as a fuel has a wide flammability range  

(λ = 0.14–10), a low minimum ignition energy (0.017 mJ), 

and a high laminar combustion rate (2.91 m/s) [2, 4, 5]. 

However, the process of hydrogen combustion in an inter-

nal combustion engine generates some problems, and the 

main reason for that is the dual nature of hydrogen knock. It 

consists of two mechanisms, heavy and light knock. The 

first one is described as air-fuel autoignition at the end of 

the combustion stroke caused by high temperature and 

pressure in the combustion chamber. Light knock is the 

unstable combustion of an ignited air-fuel mixture initiated 

by a controlled source of combustion [12]. Investigating the 

range of occurrence and intensity of knocking combustion 

during hydrogen combustion in a TJI engine with active 

and passive injection modes is an important element in 

considering it use as a fuel. 

2. Materials and methods 

2.1. Test bench 

The pre-chamber injection strategy was examined using 

a single-cylinder AVL 5804 research engine. The technical 

data are shown in Table 1. The engine was equipped with a 

pre-chamber with a volume of VPC = 2.1 cm
3
 and 6 orifices 

with a mean diameter of 1.7 mm. The engine was fed with 

hydrogen in two variants: with a passive pre-chamber 

(without fuel supply to the PC), with an active pre-chamber 

(with fuel supply to the PC).  

The engine is equipped with an 8-channel AVL In-

diSmart high-speed measurement system. The test bench 

includes flow meters for intake air (Sensyflow ABB), hy-

drogen in the main chamber (Bronkhorst 111AC-70K), and 

hydrogen in the pre-chamber (Bronkhorst 111B-100).  
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Fig. 1. Schematic diagram of the test bench for hydrogen combustion in a two-stage combustion system (with an active or passive pre-chamber) 

 
 

A broadband LSU 4.9 lambda sensor was used to meas-

ure the oxygen content in the exhaust gases. Along with the 

LSU 4.9 sensor, an LCP80 controller, adapted for oxygen 

measurement during hydrogen fueling, was employed. The 

ECU Master EMU Black system was used to control the 

electronic throttle and ignition timing. Basic information on 

the control and measurement equipment is provided in 

Table 2. 

 
 Table 1. Engine specification 

Engine type AVL 5804; 4-valve; TJI, passive, active 

pre-chamber 

Bore  stroke 85  90 mm 

Compression ratio 14.5:1 

Pre-chamber volume  2.1 cm3 

Main chamber volume 510 cm3 

 
Table 2. Measurement equipment used during the knock combustion 
 experiment 

Equipment 
Producer, measurement 

range 
Resolution 

Air flow meter 
ABB SensyFlow 

0–720 kg/h 
error < 
±0.8% 

Fuel flow meter PC 
Bronkhorst 111B-100 

0.16–25 ln/min 
±0.1% FS 

Fuel flow meter MC 
Bronkhorst 111AC-70K 

0.4–100 ln/min 
±0.1% FS 

Acquisition system AVL IndiSmart; 8-channels  0.1 deg 

Pressure sensor PC Kistler M3.5 6081 AQ22 0–25 MPa 

Pressure sensor MC AVL GH14D 0–25 MPa 

Inlet air temp.  Linuatherm Pt 100 –30–180°C 

Inlet air pressure Wika A-10 0–10 bar 

Exhaust temperature  Czaki K thermocouple 0–1000°C 

Exhaust pressure Wika A-10 0–10 bar 

Lambda sensor 
LSU 4.9 + LCP 80 

 = 0.7 to 12.5 
0.1 

Injection control 
system 

Mechatronika 
0–20 ms, 
±0.1 ms 

Ignition control 

system 

ECU Master 

EMU Black 
0.5 deg 

Throttle control 

system 

Bosch ETB 32 mm 

0–90 deg 
1 deg 

 

High-speed measurements were carried out during the 

analysis of 100 consecutive engine cycles. Measurements 

were taken of the combustion pressure in both engine 

chambers, the ignition point, fuel injection into the intake 

manifold, and the pre-chamber. In addition, the excess air 

ratio, throttle position, pressure, and temperature in the 

engine intake and exhaust systems were recorded. 

2.2. Scope of the research 

The research work aimed to analyse hydrogen combus-

tion in an engine with a two-stage combustion system, 

focusing on knock combustion. For both combustion cases 

(passive, active), the ranges of the knock combustion de-

fined by the MAPO coefficient were determined. The full 

scope of the research work is shown in Table 3. 

 
 Table 3. Scope of work on knock combustion of the TJI engine 

Passive pre-chamber 

  1.25; 1.35; 1.50; 1.60; 2.00 

CoC
var; 2 deg; each successive one was due to 
an increase in ignition delay 

Ignition regulated, CoC-dependent 

IMEP 3.5–4.0 bar 

n 1500 rpm (const) 

Active prechamber 

  1.6; 2.0; 2.5; 3.0 

CoC
2 deg; each successive one was due to an 

increase in qo_PC = 2 ms 

Ignition const 

IMEP 3.5–4.0 bar 

n 1500 rpm (const) 

MC injection control 
strategy 

qo_MC 

mode: const;  
mass flow: 166.7 g/h  

injection time: 7 ms  

injection pressure: 7 bar 
fuel dose: 3.76 mg/inj 

fuel dose energy: 450 j/inj 

MC injection control 

strategies 

qo_PC 

mode: var 

mass flow: 0–10 g/h  

injection time: 0–10 ms (t = 2 ms) 

injection pressure: 5 bar  

fuel dose: 0–0.23 mg/inj 
fuel dose energy: 0–28 J/inj 

MFM 
 

G 

P 

T 

Air filter 
 

Throttle 
 

Injector (MC)  
 

Flow meter PC 
 

H2  

7 bar 
 

Spark plug (PC) 
 

P 

T 



AVL IndiSmart 
 

P_MC 
 

alfa 
 

Ign. 

Pre-chamber (PC) 
 Main chamber (MC) 

 

lambda sensor 
 

Ignition coil (PC) 
 

Flow meter MC 
 

H2, NOx analyser 
e-com D 
 

H2  20 MPa 
 

20 MPa 
 5 bar 

 

Injector (PC)  
 

Inj. PC 
Inj. MC 

Injector (PC)  
 

 Active pre-chamber 
 

P_PC 
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Hydrogen combustion in the passive combustion system 

was achieved by adjusting the ignition timing to obtain  

a 2-degree delay in the Center of Combustion (CoC). In this 

manner, measurements were taken from CoC = 2 deg to  

CoC = 18 deg aTDC. The excess air ratio was kept constant.  

Hydrogen combustion in the active mode was carried 

out with a constant ignition timing and a simultaneous 

increase of the fuel dose to the pre-chamber. The amount of 

fuel dose to the main chamber was constant. Increasing the 

amount of fuel injected into the pre-chamber accelerated 

the combustion centre towards TDC, for which reason the 

dose was reduced at several test points. Increasing the dose 

to the pre-chamber resulted in a change in the magnitude of 

the global excess air ratio, which varies in the range where 

knock combustion occurs. This range of global excess ratio 

was also taken into account in the results of the study.  

2.3. Methodology for interpreting knock combustion 

MAPO (maximum amplitude of pressure oscillation) is 

the most commonly used evaluation indicator in knock tests 

[3, 10]. It indicates the intensity of the impact generated by 

the abnormal combustion: 

 MAPO =
1

N
∑ maxIGN,IGN+KN|p̃|
N
1  (1) 

where N – number of cycles, |p̃| – filtered cylinder pressure 

(explained further), IGN – ignition angle, KN – duration of 

knock combustion.  

As MAPO increases, the tendency and intensity of 

knock combustion rise. There is currently no clear MAPO 

value that indicates knock combustion. The threshold level 

depends on the type of engine [3, 10]. The magnitude of the 

limit has been defined differently: Szwaja and Naber [22] set 

the value of the knock combustion border at 1 bar. The same 

value is used by many authors in their studies [14, 21, 25]. 

Aramburu et al. [1] used a knock combustion limit of MAPO 

= 4 bar in their study on a 6-cylinder engine with a displace-

ment of 5883 cm
3
. The same MAPO limit was used by Pla et 

al. [15], despite the fact that the displacement of the indirect-

injection engine was only 1300 cm
3
. For engines with a large 

displacement (5 dm
3
/cyl.), the MAPO value was increased to 5  

 

bar [7]. Otherwise, the parameter depended on the filter size. 

Puzinauskas [16] highlighted two ranges: 4–9 kHz, with 

MAPO limit = 0.15 bar, and at 4–12 kHz, with MAPO limit 

= 0.23 bar. Shi et al. [18] attempted to correlate MAPO with 

the maximum value of average luminance, achieving an  

R-squared fitting value of 0.67. This indicates that MAPO 

follows a moderate exponential relationship with the peak 

average flame brightness, and that greater knock resistance 

results in a higher peak average flame intensity brightness. 

The knock combustion analysis was carried out accord-

ing to the scheme shown in Fig. 2. The cylinder pressure 

curve recorded during the combustion process (1) was digi-

tally filtered at 4 kHz. Then, deviations from the mean 

value within the 4–20 kHz range were extracted in the form 

of MAPOx (2). Positive and negative oscillations were 

presented as absolute values – PP (3). Based on this, the 

maximum oscillation changes – PPmx – were determined 

for each cycle (from the 100 cycles analyzed – (4)).  

 

 

 Fig. 2. Calculation process of MAPO 

3. Results and discussion 

3.1. Combustion with passive pre-chamber 

The combustion process was analysed at different val-

ues of  and varying CoC settings. Pressure changes in both 

chambers are shown in Fig. 3.  

a) 

 

 

b) 

 

Fig. 3. Combustion pressure: a) in the pre-chamber PC; b) in the main chamber MC, at different CoC values at n = 1500 rpm; λ = 1.25, passive pre-

 chamber 
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The initiation of the combustion process in the pre-

chamber (Fig. 3a) occurs near TDC. Then flames from the 

pre-chamber enter the main chamber, thereby igniting the 

fuel-air mixture. Significant pressure oscillations are ob-

served in the main chamber, which are indicative of knock 

combustion (Fig. 3b). An analysis of the operating point  

= 1.25 with varying CoC is shown in Fig. 3a. The occur-

rence of knock combustion is visible at each CoC value. 

Even a significant ignition delay (CoC = 14 deg aTDC) 

indicates the presence of knock combustion. 

3.2. Combustion with active pre-chamber 

Figure 4 shows the pressure in the cylinder (main 

chamber) during use of the active pre-chamber with varia-

ble  and changing fuel dose to the pre-chamber. Increasing 

the fuel injection to the PC (Fig. 4a) results in a reduction  
 

of  with a simultaneous rise in combustion pressure at the 

PC and MC (Fig. 4b). At the same time, an enhancement of 

the pressure peak responsible for ignition in the prechamber 

is observed. 

The absence of fuel injection into the pre-chamber caus-

es combustion to deteriorate at low , although the process 

can still occur. For a lean air-fuel mixture and no injection 

into the pre-chamber, a lack of combustion is observed.  

3.3. Knock combustion analysis during passive  

pre-chamber use 

To obtain the MAPO magnitude (equation 1), a digital 

filtering process was performed on the cylinder pressure 

signal (at f = 4 kHz, in the angular range 0–70 deg with 

pressure signal resolution  = 0.1 deg). The results of the 

high-pass filter were used for further analyses. 

a) 

 

 

b) 

 

 

Fig. 4. Combustion pressure: a) in the pre-chamber; b) in the main chamber, at different excess air ratio values resulting from changes in the fuel dose 

supplied to the pre-chamber at n = 1500 rpm; active pre-chamber; each graph shows the basic excess air ratio and the adjusted excess air ratio (coloured), 

 which change as the changes of fuel dose in pre-chamber (t = 2 ms) 

 
a) 

 

 

b) 

 

 

Fig. 5. Maximum MAPO value for each of the 100 cycles: a) in the pre-chamber (MAPO_PCcycle), b) in the main chamber (MAPO_MCcycle), for 

 different CoC and various excess air ratios (passive pre-chamber) 
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a) 

 

b) 

 

Fig. 6. Maximum MAPO value for each of the 100 cycles: a) in the pre-chamber (MAPO_PCcycle), b) in the main chamber (MAPO_MCcycle), for 

different CoC and various excess air ratios (active pre-chamber). Each graph shows the basic excess air ratio and the adjusted excess air ratio (colored), 

 which change as the changes of fuel dose in the pre-chamber (t = 2 ms) 

 
 
 

 

 

During the combustion pressure analysis, it was ob-

served that MAPO reaches lower values in the pre-chamber 

(Fig. 5a) than in the main chamber (Fig. 5b). The study 

used a passive pre-chamber, so the amount of fuel was not 

regulated directly inside this chamber. The amount of fuel 

in the pre-chamber was determined only by the global value 

of  obtained by injecting fuel into the intake of the engine. 

A reduction in pressure oscillations has been achieved in 

the pre-chamber compared to the main chamber. The abso-

lute maximum values of MAPO_PC relative to MAPO_MC 

are more than doubled in the range of  < 1.5. At higher 

values of these changes are smaller and at  = 2.0 the 

maxima are the same.  

In the following section, a full MAPO_MC analysis was 

carried out for each engine cycle at  = var and CoC = var 

(Fig. 5a). Figure 5b shows that increasing the excess air 

ratio reduces knock combustion. In addition, in the range of 

each value of , increasing the CoC also limits the maxi-

mum oscillation of the combustion pressure. It is worth 

noting that when knock combustion occurs during hydrogen 

combustion, it is more effective to temporarily reduce the 

excess air ratio than to delay its ignition (or CoC). 

As mentioned earlier, the papers [21, 22, 25] assume that 

the MAPO limits indicating the occurrence of knock are 

MAPO > 1 bar. Taking the above conclusions into account, it 

can be stated that in the passive pre-chamber, both normal 

and abnormal (knock combustion) cycles occurred under all 

conditions. However, it can be assumed that at  > 1.5 and 

high CoC values, knock combustion in the pre-chamber is 

almost non-existent. For  = 2.0, knock combustion in the 

pre-chamber did not occur – regardless of the CoC. Analysis 

of the same conditions in the main chamber (MC) indicates 

the absence of knock combustion only at  = 2.0. 

3.4. Knock combustion analysis during active  

pre-chamber use 

The next step of the research was to analyse the identifi-

cation and evaluation of the intensity of knock combustion 

in the active pre-chamber and main chamber at different 

engine operating parameters. Figure 6 shows the calculated 

MAPO values for PC and MC, respectively. 

From the results, it can be concluded that the leaner the 

mixture is, the lower the tendency for knock combustion to 

occur. Furthermore, usually knock combustion is more 

intense in the pre-chamber than in the main chamber. This 

is particularly evident for λ = 2.5 and λ = 3.0. Moreover, 

more intensive knock combustion was recorded at lower 

CoC values, which means that better combustion conditions 

occur when an active pre-chamber with a higher dose of 

injected hydrogen is used. In the case of a fuel-air mixture 

with λ = 1.6, knock combustion occurs in most of the en-

gine operating conditions. When CoC occurs after 7 de-

grees aTDC, knock combustion no longer occurs in the 

prechamber, while it continues to occur in the main cham-

ber. 

3.5. Average MAPO analysis with passive PC 

Analysis of the global MAPO index for both combus-

tion chambers (Fig. 7a) shows significantly higher values in 

the main chamber than in the pre-chamber. The highest 

MAPO values of 4.5 (at  = 1.25) were recorded when CoC 

= 4 deg aTDC. When increasing the excess air ratio, the 

MAPO index obtains almost constant values with a tenden-

cy to decrease slightly with increasing CoC. When  = 2.0, 

the MAPO remains constant at 0.5 bar, indicating the ab-

sence of knock combustion. 

Analysis of MAPO in the pre-chamber (passive) shows 

much smaller variations in this indicator. The maximum 
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MAPO is 1.5 bar at  = 1.25 (and then decreases to around 

1.0 bar). A similar trend of decreasing MAPO is observed 

when increasing .  

 

a) 

 

b) 

 

 

Fig. 7. Knock combustion analysis of the passive chamber: a) average 

MAPO_MC vs. average MAPO_PC indicators; b) knock combustion 

occurrence based on threshold values (referenced to 100 analyzed cycles) 

 

Then the number of cycles during which knock combus-

tion occurred (cycles at which MAPO > 1 bar) was counted. 

With 100 measuring cycles, the percentages correspond to 

the absolute number of cycles. 

The analysis carried out with the AVL Concerto system 

indicates that at low excess air ratio ( < 1.5) the number of 

knock cycles in the main chamber is almost 100% (Fig. 7b). 

While  = 1.35 and CoC > 12 deg aTDC, the occurrence of 

knock decreases slightly and reaches 95%. When  = 1.5, 

the highest number of knock cycles occurs at CoC = 2 deg 

aTDC and equals Count_MAPO_MC = 97%. When  = 1.6 

the number of knock cycles ranges from 86% (CoC = 2 deg 

aTDC) to 44% (at CoC = 18 deg aTDC). The minimum 

number of knock combustion cycles was recorded at  =  

= 2.0: it is only 1% at several operating points, regardless of 

the CoC.  

In the pre-chamber, the number of knock combustion 

cycles was never 100%. At  = 1.25, the occurrence of 

knock combustion was 99%. When CoC occurred at 18 deg 

aTDC the number of knock cycles was 56%. With each 

higher value  – the number of knock combustion cycles 

was lower. When  = 1.5 and  = 1.6 the number of knock 

combustion cycles in the pre-chamber was about 40% less 

than in the main chamber – and decreased with increasing 

CoC. When  = 2.0 in the pre-chamber, only at CoC = 2 

deg aTDC and at CoC = 4 deg aTDC, the number of knock 

cycles was higher than in the main chamber. For the higher 

CoC, there was no knock in the pre-chamber during any of 

the analysed engine cycles.  

3.6. Average MAPO analysis with active PC 

Controlling the combustion in the active pre-chamber 

system involved increasing the fuel dose in the PC, which 

had the effect of reducing CoC. This type of regulation 

results in an increasing MAPO in the PC and MC while 

limiting the CoC. For  = 1.6 and  = 2.0 MAPO value is 

well above the 1 bar (Fig. 8a). When combusting a very 

lean air-fuel mixture ( = 2.5 and  = 3.0) MAPO was 

limited. However, it was always higher in PC than in MC.  

An analysis of the number of knock combustion cycles 

(Fig. 8b) shows the high occurrence of knock combustion 

when   2.0. A higher number of knock cycles was rec-

orded under these conditions in PC than in MC. When  =  

= 3.0 knock combustion is completely eliminated in MC, 

while it still occurs in PC (at low CoC values). 

 

a) 

 

b) 

 

 

Fig. 8. Knock combustion analysis of the active chamber: a) average 
MAPO_MC vs. average MAPO_PC indicators; b) number of knock com-

bustion events based on threshold values (referenced to 100 analyzed 

 cycles) 

3.7. Assessment of the probability of knock combustion 

occurrence 

The analysis of knock combustion was presented in the 

previous chapter. An assessment of the occurrence of knock 

combustion per 100 engine cycles is also included there. 

The probability of knock combustion occurring cycle-by-

cycle is analysed below. The following analysis covers 

knock combustion of two, three, four and five cycles occur-

ring in sequence. This comparison was made for passive 

and active pre-chamber. 
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The probability of knock combustion of two cycles oc-

curring in succession was determined as cycle-to-cycle  

CTC(2). Similarly, the subsequent values of the 100-cycle 

combustion were determined cycle-by-cycle. 

The probability of cycle-by-cycle knock combustion in 

the passive chamber was carried out during combustion at  

 = 1.25; 1.35; 1.5 and 1.6. Cycle-by-cycle combustion at  

 = 2.0 was not analysed, because the occurrence of knock 

in this case was very low (Fig. 7b). 

An analysis of the probability of knock combustion at  

 = 1.25 shows the virtually continuous occurrence of this 

phenomenon. The number of knock cycles in the MC was 

99, so the probability of abnormal combustion is CTC(2) =  

= 98%. The value for five consecutive knock cycles is 

CTC(5) = 95%. These values barely change when delaying 

the occurrence of the combustion centre (Fig. 9a). Analysis 

of knock combustion in the pre-chamber shows slightly 

different figures. As the CoC increases, the number of 

knock combustion cycles decreases. The probability of 

obtaining 50% of the cycles with CTC(5) combustion does 

not occur at CoC = 14 deg aTDC. For the remaining (lower 

CTC values), knocking combustion with a probability of 

50% occurs for all other CTC values.  

Analysis at  = 1.35 reveals that in the main chamber, 

the change in CTC value is linear (Fig. 9b). In contrast, in 

the pre-chamber, the CTC(3) value takes on a much lower 

probability than CTC(2). A linear decrease in probability is 

observed during CTC(4) and CTC(5).  

During combustion at  = 1.5, a linear decrease in the 

probability of successive knock cycles is observed with 

increasing CoC. A similar trend is also observed in the pre-

chamber. With a CoC above 8 deg, the probability of knock 

combustion with a CTC(2) value reaches less than 40%. 

When  = 1.6, the analysis shows that knock combus-

tion is significantly less probable at CTC = 2. In the pre-

chamber at CTC(2), knock combustion reaches 50% (at 

CoC = 2 deg aTDC). With an active pre-chamber, knock 

combustion has the highest probability when the centre of 

combustion occurs earlier (Fig. 10a). In this case, it is 

observed that the probability of cycle-by-cycle knock com-

bustion is higher in PC than in MC. This is caused by the 

fact that a small CoC is achieved by increasing the fuel 

dose to the pre-chamber. 

Figure 10b also shows the above trend. At  = 2.0, 

knock combustion in PC is much more likely than in MC. 

These values are independent of CoC.  

At high values of  (Fig. 10c), knock combustion occurs 

only in the pre-chamber. In the worst-case scenario, it has a 

probability of more than 60% (regardless of the following 

cycles. However, CTC(2) analysis shows that the probabil-

ity is reduced to 40% (at CoC = 3 deg aTDC). 
 

 

 

 
 

 
 

 
 

 
a)  b)  c) d) 

    

Fig. 9. Probability of two to five subsequent knock cycles at different excess air ratio values (passive pre-chamber): a) at  = 1.25, b) at  = 1.35,  

 c) at  = 1.5, d) at  = 1.6 

 

a)  b)  c) 

   

Fig. 10. Probability of two to five subsequent knock cycles at different excess air ratio values (active pre-chamber): a) at  = 1.6, b) at  = 2.0,  

 c) at  = 2.5 
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4. Conclusions 
1.  During tests with a passive pre-chamber, MAPO is 

more than 2 times higher in the MC chamber than in the 

PC. It decreases with an increase in the excess air ratio.  

2.  During tests with the active pre-chamber, the MAPO 

value reached a similar value in both chambers (for  =  

= 1.6). However, for more lean air-fuel mixtures, 

MAPO in the PC is higher than in the MC. This situa-

tion persists until  = 3.0, after which knock occurs only 

in the pre-chamber. 

3.  Knock combustion in the passive pre-chamber system 

occurs when  reaches low values and remains high up 

to  = 1.6. When  = 2.0, knock combustion is strongly 

limited by the excess air ratio. A significant reduction of 

knock combustion is possible by delaying the combus-

tion centre (independent of the excess air ratio). 

 

4.  Knock combustion in the active combustion chamber 

system occurs up to  = 2.0; it is more frequent in PC 

than in MC.  

5.  In the passive pre-chamber system, the probability of 

knock combustion in 3 consecutive cycles (CTC(3)) is 

strongly reduced when an increase in  and does not oc-

cur at  > 3 and CoC > 8 deg.  

6.  The probability of knock combustion with an active pre-

chamber is higher in the PC than in the MC. Once the 

CoC > 5 deg aTDC is exceeded, the probability drops 

rapidly to minimum values regardless of .  
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Nomenclature 

CoC center of combustion 

CTC cycle-to-cycle 

IMEP indicated the mean effective pressure 

MAPO maximum amplitude pressure oscillation 

MC main chamber 
 

MFB mass fraction burned 

MFM mass flow meter 

PC pre-chamber 

TDC top dead center 

 air excess ratio 
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ARTICLE INFO  Fuels of natural origin are the most frequently used source of power for spark ignition engines. Their exhausti-

bility causes the search for alternative sources, which are plant-derived fuels. The paper presents tests of the 

amount of exhaust gas components in a spark ignition engine powered by mixtures of gasoline and ethyl alcohol. 
Pure ethanol and gasoline without biocomponent additives were used as research material. The experiments 

were performed using an exhaust gas analyzer and a particle analyzer during tests on a chassis dynamometer. 

The drive unit used for the tests was powered by mixtures with various ethanol content, from 10% to 100%. The 
analysis of the conducted tests showed a reduction in the amount of the formation of exhaust gas components 

hazardous to the natural environment. 
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1. Introduction 
The most commonly used source of power for spark ig-

nition engines are fuels of natural origin. Exhaustibility of 

these fuels makes it necessary to seek new solutions, such 

as alternative fuels. Emission of exhaust gas components 

and soot particles to the natural environment is another 

important argument in favor of alternative fuel application. 

The kind of fuel mixture to be used depends on the design 

of the drive unit. The fuel which is most frequently used for 

spark ignition engines is ethanol. Application of biofuels in 

drive units is one of the methods to reduce greenhouse gas 

emission. This is set out in Directive 2009/28/WE of the 

EU Parliament and of the Council of 23 April 2009 on the 

promotion and application of energy from renewable 

sources. Ecological aspects connected with the application 

of fuels from different renewable sources are very im-

portant for the sustainable development of transport [7, 27]. 

Constantly growing transport increases the demand for 

energy, which subsequently leads to an increase in fuel 

consumption by 3% annually [37]. This, in turn, causes 

pollution of the natural environment by emission of exhaust 

gas components such as carbon dioxide, carbon monoxide, 

hydrocarbons, nitrogen oxides, and solid particles. 

Despite the benefits of using ethanol as a fuel additive, 

its use is also associated with a number of potential risks to 

the durability and reliability of fuel systems and engine 

lubrication. Ethanol has hygroscopic properties, meaning it 

has the ability to absorb moisture from the environment. 

The presence of water in the fuel system can lead to phase 

separation in the fuel mixture, corrosion of metal compo-

nents, and problems with engine starting. Furthermore, 

ethanol may have a harmful effect on plastics and elasto-

mers commonly used in vehicle fuel systems, such as seals, 

fuel lines, and membranes. These materials may swell, 

harden, become brittle, or even cause the fuel system to 

leak. Additionally, the use of ethanol-gasoline blends can 

lead to increased dilution of lubricating oil in the engine’s 

crankcase. Fuel entering the oil reduces its viscosity and 

lubricating properties, leading to faster oil degradation and 

the need for more frequent oil changes. In extreme cases, 

this can result in reduced engine durability and increased 

wear of its components [5, 10, 12, 25, 36]. 

The most popular blend of ethanol and gasoline is E85 

bioethanol, containing 85% ethanol and 15% unleaded 

gasoline [30, 32, 33]. The components of the above-

mentioned blend need to comply with current norms. In the 

case of ethanol, it is EN 15376 norm, and for unleaded 

gasoline, EN 228 norm. An important reference when dis-

cussing the impact of ethanol in fuels on the operation of 

internal combustion engines, including exhaust emissions, 

is the document “Ethanol Guidelines” developed by the 

Worldwide Fuel Charter Committee. This document pro-

vides recommendations regarding the quality of ethanol as 

a fuel additive (e.g., water, sulfur, metal, and contaminant 

content), insights into the effects of ethanol on exhaust 

emissions and engine performance (such as knock re-

sistance and cold start behavior), the durability of materials 

in the fuel system (e.g., corrosion, elastomer swelling), as 

well as potential technical issues related to engine fueling 

[33]. E85 is recommended for flexible fuel vehicle FFV 

engines whose design is adjusted to this kind of fuelling. 

Bioethanol E85 is a collarless liquid obtained from the 

fermentation of plants such as corn, sugar cane, or sugar 

beets [3, 16, 22, 30, 42]. The most popular plants used for 

the production of bioethanol in Europe are corn products 

and sugar beets. As a result of their fermentation, a water 

solution of ethanol (about 15%) and other alcohols is ob-

tained. Pure ethanol comes from a distillation process 

whose outcome is a rectified spirit containing 96% ethanol 

and 4% water [15]. Ethanol for industrial purposes is ob-

tained from synthesis gas as a result of direct synthesis. The 

substance is a chemically clean ethanol. Results of tests of 

bioethanol provided by the literature indicate that, com-

pared to gasoline, it is characterized by [2, 17, 29]: 

 lower calorific value 

 lower need for air during fuel combustion 

 higher octane number 
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Table 1. Selected properties of the fuel blends [12, 40] 

Properties Gasoline 
Mixture of 85% ethanol and 15% 

unleaded gasoline 
Ethanol 

Density 720–775 km/m3 785 km/m3 794 km/m3 

Calorific value 42.3–43.5 MJ/kg 29 MJ/kg 26.8 MJ/kg 

Test octane number 95 105 120–135 

Motor octane number 85 90 100–106 

Air excess coefficient 14.7–14.7 9.7 3.5–17 

Vaporation heat 350 kJ/kg 780 kJ/kg 855–870 kJ/kg 

    

 lower ignition energy 

 higher susceptibility to corrosion and melting of the 

engine rubber elements. 

The properties of fuel blends determine their suitability 

to be used as a power source for the drive unit. They are 

also determinants of optimization for the exhaust gas com-

ponents, the engine performance and its functional quali-

ties. The fuel is supposed to provide an engine with proper 

efficiency and performance parameters as well as compli-

ance with emissivity norms in its life cycle. Although the 

basic fuel for a spark engine has always been gasoline, the 

environment-friendly approach involves the need to search 

for alternative fuel sources, for instance, such as ethanol or  

a mixture of 85% ethanol and 15% unleaded gasoline [13, 

22, 35, 41]. The most significant differences between these 

mixtures are presented in Table 1. 

Literature provides results of tests conducted for drive 

units fueled with gasoline and ethanol blends [9, 20, 21, 23, 

26, 32]. Authors of numerous publications claim that be-

cause of the design, only mixtures with 10% of ethanol are 

suitable for spark ignition engines. In order to reduce the 

risk of damage to the drive unit, it is necessary to modify 

the computer control system. Modifications of the engine 

computer control systems are supposed to adjust the engine 

to a given fuel mixture, and they are applied to the fuel 

injection system by changing the intake valve opening 

timing [8, 11, 14]. Tests of drive units fueled with E85 

mixtures indicate problems with the engine startup in low 

temperatures. Literature provides results of tests of the 

exhaust gas components, which were conducted in real road 

conditions [4, 7, 8, 31]. Test results concerning vehicles 

powered with gasoline and ethanol blends show a reduction 

in emission of the exhaust gas components, including: car-

bon dioxide, carbon monoxide, nitrogen oxides, and hydro-

carbons. Moreover, the tests indicate an increase in the fuel 

consumption by app. 30% [1, 24, 26, 41]. 

The idea of using alternative fuels was imposed by pro-

ecological strategies introduced by the European Union. 

The European Parliament and Council directive number 

2018/8421 imposes a requirement to comply with the 

norms regarding exhaust gas emission from transport by the 

member states. The major goal set out in the directive is to 

reduce greenhouse gas emission by 40% up to 2030 in 

reference to 2005. Currently, there are exhaust emission 

norms that need to be complied with in the territory of the 

European Union. Recently, a new exhaust emission norm – 

Euro 6D ISC FCM has been introduced. Each successively 

introduced exhaust gas emission norm reduces nitrogen 

oxides and carbon dioxide emissions to the environment by 

motor vehicles. The current norm allows a spark ignition 

engine vehicle to emit 60 mg NOx per kilometer. Whereas, 

in the case of carbon dioxide emission, the regulations 

provide for its reduction down to 95 g/km. The European 

Union legislation on harmful exhaust gas component reduc-

tion are being constantly modified. The European Commis-

sion announced the introduction of the next Euro 7 norm 

that would rigorously reduce the emission of carbon mon-

oxide, nitrogen oxides, and solid particles. The norm is also 

supposed to impose strict requirements for vehicles to be 

equipped with filters and catalyzers. The changes to be 

introduced are supposed to reduce the negative impact of 

transport on the natural environment, which involves taking 

actions to promote the application of ecological transport 

forms. [5, 6, 19, 24, 34]. 

The introduction of exhaust emission standards and the 

requirement to reduce the emission of harmful substances 

released from spark-ignition engines during combustion 

necessitate the design and implementation of new fueling 

solutions for power units. Regulations introduced by the 

European Union and its member states are intended to en-

sure sustainable development in transportation. Research 

findings reported in the literature indicate a reduction in 

exhaust gas components and particulate matter emissions 

from engines fueled with gasoline-ethanol blends [1, 4, 8, 9, 

11, 14, 18, 20–23, 26, 28, 31, 32, 37]. The studies were 

conducted for various computer-controlled engine man-

agement systems, aiming to improve engine performance 

and reduce its environmental impact. Researchers are seek-

ing solutions that would enable the achievement of goals 

outlined in the European Union's sustainable transport de-

velopment documents while maintaining high vehicle per-

formance parameters. The use of ethanol as a bio-compo-

nent in small amounts (up to 10%) has little effect on ex-

haust composition and does not require engine recalibra-

tion. However, for ethanol content above 10%, engine ad-

justments, particularly of fuel dosage, are recommended 

due to the adverse effects of an overly lean air-fuel mixture, 

which can lead, among other things, to an increase in hy-

drocarbon content in the fuel [38, 39, 43]. 

This study aims to verify the exhaust gas components 

emitted to the natural environment by a spark ignition en-

gine fueled with different blends of gasoline and ethanol, 

and for different adjustments of the engine computer con-

trol system. 

2. Materials and methods 

The conditions of the tests were similar to real road traf-

fic. The tests were carried out for a spark ignition engine 

with a multipoint ignition fueled with a blend of gasoline 

and ethanol.  

The material used in the tests was ethyl alcohol and un-

leaded gasoline. The gasoline used in the tests had no bio-
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component additives. Proportions of the blends are present-

ed in Table 2.  

 
Table 2. Proportions of mixtures used in tests 

No. Mixture composition Denotation 

1 100% unleaded gasoline PB100 

2 90% gasoline 10% ethanol BIO10 

3 70% gasoline 30% ethanol BIO30 

4 50% gasoline 50% ethanol BIO50 

 

The material used in the tests was unleaded gasoline and 

dehydrated ethyl alcohol with maximum 1% water content 

which is obtained from a biomass. A sample blend is shown 

in Fig. 1. The properties of the individual tested blends are 

presented in Table 3.  
 

 Fig. 1. Fuel blend used in tests 

 
Table 3. Selected properties of the tested fuel mixtures 

Properties PB100 BIO10 BIO30 BIO50 

Density 0.72–0.77 g/cm³ 0.81 g/cm³ 0.85 g/cm³ 0.72 g/cm³ 

Calorific value 42.3–43.5 MJ/kg 40–42 MJ/kg 36 MJ/kg 34 MJ/kg 

Test octane number 95 96 99 99.5 

Air excess coefficient 14.7–14.7 13.2 12.2 10.6 
Vaporation heat 350–400 kJ /kg 350–400 kJ/kg 350–400 kJ/kg 350–400 kJ/kg 

 

The research object was a vehicle powered with 8 valve 

engine with spark ignition and multipoint injection, whose 

cylinder capacity was 1242 cm
3
, power 44 kW, and maxi-

mum torque 102 Nm. It was a drive unit that met the Euro 4 

standard. The tested drive unit is presented in Fig. 2. It was 

chosen due to its widespread use in motor vehicles (numer-

ous cars make are equipped with this type of drive unit). 

The unit selected for testing was not equipped with an ex-

haust gas cleaning system; the authors wanted to obtain the 

most reliable engine emissions results possible.  

The tests were carried out with the use of a gasoline and 

ethyl alcohol blend. The research subject was to analyze the 

effect of ethanol content change on the values of exhaust 

gas components emitted to the natural environment by the 

drive unit. Technical specifications of the engine are pre-

sented in Table 4. 

 

 Fig. 2. Drive unit used in the tests 

 

The tests were carried out with the use of a gasoline and 

ethyl alcohol blend. The research subject was to analyze the 

effect of ethanol content change on the values of exhaust 

gas components emitted to the natural environment by the 

drive unit.  

Table 4. Specifications of the investigated engine 

Engine type Inline, Spark ignition 

Engine capacity 1242 cm3 

Number of cylinders  4 

Number of cylinder valves  2 

Timing system OHV 

Engine power  44 kW 

Torque 102 Nm for 2500 rpm 

Engine placement  Diagonally in the vehicle front 

Compression ratio  9.8 

Type of fueling system  Multipoint injection 

 

Prior to the experiment, the engine oil, oil filter, air fil-

ters, and fuel were changed in the drive unit. The supply 

system was adjusted so as to allow a noninvasive fuel 

change. Those adjustments were applied to the fuel supply 

system. An additional fuel tank was connected. A special  

5 dm
3
 tank was used. The fuel excess returned to the exter-

nal fuel tank through a special return pipe. After each fuel 

change, the engine worked for about 10 minutes in order to 

remove the remaining fuel from the fuel filter and the sup-

ply system. Prior to measurements, the engine had been 

heated up until the temperature of the liquid coolant 

reached 75°C. The ambient temperature was 15°C and the 

pressure was 1004 hPa. 

The experiment was supposed to determine the amount 

of exhaust gases generated by a spark injection engine 

fueled with a mixture of gasoline and ethyl alcohol in dif-

ferent proportions. The tests were carried out on a chassis 

dynamometer with an eddy current brake, under conditions 

reproducing real traffic. Required loads were applied to the 

vehicle. Exhaust gas and solid particle analyzers were con-

nected to the vehicle to determine the content of exhaust 

components that were emitted to the environment. Meas-

urements of the exhaust component concentration were 

carried out by an exhaust gas analyzer to define the amount 

of exhaust gas components discharged to the environment 
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in the form of gases. The goal was to determine the values 

of such compounds as: hydrocarbons (HC), oxygen (O2), 

carbon dioxide (CO2), and carbon monoxide (CO). From 

the perspective of emissions from spark-ignition engines, 

nitrogen oxides and nitrogen dioxide are also important 

components; however, these are the subject of discussion in 

a separate study. A solid particle analyzer using an optical 

method was applied to measure particles larger than 100 

mm. During its operation, an engine produces particles of 

carbon and absorbs smaller ones, i.e., soot. The distribution 

of solid particle dimensions, that is, their number, was de-

termined using an electronic particle counter. All the meas-

urements were performed for a spark ignition engine under 

the conditions of maximal loads. 

The tests were carried out on a single-axle chassis dy-

namometer equipped with a DynoTech DS04 2WD eddy 

current brake. The support roller diameter was 323.9 mm, 

and the dynamometer was electronically controlled. During 

the measurements, the room temperature was 15°C, with 

fluctuations of less than 1°C. Atmospheric pressure re-

mained at 1000.4 hPa, with variations of less than 5 hPa 

throughout the testing period. Measurements were conduct-

ed until the tested parameters stabilized.  

3. Results 

3.1. Statistical analysis 

The results obtained from the tests were statistically an-

alyzed and verified for their significance from the point of 

view of the drive unit functioning.  

The test results were statistically analyzed (variance 

analysis) by means of the Statistica program, with the use 

of the Tukey test. The content of solid particles in the ex-

haust gases decreased along with an increase in ethanol to 

reach a minimum of 30% ethanol content. An increase in 

the solid particle content was found for an increase in etha-

nol up to 50%. Differences in the amount of solid particles 

were statistically significant for all ethanol content levels in 

the fuel. Such changes of the solid particle amount is prob-

ably the effect of lean mixture for higher content of ethanol 

(the demand for oxygen drops). A drop in the content of 

solid particles would probably be maintained for an increas-

ing content of ethanol in fuel. The curve of solid particle 

amount change is presented in Fig. 3. 

 

Fig. 3. Amount of solid particles depending on ethanol content in fuel 

 

The content of carbon monoxide was decreasing along 

with an increase in the content of ethanol in fuel. For 30% 

and 50% of ethanol content, the differences were found 

statistically insignificant. This indicates more complete fuel 

combustion for an increasing content of ethanol. The value 

changes of carbon monoxide content in exhaust gases is 

presented in Fig. 4. 

CO2 content in exhaust gases slightly decreased with the 

increasing ethanol content. Differences occurred only when 

the level of ethanol content reached 50%. A drop in the 

percentage share of carbon dioxide in the exhaust gases is 

probably the effect of air excess in the fuel air mixture 

(engine setting correction needed). The content of carbon 

dioxide in exhaust gases is presented in Fig. 5. 

The content of oxygen increased with an increase in 

ethanol content in the fuel. The value differences were 

statistically significant for all ethanol content levels in the 

fuel. This is due to a smaller demand for oxygen during 

combustion of ethanol than combustion of gasoline. The 

value change curve for oxygen content in exhaust gases is 

presented in Fig. 6. 

 

Fig. 4. Dependence of carbon monoxide content change in exhaust gases 
 on the ethanol content in fuel 

 

Fig. 5. CO2 content in exhaust gases depending on the content of ethanol in 

fuel 

 

Fig. 6. Value change curve for oxygen content in exhaust gases 
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The content of hydrocarbons in the fuel changed with 

the increasing content of ethanol. For fuel without ethanol, 

the amount of hydrocarbons was 331 ppm. on average, and 

it decreased down to 254.8 ppm for 10% of ethanol content 

(statistically significant difference). Next, it increased for 

ethanol content up to 332.6 ppm averagely and differed 

significantly statistically from the amount of hydrocarbons 

in the fuel with no ethanol additive. For 50% of ethanol 

content, a statistically significant drop in the amount of 

solid particles was found, though with a value lowest within 

the analyzed range. The value change curve for hydrocar-

bon content in exhaust gases is presented in Fig. 7. 

 

Fig. 7. Value change curve for hydrocarbon content in exhaust gases 

 depending on the ethanol content 

3.2. Assessment model for the drive unit quality  

of functioning  

In this study, parameters were identified (concentrations 

of the exhaust components), to be later evaluated for their 

impact on the research object functioning quality. In the 

developed model, X stands for one-dimensional vectors 

which were accepted to be random variables. The analyzed 

parameters represent performance of spark ignition engines 

fueled with gasoline and ethanol blends. Then, the vector 

assumes the following form: 

 Xi = < X1, X2,X3,X4,X5 > (1) 

where the form vector components are: X1 – solid particles 

contained in exhaust gases, X2 – carbon monoxide, X3 – 

carbon dioxide, X4 – oxygen, X5 – hydrocarbons. 

For the research object used, the random variable is in 

the form: 

 Zx = ∑ αiXi
p
i=1   (2) 

where: 𝛂𝐢 ≥ 𝟎,∑ 𝛂𝐢 = 𝟏
𝐩
𝐢=𝟏 , αi, i = 1,2,…, p – stand for the 

values of weights for particular parameters, ZX – is a ran-

dom variable, being a finite mixture of variables: Xi, i = 

1,2,…,p. 

MOA (multi criteria optimizations analysis) was used 

for the above case. AHP method (Analytic Hierarchy Pro-

cess) was used for determination of heights for particular 

parameters. In order to perform measurements of uncounta-

ble criteria, the assessment was rendered in a numerical 

form, according to an accepted grading scale that is pre-

sented in Table 5. 

Based on the prepared grading scale, a reversed compar-

ison in pairs was made. The grades were presented in the 

form of a square matrix. First, a matrix was built to define 

the significance degree for the criteria in reference to the 

assumed goal, in the following form: 

 
Table 5. Grading scale accepted for the analysis 

Grade Definition Explanation 

1 Equal significance 
The effect of compared parameters is the 

same 

3 Slight dominance 
One parameter is slightly more important 

than the other  

5 Significant dominance 
Significant dominance of one parameter 

over the other  

7 Large dominance 
Distinct dominance of one parameter 

over the other 

9 Absolute dominance 
Dominance of one parameter over the 

other is of absolute character  

2,4,6,8 Intermediate values 
If a compromise between two adjacent 

grades is needed  

 q=

[
 
 
 
 
 

1 q1,2 … q1,n
1

q1,2
1 … q2,n

⋮ 0 1 ⋮
1

q1,n

1

q2,n
… 1

]
 
 
 
 
 

  (3) 

Next, a matrix was created to indicate the significance 

degree of the accepted decision variants in reference to each 

subcriterion from the directly higher level, defined as a 

matrix of normalized grades in the form: 

 q =

[
 
 
 
 
 1

q1,2

∑ qi,2
n
i=1

…
q1,n

∑ qi,n
n
i=1

q2,1

∑ qi,2
n
i=1

1 …
q2,n

∑ qi,n
n
i=1

⋮ 0 1 ⋮
qn,1

∑ qi,2
n
i=1

qn,2

∑ qi,2
n
i=1

… 1
]
 
 
 
 
 

   (4) 

Then, a mean value of the priority vectors was calculat-

ed for an element of each matrix verse of normalized grades 

which determined the relative weight (significance). The 

sum of priorities was equal to 1. Next, measures of the 

comparison consistence and the value of eigen vector were 

calculated, and the inconsistence index and coefficient were 

constructed. The sum of partial priorities for a given deci-

sion variant was determined to be its global priority, which 

means that the variant with the highest priority is consid-

ered to be the best. The share of priorities of a given variant 

in the main goal through implementation of the analysed 

parameters is presented in Table 6. 

 
Table 6. Determination of significance (weights) for the analyzed parame-

ters 

Denotation Explanation Weight 

α1 exhaust gas solid particles 0.215 

α2 carbon monoxide  0.143 

α3 carbon dioxide 0.558 

α4 oxygen 0.046 

α5 hydrocarbons 0.038 

 

Tests of the drive unit were carried out in 24 hour time 

intervals, ten repetitions for each parameter. Based on the 

tests, the values of each parameter were determined for 

each time interval, The values determined for the consid-

ered parameters were recoded so that the minimal value 

would reflect the worst level, whereas the maximal value 

would represent the most desired one. For transparency and 
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unambiguity of the results, the values on the analyzed set 

were normalized onto interval <0–10>, using the following 

dependency: 

 10 ×
(Xi−Xmin)

(Xmax−Xmin)
 (5) 

The results were used to determine mean values and 

variability intervals (minimal and maximal values) from the 

time intervals for particular measurement groups. The test 

results for further analyses of each fuel blend are presented 

in Table 7. 

 
Table 7. The values of the considered parameter set for he analyzed fuel 

 mixtures 

Parameter Mean value Maximal value Minimal value  

Unleaded gasoline 

Solid particles  145.6 152.0 139.0 

Carbon  

monoxide  
2.49 

4.71 0.02 

Carbon dioxide  11.87 12.90 9.10 

oxygen 1.83 5.26 0.20 

hydrocarbons 331 464 216 

90% unleaded gasoline and 10% ethanol 

Solid particles 104.6 107.0 10.0 

Carbon  

monoxide  
1.28 

4.04 0.15 

Carbon dioxide  11.2 13.6 9.4 

oxygen 3.17 6.81 0.43 

hydrocarbons 25.8 292.0 209.0 

70% unleaded gasoline and 30% ethanol 

Solid particles  75.5 91.0 69.0 

Carbon  
monoxide 

0.35 
0.44 0.13 

Carbon dioxide  11.33 13.90 8.80 

oxygen 5.54 9.01 3.30 

hydrocarbons 332.6 577.0 194.0 

50% unleaded gasoline and 50% ethanol 

Solid particles  126.3 150.0 103.0 

Carbon  

monoxide 
0.23 

0.99 0.06 

Carbon dioxide 9.97 13.00 5.90 

oxygen 8.15 11.48 4.18 

hydrocarbons 199.8 287.0 110.0 

 

The test results were normalized based on the data in-

cluded in Table 7, according to dependency 5. The vector 

components obtained for particular blends from the parame-

ter normalized results are presented in Table 8. 

 
Table 8. Normalized results for particular components of the form vector 

Parameters 
Fuel blends  

PB100 BIO10 BIO30 BIO50 

Solid particles  5.0769 5.2000 2.9545 4.9574 

Carbon monoxide  6.1407 3.1619 7.0968 1.8279 

Carbon dioxide  7.2895 4.2857 4.9608 5.7324 

Oxygen 3.2213 4.2947 3.9229 5.4384 

Hydrocarbons 4.6371 5.5181 3.4621 5.0734 

 

Determination of the vector components enabled to pro-

vide a geometric interpretation of the drive unit parameter 

mean value for blends of gasoline and ethanol. In this case, 

it was unleaded gasoline with no ethanol additive that was 

accepted to be the reference point. A comparison of gaso-

line and ethanol blends with the reference point is presented 

in Fig. 8. The vector components were marked as X with 

indexes defining the parameter number. In the case of the 

compared blends, the vector components were also marked 

as X with their indexes denoting a given fuel blend, in the 

following order: XA1–A5 for BIO10 blend, XB1–B5 for 

BIO30 blend, XC1–C5 for BIO50 blend.  

 

Fig. 8. Comparison of vector components for blends of gasoline and 
 ethanol with the reference point 

 

A random variable was defined for the tested drive unit 

on the basis of the vector components determined for each 

fuel blend, in the following form:  

 Zx = α1X1 + α2X2 + α3X3 + α4X4 + α5X5 (6) 

The values of a random variable defined for the fuel 

blends are presented in Fig. 9. 

 

Fig. 9. Standardized random variables defined for the tested fuel blends 

 

A graphic interpretation of a random variable, deter-

mined for the analyzed fuel blends, allows to perform  

a complete analysis of each vector component, consistently 

with significance defined on the basis of the accepted 

weights. The diagram presented in Fig. 4 shows that BIO10 

blend achieved the lowest results, compared to the refer-

ence point, whereas BIO50 blend the highest. It means that 

application of ethanol in gasoline has a positive effect on 

the drive unit exhaust gas emission reduction. 

5. Conclusions 

Based on the tests, it can be said that an additive of eth-

anol to gasoline does have an impact on the exhaust com-
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ponents emitted by the considered spark ignition engine. An 

analysis of the component values shows that the best blend 

is that of 70% gasoline and 30% ethanol. According to the 

analysis, the composition of the blend has the largest im-

pact on the carbon dioxide criterion, whereas the lowest on 

hydrocarbons. Value changes of the analyzed parameters 

are presented in the form of vectors which allows their 

simultaneous analysis. Application of ethanol additive to 

gasoline reduced the drive unit emission of exhaust gases 

into the environment. The test results confirm advisability 

of using alternative fuel for powering drive units of spark 

ignition engines. From the point of view of natural re-

sources exhaustibility, the use of alternative solutions for 

fueling spark ignition engines is a good solution. Blends of 

gasoline with ethanol exhibit similar or better characteris-

tics as compared to pure gasoline which fully justifies their 

application. The results obtained from the conducted tests 

indicate the advisability of using ethanol as a bio-compo-

nent in fuel, both due to its renewable nature and its posi-

tive impact on the exhaust composition of spark-ignition 

engines. 

 

Nomenclature 

AHP analytic hierarchy process 

CO carbon monoxide 

CO2 carbon dioxide 

HC hydrocarbons 

MOA  multi criteria optimizations analysis 

O2 oxygen 
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The influence of ambient temperature on exhaust emissions during cold start  

in the homologation test 
 
ARTICLE INFO  The cold start phase in an ICE is susceptible to changing environmental conditions, especially ambient tempera-

ture. The work aimed to analyse the influence of different thermal conditions on the concentration of pollutants 
and operating parameters of the drive unit during a cold start. The tests were conducted on a chassis dynamom-

eter at various ambient temperatures. The same homologation cycle was used in both cases, allowing direct 

comparison of results. The concentrations of HC, CH₄, CO₂, and NOx were recorded, as well as the basic 
operating parameters of the engine: coolant temperature, rotational speed, load, and throttle position. Based on 

empirical data, mathematical models describing the influence of ambient temperature on the dynamics of 

emissions and stabilisation of engine operation were developed. Relationships were identified that allow for 
assessing the time to reach steady-state conditions as a function of starting temperature. The results of the 

analysis provide the basis for developing a start control strategy in climatically variable conditions. They can 

support the development of adaptive emission control systems compliant with current and future legal standards. 
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1. Introduction 
Cold starting of a combustion engine is one of the most 

significant challenges concerning pollutant emissions, es-

pecially in light of increasingly stringent environmental 

standards. The significance of this phase has been recently 

emphasised in studies focused on emission surges during 

cold start [19]. In this short but intensive phase of the en-

gine's operation, there are rapid emissions of hydrocarbons 

(HC), carbon monoxide (CO), nitrogen oxides (NOₓ), and 

methane (CH₄) before the catalytic converter reaches oper-

ating temperature. One of the key factors influencing this 

phenomenon is the ambient temperature and the thermal 

state of the engine at the time of start-up, reflected, among 

other things, by the initial coolant temperature. 

In emissions research, increasing attention is being paid 

to analysing the impact of variable thermal conditions on 

emission dynamics and engine stabilisation. Low starting 

temperatures result in delayed catalyst warm-up, a richer 

fuel-air mixture, and higher internal friction, translating into 

more intense and longer-lasting emissions. Therefore, com-

paring the cold start process under different initial condi-

tions – especially at different coolant temperatures – allows 

for a more accurate determination of emission characteris-

tics in real conditions. 

The following literature review explores the influence 

of coolant temperature on emissions, combustion behav-

iour, and exhaust treatment effectiveness. It highlights 

findings related to hydrocarbon, carbon monoxide, nitrogen 

oxide and particulate emissions, as well as the role of fuel 

type and control strategies. 

The influence of coolant temperature on pollutant emis-

sions during cold start has been the subject of numerous 

studies in both spark-ignition and compression-ignition 

engines. Similar analyses of low-temperature effects on 

exhaust composition, including detailed hydrocarbon speci-

ation, were performed by Hunicz and Krzaczek [11] in  

a gasoline HCCI engine.  

Low coolant temperature at start significantly affects 

combustion processes, fuel-air mixture formation and the 

efficiency of exhaust gas treatment systems. In their studies 

on emission dynamics and drive system reliability, 

Kozłowski et al. [16] emphasised the importance of the 

technical condition of the system in the context of emis-

sions. Rimkus et al. [29] analysed the influence of hydrogen 

addition on emissions from combustion engines in dynamic 

driving conditions, indicating high variability of drive unit 

operating parameters. Kozłowski et al. [17] also analysed 

the relationships between vehicle acceleration and energy 

consumption, which is important in the context of the 

WLTC start analysis. 

He et al. [9] showed that under low coolant temperature 

conditions, combustion becomes slower and less stable, and 

HC, CO, and particulate matter (PM) emissions significant-

ly increase. Only with increasing coolant temperature does 

combustion quality improve and emissions decrease, alt-

hough NOx concentration may increase due to higher com-

bustion temperature. Similar relationships were observed by 

Irimescu et al. [12] in a direct injection engine fueled with 

gasoline and butanol – the cold coolant promoted the for-

mation of fuel films on the combustion chamber walls, 

which resulted in slower flame propagation and increased 

emissions. 

Bielaczyc et al. [2] confirmed that the coolant tempera-

ture and the low ambient temperature significantly in-

creased the emissions during cold start. In particular, an 
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increase of up to tenfold in HC emissions was observed 

compared to steady-state conditions. 

In the analyses of Mancarella and Marello [24] and 

Tauzia et al. [33], it was emphasised that higher coolant 

temperature improves engine thermal efficiency and reduc-

es CO, HC, and PM emissions, but this is associated with 

the risk of increasing NOx emissions. Dynamic modelling 

of thermal parameters (e.g. oil temperature, combustion 

chamber walls) was also indicated as a key factor in the 

realistic representation of emissions during the warm-up 

phase. 

The type of fuel is also important. Farooq et al. [6] 

showed that engines fueled with methanol or its mixtures 

are characterised by an apparent sensitivity to low coolant 

temperature, which makes ignition difficult and leads to 

increased soot and HC emissions, especially at high fuel 

evaporation enthalpy. In the context of using modern emis-

sion analysis and prediction methods, Kłosowski et al. [14] 

proposed using LSTM networks to monitor industrial pro-

cesses, which can also be adapted in the context of exhaust 

emissions. Pawlik et al. [27] indicated the potential of un-

supervised algorithms to identify machine operating states, 

which is a direction for further development of emission 

models based on empirical data. 

Proposed technical solutions include catalytic heaters 

[4], intake air preheating systems, and injection strategy 

optimisation [7, 9]. In recent years, predictive models using 

machine learning algorithms have also gained much popu-

larity, which allow predicting emissions as a function of 

coolant temperature and starting conditions [21]. 

The cold start of an internal combustion engine is par-

ticularly problematic in low ambient temperature condi-

tions, as it leads to heat losses, ignition delays and in-

creased emissions due to incomplete combustion [1, 35]. 

This applies especially to hydrocarbons and carbon monox-

ide, which reach levels even several times higher in this 

phase than in the steady state. 

In the studies by Andrych-Zalewska et al. [1] it was 

emphasised that not only the ambient temperature, but also 

the thermal state of the engine itself at the time of start (i.e. 

coolant and oil temperature) significantly affects the emis-

sion characteristics, which is fully confirmed by thermody-

namic analyses [5]. A cold engine, even at moderate outside 

temperatures, can increase HC and PM emissions due to the 

delayed activation of exhaust gas combustion systems. 

Attention is also drawn to the different engine behaviour 

depending on the fuel type. For example, fuels with high 

enthalpy of vaporisation, such as ethanol, methanol, or 

ammonia, require special ignition and injection manage-

ment strategies [3, 15], including the use of fuel reformers 

or mixture preheaters. Koike et al. [15] demonstrated that 

using on-board ammonia reforming significantly improves 

the ignition stability during cold start. Recent research 

increasingly focuses on dynamic thermal management 

systems, including electrically heated catalysts [4], preheat-

ing strategies for intake air or coolant [7], and predictive 

algorithms for optimizing coldstart emissions using ma-

chine learning [21]. These approaches provide practical 

pathways for reducing pollutant peaks during start-up and 

improving overall emission control calibration. 

An important technical aspect is optimising control 

strategies – modification of the ignition timing, injection 

time, and fuel delivery amount [22, 26]. Hybrid systems or 

auxiliary heat sources are also increasingly used in modern 

powertrains [15]. 

This study aims to assess the influence of ambient tem-

perature and initial coolant temperature on pollutant emis-

sions during the cold start of a combustion engine. In the 

first part, a literature review was conducted on measure-

ment conditions, empirical relationships, and prediction 

models related to this phenomenon. Then, an experimental 

analysis of HC, CO, and CO₂ emissions in the WLTC test 

was conducted for two initial coolant temperature levels: 

6°C and 28°C. The study aimed to determine the influence 

of these thermal differences on emission levels and the rate 

of their stabilisation during the engine warm-up phase. 

In addition to the analysis of instantaneous emission 

values, a set of quantitative indicators is proposed, such as: 

total pollution (area under the curve), the relative share of 

emissions due to cold start, and the sensitivity of emissions 

to changes in initial temperature. The proposed indicators 

constitute a new analysis element, enabling a quantitative 

assessment of the engine's sensitivity to thermal conditions 

during start-up. In particular, the coefficient ηT0
c :T0

n  can be 

used as a comparative measure of the engine's “ecological 

sensitivity” and the effectiveness of the applied technical 

solutions in the context of cold start. This approach allows 

for a better capture of the relationships between thermal 

conditions and emission characteristics. 

The presented results can be used to develop start strat-

egies in variable climatic conditions and to calibrate emis-

sion prediction models in the cold start phase. These con-

clusions apply to homologation processes and the design of 

adaptive engine control systems that are compliant with 

future emission standards.  

The main hypothesis of this study is that the initial 

thermal state of the engine, particularly the coolant temper-

ature, significantly affects both the magnitude and dynam-

ics of pollutant emissions during the cold start phase. The 

objective is to quantify this impact and propose diagnostic 

indicators for engine control strategy development. 

2. Methodology 
The choice of research methodology was based on anal-

yses by previous authors [16, 17, 29], who emphasised the 

importance of vehicle starting conditions and drive system 

reliability in the context of pollutant emissions. Particular 

attention was paid to the influence of driving dynamics and 

the possibility of reproducing it during laboratory tests. The 

WLTC cycle was used in the study, following the recom-

mendations for emission measurements in dynamic condi-

tions, which allows for a realistic assessment of the start 

and initial phase of engine operation. 

The tests were performed using a Ford Focus passenger 

car equipped with a spark-ignition engine with a displace-

ment of 1798 cm³, in the Flexifuel version. The tests were 

performed on a chassis dynamometer, which reproduced  

a vehicle's rolling resistance and aerodynamic drag in real 

conditions. This combined measurement-modelling ap-

proach was successfully used in other studies [36]. The 

WLTC cycle procedure was carried out for the simulated 
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drive. Figure 2 shows the changes in the coolant tempera-

ture during the test, while Fig. 1 shows the vehicle speed 

profiles in two drives by the WLTC cycle. 

 

 

Fig. 1. Coolant temperature changes over time WLTC test 

 

Figure 1 shows the coolant temperature increase during 

the WLTC test in two starting variants. The higher initial 

coolant temperature (28°C) resulted in faster achievement 

of the operating temperature (90°C), which is important for 

stabilising combustion processes and operating exhaust gas 

after-treatment systems. 

A comparison of emissions was made between CO2, CO 

and HC during the start of a passenger car, where in the first 

case the temperature of the cooling system was 6°C and in 

the second case 28°C. We consider the sequences 

{(xi
c, Ti

c, vi
c)}0≤i≤m and {(xi

n, Ti
n, vi

n)}0≤i≤m, the quantity xi
a 

denotes the amount of pollution in [ppm], Ti
a – engine tem-

perature [°C], vi
a – vehicle speed at the moment of i, 

0 ≤ i ≤ m, and a ∈ {c, n}, where c- the case where, when 

the vehicle was started, the temperature of the cooling sys-

tem was 6°C, i.e. T0
c = 6, n – the case where, when the 

vehicle was started, the temperature of the cooling system 

was 28°C, i.e. T0
n = 28. 

The contamination was analysed until the moment 

τ = min{i: Ti
c = Ti

n, 0 ≤ i ≤ m}. The moment of reaching 

identical temperatures τ = 656, i.e. the moment of temper-

ature equalisation (90°C), was obtained after 10 min 56 s. 

Therefore, the influence of temperature differences on con-

tamination was analysed until the moment τ. When the initial 

temperature of the cooling system was 28°C, the engine 

operating temperature reached 90°C after 9 min 31 s. 

The use of statistical and predictive methods is based on 

the approach proposed in [14] and [27], where the useful-

ness of machine learning algorithms in analysing technical 

and emission data has been demonstrated. This approach 

enables future extension of classical analysis methods with 

predictive components based on neural networks and tem-

poral models as recommended in introductory machine 

learning frameworks [13]. Such extensions can be support-

ed by cognitive tools and simulation-based frameworks 

developed for sustainable engine control [25]. 

Figure 2 shows the vehicle speed dynamics in two runs 

by the WLTC cycle, conducted at different initial coolant 

temperatures (6°C and 28°C). The similarity of the curves 

indicates high repeatability of the driving conditions, ena-

bling a reliable comparison of the effect of the initial tem-

perature on the dynamics of changes in the concentrations 

of pollutants in the exhaust gases. 

Let {vi}0≤i≤τ be a sequence of speed differences at the 

appropriate moments of the journey between the two tests 

until τ (the moment when the engine temperatures equal-

ise), i.e. vi = vi
n − vi

c, 0 ≤ i ≤ τ. The average of speed 

differences in the tests v⃐ =
1

τ
∑ vi

τ
i=1  is – 0.08 km/h. In con-

trast, the standard deviation of speed differences Sv =

√
1

τ
∑ (vi − v⃐ )2τ

i=1  is 1.66 km/h, the average of absolute 

values of speed differences ṽ =
1

τ
∑ |τ

i=1 vi| is equal 1.06 

km/h. The statistical convergence of the recorded speeds, 

confirmed by the low deviation and the average difference, 

is consistent with the course shown in Fig. 2 and provides  

a basis for a reliable comparison of emissions under condi-

tions of different initial temperatures. 

 

Fig. 2. WLTC cycle course for two tests with different temperatures initial 

liquid cooling 

 

The graphs below show the differences in pollution (red 

curve for starting from a temperature of 6°C and green 

curve for starting from a temperature of 28°C) and vehicle 

speed (black curve, scale on the right side of the graph). 

Starting at a lower initial temperature led to increased 

CO₂ concentrations in the exhaust gases in the first minutes 

of the test (see Fig. 3), which reflects the intensification of 

the combustion process with an enriched mixture. As the 

coolant warms up, a gradual convergence of the concentra-

tion curves for both cases is observed. 

 

Fig. 3. CO2 concentration and vehicle speed as a function of time (WLTC)  
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The concentration of carbon monoxide (CO) remains 

significantly higher during cold start (Fig. 4), which con-

firms the lower efficiency of exhaust gas combustion in this 

operation phase. The differences decrease with the increase 

in coolant temperature, but complete stabilisation occurs 

only after reaching operating conditions. 

From Fig. 5, we can see that the concentration of un-

burned hydrocarbons (HC) after a cold start is several times 

higher than in the case of a start with a higher coolant tem-

perature due to fuel condensation on the cold surfaces of 

the combustion chamber and delayed activation of emission 

reduction systems. 

 

Fig. 4. CO concentration and vehicle speed as a function of time (WLTC)  

 

Fig. 5. HC concentration and vehicle speed as a function of time (WLTC)  

Quantitative analysis of pollution growth 

The value 

 WT0
a = ∫ xt

aτ

0
dt   (1) 

is called the total pollution caused by starting the car for 

initial temperatures T0
a, a ∈ {c, n}. The quantity WT0

 a means 

the area under the curve xt
a for 0 ≤ t ≤ τ. In the case of 

measurements taken, for example, every second, the total 

pollution up to the moment τis approximated by WT0
a ≈

∑ xi
aτ

i=0 . The quantity 

 κT0
c :T0

n =
W

T0
c−W

T0
n

WT0
c

   (2) 

denotes the share of the increase in pollutants caused by 

starting the engine from the initial temperature T0
c com-

pared to the state of temperature T0
n( T0

c < T0
n) and operat-

ing the engine until the engine operating temperature is 

reached, i.e. Tτ
c = Tτ

n. 

In order to compare the differences caused by different 

initial temperatures, the coefficient  

 ηT0
c :T0

n =
∫ |

τ
0 xt

c−xt
n|dt

∫ |
τ
0 Tt

n−Tt
c|dt

≈
∑ |τ

i=1 xi
c−xi

n|

∑ |τ
i=1 Ti

n−Ti
c|

  (3) 

was defined, which means the rate of change of pollutant 

concentration about changes in the initial engine operating 

temperature (emission sensitivity to changes in initial tem-

perature). The parameters presented in equations (1)–(3) are 

an extension of the classical emission assessment methods 

with an approach that considers instantaneous concentra-

tions. The indicator κT0
c :T0

n  expresses the relative increase in 

the cumulative pollutant concentration in cold start condi-

tions, compared to a start with a higher initial temperature. 

In turn, the value ηT0
c :T0

n  describes the rate of change of 

cumulative concentration about the change in initial tem-

perature, constituting a measure of the sensitivity of the 

drive system to cooling down. On the one hand, these indi-

cators allow for a quantitative assessment of the impact of 

start conditions on emissions from the perspective of the 

concentration curve, and on the other hand – especially in 

the case of CO and HC – they indicate the variability of 

combustion efficiency and operation of exhaust gas treat-

ment systems in the warm-up phase. A high value  for  

a given component may indicate limited engine capability 

for stable fuel energy conversion in low-temperature condi-

tions. The proposed indicators can be used in thermal diag-

nostics and when comparing emission reduction strategies 

in different start scenarios. 

Analysis of the impact of temperature differences 

To analyse the effect of temperature differences on pollu-

tants generated by the combustion engine, we define the 

sequence {(pt, Tt)}0≤t≤τ, where Tt = Tt
n − Tt

c denotes the 

temperature difference and the pollutant difference pt =
xt

c − xt
n for the moments 0 ≤ t ≤ τ, by the definition Tτ = 0 

and the largest temperature difference Tmax = max{Tj
n −

Tj
c: 0 ≤ j ≤ τ}. The interval [0, Tmax] has been divided into 

k −separate intervals, so that [0, Tmax] ⊂ [0, d) ∪ [d, 2d) ∪
… ∪ [(k − 1)d, kd) and Tmax ∈ [(k − 1)d, kd). As a repre-

sentative of the temperature interval [(j − 1)d, jd) for 

j = 1,2, … , k the value tj = (j − 0.5)d was taken. 

For each set Pj = {pi: Ti ∈ [(j − 1)d, jd), 0 ≤ i ≤ τ},j =

1,2, … , k the quantiles of order α/2 and 1 − α/2 were de-

termined and denoted as qj
α/2

and qj
1−α/2

respectively. The 

sequences {(tj, qj
α/2

)}
1≤j≤k

and {(tj, qj
1−α/2

)}
1≤j≤k

consist of 

a representative of the temperature difference interval 

{(tj, qj
α/2

)}
1≤j≤k

and the limits of the pollutant quantiles for 

these intervals. In order to predict the pollutants concerning 

the temperature difference for each of the sequences 

{(tj, qj
α/2

)}
1≤j≤k

 and {(tj, qj
1−α/2

)}
1≤j≤k

 the dependence 

 log(qj
s) = θ0

s + θ1
stj + θ2

s
√tj + θ3

s 1

tj
+ εj   (4) 

was considered, where εj denotes a random variable with a 

normal distribution N(0, σs
2), s ∈ {α/2,1 − α/2}. The Least 

Squares Method was used to estimate the structural parame-
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ters of the model (4). Additionally the coefficient of deter-

mination 

 R2 = 1 −
∑ εj

2k
j=1

∑ (log(qj
s)−ĝs)

2
k
j=1

   (5) 

was determined, where ĝs =
1

k
∑ lk

j=1 og(qj
s). The determi-

nation coefficient shows what part of the quantile variabil-

ity of the order s ∈ {α/2,1 − α/2} due to the temperature 

difference is explained by the model, Based on the follow-

ing formula 

 qs(t) = exp (θ̂0
s + θ̂1

st + θ̂2
s√t + θ̂3

s 1

t
)   (6) 

the values of the quantile of order s ∈ {α/2,1 − α/2} for 

temperature differences t ∈ (0, T0] were estimated. 

3. Results 
Using formulas (1)–(3), the indicators of the impact of 

the initial temperature on the pollutants generated by the 

operation of the combustion engine were estimated. 

 
Table 1: Total pollution for normal start, total pollution from cold start, 

relative pollution due to starting the engine from low temperature, and the 
coefficient of change of contaminant concentration relative to changes in 

 initial temperatures 

 WT0
n WT0

c  κT0
c :T0

n ηT0
c :T0

n 

CO2 68506849 78926888 0.132 1328 

CO 929425 1537429 0.3955 77 

HC 221151 378723 0.4161 20 

 

Using the quantitative indicators in Table 1, a clear rela-

tionship was observed between the initial engine tempera-

ture and the cumulative concentration of pollutants in the 

exhaust gases. The highest relative increase in the total 

concentration was noted for unburned hydrocarbons (HC), 

the share of which in emissions attributed to the cold start 

phase exceeded 40%. It is worth noting that, according to 

the time graphs (Fig. 5), this increase is concentrated main-

ly in the initial phase of the test, especially during accelera-

tions, when the combustion chamber remains cooled. The 

concentration sensitivity indicator to initial temperature 

differences (η) reached the highest value for CO₂, which 

indicates a significant dependence of combustion intensity 

on thermal conditions of start-up, even though the total 

increase in the concentration of this component was rela-

tively low. High values of the indicators for CO and HC 

indicate a high susceptibility of these compounds to the 

effect of delayed activation of after-treatment systems and 

combustion quality in the initial phase of the cycle. 

The temperature difference interval [0,24] was divided 

into intervals of length d = 1. For each type of pollutant, 

CO2, CO, and HC, for the appropriate intervals and level, 

α = 0.1 quantiles of order α/2 = 0.05 and were estimated, 

1 − α/2 = 0.95 and sequences {(tj, qj
0.05)}

1≤j≤k
 and were 

determined, {(tj, qj
0.95)}

1≤j≤k
. Using the least squares meth-

od, structural parameters (4) were determined and using 

formula (6), quantiles for pollutants were predicted con-

cerning the temperature difference at the start. In Fig. 6–8 

in the Cartesian coordinate system, the realisation of the 

sequence {(pt, Tt)}0≤t≤τ, where the temperature difference 

Tt = Tt
n − Tt

con the abscissa axis, and the pollutant differ-

ence on pt = xt
c − xt

n the ordinate axis for the moments, 

were marked with black points 0 ≤ t ≤ τ. Values predic-

tion of quantiles are salmon coloured. 

The models describing the behaviour of quantiles for 

CO₂, CO, and HC concentrations showed high values of the 

coefficient of determination (R² > 0.86), confirming the 

agreement between the difference in initial temperatures 

and the distribution of the analysed components' concentra-

tions. The differences in the values of structural parameters 

between quantiles 0.05 and 0.95 reflect the increasing risk 

of extreme concentrations in conditions of strong cooling of 

the powertrain. In particular, a larger range of these pa-

rameters results in wider confidence intervals for the pre-

dicted concentrations, which means that a larger difference 

in initial temperatures leads to increased prediction uncer-

tainty. The smallest differences in structural parameters and 

the smallest fitting error were observed for CO₂ (quantile 

0.95), which indicates the stable nature of this component's 

emissions. In turn, for CO, the highest values of standard 

deviations of predictions and relatively lower R² were ob-

served (especially for the 0.05 quantile), which confirms its 

greater susceptibility to the variability of start conditions 

and lower accuracy of representation in the model. 

 
Table 2: The values of estimators of structural parameters, the values of 

coefficient determination and the values of standard deviations for quanti-
 tative models 

Pollution s θ0
s  θ1

s θ2
s  θ3

s  Rs
2 σs 

CO2 0.05 5.73 –0.17 1.73 –0.62 0.90 0.39 

CO2 0.95 3.82 –0.28 2.57 0.76 0.99 0.11 

CO 0.05 64.12 3.79 –29.49 –67.34 0.87 0.96 

CO 0.95 6.44 0.44 –1.39 –0.79 0.94 0.430 

HC 0.05 26.76 2.56 –16.47 –10.38 0.95 0.65 

HC 0.95 5.87 0.79 –3.08 –1.17 0.975 0.42 

 

For each of the pollutants, the values of structural pa-

rameters for the model (4), the values of the standard devia-

tion of the residuals, and the values of the coefficient of 

determination (5) are given in Table 2. The lowest value of 

the coefficient of determination, equal to 0.8674, was ob-

tained for the CO pollutant when fitting the dependence of 

the quantile of the order of 0.05 on the temperature differ-

ences, while for the remaining pollutants, the value of the 

coefficient of determination exceeds 0.90. 

 

Fig. 6. Fitting models of 0.05 and 0.95 quantiles of CO₂ concentration with 
respect to the initial temperature difference 
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The increase in the initial temperature difference results 

in a moderate increase in CO₂ concentrations within both 

analysed quantiles. The model shows a perfect fit, especial-

ly for the 0.95 quantile (R² = 0.9915), which indicates the 

stability of this component's characteristic concerning the 

start-up's thermal conditions. 

In the case of CO, there is a clear dependence of the up-

per quantile value on the temperature difference, which 

indicates an increased probability of high concentrations 

occurring when the system is strongly cooled. However, the 

data scatter is larger than in the case of CO₂, which trans-

lates into a lower quality of the model fit for the quantile of 

the order of 0.05. 

 

Fig. 7. Fitting models of 0.05 and 0.95 quantiles of CO concentration with 

respect to the initial temperature difference 

 

Fig. 8. Fitting models of 0.05 and 0.95 quantiles of HC concentration with 

respect to the initial temperature difference 

 

HC concentration shows an apparent sensitivity to tem-

perature differences in the cold start phase. At a lower ini-

tial engine temperature, significantly higher values of un-

burned hydrocarbon concentration are observed, which 

results from worse ignition conditions, fuel condensation on 

the cold walls of the combustion chamber, and delayed 

activation of exhaust gas after-treatment systems. With 

decreasing starting temperature difference, HC concentra-

tion values stabilise quickly – the curves of the courses get 

closer to each other, confirming this component's strong 

dependence on the thermal conditions of start-up. A high 

level of fit of regression models for both quantiles (R² = 

0.9485 and R² = 0.9695 for 0.05 and 0.95) indicates high 

predictability of this dependence, despite significant dy-

namics of concentration changes. 

4. Discussion of the results 
The results of the conducted studies confirm that lower-

ing the initial coolant temperature significantly affects the 

combustion process and the concentration of pollutant 

components in the cold start phase. The increases in HC, 

CO, and CO₂ concentrations observed in the WLTC tests at 

a lower starting temperature (6°C vs. 28°C) are consistent 

with the phenomenon of reduced combustion quality and 

delayed achievement of catalyst activation conditions de-

scribed in the literature [2, 9, 12]. The formation of a liquid 

fuel film on the cold surfaces of the combustion chamber, 

as well as enrichment of the mixture to improve ignition, 

results in increased emissions of hydrocarbons and carbon 

monoxide in the initial minutes of engine operation [6, 12]. 

The time dependencies in Fig. 3–5 show apparent dif-

ferences in CO₂, CO, and HC concentrations between tests 

with different initial temperatures. Especially for HC,  

a several-fold increase in concentration was observed in the 

first minutes of the test at low temperature conditions, con-

sistent with the results of Andrych-Zalewska et al. [1] and 

Yusuf and Inambao [35]. At the same time, the CO concen-

tration remained at a higher level throughout the test under 

cold start conditions, indicating insufficient catalyst activity 

in the transient phase [34]. 

The quantitative indicators presented in Table 1 are also 

of diagnostic value, including the relative share of emis-

sions related to cold start and the sensitivity of emissions to 

changes in initial temperature. The most significant relative 

increase in concentration was for HC (over 40%), while for 

CO it reached almost 40% and for CO₂ slightly above 13%. 

The high sensitivity index for CO₂ indicates that, despite 

the relatively stable nature of this component, the combus-

tion process at low temperature may be less efficient, which 

translates into its increased emission, which is also con-

firmed by Hossain et al. [10].  

The ηT0
c :T0

n  [ppm/°C or g/km/°C] indicator describes the 

sensitivity of pollutant concentrations or emissions generat-

ed during engine operation to changes in thermal start-up 

conditions. It determines the average increase in these val-

ues for each 1°C drop in initial temperature. The lower the 

indicator's value, the smaller the increase in pollutants asso-

ciated with a decrease in initial temperature, which means 

greater emission resistance of the system to cold start con-

ditions. Depending on the available measurement data, this 

indicator can analyse concentrations (e.g. ppm) and emis-

sions (e.g. g/km). In the future, it may be a universal com-

parative tool for assessing the emission sensitivity of differ-

ent drive units, control strategies, or exhaust gas treatment 

technologies to variations in initial temperature. 

Quantile regression allowed for better capturing the var-

iability of extreme pollutant concentrations concerning the 

initial temperature difference in line with advanced statisti-

cal learning approaches [8]. The models (Fig. 6–8) showed 

a perfect fit for CO₂ (R² ≈ 0.99) and HC (R² ≈ 0.97), slight-

ly lower for CO, which is probably due to the greater scat-

ter and temporary increase in emissions in response to the 

engine operation dynamics. The range of prediction values 

in the upper quantiles (0.95) was significant, which in-

creased nonlinearly with the initial temperature difference. 
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This phenomenon indicates an increased risk of extreme 

concentration levels in severe cooling conditions [21]. 

Figures 1 and 2, illustrating the WLTC cycle and the 

change in coolant temperature, confirm that differences in 

starting conditions did not significantly affect the vehicle 

speed profile, while the time needed for the cooling system 

to reach the operating temperature was significantly ex-

tended in the case of a lower starting temperature (10:56 

min vs. 9:31 min). The extension of the warm-up time is 

associated with a delayed achievement of the catalyst's 

light-off temperature, which, according to literature data 

[23, 28], may result in an even several-fold increase in the 

total HC and CO emissions in this phase. Similar conclu-

sions were drawn by Slavin et al. [30], who showed that 

electrically heated catalysts can effectively reduce cold start 

emissions in LPG-fueled vehicles, highlighting the im-

portance of thermal emission management.  

From the perspective of designing emission reduction 

strategies, the presented results emphasise the validity of 

using technical solutions such as heated catalysts [4], ad-

vanced injection strategies [32], or thermal management 

systems with heat recovery from exhaust gases [28]. Quan-

tile regression models can also help predict extreme emis-

sions, which is reflected in the growing interest in using 

machine learning techniques for this purpose [21]. 

5. Conclusions 
The analyses showed that the coolant's initial tempera-

ture significantly affects the dynamics of changes in the 

concentrations of pollutants emitted by the spark-ignition 

engine during cold start. Lowering the starting temperature 

to 6°C resulted in a significant increase in CO, HC, and 

CO₂ concentrations in the first minutes of the WLTC cycle, 

which can be associated with delayed activation of exhaust 

gas treatment systems, lower charge temperature, and en-

richment of the fuel-air mixture. 

CO and HC showed the greatest sensitivity to start con-

ditions among the compounds tested. In the case of HC, the 

share of concentration assigned to the cold start phase ex-

ceeded 40%, which confirms its high susceptibility to the 

effect of cooling the combustion chamber. Similar HC 

emission patterns during cold start were reported in previ-

ous studies [18, 20]. Conversely, CO showed the greatest 

scatter of values in the empirical data, which is confirmed 

by high standard deviations and discrepancies between 

quantiles, especially at significant differences in initial 

temperatures. 

In order to quantitatively assess the effect of thermal 

conditions on emissions, a set of indicators was used, such 

as the total cumulative concentration, the share of emissions 

attributed to cold start κT0
c :T0

n  and the sensitivity indicator 

ηT0
c :T0

n. These indicators allowed to capture the relation-

ship's nonlinear nature and distinguish the response of indi-

vidual exhaust components to engine cooling. The highest 

thermal sensitivity was demonstrated for CO₂, although its 

total increase was moderate, which may indicate variable 

combustion efficiency depending on the initial temperature. 

Quantile models allowed the analysis of both average 

and extreme drive system behaviour. High coefficients of 

determination (R² > 0.90) obtained for CO₂, CO, and HC 

confirm the validity of the approach. The models showed 

that the upper quantile values (0.95) of HC and CO concen-

trations increase nonlinearly with the starting temperature 

difference, indicating an increased risk of extreme emis-

sions in winter conditions. 

In addition, it was found that the time to reach the oper-

ating coolant temperature at a lower initial temperature is 

longer by more than 1 minute (10:56 min vs. 9:31 min), 

directly affecting the length of the period of increased emis-

sions. The extended warm-up phase is associated with lim-

ited efficiency of the afterburning systems, which can sig-

nificantly increase the total environmental load of the vehi-

cle in urban and suburban cycles. 

The obtained results have practical applications both in 

designing start strategies in variable climatic conditions and 

in the calibration of emission prediction tools used in ho-

mologation procedures and systems for assessing the im-

pact of transport on air quality. This approach can also 

support broader life-cycle and environmental impact as-

sessments [31]. The proposed analytical approach can also 

be a starting point for further research on optimising injec-

tion, ignition, and thermal management systems in modern 

drive systems. 

Furthermore, these indicators may support the develop-

ment of advanced cold start control strategies, enable dy-

namic thermal management and improving catalyst activa-

tion during homologation cycles and real-world driving. 
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Analysis of the development of energy storage systems in regional aviation 
 
ARTICLE INFO  Regional aviation plays a crucial role in Europe's transportation system, connecting smaller cities and periph-

eral regions. In the face of growing demands for CO₂ emission reductions and improved energy efficiency, there 

is an increasing interest in hybrid and electric propulsion systems in this sector. A key component of these 
systems is rechargeable batteries, which must meet stringent requirements for energy density, weight, safety, and 

reliability. The article analyzes available rechargeable battery technologies that can power regional aircraft 

propulsion systems, including lithium-ion, lithium-sulphur, and metal-air rechargeable batteries. It also discuss-
es current trends in energy storage technology development and the challenges of their implementation in 

aviation. 
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1. Introduction 
Regional flights play a key role in the European trans-

portation system, providing fast and convenient access to 

smaller cities, peripheral regions, and islands not served by 

larger airlines. Regional flights are usually shorter routes, 

usually within one country or between neighbouring coun-

tries. While between one and two hours. Regional flight 

airlines choose, with capacities ranging from 20 to 100 

seats. These can be either jet-powered or turboprop aircraft. 

Turboprop planes, such as the ATR 72 or Bombardier 

Q400, are especially efficient on routes of approximately 

500–700 km due to their fuel economy and ability to oper-

ate on shorter runways. As a result, they are ideally suited 

for serving smaller regional airports, providing transport 

connectivity in peripheral, island, and remote regions [37, 

55]. For example, the flight from Copenhagen to Tórshavn 

in the Faroe Islands takes just 1.5 hours by plane, while the 

ferry journey takes a whopping 36 hours. 

In 2023, approximately 1.5 million regional flights took 

place in Europe, accounting for about 30% of all passenger 

flights on the continent [60]. Although regional aviation is 

crucial for mobility, it also generates significant environ-

mental challenges. These flights emit approximately 50 

million tons of CO2 annually in Europe, with an average 

CO2 emission of 150 grams per passenger per kilometer [1, 

57, 59]. Regional airports are also responsible for approxi-

mately 20% of the total noise pollution generated by avia-

tion [60]. 

In light of the need to reduce aviation emissions, opti-

mizing energy consumption in regional aircraft becomes 

crucial. In addition to the energy required for thrust genera-

tion, these aircraft must power numerous onboard systems, 

such as navigation, communication, flight control, safety, 

and passenger comfort systems [9]. Some of these systems 

rely on electrical power, whereas others, such as pneumatic 

or hydraulic systems, use compressed air from the engine or 

working fluid pumped by hydraulic pumps. It makes all 

these systems intrinsically linked to the processes occurring 

in the internal combustion engine. The More Electric Air-

craft (MEA) concept aims to gradually replace traditional 

mechanical, pneumatic, and hydraulic systems with their 

electric counterparts [30, 43], which increases energy effi-

ciency, reduces aircraft weight by eliminating complex 

installations, and improves reliability and system mainte-

nance [43]. In the case of traditionally powered aircraft, 

even if they are based on the MEA concept, the electrical 

power required to operate systems other than propulsion, 

such as avionics, lighting, anti-icing systems, or air condi-

tioning, usually comes from generators driven by the air-

craft's main engines [5]. These generators convert mechani-

cal energy from the engine shafts into electrical energy, and 

additional power sources may include rechargeable batter-

ies, which serve as backup or supplementary power, partic-

ularly during system startup. 

Hybrid-powered aircraft have been available on the 

market for some time [27, 64], and new designs of this type 

continue to emerge; however, their further development 

requires advanced energy storage technologies. Rechargea-

ble batteries are most commonly used for this purpose [20], 

although fuel cells and supercapacitors are also being tested 

[33, 56]. The types of rechargeable batteries used in avia-

tion include: alkaline, lead-acid, nickel-cadmium, nickel-

metal hydride, lithium-ion, and lithium-polymer batteries, 

with the latter two being the most widely available [21] and 

developing lithium-sulphur batteries. It is important to say 

that research is also being conducted on the use of graphene 

and magnesium in rechargeable batteries [58]. However, 

not all of these are concerned with weight, energy density, 

reliability, and safety. 

To summarize, the rechargeable batteries used in mod-

ern aviation are divided into those powering various 

onboard systems and those responsible for providing energy 

for thrust generation. The requirements for the chosen tech-

nology differ depending on the application. 

This article aims to analyze available rechargeable bat-

tery technologies that can power aircraft propulsion sys-

tems. The authors focus only on those that can be used in 

regional aviation. This article also aims to highlight current 

trends in energy storage technologies and point out the 
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main challenges and opportunities related to applying these 

solutions in aviation. 

2. Battery parameters in the context of aviation 

applications 

2.1. General considerations for aviation batteries 

When evaluating rechargeable battery technologies for 

aviation, certain, performance factors become especially 

important. These include how much energy a battery can 

store and deliver, how long it lasts, and how efficiently it 

operates. Below is a breakdown of the most relevant pa-

rameters that engineers consider when determining whether 

a given battery can actually meet the demands of flight. 

2.2. Energy density as a key factor in aircraft design 

Energy density (Wh/kg or Wh/dm
3
) [29] reflects how 

much energy a battery stores relative to its weight or vol-

ume. In aviation, where every extra kilogram is important, 

this is a top priority. Simply put, a higher energy density 

implies lighter systems and a longer range. For fully elec-

tric regional aircraft to become practical, experts suggest 

that they will need batteries with over 500 Wh/kg – some-

thing current technologies are still striving to reach [35]. 

2.3. Specific power and its role during critical flight 

phases  

Specific power [W/kg] is about how fast a rechargeable 

battery can deliver energy relative to its mass. That matters 

most during phases like takeoff, where systems need much 

power in a short time. While there's no official minimum, 

higher specific power is always better in aviation because it 

helps reduce weight and improves responsiveness.  

2.4. Cycle life and long-term reliability of aviation  

batteries  

This refers to how many charge and discharge cycles 

the battery can go through before its performance starts to 

degrade. Aircraft rechargeable batteries are charged and 

discharged frequently, so a longer cycle life is not just con-

venient – it is critical. A, good target is around 3000 cycles 

with minimal capacity loss, though some advanced types 

can push this even further.  

2.5. Energy efficiency and minimization of losses  
Efficiency [%] [18, 40] measures how much of the en-

ergy used to charge the battery can actually be recovered 

during discharge. Losses here usually show up as heat. The 

more efficient the battery, the better it performs overall – 

especially important for electric aircraft where every watt 

counts. 

2.6. Cost per unit of stored energy 

Affordability still matters, even in aviation. The cost of 

storing each unit of energy [$/kWh] needs to be competi-

tive, especially if electric aircraft are to scale commercially. 

Lowering this cost could be key to making the switch from 

fossil fuels. 

2.7. Charging current and turnaround time  

Charging current [A] [40] defines how quickly a battery 

can be safely recharged. Faster charging means less down-

time between flights, which is particularly useful for short-

haul or commuter aircraft that have tight turnarounds. 

2.8. Discharging current and high-demand flight phases 

Just like with charging, the discharge current [A] de-

fines how much power the battery can release at any given 

moment. High discharge rates are needed during takeoff 

and other demanding situations, so this value directly af-

fects aircraft capability and safety. 

2.9. Depth of discharge as a compromise between range 

and durability  

Depth of discharge (DoD) [%] [3] shows how much of 

the batteries total capacity can be used in a single cycle. 

Deeper discharge gives more energy per flight, but it can 

also reduce the batteries lifespan if not properly managed. 

In most aviation applications, staying under 80% DoD is 

seen as a good compromise between output and durability. 

Each of these parameters has a direct impact on the via-

bility of a battery system for flight. Some technologies 

might excel in one area but fall short in another. Among 

them all, energy density remains the biggest hurdle. Unless 

batteries can significantly close the gap with traditional 

aviation fuels in this regard, their role in long-range com-

mercial aviation will likely stay limited. 

3. First rechargeable batteries 
The first useful alkaline battery was developed in 1949 

by Canadian chemist Lewis Frederick Urry for Eveready 

(now Energizer). Replacing the acidic electrolyte with an 

alkaline one significantly improved efficiency and enabled 

the production of commercially viable batteries. Alkaline 

batteries are single-use, devices, although rechargeable 

alkaline, batteries are also available, their performance, 

however, is lower than, other types of rechargeable batter-

ies [34]. 

The history, of rechargeable batteries begin in 1800 

when Alessandro Volta created the first battery (disposable 

battery) made, of copper and zinc plates. The first mass-

producing battery was created in 1802 by William Cruick-

shank, and the first rechargeable battery in 1859, when 

Gaston Planté developed the lead-acid battery, which is still 

in use today [34, 36]. 

 

Fig. 1. Comparison of the most important parameters of lead-acid, nickel-

 cadmium (NiCd), and nickel-metal hydride (NiMH) rechargeable batteries [4] 
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The early 20
th

 century saw the emergence of nickel-

cadmium rechargeable batteries. They were slightly more 

efficient than lead-acid batteries but provided resistance to 

temperatures as low as –40°C and higher voltages [46]. 

However, due to the harmful cadmium content, they were 

banned throughout the European Union in 2004 [8]. 

Nickel-metal hydride (NiMH) batteries represent an im-

proved version of nickel-cadmium batteries, offering higher 

capacity and, eliminating the toxicity issue of cadmium [7]. 

They, are lighter and exhibit less memory effect compared 

to NiCd. In aviation, they have been used in some auxiliary 

systems and portable devices. 

Figure 1 shows a comparison of the key parameters of 

lead-acid, nickel-cadmium (NiCd), and nickel-metal hy-

dride (NiMH), rechargeable batteries. 

4. Lithium-ion rechargeable batteries 
Initially, lithium batteries used pure metallic lithium as 

the anode material, providing exceptionally high specific 

energy and electrochemical potential. However, this design 

proved problematic because the charging process led to the 

formation of dendrites – needle-like, lithium structures that 

could pierce the separator, causing short circuits and a rapid 

temperature increase [53, 66, 78]. As a result, although 

lithium-metal rechargeable batteries were highly efficient, 

they were unsafe and had to be withdrawn from the market. 

To address these issues, researchers began searching for 

a more stable solution. Instead of metallic lithium as the 

anode, graphite was introduced – a material capable of 

safely storing lithium ions within its layered structure [2]. 

In lithium-ion batteries, lithium ions, which are charged 

particles, move between the graphite anode and the cath-

ode. This ion migration process is the core mechanism of 

the battery: during charging, lithium ions travel from the 

cathode to the anode, and during discharging, they return 

from the anode to the cathode, releasing electrical energy 

[24]. This structural change made lithium-ion batteries 

significantly safer and more stable while maintaining high 

energy density. 

The previously mentioned cathodes are a key compo-

nent affecting the performance, lifespan, and safety of the 

cells. They are made from various chemical elements, in-

cluding nickel, manganese, cobalt, aluminum, phosphorus, 

and iron. These elements, in different combinations, enable 

an optimal balance between energy density, power density, 

durability, and safety [31, 75]. The most commonly uses 

types of lithium-ion rechargeable batteries include: 

 Lithium iron phosphate (LFP) 

 lithium nickel cobalt aluminum oxide (NCA) 

 lithium nickel manganese cobalt oxide (NMC) [48]. 

Figure 2 presents a comparison of the key parameters of 

these lithium-ion battery types. 

The Boeing 787 Dreamliner was one of the first com-

mercial aircraft to use lithium-ion batteries to power auxil-

iary systems. In January 2013, two incidents occurred: an 

APU battery fire on a Japan Airlines aircraft and an emer-

gency landing of an All Nippon Airways flight due to an 

issue with the main battery. The FAA grounded all Dream-

liners, and Boeing introduced additional steel enclosures 

and ventilation systems to enhance safety [17, 71]. 

 

 

Fig. 2. Comparison of the most important parameters of different types of 

 lithium-ion rechargeable batteries [52] 

 

In December 2019, the first flight of a fully electric 

commercial aircraft powered by lithium-ion batteries took 

place. A modified de Haviland Canada DHC-2 Beaver, 

equipped with a magni500 electric motor producing ap-

proximately 552 kW (750 hp), took off for a 15-minute test 

flight in Richmond, Canada [23, 72]. 

Hyundai and Uber partnered to develop electric vertical 

takeoff and landing (eVTOL) aircraft. In 2020, during the 

CES trade show in Las Vegas, they unveiled the concept of 

a flying taxi called the S-A1. This vehicle is designed to be 

fully electric, powered by lithium-ion batteries, capable of 

reaching speeds of up to 290 km/h, and offering a range of 

approximately 100 km [68]. 

5. Lithium-ion polymer rechargeable batteries 
Lithium-ion polymer rechargeable batteries (LiPo) are  

modern variant of lithium-ion batteries that use a polymer 

electrolyte instead of a liquid one [10]. Thanks to the use of 

a flexible electrolyte, LiPo batteries, can be shaped into 

various forms and, sizes, with an additional advantage of 

improved safety due to the elimination of flammable elec-

trolytes [16, 38]. Their theoretical energy density is esti-

mated to be between 500–800 Wh/kg, but currently achiev-

able values range from 400–500 Wh/kg [52, 65, 77]. 

Additionally, LiPo batteries can provide better perfor-

mance at high altitudes due to their lower sensitivity to 

pressure changes. However, they have a slightly shorter 

cycle life and greater susceptibility to mechanical, damage 

compared to lithium-ion batteries [16, 52]. 

The graph presented in Fig. 3 offers a visual compari-

son, of the properties of liquid electrolytes, which are 

standard in, lithium-ion batteries, and polymer electrolytes 

based on PEO, used in lithium-ion polymer batteries. It can 

be considered an indirect comparison of lithium-ion and 

lithium-ion polymer battery technologies through the lens 

of the type of electrolyte used. 

Liquid, electrolytes are characterized by higher ionic 

conductivity and lower interface resistance, which contrib-

ute to better current efficiency. In contrast, PEO-based 

polymer electrolytes offer increased safety, higher electro-

chemical stability, and excellent electrode compatibility. 

Additionally, PEO polymers stand out due to their ease of 

,processing, better thermal stability, and more, effective 

suppression of lithium dendrite formation, minimizing the 
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risk of short circuits and improving cell, lifespan. The cost, 

of both materials is comparable. 

 

Fig. 3. Comparison of properties of liquid electrolytes and polymer elec-

 trolytes based on PEO [38] 

6. Metal-air rechargeable batteries 

6.1. Fundamentals of metal–air rechargeable batteries 

Metal-air, rechargeable batteries are a group of energy 

storage systems in which metal serves as the anode, while 

oxygen from the air acts as the oxidizer at the cathode [6]. 

They are a promising technology due to their high theoreti-

cal energy density, making them attractive for transporta-

tion, and energy storage. Depending on the metal used, 

several key types of these batteries exist, each with differ-

ent electrochemical properties. 

6.2. Lithium-air rechargeable batteries 

Lithium-air rechargeable batteries offer a very high en-

ergy density of 3600 Wh/kg, which is their biggest ad-

vantage and main superiority over other energy storage 

technologies [13, 38, 62]. Due to the use of lithium, a low-

mass material, they provide high capacity at a relatively 

low weight. However, in practice, their performance is 

significantly lower than theoretical values, mainly due to 

clogging of the porous cathode by solid oxygen reduction 

products, which limits the amount of stored energy. Addi-

tionally, phase transitions between gaseous oxygen (charg-

ing product) and solid LixO (discharging product) cause 

large potential differences between charging and discharg-

ing, leading to energy losses [42, 54]. Limited cycle life and 

electrolyte degradation result in a rapid capacity decline 

after just a few charge-discharge cycles [12]. Problems also 

arise under high loads, where the stability of electrochemi-

cal reactions is compromised, and system efficiency de-

creases. The requirement for pure oxygen, supplied from 

external sources or through air purification systems, further 

increases complexity and limits the potential commerciali-

zation of this technology [22, 32]. 

6.3. Zinc-air rechargeable batteries 

Zinc-air rechargeable batteries achieve a high theoreti-

cal energy density of approximately 1200 Wh/kg [51], 

while their production costs remain low. They are also 

environmentally friendly, as they do not contain toxic sub-

stances [6, 41, 70, 74]. Their ,main drawback is a limited 

number of charge cycles, leading to faster battery degrada-

tion. Cathode reactions are, slow, resulting in low energy 

efficiency. Additionally, the large voltage difference be-

tween charging and discharging reduces battery efficiency. 

Under high load and humidity conditions, performance 

decreases, and difficulties in controlling air access can 

cause operational instability, affecting their long-term func-

tionality [9, 49]. 

6.4. Aluminum-air rechargeable batteries 

Aluminum-air rechargeable batteries offer high energy 

density and relatively low production costs [19]. Addition-

ally, aluminum, as an ,anode material, is safe, easy to 

transport, and recyclable without greenhouse gas emissions 

[67]. The main drawbacks include low reversibility of elec-

trochemical reactions, which limits the number of charge 

cycles, and anode corrosion in contact with the electrolyte, 

leading to H₂ gas emissions and reduced battery lifespan 

[25, 63]. The aluminum, reduction process also requires 

significant energy input, lowering charging efficiency [61]. 

6.5. Sodium-air rechargeable batteries 

Sodium-air rechargeable batteries have moderate energy 

density but offer a cheaper alternative to lithium-air batter-

ies due to the wide availability and low cost of sodium [50]. 

Their development is still in an early stage due to limita-

tions in efficiency, durability, and cycle stability. Neverthe-

less, these batteries are considered a promising solution for 

large-scale energy storage, particularly in stationary applica-

tions where cost outweighs energy density concerns [14, 73]. 

6.6. Potassium-air rechargeable batteries 

Potassium-air rechargeable, batteries, like sodium-air 

batteries, have potentially lower production costs due to the 

broad availability of potassium, as a low-cost anode materi-

al. However, their development faces significant challeng-

es, including limited reversibility of electrochemical reac-

tions and cathode stability issues. These technological bar-

riers currently make the commercial application of these 

batteries highly limited [11, 69]. 

6.7. Iron-air rechargeable batteries 

Iron-air rechargeable batteries attract attention due to 

their exceptionally low material costs and high chemical 

stability, making, them a potentially cost-effective solution 

for large-scale energy storage. Although their theoretical 

energy density is approximately 1200 Wh/kg, current tech-

nological limitations result in significantly lower practical 

energy density. Ongoing research focuses on improving 

electrochemical efficiency, cycle stability, and reducing 

material, losses to bring their parameters closer to their full, 

theoretical potential and enhance commercialization pro-

spects [15, 47, 76]. 

Lithium-air rechargeable batteries offer the highest en-

ergy density but have limited durability and low efficiency 

under high loads. Potassium-air batteries are the cheapest 

but have the lowest energy density and issues with reaction 

reversibility. Sodium-air, batteries, while cheaper than 

lithium-based ones, are less efficient. Iron-air batteries have 

low material costs and high stability, but their practical 

energy density remains significantly lower than theoretical 

values. Aluminum, air batteries offer high energy density, 

but their limitations include anode corrosion and low reac-

tion reversibility. 
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7. Lithium-sulfur rechargeable batteries 
A lithium-sulfur rechargeable battery consists of a cath-

ode with a capacity of 1672 mAh/g, made of sulfur, and an 

anode made of metallic lithium, with a capacity of 3860 

mAh/g. Due to these properties, these rechargeable batteries 

offer an exceptional theoretical energy density of 2600 

Wh/kg [38]. Because sulfur is widely available, lithium-

sulfur rechargeable, batteries are inexpensive. Unfortunate-

ly, their lifespan is limited due to processes like "stripping" 

(loss of lithium from the anode) and "shuttling" (migration 

of lithium polysulfides), which lead to capacity loss and 

degradation of active materials. Additionally, difficulties in 

controlling reactions during charge and discharge cycles 

affect the cell's stability, limiting the number of, cycles in 

which the rechargeable battery can maintain high perfor-

mance [26, 39, 40, 44, 45, 79]. 

8. Summary 
The COVID-19 pandemic, caused a significant reduc-

tion in air traffic, temporarily slowing the growth of emis-

sions. However, the sector's return to full activity, with 

forecasts exceeding pre-pandemic emission levels [28], 

increases the pressure to introduce more environmentally 

friendly and quieter aircraft. As part of global efforts for 

sustainable development, progress towards low-emission 

technologies in aviation has become a key element of strat-

egies aimed at minimizing the sector's impact ,on climate 

change. The, main challenge in the electrification of avia-

tion is developing batteries that provide sufficient power at 

a low weight. The chart presented in Fig. 4 compares the 

energy density of various types of rechargeable batteries 

discussed in the article. The black horizontal line indicates 

the minimum energy density that batteries must achieve to 

provide sufficient energy for aircraft operations during 

regional flights. Among the currently available types of 

batteries, only lithium-ion-polymer and lithium-sulfur re-

chargeable batteries meet this requirement. Unfortunately, 

both types still face challenges related to production costs, 

chemical stability, and lifespan. Despite their potential, they 

are not yet widely used in aviation due to technological and 

economic limitations. 

The chart, presented in Fig. 5 compares the life cycle of 

selected types of rechargeable batteries. The chart shows 

that lithium iron phosphate ,rechargeable batteries, despite 

having nearly, the lowest energy density, have by far the 

longest life cycle. On the other hand, rechargeable battery 

types that could potentially compete with aviation fuel in 

terms of energy density have a significantly shorter life 

cycle. 

The literature, analysis shows that there is no single type 

of rechargeable battery that meets all the requirements for 

energy storage systems in aviation. Each mentioned type 

offers specific, benefits but also faces limitations that de-

termine its application depending on the project's specific 

requirements.  

Aviation rechargeable ,batteries must meet high de-

mands for delivering large amounts of power, especially 

during the takeoff and climb phases. Lithium-ion recharge-

able batteries, despite their good energy efficiency, offer  

a relatively low, power-to-weight ratio (1–2 kW/kg), mak-

ing them unable to provide power levels achieved by jet 

engines (5–10 kW/kg). As a, result, larger and heavier bat-

tery packs must be used, which impacts the overall mass 

and design of the propulsion system. 

 

Fig. 4. Comparison of energy densities of different types of rechargeable 
batteries | * maximum theoretical energy density of a given type of re-

 chargeable battery 

 

Fig. 5. Comparison of the life cycle of different types of rechargeable 

 batteries 

 

Additionally, frequent changes between high and low 

power states can accelerate the aging of rechargeable bat-

teries, requiring the use of battery types that are resistant to 

these fluctuations. 

Another challenge ,is the cooling system, which must 

adapt to changing thermal conditions during different flight 

phases. 

Moreover, the environmental impact of battery technol-

ogies, particularly the extraction of raw materials such as 

lithium, cobalt, and nickel, can lead to significant ecologi-

cal damage if these processes are not carried out sustaina-

bly. 
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Finally, the certification process for new battery tech-

nologies in aviation is complex, time-consuming, and ex-

pensive, presenting a significant barrier to the faster de-

ployment of innovative solutions. 

Therefore, the further ,development and implementation 

of energy storage technologies in aviation requires a bal-

anced approach that considers both operational needs as 

well as environmental, ecological, and legal challenges 

facing the aviation industry. 

 

Nomenclature 

APU  auxiliary power unit 

DoD  depth of discharge 

FAA  Federal Aviation Administration 

LFP  lithium iron phosphate 

LiPo  lithium-ion polymer  

MEA  more electric aircraft 

NCA  lithium nickel cobalt aluminum oxide 

NiCd  nickel-cadmium 

NiMH  nickel-metal hydride 

NMC  lithium nickel manganese cobalt oxide
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Optimisation-oriented verification of a plain bearing process model taking into  

account actual tolerances and measurement accuracy 
 
ARTICLE INFO  This paper presents a methodology for verifying a numerical model of the plain bearing test process used to 

evaluate the characteristics of internal combustion engine components, in particular camshaft bearings. The 

developed approach is based on the use of optimisation methods under parametric uncertainty, which makes it 
possible to take into account the actual spread of technological and operational parameters. 

The study uses a test rig that reflects the operating conditions of a bearing in an internal combustion engine, 

including a load simulated with an eccentric. SAE 15W40 grade oil, typical for engine lubrication systems, was 
used as the lubricant. The input parameter space includes geometrical features of the bearing (diameter, width, 

clearance, eccentricity), initial load force, shaft speed, and rheological properties of the oil. 

The proposed approach to verification does not involve a direct comparison of computational and experimental 
data, but rather a search for the most probable solution within given tolerance limits and taking into account the 

measurement accuracy of the selected characteristics. The verification criteria are the measured values of oil 

and bearing surface temperature, load force, and friction torque in the oil film. Measurement uncertainty is also 
taken into account in the optimisation process. 

The developed methodology makes it possible not only to assess the reliability of the numerical model, but also 

to analyse the sensitivity of the model to parameter variability and to determine the robustness of the friction 
node under study.  
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1. Introduction  
Nowadays, plain bearings are an important component 

of various technical objects [17], including in vehicle drive 

systems. The introduction of innovative control concepts 

with artificial intelligence elements, which are precisely 

adapted to changing operating conditions, requires the 

search for new or clarification of known bearing criteria 

(characteristics). Therefore, it is important to search for 

criteria that are able to combine tribological, thermodynam-

ic, and hydrodynamic characteristics of the bearing pro-

cesses. The success of this search is possible through the 

synergistic use of detailed simulation models describing 

bearing processes and experimental studies. It is worth 

noting that a number of research results have been pub-

lished in recent years that present bearing calculation meth-

ods verified using empirical data. 

For example, in [3], the authors present a highly effec-

tive computational method applied in the context of plain 

bearings in planetary gearboxes, validated using pressure 

measurement data in a wind turbine gearbox. The authors 

use the simulation results to analyse the influence of struc-

tural deformation and pressure distribution in the lubricat-

ing film. Fernández et al. [5] developed a bearing model 

using MSC software for multibody dynamics analysis. 

Adams performed its experimental validation. In addition, 

the authors use the presented model to minimise frictional 

losses in the bearing. König et al. [9] presented a method 

for predicting friction losses in plain bearings in start and 

stop modes. The paper [9] compared numerical models with 

experimental data, emphasising the importance of accurate 

simulation of mixed lubrication conditions. Machado and 

Cavalca, in their article [11], present an experimental vali-

dation of a bearing wear model using rotor frequency char-

acteristics. The authors note good agreement between simu-

lation and experiment. Goto et al. [7] developed a model for 

diagnosing plain bearing wear using the support vector 

method (SVM), validated using experimental data. The 

authors [7] indicate that high accuracy is achieved in wear 

diagnosis. Li et al. [4] developed a program to calculate 

friction in plain bearings and conducted experimental tests 

on a tribological test machine. Panara et al. [13] emphasise 

the importance of accurate simulation for high-speed and 

loaded bearings. The authors presented numerical models 

of fluid dynamics in bearings validated against experi-

mental data. 

Despite the fact that many contemporary works have 

proposed effective methods to validate plain bearing mod-

els using experimental data, in most cases a direct compari-

son of calculated and measured values at fixed parameters 

is used. This approach, although useful, does not take into 

account the actual uncertainty of the design parameters and 

test conditions. This paper proposes an alternative method-

ology in which the uncertainties in the input parameters and 

verification criteria are treated as an integral part of the 

problem, allowing for a more comprehensive and realistic 

assessment of model reliability. 

One of the key challenges associated with the verifica-

tion of engineering simulation models is the presence of 

unavoidable uncertainty in both the input parameters and 

the experimental results. Input data are characterised by 

fuzziness due to manufacturing tolerances, operational 

variability and limited parameter accuracy. On the other 

hand, the experimental verification criteria – temperature, 

load, and friction torque – are also subject to measurement 

http://orcid.org/0000-0002-5871-6381
http://orcid.org/0000-0002-9184-262X
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errors. As a result, a solution space is created with unde-

fined boundaries in both input and output parameters. Un-

der these conditions, the verification problem should be 

considered not as a direct comparison of calculated and 

empirical values, but as a problem of finding such sets of 

input parameters in which the calculated values fall within 

an acceptable (fuzzy) experimental space. Such an ap-

proach also makes it possible to analyse the sensitivity of 

the model and assess its robustness (resistance to paramet-

ric bias). 

In order to solve the described problem, different ap-

proaches can be used to explore the fuzzy parameter space. 

First of all, attention should be paid to optimisation algo-

rithms. These algorithms provide for the generation of 

sample points [1, 12, 15], parameters located in the space, 

and the use of the multi-criteria principle [2, 16]. 

The aim of this paper is to develop and demonstrate  

a multi-criteria method for the verification of a simulation 

model of a plain bearing, taking into account parametric 

uncertainty and tolerances of experimental measurements. 

The proposed method combines experimental testing with 

optimisation parameter selection that ensures convergence 

of calculated and empirical characteristics, thus providing 

not only verification but also sensitivity and stability analy-

sis of the model. 

In order to solve the above problem of verification of 

the computational model created for an in-depth study of 

the processes accompanying the operation of a sliding bear-

ing, the paper presents the methodology of experimental 

testing, basic information about the created model, the 

method of processing empirical data, the author's verifica-

tion algorithm with elements of optimisation, as well as  

a sensitivity study of the tribosystem under study. 

2. Subject of the study, features of the experiment, 

and measurement methods 
The processes taking place in a plain bearing, the design 

of which is used in internal combustion engines, were in-

vestigated using a stand (Fig. 1). The set speed of the bear-

ing shaft ω (Table 2) was provided by an electric motor and 

a manual gearbox. The stand is equipped with a load system 

and measuring channels for the bearing friction index M, 

the force acting on the bearing FN, the oil temperature Toil, 

and the surface temperature of the bearing bushing Tbearing. 

During the experiment, the plain bearing was immersed in 

SAE class 15W40 engine oil with a volume of 0.3 dm
3
. 

Since one of the objectives of the experiment was to test the 

bearing from a tribological aspect and also to simulate the 

operation of the friction assembly under varying load con-

ditions, which is typical for friction assemblies of internal 

combustion engines, the shaft had an off-centre mounting  

 

hole (eccentric ɛ). This provided a force variation during 

shaft rotation of ±20% of the nominal value, which will be 

shown below in the load force measurement results. 

 

Fig. 1. Photo of the plain bearing and sensors on the test 

 

Direct measurements of geometrical quantities were 

mainly used to determine the parameters of the plain bear-

ing (Table 1). To determine the radial clearance h in the 

bearing, digital models of the shaft and sleeve (Fig. 2a, b), 

obtained by 3D scanning with the GOM® ATOS Core 80 

scanner with post-processing in GOM Inspector, were used. 

For the central section, the clearance profile formed by the 

friction pair of the shaft-bushings (Fig. 2c) allowed the 

average value to be determined (Table 1). From the results 

presented, it can be seen that the bushing used in the test is 

close to the nominal diameter of 25 mm, with a deviation of 

no more than –0.02 mm. The bushing has a positive devia-

tion of +0.03 mm. It should also be noted that the scanning 

accuracy is ±0.02 mm. 

The method of conducting the experimental test was to 

load the bearing rotating at 300 rpm. The final experimental 

time was determined by reaching a temperature of 120°C 

on the surface of the bushing. For the tested bearing, the 

experimental time was approximately 5000 s. 

As shown above (Fig. 1), the bench is equipped with 

channels for measuring load force FN, friction torque M and 

temperatures (Toil, Tbearing). A TorqueSensor Series 2300 

from NCTE was used to measure the friction torque. The 

bearing load force was measured using a BF1K-3EB bridge 

strain gauge with a measuring base of 8.5×8.5 mm to en-

sure thermal compensation and linearity of characteristics 

and the temperature of the bushing surface (sensor position 

is shown in Fig. 1) using an Omega K-Type thermocouple. 

The measurement accuracy of the sensors used is shown in 

Table 2. A Picoscope 3000 series ADC and PicoScope 7 

T&M® software were used for data collection and initial 

analysis. 

Table 1. Plain bearing parameters 

Parameter Designation Unit Nominal value Accuracy Average Deviation 

Radial clearance h mm 0.020 ±0.002 0.020 0.005 

Stiffness of the load elastic element C N·m–1 100 ±10 100 10 

Damping coefficient of the load 

elastic element 
β N·(m·s–1)–1 14 ±1.4 14 1.4 

Starting force F₀ N 60 ±6 60 6 

Eccentricity ε mm 0.70 ±0.07 0.70 0.07 

Bearing width B mm 19 ±0.19 19 0.19 

Diameter of the sleeve D mm 25 ±0.25 25 0.25 
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Fig. 2. Results of scanning the surfaces of the bushing (a), shaft (b) and clearance profile at the centre of the plain bearing (c) 

 

Based on the measurements and tolerance analysis, it 

can therefore be concluded that the model input parameters 

vary within the ranges described in Table 1, and the meas-

ured characteristics vary to an accuracy of ± 7% (Table 2). 

These ranges were taken into account as part of the multi-

criteria verification procedure. 

3. Simulation model of a test stand with plain  

bearing 
A simulation model of a sliding bearing test rig has been 

developed for the verification procedure, taking into ac-

count the identified parametric uncertainties. The model is 

built in the Amesim Simcenter environment and includes 

physical modules that describe friction, heat transfer and 

load kinematics. 

In this study, the bearing model implemented in the 

simulation model of the test stand was used to increase the 

reliability of the modelling processes in the plain bearing 

and to develop a verification methodology with optimisa-

tion elements under fuzzy parameters and criteria. The 

computational scheme (Fig. 3) and the subsequent simula-

tion were implemented in Amesim Simcenter space [14]. 

 
Table 2. Verification criteria and the accuracy of their determination 

Name 
Designa-

tion 
Unit 

Nominal value in 

the experiment 

Accu-

racy 

Verification criterion 

Oil temperature Toil °C 48 ±0.5°C 

Bearing sleeve 

temperature 
Tbearing °C 82 ±0.75% 

Bearing load 

force 
FN N 750 ±7% 

Friction torque M Nm 0.443 ±5% 

Friction power Pfr W 14 ±3 W 

Regulatory parameter 

Shaft speed n, ω rpm, 

rad·s–1 
300, 31.4 ±2.5% 

 

The structural diagram (Fig. 3) is a set of interconnected 

modules that reflect the kinematic, tribological and thermo-

dynamic processes in the friction unit. The key elements of 

the model are: 

 Electric drive – sets a nominal shaft speed similar to that 

used in the experiment (300 rpm). Fluctuations in the 

shaft speed are taken into account in the simulation, 

which is ±2.5% of the nominal speed. 

 Load mechanism – implemented by means of an eccen-

tric, which allows the reproduction of a variable load 

force with an amplitude of ±20% of the mean value, as 

in the physical laboratory bench. In the loading mecha-

nism, the stiffness and damping properties, as well as 

the preload force, are defined using a submodel of the 

elastic element. These parameters are also vague and are 

included in the verification process. 

 The sliding bearing simulation unit is based on the solu-

tion of the Reynolds equation [8], which describes the 

pressure distribution in the lubricating layer during hy-

drodynamic lubrication, taking into account the non-

stationarity of the loading and rotation conditions. In 

addition, the Goenki model [6, 10] is used to describe 

the thermal interaction in the tribosystem, which pro-

vides a calculation of heat dissipation depending on lo-

cal friction parameters and lubricant viscosity. 

 

Fig. 3. Construction scheme of plain bearing test stand 

 



 

Optimisation-oriented verification of a plain bearing process model… 

70 COMBUSTION ENGINES, 2025;203(4) 

 Heat transfer modules – simulate heat flows between 

bearing, shaft, and oil medium. This allows the change 

in temperature under load to be monitored, including 

self-heating and cooling. 

 Sensors are virtual measurement units that correspond 

to the physical sensors (friction torque, temperature, 

load) used in the experiment. This allows comparison of 

modelled and empirical data for similar features. 

In developing the model, a wizard was used to deter-

mine the physical and rheological properties of the oil. 

Empirical data obtained by the authors in the process of 

testing the engine oil samples used in the experiment were 

used to determine these properties. 

The use of the Reynolds equation (1) allows the influ-

ence of geometric tolerances (for example, radial clearance) 

and lubricating film dynamics on the behaviour of the sys-

tem to be taken into account, while the use of the Goenka 

model (2) allows an adequate assessment of the local ther-

mal effects that occur under varying operating modes. 

 
1

r2

∂
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where is p(z, θ, t) is the oil film pressure, ρ is the lubricant 

density, r is the bearing radius, h(z, θ, t) is the radial clear-

ance in the bearing, η is the oil film viscosity, Θ is the bear-

ing angle, and ωj, ωb are the journal angular velocity and 

bearing angular velocity. 

Therefore, the model structure provides not only physi-

cal plausibility, but also high sensitivity to parametric 

changes, which is essential for multi-criteria verification. 

4. Multi-criteria bearing model verification  

algorithm 
A proprietary algorithm for multi-criteria verification of 

the mathematical model was proposed to account for uncer-

tainties in input parameters and experimental measurement 

errors. Its structure is shown in the diagram (Fig. 4) and 

reflects the key steps in the integration of simulation model-

ling, experimental, and optimisation methods. 

The method is based on the assumption that both the 

model input parameters and the experimentally obtained 

output characteristics are described not by point values, but 

by ranges resulting from technological and measurement 

uncertainties. The task of verification is to determine the 

parameter vector in which the simulated output values (cri-

teria) are within the acceptable range defined by the exper-

imental data, taking into account errors. 

The algorithm involves the following main steps: 

1. Creation of the parameter space. Nominal values and 

acceptable ranges of the model input parameters (for exam-

ple, clearances, viscosity, eccentricity) are determined tak-

ing into account measurement errors, manufacturing toler-

ances, and operating conditions (Table 1). 

2 Generating test points. Experimental design methods 

(e.g. Sobol nets, Monte Carlo method, Latin Hypercube) 

generate a set of test vectors of input parameters that uni-

formly cover the parameter space. 

3 Running the simulation. For each test vector, the val-

ues of the verification criteria are calculated: oil tempera-

ture, friction torque, load, oil film temperature. 

4. Definition of the correct range. Based on the experi-

mental data and their errors, tolerance ranges are created for 

each criterion (Table 2). Together, these form a multidi-

mensional parallelogram of acceptable solutions. 

5. Comparison of calculated and experimental criteria. 

If at least one set of calculated outputs (vector) falls within 

the range of valid values, the model is considered verified. 

The parameters corresponding to these simulations form  

a set of valid solutions. 

6. Sensitivity and robustness assessment. The sensitivity 

of the model to parameter changes is analysed, and the 

areas of stability of the friction unit, i.e., the parameter 

ranges at which stable operation of the plain bearing is 

maintained, are determined. 

 

Fig. 4. Structure of the multi-criteria verification algorithm for the bearing model 
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Consequently, model verification takes the form of  

a vector parametric identification problem in the presence 

of fuzzy input and output data. The advantage of the pro-

posed approach is its ability to account for real uncertainty 

at all levels, which is particularly important in the study of 

complex tribosystems operating under varying conditions. 

5. Measurement results and analysis of verification 

criteria 

5.1. Experimental observations 

To verify the plain bearing model, a thermally stabilised 

mode of operation was used in which the system reached  

a steady state temperature. In this mode, the friction torque 

M and the load force FN varied in time in a near sinusoidal 

manner due to the eccentricity (Fig. 5). Consequently, the 

friction power Pfr, calculated as the product of M⋅ω, where 

ω is the angular velocity of the shaft, also showed regular 

oscillations. 

To ensure the validity of the comparison with model da-

ta, synchronisation of the measured signals is crucial. In 

this study, in order to synchronise the criteria M(t) and 

FN(t), an approach based on minimising the variance of the 

current friction coefficient μfr, calculated according to the 

formula: μfr =
M

FN·0.5· D
. 

The optimum moment shift was ~0.016 s, ensuring the 

physical behaviour of μfr(t). After synchronisation, the 

coefficient of friction stabilised within μfr ≈ 0.046 ±0.002, 

corresponding to known values for mixed and hydrodynam-

ic lubrication modes. 

Analysis of the friction power showed stable oscilla-

tions between 4 and 22 W, without the presence of drift or 

instability. This confirms the correct operation of the test 

rig and sufficient repeatability. 

The characteristics presented – friction torque, load 

force, and power – are used as key verification criteria. 

Their behaviour over time confirms that the measured data 

are physically interpretable, stable and suitable for further 

comparison with simulation results. 

Thus, the data preprocessing, including synchronisation, 

smoothing, and evaluation of the stability of the criteria, 

provides a reliable basis for implementing the proposed 

multi-criteria verification algorithm. 

5.2. Results of model verification 

The stochastic generation of test points in the model pa-

rameter space was used to implement the developed multi-

criteria verification methodology. For this purpose, a Monte 

Carlo method was used with a normal distribution of the 

input variables around nominal values. The use of Gaussian  

  

a) b) 

Fig. 5. Run area with stabilised plain bearing operation: a) measured load force FN, bearing friction torque M and friction power Pfr, b) result of determin-
ing friction coefficient μfr(t) with correction of torque signal M 

 
Table 3. Acceptable solution vectors 

# point B, mm , N·(m·s–1)-1 C, N·m–1 D, mm F0, N h, mm ɛ, mm FN, N Pfr, W Toil, °C Tbearin, °C 

1 19.29 13.79 87.16 24.64 52.85 0.03 0.51 843.84 9.87 47.96 81.27 

… 

3 18.97 12.26 95.92 25.15 50.59 0.02 0.39 799.49 11.21 47.96 81.33 

… 

11 18.87 14.75 103.82 24.65 45.10 0.01 0.44 706.32 16.84 48.08 81.91 

… 

24 19.02 10.23 92.50 25.20 44.69 0.02 0.40 702.76 15.52 48.02 81.64 

25 18.99 15.93 86.91 25.01 46.83 0.02 0.40 741.29 15.62 48.02 81.64 

… 

37 19.18 13.23 98.69 25.07 47.29 0.02 0.41 744.02 15.09 48.01 81.59 

… 

40 19.21 14.82 97.16 25.09 47.47 0.02 0.36 746.41 13.82 47.99 81.49 

… 

42 19.42 14.15 93.27 24.93 44.75 0.02 0.38 703.22 12.65 47.97 81.43 

… 

46 18.97 14.74 108.51 25.19 46.08 0.02 0.49 722.01 15.32 48.01 81.61 

… 

48 19.28 16.41 96.53 24.97 48.86 0.02 0.34 769.08 14.60 48.00 81.55 

49 19.08 16.58 103.82 24.65 48.65 0.02 0.43 765.02 14.13 47.99 81.54 

50 18.78 13.29 111.63 24.83 56.48 0.027 0.35 889.05 10.29 47.96 81.29 
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dispersion reflects the physical nature of variances such as 

process tolerances, inconsistent operating conditions and 

limited measurement accuracy. 

5.3. Generation of input data and parameters 

The calculations used 50 test points (Table 3), each rep-

resenting a unique set of parameters: radial clearance h, 

stiffness C, and load system damping β, initial force F0, 

eccentric ε, bushing width B, and shaft diameter D. Mean 

values and standard deviations are determined for each 

parameter, as shown in the Table 1. 

5.4. Modelling and sampling 

A numerical simulation of the plain bearing was carried 

out for 150 seconds for each test point, which was sufficient 

to achieve a quasi-stationary temperature regime. The cal-

culations were carried out in the Amesim Simcenter simula-

tion environment. The total execution time per calculation 

did not exceed 20 minutes. The output included the values 

of the key verification criteria: oil temperature, bushing 

surface temperature, load force and power. 

5.5. Verification analysis in the criteria space 

Test points were analysed in two-dimensional criteria 

spaces: 

 Oil temperature – bushing temperature (Fig. 6) 

 Friction force – load force (Fig. 7). 

In the first diagram, most of the points were within the 

tolerance range set by the accuracy of the measurements. 

This is particularly true for points with smaller radial clear-

ance values (e.g. positions 8, 27, 34, 41, 42, 49), confirming 

the sensitivity of the thermal behaviour of the model to the 

geometry. 

In the second graph, the proportion of deviation points 

increases, indicating that the model is more sensitive to 

changes in loading parameters. Nevertheless, a compact 

cluster of trial solutions was identified (points 3, 11, 24, 25, 

37, 40, 42, 46, 48, 49) that fell within the confidence inter-

val for all criteria. 

5.6. Interpretation of results 

Analysis of the distribution of sample solutions allows 

the following conclusions to be drawn: 

 The verification is considered successful because there 

are a number of points that meet all criteria within the 

experimental accuracy limits. 

 A robust range of input parameters is revealed within 

which the model gives output characteristics consistent 

with experiment. 

 At the same time, the model is found to have limited 

sensitivity within the current tolerances: most parame-

ters have a weak effect, with the exception of the clear-

ance h and load parameters. 

 This provides a basis for using the model in engineering 

practice as stable or, if necessary, for refining the model 

structure in sensitive areas. 

5.7. Verification 

To quantify the effectiveness of the proposed verifica-

tion methodology, ratios of simulation results falling within 

experimental tolerances were calculated according to the 

key criteria. A verified test point is one for which all calcu-

lated criterion values were simultaneously placed within the 

established uncertainty ranges obtained from the accuracy 

of the measurement systems. 

 

Fig. 6. Location of test points in the plane of the verification criteria oil temperature Toil surface temperature Tbearing 

 

Fig. 7. Location of test points in the plane of the verification criteria, friction power Pfr and force FN 
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Table 4. Variation of the surface temperature of the bearing sleeve as a function of the input parameters 

   
h, C h, B h, ɛ 

   
h, β h, D h, F0 

   
B, D β, B C, B 

   
F0, B ɛ, B C, β 

   
C, F0 β, F0 ɛ, D 
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The following criteria and acceptable deviations were 

selected for the verification assessment (Table 2). 

As part of the verification step, 50 test points (Table 3) 

generated by the Monte Carlo method based on Gaussian 

distributions of the model parameters were analysed. Calcu-

lations were carried out in steady-state thermodynamic 

mode. The results obtained allowed the following indicators 

to be evaluated: 

 number of points meeting the two temperature criteria: 

37 out of 50 

 number of points meeting both power and load criteria: 

10 z 50 

 number of fully verified points (according to all crite-

ria): 10 out of 50 

 total percentage of verification: 20%. 

The percentage of verification obtained confirms the re-

alism of the model, as in the case of parametric fuzziness 

and metrological uncertainty, absolute convergence is not 

required, but the existence of a domain of acceptable solu-

tions is sufficient. 

The identified cluster of verified solutions (10 points) 

indicates the existence of a parameter domain in which the 

model shows consistency with the experiment. This con-

firms the adequacy of the model structure, the physical 

consistency of the mechanisms for generating output values 

and the robustness of the model to acceptable parameter 

dispersion. 

At the same time, the percentage of unverified points 

highlights the limited sensitivity of the model to certain 

parameter combinations, which may serve as a starting 

point for further refinement of the model. 

6. Sustainability analysis 
The final stage of the work was to assess the stability of 

the investigated plain bearing to changes in its parameters. 

As mentioned above, such changes are inevitable during the 

production, adjustment and operation of the bearing. Using 

the calculation results of the verified model (Fig. 6 and  

Fig. 7), it is possible to analyse the effect of selected pa-

rameter pairs on the surface temperature of the bearing 

sleeve (Table 4). 

In spaces where one of the parameters is the radial 

clearance in the bearing h, the other parameter does not 

play a decisive role in the surface temperature level of the 

bearing bushing in the investigated steady state of opera-

tion. This indicates the dominant influence of the clearance 

on the thermal regime of the bearing and the low sensitivity 

of the system to other parameters at a constant value of h. 

The bearing shows local resistance to variations in the pa-

rameters C, B, ε, β, D, F0 if the radial clearance is within 

tolerance. This also suggests that it is possible to simplify the 

model or control the system by focusing primarily on the 

clearance as the main factor affecting thermal behaviour. 

In all other combinations (without h), the temperature 

field shows a clear extreme, i.e. a maximum or minimum 

temperature in the middle of the tested parameter range. In 

these zones, the system is sensitive to simultaneous changes 

in two parameters, which can result in thermal overload or, 

conversely, a mode with minimal losses. In this way, it is 

possible to identify unsafe parameter combinations that lead 

to overheating, and to locate optimal parameter combina-

tions that ensure minimum temperatures (and probably 

minimum wear). 

On the basis of a pairwise analysis, the following can be 

assumed: 

A number of practical conclusions can be drawn from 

the analysis: 

 A key factor is the radial clearance h 

 Under variable parameter conditions without backlash 

control, the model shows local areas of high sensitivity, 

which can lead to unstable operation or overheating 

 This technique allows the identification of zones of sta-

bility and instability, which is extremely important for 

design tasks, tolerances, diagnostics, and monitoring. 

 
Table 5. The importance of the relationship between the parameters 

C It is sensitive in combination with other dynamic parameters 
(ε, F₀, β), influencing force transmission and thus losses. 

β It participates in several pairs with a clear extreme, influenc-

ing the stabilisation mode and amplitude of load fluctua-
tions. 

ε A noticeable effect in combination with F₀, B, and D affects 

the change in cycle load and pressure distribution. 

B In combination with other geometrical parameters, it deter-
mines the contact area, but can both reduce and increase the 

temperature depending on the combination. 

F0 It affects pre-stress and can significantly alter temperature 
modes in combination with other power parameters. 

7. Conclusions 
The following conclusions can be drawn from the study: 

1. A method for multi-criteria verification of a simula-

tion model of a sliding bearing operating in a real experi-

ment has been developed. The technique takes into account 

the parametric fuzziness of the input data and the errors of 

the measurement systems. 

2. The verification was carried out by generating 50 test 

points using the Monte Carlo method, taking into account 

the statistical distributions of the parameters. Of these, 37 

points met the temperature criteria, 10 met the load-power 

criteria and 10 met all criteria. This corresponds to an over-

all verification success rate of 20%, confirming that there is 

a range of valid design solutions. 

3. Sensitivity analysis showed a dominant influence of 

radial clearance on the temperature behaviour of the sys-

tem, with eccentricity and load parameters influencing the 

shape of the power and torque distributions. This highlights 

the key role of geometric tolerances in ensuring component 

stability. 

4. This technique not only allows verification to be car-

ried out, but also to identify areas of robustness – ranges of 

parameters at which the model remains within experimental 

tolerances. This is particularly important for engineering 

calculations related to tolerance selection and condition con-

trol. 

5. The developed model and verification algorithm fo-

cus on plain bearings, typically used in internal combustion 

engines (crankshaft supports, camshafts, etc.), where evalu-

ation of heating, friction, and loading is important under 

conditions of limited access to measurements. 

6. The proposed method can be generalised to other 

types of bearings and contact assemblies where similar 

sources of uncertainty are observed. 
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Nomenclature 

B bearing width 

C stiffness of the load elastic element 

D diameter of the sleeve 

F₀ starting force 

FN bearing load force 

h radial clearance 

M friction torque 

n shaft speed 

p oil film pressure 

Pfr friction power 

r bearing radius 

Tbearing bearing sleeve temperature 

Toil oil temperature 

β damping coefficient of the load elastic element 

ε eccentricity 

η oil film viscosity 

Θ bearing angle 

μfr current friction coefficient 

ρ lubricant density 

ω shaft speed 

ωb bearing angular velocity 

ωj journal angular velocity 
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Alternative energy sources and modern fuel stations for motor yachts 
 
ARTICLE INFO  The yachting industry is undergoing a dynamic transformation driven by global environmental policies, techno-

logical advances, and rising societal awareness of sustainable transport. Conventional motor yachts powered by 

fossil fuels contribute significantly to greenhouse gas emissions and local pollution, prompting increasing 
interest in alternative propulsion technologies. This article examines two of the most promising solutions – 

electric propulsion and hydrogen fuel cells – focusing on their technical characteristics, economic feasibility, 

and environmental impacts. A methodological framework was developed to assess modern fuel station infra-
structure for motor yachts, applying criteria such as availability, safety, energy efficiency, and regulatory 

compliance. Life-Cycle Costing (LCC), Net Present Value (NPV), and Life Cycle Assessment (LCA) analyses 

were conducted to compare the long-term economic and ecological performance of electric charging and 

hydrogen refuelling stations. Case studies from Europe, North America, and Asia illustrate the rapid expansion 

of alternative fuel infrastructure, ranging from high-power DC charging and wireless inductive systems to 

containerised hydrogen stations integrated with renewable energy sources. The results demonstrate that electric 
propulsion is best suited to short-distance recreational navigation, while hydrogen offers advantages for long-

range and intensive applications. The study concludes that both technologies will likely coexist as complemen-

tary solutions, with investment potential concentrated in tourist-intensive waterfronts and urbanised port areas. 
Future prospects include innovations in wireless charging, local green hydrogen production, and hybrid 

infrastructure, reinforcing the role of marinas as active players in the maritime energy transition. 
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1. Introduction 
The yachting sector, similarly to other branches of 

transportation, faces challenges stemming from global 

environmental regulations and a growing societal aware-

ness of ecology. Conventional motor yachts powered by 

fossil fuels emit considerable amounts of carbon dioxide 

(CO₂), nitrogen oxides (NOₓ), sulphur oxides (SOₓ), and 

particulate matter. These pollutants adversely affect aquatic 

ecosystems and air quality, while even relatively small 

spills of fuel or lubricants in marinas accumulate in en-

closed waters, causing disproportionate ecological harm. 

One of the key factors accelerating the transition is the 

implementation of international regulations limiting green-

house gas emissions in shipping, such as the International 

Maritime Organization (IMO) norms and the European 

Green Deal strategy [12, 24]. 

Although motor yachts account for a relatively small 

share of overall maritime traffic, their environmental im-

pact is increasingly scrutinised. Marinas are often located in 

sensitive coastal areas with high tourism activity, which 

amplifies the social visibility of environmental issues. The 

International Maritime Organization’s Emission Reduction 

Strategy [24] sets out a long-term pathway for lowering 

greenhouse gas emissions in maritime transport. While its 

direct scope applies primarily to commercial vessels, the 

resulting regulatory environment exerts pressure on the 

recreational sector to adopt sustainable solutions. Likewise, 

the European Green Deal [12] and its associated initiatives 

emphasise the need to decarbonise all modes of transport, 

including leisure navigation, as part of broader climate 

goals. 

In response to these challenges, yacht manufacturers 

and port-infrastructure operators increasingly invest in 

alternative propulsion solutions such as electricity and 

hydrogen. This transition is not without hurdles, however. 

Limited availability of charging and refuelling infrastruc-

ture, high implementation costs of new technologies, and 

the need to adapt current regulations to modern propulsion 

systems are only some of the aspects that require solutions 

[28]. Despite these difficulties, the decarbonisation trend in 

the yachting sector appears inevitable, with alternative 

energy sources playing a key role. 

Contemporary propulsion technologies for motor yachts 

concentrate on two main approaches: electric energy and 

hydrogen. Both systems have benefits and challenges that 

influence their adoption in the yachting sector. Electric 

propulsion is currently one of the most rapidly developing 

solutions in recreational navigation. The use of lithium-ion 

batteries and the growing number of charging stations ena-

ble increasingly widespread deployment of electric craft. 

The key advantages include zero local emissions, quiet 

operation, and low operating costs as noted in conventional 

diesel yacht engine literature [54]. Nevertheless, limited 

range and long charging time are significant barriers, espe-

cially for vessels covering longer distances. 

Hydrogen propulsion uses proton-exchange membrane 

fuel cells (PEMFC), which convert hydrogen into electrical 

energy, producing only water as a by-product. The technol-

ogy allows for a substantially greater range than batteries, 

while hydrogen refuelling time is comparable to conven-

tional petrol or diesel refuelling. The main challenges in-

clude the high costs of hydrogen production and storage, as 

well as the underdeveloped refuelling infrastructure in ma-

rinas. Both solutions underpin the decarbonisation of wa-

terborne transport and can coexist as complementary tech-

nologies in the future – electric propulsion being optimal 
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for shorter routes, while hydrogen will be used for long-

distance voyages. Zaha Hadid Architects proposed the first 

design attempts into new marinas as NatPower H hydrogen 

refuelling stations, designed for 25 Italian marinas and ports 

(Fig. 1). 

 

Fig. 1. Zaha Hadid architects reveals design for hydrogen refueling sta-

 tions across the Italian marinas [46] 

 

At the same time, the regulatory context is becoming in-

creasingly complex. The IMO’s Revised GHG Strategy, 

adopted in 2023, strengthened the ambition to achieve net-

zero emissions from shipping by 2050, with intermediate 

milestones for 2030 and 2040. Although the strategy does 

not explicitly cover yachts, it provides an important politi-

cal signal that all segments of maritime activity should 

contribute to decarbonisation. In Asia, national hydrogen 

strategies, particularly in Japan and South Korea, promote 

large-scale deployment of hydrogen infrastructure that also 

extends into recreational maritime applications. These poli-

cy frameworks create both opportunities and obligations for 

the yachting sector [35]. 

The environmental transition is not only a technical or 

regulatory matter but also an economic and social one. 

Unlike commercial shipping, motor yachts are luxury 

goods. Their owners and users are often motivated not only 

by functionality but also by reputation and lifestyle choices. 

Ecological awareness is becoming an element of social 

prestige, with yacht buyers increasingly seeking vessels that 

combine performance with environmental responsibility. 

As a result, marina operators who implement visible, sus-

tainable solutions – such as solar canopies, floating photo-

voltaic platforms, or hydrogen refuelling barges – gain 

reputational advantages. This dimension is particularly 

relevant in tourist destinations, where environmental per-

formance can directly influence customer satisfaction and 

regional image. 

Digitalisation and “smart marina” concepts further ac-

celerate the transition. Modern marinas integrate Internet of 

Things (IoT) devices, intelligent energy-management sys-

tems, and predictive maintenance tools. These allow opti-

misation of charging infrastructure, reduction of downtime, 

and enhancement of safety. Integration with renewable 

energy sources, such as solar modules on docks or small-

scale wind turbines, supports energy autonomy. The deploy-

ment of hybrid solutions combining batteries and hydrogen 

storage illustrates the direction of innovation (Fig. 2). 

 

Fig. 2. Main sources of emissions in motor yachts and potential alternative 
 energy pathways  

 

The academic debate highlights that electricity and hy-

drogen will most likely coexist rather than compete. Elec-

tric propulsion is optimal for short-range and urban naviga-

tion, while hydrogen offers greater range and faster refuel-

ling. Both require significant infrastructural investments, 

supportive regulation, and long-term environmental as-

sessment. The gaps that remain include economic viability 

modelling, standardisation of hydrogen safety procedures in 

small ports, and behavioural analysis of yacht users. 

The aim of this paper is therefore to examine alternative 

energy sources and modern fuel stations for motor yachts in 

a holistic manner. Specifically, the objectives are: 

1.  To provide an overview of the state of the art in electric 

and hydrogen propulsion for motor yachts, including 

comparative efficiency analysis 

2.  To assess the infrastructure requirements of modern fuel 

stations, with evaluation criteria derived from literature 

and expert consultations 

3.  To apply life-cycle cost (LCC), net present value 

(NPV), and return on investment (ROI) methods to eco-

nomic feasibility 

4.  To model the environmental impacts of different station 

variants using life-cycle assessment (LCA) 

5.  To examine selected case studies in Europe, North 

America, and Asia, identifying best practices and archi-

tectural integration strategies. 

The ultimate goal is to situate the recreational yachting 

sector within the broader energy transition of maritime 

transport, highlighting both opportunities and challenges. 

By emphasising infrastructure, economics, and consumer 

behaviour, this paper contributes to the ongoing discussion 

on sustainable mobility and coastal development. 

2. Literature review and state of the art 

2.1. Previous research on alternative energy sources  

in yachting 

Research on alternative energy sources in waterborne 

transport has gained prominence in recent years, especially 

in the context of global climate goals. The literature on 

electric and hydrogen propulsion focuses primarily on en-

ergy efficiency, infrastructure barriers, and the costs of 

deployment. At the same time, studies on conventional 

diesel yacht engines remain an important reference point 

for assessing the transition towards low- and zero-emission 

systems [54]. While most research has historically focused 
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on large-scale shipping, there is growing recognition that 

recreational craft also require sustainable solutions. 
Electric propulsion systems today are applied mostly in 

smaller recreational craft. The main barrier to their wider 

diffusion in motor yachts remains the limited battery capac-

ity and long charging time. Kolodziejski and Michalska-

Pozoga [30] analysed battery energy storage systems in 

ships’ hybrid and electric propulsion, pointing to their 

growing relevance for smaller vessels. Grey and Hall [17] 

projected that technological progress in lithium-ion batter-

ies – particularly advances toward solid-state batteries – 

may significantly increase the range of electric vessels in 

the next decade (Fig. 3). 

 

 Fig. 3. Aqua superPower charging station for small vessels [45] 

 

By contrast, hydrogen technology is currently applied 

predominantly in larger vessels and demonstration projects. 

Proton-exchange membrane fuel cells (PEMFC) are con-

sidered the most promising solution for marine use, due to 

their relatively high energy efficiency and compact size. 

Van Biert et al. [7] reviewed marine fuel-cell systems, high-

lighting their potential for zero-emission operation but also 

the high costs of hydrogen production and infrastructure. 

Recent comparative analyses of hydrogen production 

methods confirm that the environmental impact of hydro-

gen depends strongly on the energy source used in electrol-

ysis. Ji and Wang demonstrated that only hydrogen pro-

duced from renewable electricity (“green hydrogen”) offers 

genuine decarbonisation potential. This distinction is criti-

cal when evaluating hydrogen’s role in yachting. 

Several demonstration projects provide empirical evi-

dence. In Norway, fuel-cell ferries and hybrid yachts are 

part of a broader national hydrogen strategy. In the Nether-

lands, research programmes combine urban mobility, inland 

waterways, and recreational boating in pilot projects. In 

Japan and South Korea, hydrogen and electric yachts are 

integrated into national “green port” strategies [29]. 

 
Table 1. Comparison of the basic parameters of electric and hydrogen 

propulsion 

Parameter Electric propulsion 
Hydrogen propul-

sion 

Range 150–300 km 400–600 km 

Charging/refuelling time 60–120 min 5–10 min 

CO₂ emissions 0 g/km (with RES) 0 g/km (with RES) 

Infrastructure cost Low High 

These data suggest that electric propulsion will be opti-

mal for coastal and short-range navigation, whereas hydro-

gen will be preferable in long-range and more commercial 

applications (Fig. 4). 

 

Fig. 4. Comparison of charging/refuelling time for electric and hydrogen 

 propulsion 

2.2. Additional comparative research 

To complement the existing findings, new studies have 

introduced multidimensional frameworks for evaluating 

propulsion technologies. Bouman et al. [38] emphasised the 

importance of integrating greenhouse gas reduction 

measures across all shipping sectors, while Balcombe et al. 

[9] highlighted the role of policy in accelerating adoption of 

low-carbon fuels. 

 
Table 2. Selected research themes on alternative propulsion in yachting 

Author(s) Technology Focus Key Findings 

Kolodziejski 

& Michalska-
Pozoga 

(2023) [30] 

Electric 

batteries 

Hybrid/electric 

propulsion 

Batteries feasible 

for small vessels, 

limited by range 

Grey & Hall 

(2020) [17] 

Lithium-

ion, solid-

state 

Technological 

outlook 

Solid-state batter-

ies may revolu-

tionise vessel 
range 

Van Biert et 

al. (2016) [7] 
Fuel cells 

Maritime 

applications 

PEMFC promis-

ing, infrastructure 

costly 

Ji & Wang 

(2021) [28] 
Hydrogen 

Production 

methods 

Green hydrogen 

essential for 

sustainability 

Kim et al. 

(2022) [29] 

Hydrogen + 

electric 

Port infrastruc-

ture 

Hybrid systems 

feasible, supported 

by policy 

Balcombe et 

al. (2019) [9] 
Multi-fuel 

Policy and 

technology 

Electricity + 

hydrogen will 

coexist in future 
transport 

 

This body of literature demonstrates that while both 

electricity and hydrogen are being developed, research 

often treats them in isolation. Comparative studies specific 

to yachting remain relatively scarce, leaving room for fur-

ther integrated analysis. 

2.3. Comparative efficiency of propulsion technologies 

When comparing electric and hydrogen propulsion, as-

sessments must include not only range, CO₂ emissions, and 

refuelling/charging time, but also infrastructure require-
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ments, life-cycle costs, and safety considerations [2]. Elec-

tric propulsion is generally more cost-effective and better 

suited to small craft, whereas hydrogen offers longer range 

and shorter refuelling times but requires significantly higher 

capital investment. Life-cycle assessments confirm that 

electric yachts powered by renewable energy have the low-

est carbon footprint, but hydrogen offers higher scalability 

for long-range applications [9]. 

 
Table 3. Efficiency of different fuel-cell types in maritime applications 

Fuel-cell type Efficiency (%) Advantages Drawbacks 

PEMFC 40–60 
Compact, quick 

start 

Sensitive to 

impurities, 
costly catalysts 

SOFC 50–65 

High efficien-

cy, fuel flexi-

bility 

Slow start-up, 

high tempera-

ture 

AFC 50–60 

High perfor-

mance with 

pure H₂ 

Sensitive to 

CO₂ contami-

nation 

Abbreviations: PEMFC – Proton Exchange Membrane Fuel Cell; 

SOFC – Solid Oxide Fuel Cell; AFC – Alkaline Fuel Cell 

 

Balcombe argues that both electricity and hydrogen will 

play complementary roles. The efficiency of each depends 

on vessel size, operational profile, and infrastructure con-

text. DNV’s Maritime Forecast to 2050 [11] projects that 

both battery-electric and hydrogen-fuelled vessels will gain 

significant shares of the maritime market. In addition to 

propulsion efficiency, safety remains a decisive factor. 

Hydrogen storage at 350–700 bar requires advanced safety 

systems and regulatory approval, while electric batteries 

pose risks of thermal runaway [5]. Both technologies de-

mand tailored safety frameworks for marinas. Finally, mar-

ket projections suggest that battery costs will continue to 

decline, while green hydrogen costs are expected to de-

crease significantly by 2030 due to scaling and renewable 

expansion [23, 43] (Fig. 5). 

 

 Fig. 5. Comparative efficiency of electric vs hydrogen propulsion 

3. Research methodology 

3.1. Evaluation criteria for alternative fuel stations  

infrastructure 

The objective of the analysis of modern fuel stations for 

motor yachts is to determine their suitability within the 

energy transition of recreational navigation. The infrastruc-

ture supporting alternative energy sources – electricity and 

hydrogen – was assessed. The key criteria included availa-

bility, energy efficiency, operational safety, and compliance 

with environmental regulations. A qualitative indicator 

method was applied based on a weighted scoring matrix, 

with weights derived from literature analysis and consulta-

tions with industry experts. Port accessibility and technical 

feasibility of implementing the infrastructure in existing 

marinas were also considered [10]. 

 
Table 5. Weights assigned to the evaluation criteria 

Criteria Description Weight (%) 

Availability 
Number of charging/refuelling 

points on a given waterbody 
30 

Energy efficiency 
Average conversion and trans-

mission losses 
25 

Operational safety 
Risk of failure and compliance 

with technical standards 
20 

Regulatory compli-

ance 

Compliance with EU and IMO 

environmental regulations 
15 

Integration with 

infrastructure 

Applicability in existing mari-

nas without major changes 
10 

 

The sum of weights equals 100%, and the final score for 

a given station was calculated as a weighted average ac-

cording to the above distribution [10]. 

 
Table 6. Extended evaluation criteria with additional socio-economic 

indicators 

Criterion Description Weight (%) 

Social acceptance 
User perceptions and willing-

ness to adopt technology 
10 

Economic  

incentives 

Availability of subsidies, 

grants, or tax relief 
8 

Aesthetic  

integration 

Visual compatibility with 

marina architecture 
7 

Life-cycle  

adaptability 

Flexibility to incorporate future 

technologies 
5 

 

These added indicators reflect the importance of social, 

economic, and architectural dimensions in marina planning. 

3.2. Methods for economic efficiency analysis 

The economic efficiency of alternative fuel stations was 

evaluated using the Life-Cycle Costing (LCC) methodolo-

gy, enabling a comprehensive assessment of capital ex-

penditures, operating costs, and environmental costs over 

the entire life cycle of the investment. Additionally, Net 

Present Value (NPV) and Return on Investment (ROI) were 

used to assess the profitability of modernisation projects 

and construction of new facilities [19]. 

 
Table 7. Example input data for LCC analysis for electric and hydrogen 

stations 

Parameter Electric station Hydrogen station 

Capital cost [million EUR] 0.45 1.25 

Annual operating cost [EUR] 15,000 30,000 

Service life [years] 20 20 

Residual value [million 

EUR] 
0.05 0.10 
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NPV and ROI were calculated for three scenarios – con-

servative, realistic, and optimistic – considering discount 

rates from 3% to 7% [19]. 

 
Table 8. Comparative LCC outcomes for electric vs hydrogen stations 

under different scenarios (new) 

Scenario 

Electric 

station 
NPV [M€] 

Hydrogen 

station 
NPV [M€] 

ROI 

(Elec-
tric) 

ROI 

(Hy-
drogen) 

Conservative 

(7%) 
0.12 –0.30 6% –2% 

Realistic (5%) 0.25 –0.05 11% 1% 

Optimistic (3%) 0.40 0.20 18% 7% 

 

The analysis demonstrates that economic feasibility 

strongly depends on the discount rate and subsidy availabil-

ity. Electric stations show higher resilience across scenarios. 

3.3. Environmental impact modelling of modern fuel 

stations 

Environmental impacts were analysed using a Life Cy-

cle Assessment (LCA) model that considered greenhouse 

gas emissions, primary energy consumption, and potential 

impacts on aquatic ecosystems. Input data originated from 

real-world analyses of fuel stations in Europe and from 

peer-reviewed literature. Modelling was conducted for three 

infrastructure variants: electricity-only, hydrogen-only, and 

hybrid [6]. 

 
Table 9. Comparative LCA outcomes for different station types 

Variant 
CO₂ emissions 

[kg CO₂-eq/yr] 

Primary energy 

demand 
[MWh/yr] 

Aquatic impact 

score (0–100) 

Electric (RES 

supply) 
2100 11.5 10 

Hydrogen 

(grey) 
8700 32.0 40 

Hydrogen 

(green) 
3000 14.2 12 

Hybrid 3500 16.0 15 

 

Results confirm that green electricity is the lowest-impact 

pathway, but hydrogen from renewables also offers competi-

tive reductions compared to fossil-fuel baselines [34]. 

 

Fig. 6. Comparative LCA impact of electric, hydrogen, and hybrid stations 

 (new) 

In addition to environmental indicators, modelling also 

took into account compliance with international safety and 

design standards. The ISO 19880-1:2020 guidelines for 

hydrogen fuelling stations provide the fundamental frame-

work for assessing risks and ensuring the safe integration of 

hydrogen technology in marina environments [22]. 

Radar chart showing three categories (CO₂ emissions, 

energy demand, aquatic impact), with four variants com-

pared in proportional scales. 

4. Characteristics of alternative energy sources 

4.1. Electrical energy: batteries and charging systems 

The application of electricity in motor-yacht propulsion 

depends primarily on advances in energy storage and charg-

ing infrastructure. The key component is the lithium-ion 

(Li-ion) battery, which provides favourable energy density 

and a relatively long lifetime. Lithium-iron-phosphate 

(LiFePO₄) batteries are increasingly popular due to their 

high chemical stability and operational safety. 

 
Table 10. Comparison of battery technologies 

Battery 

type 

Energy 

density 

[Wh/kg] 

Cycle 

life 

[cycles] 

Charging 

time 
Advantages 

Lithium-

ion 
150–250 

1000–

3000 
4–8 h 

Good availability; 

high energy 
density 

LiFePO₄ 90–140 
2000–

7000 
4–6 h 

High durability; 

safer chemistry 

Solid-

state 
(SSB) 

300–500 

(forecast) 

> 5000 

(forecast) 

< 2 h 

(forecast) 

High-efficiency 

potential 

 

Recent technological progress includes: 

 Solid-state batteries (SSBs), which are expected to improve 

energy density, lifespan, and safety significantly [26] 

 Second-life battery use, where automotive Li-ion batter-

ies are repurposed for marine storage applications, re-

ducing costs and environmental impact [8] 

 High-power DC fast charging, already piloted in Nor-

way and the Netherlands, reduces charging times below 

one hour [33]. 

Charging infrastructure is developing in parallel, from 

standard marina AC chargers to high-power DC systems 

and wireless solutions. Ports increasingly implement fast-

charge stations that can reduce charging times to one hour 

or less [32]. “We are thrilled to lead the charge in embrac-

ing Aqua SuperPower’s revolutionary marine fast charge 

network, positioning Marina di Stabia as a vanguard of 

sustainable boating practices in the Gulf of Naples,” said 

Salvatore La Mura, Marina Manager at Marina di Stabia. 

 

Fig. 7. Example of a modern marina with integrated electric charging 

 systems [51] 
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Table 11. Classification of charging systems for yachts 

System 

type 

Power range 

[kW] 

Typical 

location 
Pros Cons 

AC 

standard 
11–22 

Small 

marinas 

Low cost, 

easy instal-
lation 

Slow charg-

ing 

DC fast 50–350 
Commer-

cial ports 

Very fast 

charging 

Requires 

advanced 
cooling, grid 

impact 

Inductive 

wireless 
10–50 

Premium 

marinas 

High 

conven-

ience 

Lower 

efficiency, 

higher cost 

Mobile 

charging 

barges 
100–200 

Urban 

water-

fronts 

Flexible 

deploy-

ment 

Logistics 

complexity 

4.2. Hydrogen: storage and applications in a yacht  

propulsion 

Hydrogen as an alternative fuel is primarily used in proton-

exchange membrane (PEM) fuel cells, characterised by high 

energy efficiency and zero local emissions. The main chal-

lenge for hydrogen remains its storage and distribution [1]. 

 
Table 12. Hydrogen storage forms and characteristics 

Storage 

form 

Pressure/ 

temperature 

Typical 

applica-

tion 
Advantages Drawbacks 

Com-

pressed 

(gaseous) 

350–700 

bar 

Mobile 

tanks 

Mature 

technology 

High pres-

sure; safety 

systems 
required 

Liquefied 

(cryogen-

ic) 

−253°C 

Station-

ary 
applica-

tions 

Higher 

volumetric 
energy 

density 

High cooling 

costs; boil-off 

losses 

Chemical 

(e.g., 

hydrides) 

Depends on 

the com-

pound 

Experi-

mental 

Potential 

for long-

term stor-
age 

Complex 

recovery; 

mass penal-
ties 

 

Several innovations are being tested: 

 On-site hydrogen generation using electrolysers inte-

grated with marina PV systems [15] 

 Liquid organic hydrogen carriers (LOHCs) that allow 

for safer transport of hydrogen at ambient conditions 

[39] 

 Mobile hydrogen refuelling barges, considered in the 

Netherlands, offer flexibility in seasonal yachting desti-

nations [44]. 

5. Modern fuel stations for motor yachts 

5.1. Electric charging stations: challenges and prospects 

The development of charging infrastructure for electric 

recreational craft is a key element of decarbonising the yacht-

ing sector. Current solutions vary in power, charging method, 

and integration with existing port infrastructure. The most 

common are AC chargers rated 11–22 kW, but in commer-

cial ports and larger marinas, DC stations of 50–150 kW are 

increasingly installed. Inductive (wireless) charging systems 

also offer high operational convenience, eliminating the need 

to connect cables. Implementing such technologies requires 

adapting quay infrastructure and equipping vessels to receive 

power from wireless platforms [36]. 
 

Table 6. Types of electric charging stations 

Station 

type 

Power 

[kW] 
Supply 

Average 

charging time 
Notes 

AC 

standard 
11–22 AC 4–8 h 

Common, 

slow charging 

DC fast 50–150 DC 1–2 h 

Requires 

cooling and 

supervision 

Inductive 10–50 Wireless 1.5–3 h 

High conven-

ience; lower 
power 

 

From an infrastructural perspective, the most significant 

challenges include: 

 Grid capacity limits, particularly in tourist-heavy coastal 

areas 

 Investment costs, especially when installing DC or 

wireless stations 

 Standardisation issues arise as different manufacturers 

propose non-harmonised connectors and charging pro-

tocols [21]. 

Future developments point to megawatt charging sys-

tems (MCS), which could allow fast charging even for large 

passenger vessels, and hybrid marina systems, where charg-

ing is supported by on-site energy storage to stabilise local 

grids [18]. 

 

Fig. 8. Example of a modern marina integrating fast DC charging for 

 yachts at the Yacht Club de Monaco [50] 

5.2. Hydrogen refuelling stations: technical require-

ments and safety 

Hydrogen stations for recreational navigation pose new 

challenges for design and operations. They require special-

ist tanks and compressors as well as adherence to stringent 

safety standards and regulations governing pressure sys-

tems. A typical hydrogen refuelling station comprises a 

storage tank, compression system, and dispensing module. 

In marinas, mobile solutions are most frequently considered 

– barges or trailer-mounted units that can be moved be-

tween locations depending on demand [3]. 

 
Table 7. Technical requirements for hydrogen stations  

Infrastructure element Characteristic 

Refuelling pressure 350–700 bar 

Safety systems 
Leak detection, ventilation, relief, and 

shut-off valves 

Location requirements 
Setbacks from buildings, signage, and 

monitoring 

Mobile variants Barges or containerised trailer solutions 
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Although the capital cost of hydrogen stations remains 

high, pilot projects in Norway, Germany, and the Nether-

lands have demonstrated technical feasibility and growing 

user acceptance. Their implementation in marinas requires 

environmental permits, risk assessments, and routine in-

spections to ensure compliance with ISO and IMO regula-

tions [25]. 

6. Results analysis and case studies 

6.1. Modern fuel stations in Europe 

Europe is at the forefront of implementing alternative-

fuel infrastructure for navigation, not only due to techno-

logical capabilities but also thanks to a robust political 

framework that encourages sustainable development. EU 

directives, Green Deal policies, and IMO requirements have 

pushed many countries to test solutions that integrate ener-

gy transition with marina architecture. 

The Ulsteinvik marina (Norway) stands as a milestone 

in hydrogen refuelling for recreational yachts. Its architec-

tural concept is particularly innovative because the design 

deliberately reduces the perception of industrial infrastruc-

ture. The use of glulam timber beams creates a natural and 

regionally contextual character, while expansive glass fa-

çades provide both natural light and a visual connection 

with the fjord. From a technical perspective, the station 

includes mobile hydrogen tanks and modular compressors, 

which allow for scalability depending on seasonal demand. 

Socially, the station has been widely accepted by the local 

community, partly because it has been presented as both a 

functional facility and a public meeting place with educa-

tional content about renewable energy (Fig. 9). 

 

 Fig. 9. Ulsteinvik marina with integrated hydrogen refuelling station [47] 

 

The Port of Bergen (Norway) is another leading exam-

ple, but here the focus lies on electricity rather than hydro-

gen. The hybrid station combines AC slow chargers for 

smaller yachts with DC fast chargers for larger vessels. A 

distinctive element is the use of hydropower, which makes 

the energy cycle almost completely carbon neutral. The 

architecture of the technical enclosures has been deliberate-

ly minimised; small modular pavilions with green roofs 

integrate visually with the waterfront and even serve eco-

logical functions, such as providing habitats for insects and 

retaining rainwater. From an operational perspective, the 

port authority emphasises that the modularity of the infra-

structure allows for quick replacement and future upgrades, 

reducing life-cycle costs [37] (Fig. 10). 

 

 Fig. 10. A ship using Zinus Cruiser charger in the Port of Bergen [47] 

 

In Amsterdam (Netherlands), space constraints in the 

densely built waterfront have inspired highly flexible solu-

tions. The city has introduced several DC fast-charging 

points that can be accessed by both commercial and recrea-

tional craft. However, the most innovative element is the 

mobile hydrogen-barge concept, a floating refuelling unit 

that can move between districts depending on seasonal 

demand. This model not only reduces the need for perma-

nent onshore facilities but also offers a scalable and trans-

ferable solution that could be replicated in other urban ports 

worldwide. Amsterdam’s approach demonstrates how lim-

ited urban space can be optimised through mobile, modular 

energy infrastructure, which reduces environmental impact 

while supporting economic activity in water tourism [14] 

(Fig. 11). 

 

Fig. 11. Amsterdam marina with DC charging points and mobile hydrogen 
 barge concept [53] 

6.2. Development of alternative fuel infrastructure  

in North America 

In North America, the transition towards alternative en-

ergy in marinas is driven by both environmental policies 

and the private sector’s interest in branding marinas as 

sustainable tourism hubs. Particularly in the United States 

and Canada, public–private partnerships have proven cru-

cial in financing and scaling projects. 

Marina del Rey (California, USA) illustrates how ener-

gy infrastructure can serve as a symbol of innovation. The 

installation of solar PV canopies with integrated DC fast 

chargers has not only decarbonised local yachting but also 

created a new architectural landmark. The wave-inspired 

design of the canopies echoes the maritime identity of the 

marina, blending aesthetics with function. From a techno-
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logical perspective, the integration of a 500 kWh energy 

storage system ensures grid stability, which is crucial given 

the high power demand of simultaneous yacht charging. 

The marina has become a tourist attraction in its own right, 

often featured in media as an example of green port design 

[42] (Fig. 12). 

 

 Fig. 12. Marina del Rey with PV-integrated fast-charging canopies [52] 

 

In the Great Lakes region, the Clean Ports Project has 

implemented stations in Chicago and Cleveland that are 

technologically simpler but socially significant. Floating 

pontoons with charging units represent a climate-resilient 

solution, able to adapt to fluctuating water levels caused by 

seasonal variations and climate change. Construction mate-

rials such as wood, composite panels, and anodised alumin-

ium combine resilience with modern aesthetics. Important-

ly, local stakeholders – including yacht clubs and munici-

palities – have expressed support because the stations ena-

ble new eco-tourism initiatives, including “green regattas” 

and sustainable water sports [16]. 

In British Columbia (Canada), the flagship Vancouver 

project focuses on hydrogen. What makes it exceptional is 

the integration of local electrolysis units powered by hy-

dropower. This enables full autonomy, avoiding the logisti-

cal challenges of hydrogen delivery. The design also in-

cludes public walkways and observation decks, allowing 

visitors to observe the hydrogen production process. This 

educational component is intended to build trust and social 

acceptance, countering scepticism often associated with 

hydrogen storage. By combining infrastructure with public 

outreach, the project is reshaping perceptions of hydrogen 

as a safe and sustainable fuel (Fig. 13). 

 

Fig. 13. Vancouver marina project with on-site hydrogen electrolysis 

 station [48] 

6.3. Asian innovations in sustainable yachting 

In Asia, rapid urbanisation and high population density 

create unique challenges, but also foster bold experiments 

with compact, multifunctional infrastructure. Japan and 

South Korea are currently at the forefront of marina innova-

tion. 

In Yokohama (Japan), the automated electric charging 

station combines AC slow charging for overnight berthing 

with DC fast charging for day users. Its defining feature is 

the digital reservation system, integrated into a mobile 

application that manages marina traffic and energy use. 

Architecturally, the use of translucent PV roofs allows the 

structures to blend into the urban waterfront while provid-

ing shading and energy generation. The facility is also con-

nected to a district energy management system, ensuring 

that surplus electricity can be redistributed within the city 

grid. Yokohama thus demonstrates how a marina can func-

tion not only as a transport hub but also as an active node in 

a smart city energy network [27] (Fig. 14). 

 

Fig. 14. Yokohama marina with translucent PV-integrated charging cano-

 py [49] 

 

The Busan EcoPort (South Korea) pilots hydrogen refu-

elling in combination with automated berthing systems, 

where digital sensors guide yachts to align precisely with 

refuelling arms. This reduces human error and enhances 

safety. Architecturally, the project features a glazed hydro-

gen pavilion with educational and exhibition spaces, as well 

as a public viewing terrace overlooking the bay. By com-

bining infrastructure with cultural and social functions, 

Busan EcoPort transforms a purely technical facility into a 

civic attraction. 

Moreover, South Korea’s Blue Marina initiative envi-

sions ten hybrid marinas, each equipped with both hydro-

gen and electric charging facilities. This program is directly 

supported by the Korea Energy Agency, reflecting the 

country’s strategic commitment to marine decarbonisation. 

Importantly, the program also includes training for marina 

personnel and awareness campaigns for yacht owners, en-

suring that the technological transformation is matched by 

social readiness [229]. 

6.4. Comparative global overview 

The case studies analysed above highlight distinct re-

gional approaches to marina decarbonisation: 

 Europe focuses on contextual design and hybridisation, 

ensuring that energy infrastructure blends with cultural 

landscapes while offering flexibility (Ulsteinvik, Ber-

gen, Amsterdam) 

 North America prioritises large-scale integration and 

resilience, with emphasis on grid stability, floating solu-

tions, and hydrogen autonomy (Marina del Rey, Great 

Lakes, Vancouver) 
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 Asia pushes towards automation, multifunctionality, and 

urban integration, embedding marinas into wider smart-

city systems (Yokohama, Busan). 

The comparative analysis suggests that while all regions 

share the common goal of decarbonisation, their approaches 

differ depending on geography, cultural context, and eco-

nomic structure. 

7. Conclusions and future directions 

7.1. Potential innovations in refuelling technology 

The analysis of alternative energy infrastructure for mo-

tor yachts highlights a range of innovations that are likely 

to reshape the yachting sector in the near and medium term. 

Both electricity-based systems and hydrogen-based tech-

nologies are developing rapidly, but future advancements 

are expected to move beyond current limitations [41]. 
One of the most promising directions is the develop-

ment of high-power wireless inductive charging systems. 

Unlike conventional plug-in technologies, inductive charg-

ing eliminates the need for manual connection of cables, 

which is often cumbersome and poses safety risks in humid 

marina environments. Pilot projects in Norway and Japan 

demonstrate that inductive pads embedded in pontoons or 

quay walls can enable automatic power transfer at capaci-

ties exceeding 100 kW. Once commercialised, such systems 

could support short-term docking, where vessels recharge 

opportunistically during passenger embarkation or provi-

sioning. 
Another significant innovation is the emergence of con-

tainerised hydrogen stations. These are modular units inte-

grating storage tanks, compressors, and dispensing modules 

in compact, relocatable containers [31]. Some prototypes 

include on-board electrolysers, allowing local production of 

green hydrogen from renewable sources such as photovolta-

ic panels or small-scale wind turbines. The decentralisation 

of hydrogen production would reduce reliance on large-

scale logistics chains, which remain a bottleneck for mari-

time decarbonisation. Containerised stations could be de-

ployed seasonally or in response to tourism intensity, ensur-

ing both flexibility and cost-effectiveness [4]. 

 

Fig. 15. Conceptual rendering of a hybrid marina integrating electric, 
 hydrogen, and renewable energy systems 

 

Hybridisation of energy sources is another direction. 

Combining batteries, hydrogen, and renewable generation 

(PV, wind, wave energy) in a single marina could increase 

resilience and reduce operating costs. Smart microgrids 

capable of balancing supply and demand in real time are 

being tested in ports in Germany and South Korea. Such 

systems may evolve into autonomous energy hubs, serving 

not only yachts but also adjacent urban districts. 

Architecturally, marina infrastructure will increasingly 

integrate energy technologies into landscape and design 

concepts. Green roofs, façade-integrated photovoltaics, and 

floating structures are no longer optional but essential in 

reconciling environmental performance with aesthetic qual-

ity. Future marinas will likely be conceived not just as 

refuelling points but as multifunctional civic spaces – com-

bining leisure, education, and sustainability. 

7.2. Development prospects and possible investment 

directions 

From an investment perspective, the development of al-

ternative-fuel marinas presents both opportunities and chal-

lenges. 

Regulatory and policy context 

The EU’s Fit for 55 package, IMO emission strategies, 

and North American clean port initiatives provide a strong 

regulatory framework. Public subsidies, green transition 

funds, and private venture capital are already supporting 

pilot projects. However, a lack of standardised technical 

norms remains a barrier. International harmonisation of 

pressure standards for hydrogen refuelling (350 vs 700 bar), 

as well as universal charging protocols for electric vessels, 

will be critical for scaling infrastructure globally [20]. 

Economic efficiency and return on investment 

Life-cycle cost analyses indicate that while electric 

charging stations offer lower capital costs and shorter pay-

back periods, hydrogen infrastructure may deliver higher 

long-term returns in marinas with heavy traffic and larger 

vessels. For investors, the most promising business models 

combine user fees, public subsidies, and ancillary services 

such as renewable energy sales to adjacent urban grids [13]. 

Strategic locations for investments 

The analysis of global case studies suggests that the 

most promising investment locations include: 

 Tourist-intensive coastal regions (Mediterranean, Car-

ibbean), where demand is seasonal but concentrated 

 Urban waterfronts (Amsterdam, Vancouver, Yokoha-

ma), where marinas form part of broader smart-city 

strategies 

 Climate-sensitive inland waterways (Great Lakes, Dan-

ube), where floating modular infrastructure provides re-

silience. 

Social and cultural dimensions 

The success of alternative fuel marinas depends not only 

on technology but also on user acceptance. Hydrogen, in 

particular, faces public scepticism linked to perceived safe-

ty risks. Educational pavilions, transparent design, and 

public outreach programmes – as demonstrated in Busan 

and Vancouver – are crucial in building trust. Future mari-

nas will likely serve as demonstration spaces for sustainable 

living, influencing not only yacht owners but also local 

communities and tourists. 
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Long-term perspectives 

In the longer term, the integration of marinas into blue 

economy strategies will be vital. Alternative energy mari-

nas can become nodes of broader coastal development 

policies, supporting renewable energy production, eco-

tourism, and urban resilience. By 2050, it is plausible that 

zero-emission marinas will form part of international envi-

ronmental certifications, similar to today’s Blue Flag pro-

gramme but focused on energy sustainability [13, 40]. 

7.3. Achieved goals and original contribution 

This article achieved its goals by: 

1.  Systematically reviewing alternative propulsion tech-

nologies for yachts and their infrastructural require-

ments 

2.  Proposing an original evaluation framework (weighted 

indicators) 

3.  Applying LCC and LCA methodologies to assess eco-

nomic and environmental feasibility 

4.  Conducting comparative case studies from three conti-

nents 

5.  Developing conceptual diagrams and visualisations 

integrating engineering and architectural perspectives. 

The originality of this study lies in its integrative per-

spective. For the first time, the technical–economic assess-

ment of alternative fuel stations for motor yachts has been 

systematically combined with architectural and social di-

mensions of marina development. While most existing 

studies address engineering feasibility or environmental 

performance in isolation, this article introduces a holistic 

evaluation framework that incorporates weighted indica-

tors, life-cycle costing (LCC), and life-cycle assessment 

(LCA), alongside aesthetic, spatial, and user-related crite-

ria. 

Another innovative contribution is the use of conceptual 

diagrams and visual renderings as part of the methodologi-

cal approach. These visualisations are not only illustrative 

but also serve as tools for design integration and stakehold-

er communication, enabling decision-makers, architects, 

and engineers to align technical requirements with urban 

and landscape contexts. In this sense, the paper moves 

beyond a descriptive review of state-of-the-art technologies 

and proposes an original model for assessing and planning 

sustainable marina infrastructure. 

By bridging technical, economic, and architectural per-

spectives, the study highlights the potential for marinas to 

act not only as energy nodes but also as civic and cultural 

spaces. This dual function reflects a novel paradigm for the 

decarbonisation of recreational navigation, positioning 

marina design at the intersection of engineering innovation 

and socio-spatial development. 
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Analysis of the filtration process of inlet air to an internal combustion engine  

in a two-stage filter 
 
ARTICLE INFO  The destructive effect of mineral dust grains (SiO2 and Al2O3) on the accelerated abrasive wear of engine 

connections was demonstrated. It was shown that the use of two-stage (multi-cyclone-baffle) air intake filters for 

motor vehicle engines used in conditions of high air dustiness is necessary. The aim of the work was  
a theoretical and experimental analysis of the properties of paper filters operating in series behind a cyclone 

and without a cyclone. An original research methodology was used, which consisted of the simultaneous testing 

of a single cyclone and a paper filter with an appropriately selected surface area. The system tests (cyclone-
paper filter) were carried out using conditions that corresponded to the actual filtration conditions in a two-

stage air filter, including the filtration speed in the paper bed, the dust concentration in the air sucked into the 

engine, and the average cyclone inlet speed. The basic filtration characteristics of filtration efficiency, accuracy, 
and pressure drop of two paper filters were determined as a function of the dust mass fed to the system (cyclone-

paper filter) or directly to the characteristic filter. It was found that the paper filter operating in series behind 

the cyclone achieves four times longer operating time, limited by a specific value of permissible resistance. In 
the initial (short) filtration period, lower filtration efficiency values were obtained than the required value of 

99.5%. On the other hand, dust grains with a maximum size of 13.5 µm were found in the air behind the paper 

filter. The required filtration accuracy of the engine intake air is in the range of 2–5 µm. For this reason, the 
initial air filtration period is an undesirable phenomenon and may cause accelerated engine wear. 
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1. Introduction 
The basic component of the working medium of an in-

ternal combustion engine is air taken from the atmosphere, 

and its quantity is proportional to the power output of the 

engine.  

The mass of air supplied to an internal combustion en-

gine depends on the displacement Vss of its rotational speed 

n and the filling of the cylinder with a fresh charge, and this 

depends on the type of engine intake system, in which there 

may be a supercharging device. 

For passenger car engines, the intake air flow (theoreti-

cally calculated) can be in the range of 150–400 m
3
/h. 

Truck engines, due to their significantly larger Vss dis-

placement, achieve higher values (900-2000 m
3
/h) of the 

intake air flow. However, the highest values of air demand 

(3500–6000 m
3
/h) are achieved by CI engines, which are 

the drive unit of special vehicles, and these are tanks, ar-

moured personnel carriers, and special units built on the 

chassis of these vehicles. 

Various pollutants in the atmospheric air are sucked into 

the engine along with the intake air. The main component of 

engine intake air pollution is mineral dust. Its source is sandy 

and deserted areas and off-road areas, where trucks, special 

vehicles, including tracked military vehicles and work ma-

chines are used. Dust is lifted from dry ground by moving 

vehicles or by the wind, but after some time it falls by gravi-

ty. The concentration of dust in the air specified in the condi-

tions of vehicle use is particularly high, often exceeding the 

value of 1 g/m
3
 and can reach the value of 10 g/m

3
.  

Mineral dust has a specific chemical and granulometric 

origin that varies with the type of surrounding soils and loca-

tion. Regardless, silicon oxide (SiO2) and aluminum oxide 

(alumina), Al2O3 (about 10–15%), account for the largest 

share of dust (about 60–90%). The various oxides found in 

dust (Fe2O3, MgO, CaO, K2O, Na2O, SO3) reach trace values 

[32]. Silicon oxide, known as silica, is a very common com-

pound in nature. It makes up 12% of the earth's crust and is 

also found in minerals where it is in bound form (silicates, 

aluminosilicates). Then its content reaches 52% of the earth's 

crust. Silica is therefore a major component of sand, rocks, 

and soil. The most common varieties of crystalline silica in 

the world are quartz and cristobalite. 

The chemical composition of dust depends strictly on 

the type and condition of the substrate (dry sandy sub-

strate), altitude above the ground, climatic factors, as well 

as the type of dust fallout from fires, landfills, forests, peat 

bogs, and fallout from industrial dust and dust from volcan-

ic eruptions [62]. 

The measure of dust content in the air is the concentra-

tion defined as the mass of dust (in grams or milligrams) 

contained in 1 m
3
 of atmospheric air. The concentration of 

dust in the air is a variable quantity and depends on many 

factors: the type of ground (sandy, loess, grassy), vehicle 

movement dynamics (speed, single vehicle or convoy), the 

presence of other vehicles in the vicinity, weather condi-

tions (rain, drought, wind direction), and the type of chassis 

(wheeled, tracked). 

The dustiness of the air during vehicle operation varies 

with the concentration of dust in the ambient air and de-

pends on the type of soil on the ground, vehicle movement 

conditions such as speed, the position of the vehicle in the 

convoy, and the type of running gear, as well as the type 

and intensity of precipitation. For this reason, the concen-

tration of dust around a moving vehicle varies greatly. 

http://orcid.org/0000-0002-1609-3518
http://www.combustion-engines.eu
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Airborne dust concentrations can vary from 0.01 mg/m
3
 

in rural environments to approximately 20 g/m
3
 during the 

movement of tracked vehicles in desert conditions on dry 

ground [54]. The author of [36] states that dust concentra-

tions in the air can range from 0.001 to 10 g/m
3
. According 

to research presented in [49], the maximum concentration 

of dust in the air varies widely, from 0.05 to 10 g/m
3
. When 

vehicles are traveling on highways, the dust concentration 

can vary within a fairly wide range of 0.0004–0.1 g/m
3
, and 

when a convoy of vehicles is traveling on sandy terrain, the 

concentration reaches 0.03–8 g/m
3
 [6]. The author's re-

search [20] shows that the dust concentration in the air 

measured behind a column of tracked vehicles reached  

a maximum value of 1.17 g/m
3
. The dust concentration 

determined during measurements at a distance of 80 mm 

from the surface of the armour of a tracked vehicle used in 

sandy terrain at a speed of 14–18 km/h has values in the 

range of 2.1–3.8 g/m
3
 [14]. The dust concentration increas-

es with increasing driving speed. During the landing of  

a CH-53 helicopter on a landing site with sandy terrain, the 

dust concentration in the air at a height of about 0.5 m 

above the ground can reach the value of s = 3.33 g/m
3
 [11]. 

The intake system's combustion engine intake system draws 

in air where the dust concentration usually does not exceed 

2.5 g/m
3
 [36, 49] when the vehicle travels on sandy ground. 

Dust in the atmospheric air limits visibility. Dust con-

tent in the air of 0.6–0.7 g/m
3
 causes a significant reduction 

in visibility, while if the dust content of the air exceeds 1.5 

g/m
3
 there is a complete lack of visibility, which is very 

dangerous for moving vehicles [56]. Examples of air dust 

concentration for various terrain conditions are shown in 

Fig. 1. 
  

a)                                 b)                                  c) 

 

d)                                  e)                                            f) 

 

Fig. 1. Use of vehicles in high air dust levels: a) passenger cars on dirt 

roads, b) trucks on construction sites, c) working machines during road 

construction, d) tanks in desert terrain, e) military vehicles in a column in 
 sandy terrain, f) helicopter landing in a desert [21] 

 

The density of dust in the air depends on the type of 

roads and the conditions of vehicles (Fig. 2).  

The highest air dust concentration (over 1,000 times 

higher than during vehicle traffic on city streets, highways, 

and paved roads) occurs during the use of tracked vehicles 

on dry, sandy training grounds. Dust levels are significantly 

higher behind a column of tracked vehicles than behind  

a column of wheeled vehicles, which is mainly due to the 

type of vehicle drive system. 
 

 

 Fig. 2. Dust concentration in the air depends on the type of substrate [22] 

2. The impact of dust on the wear of internal  

combustion engine components and its operation 
The thickness of the oil film depends proportionally on 

the temperature of the oil and the relative velocity of the 

mating surfaces, and inversely proportionally on the thrust 

force, and therefore on the operating conditions of the en-

gine (speed, load) and on the position of the piston between 

BDC and TDC and takes variable values in the range hmin = 

0–50 µm [17]. When the piston with its rings is at the top of 

the cylinder (compression or work stroke) the oil film 

reaches its smallest values. 

The high temperature of the connection elements causes 

a decrease in viscosity and the thickness of the oil film. In 

addition, the low relative speed of the piston and rings (at 

TDC it has the value of "0"), as well as the high load, re-

duce the thickness of the oil film, which leads to contact of 

dust grains (even those of small size) with the surfaces and 

their wear. This causes the highest wear of the upper part of 

the cylinder and the upper piston rings. Numerous literature 

data indicate that dust grains in the range of 1–40 µm are 

the main cause of excessive abrasive wear of engine parts 

surfaces. However, dust grains in the size range of 5–20 µm 

are the most dangerous for two cooperating surfaces and 

therefore should be removed from the intake air of engines 

[7, 47, 55]. 

The authors of [42] state that more than 30% of the pol-

lutant mass delivered with the engine intake air stream does 

not participate in abrasive wear, but gets into the engine 

exhaust system, which causes increased emission of partic-

ulate matter (PM). On the other hand, very small dust 

grains can be burned at high temperatures in the cylinder. 

Other processes are subject to mineral dust grains, whose 

melting point is much lower than the temperature in the 

cylinder during combustion (2000–2500°C). The melting 

point of polymorphic varieties of SiO2 quartz is: tridymite 

1470–1710°C, and cristobalite about 1722°C. Grains of 

these minerals are melted and, in the form of droplets, enter 

the exhaust system, where they are deposited on its compo-

nents. The glassy surface formed on the catalytic layer 

weakens the performance of the catalytic reactor [10]. 

Excessive wear of the P-PR-C assembly causes in-

creased leakage in the supercharged space, which is the 

cause of increased blow-by of fresh charge into the crank-

case during the compression stroke. This results in a drop in 

compression pressure and thus a drop in engine power. 

Leakage of the P-PR-C joint increases blow-by of exhaust 

gases into the crankcase, which raises the oil temperature 
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and increases the content of contaminants, mainly soot, 

accelerating oil aging [39, 64]. Excessive leakage between 

the P-PR-C components means a greater flux of oil above 

the piston, where it becomes coked up at the high tempera-

tures found in the combustion chamber, which in turn in-

creases particulate emissions [2, 8, 31, 41]. 

Dust grains contained in the air entering the engine cylin-

ders and, in the oil, have a destructive effect on engine com-

ponents, and their effects are varied and consist of (Fig. 3): 

 abrasive wear of P-PR-C components 

 abrasive wear of friction-operated components supplied 

with lubricating oil: main and connecting rod bearings 

(journal-bearing) of the engine crankshaft and camshaft, 

valve guide, camshaft cam-valve disc, pin-piston con-

necting rod, and valve seat 

 erosive wear of the compressor and turbine 

 reduction of heat exchange on the measuring element of 

the air flow meter by forming an insulating layer of dust 

and other contaminants 

 reduction in the effectiveness of catalytic reactors as a 

result of molten dust particles settling on the catalytic 

surface. 

 

Fig. 3. Functional diagram of the intake system of a motor vehicle com-

 bustion engine and components affected by mineral dust 

3. Air filtration systems in internal combustion 

engines 
In order to ensure the required purity of the inlet air to 

the engine (removal of grains above the 2-5 µm range), and 

thus minimize excessive abrasive wear of engine compo-

nents, air filters are used as part of the air supply system.  

Air filters made of standard fibrous media are selective 

in terms of the size of the particles they retain, since not all 

particles are retained and collected in the filter bed with the 

same efficiency. For example, the authors of papers [60, 

51] found a lack of penetration for particles larger than  

4 μm during testing, even with new, unloaded filters. 

The author of the paper [7] concludes that for all practi-

cal purposes, typical heavy-duty, high-efficiency air filters 

are 100% effective for particles larger than 4 to 5 μm when 

operating properly. These figures, combined with the in-

formation given earlier that particles smaller than 2 μm do 

not contribute significantly to wear of the engine's P-PR-C 

association, constitute the critical particle size range as-

sumed hereafter as 2–5 μm. Particles smaller than this size 

range penetrate the filter but do not contribute to wear. 

Particles larger than the 2 to 5 μm range can be major con-

tributors to wear, but do not penetrate high efficiency fil-

ters. The author's study of the paper [7] shows that only 

14% of the particle mass according to ISO 12103-1, A1 

Ultrafine Test Dust is smaller than 2 μm. 

Depending on the conditions in which vehicles are used, 

and in particular on the value of dust concentration in the 

air, their engines are equipped with a single-stage (passen-

ger cars) or two-stage (trucks and special vehicles) air fil-

tration system. The filter element of a single-stage filter is  

a rectangular panel made of paper or composite materials 

(polyester + glass microfiber + cellulose). The pleating of 

the paper provides a large (about 2 m
2
) filter area in a small 

filter body, which allows passenger cars to be used at low 

dust concentrations for about 30,000–50,000 km of mile-

age. Filter papers that are less than 1 mm thick have low 

dust absorption in the range (200–240 g/m
2
). Therefore, 

they cannot be used as stand-alone air filters for a vehicle 

engine operating at high dust concentration in the air. 

For example, the air intake of the engine of a tracked 

vehicle with a power of 700 kW and a displacement of Vss 

= 38.8 dm
3
, which is operated at an average speed of v = 20 

km/h on sandy roads at a dust concentration of s = 1 g/m
3
, 

sucks in about 170 kg of mineral dust with the air after 

1,000 km. A passenger car engine with a much smaller 

displacement (Vss = 1.5 dm
3
) is capable of sucking in more 

than 0.6 kg of dust with the air if it is used over a 40,000 

km mileage on paved roads, where the dust concentration in 

the air is only s = 5 mg/m
3
. 

Therefore, air-supply systems for the propulsion engines 

of motor vehicles, mainly military vehicles (tanks, wheeled 

and tracked transporters) and engineering machinery, are 

equipped with filters that can retain significant masses of 

dust from the intake air and at the same time ensuring high 

filtration efficiency and accuracy. These are filters with  

a two-stage filtration system (Fig. 4). The function of the 

first stage of filtration is performed by an inert filter, usual-

ly a multicyclone, although monocyclones are popularly 

used in truck filters. In series behind the multicyclone, 

forming an integral unit, is the second filtration stage for 

engine inlet air. This is a cylindrical filter cartridge (baffle 

filter) constructed of pleated paper or a component of filter 

materials and a surface area so selected that the velocity of 

flow through the bed (filtration speed) does not exceed 0.06 

m/s. Constructed and operated in this way, the device pri-

marily provides the required 99.9% efficiency and accuracy 

of filtration of dust grains above the range of 2–5 µm, and  

a slow increase in pressure drop, resulting in a long service 

life. 

A multicyclone is a device built of individual cyclones, 

the internal diameters of which do not exceed D = 40 mm. 

The cyclones are arranged in parallel next to each other for 

short distances. The cyclones are arranged vertically next to 

each other at short distances. The cyclone's dust discharge 

openings are fixed to a sealed settling tank, and the purified 

air outlet tubes are fixed tightly to a plate that is the base of 

a rectangular tank, where the second-stage filter cartridge is 

located [23, 27, 45, 48]. 
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a)                                             b) 

 

Fig. 4. Air filtration systems in a two-stage filter: a) multicyclone built of 

return cyclones with tangential inlet – porous baffle), b) multicyclone built 

 of through cyclones – porous baffle 

 

The number of cyclones in a multicyclone is from sev-

eral dozen to several hundred. The multicyclone of the PT-

91 tank air filter contains 108 return cyclones with a tan-

gential inlet, and the multicyclone of the Leopard tank filter 

contains 288 through-flow cyclones with an axial inlet. The 

types of cyclones used for filtering the intake air of motor 

vehicle engines are shown in Fig. 5. 

 
a)                                                  b)                                  c) 

 

Fig. 5. Types of cyclones used for intake air filtration in motor vehicles: a) 

reverse cyclone with tangential inlet, b) reverse cyclone with axial inlet, c) 
 axial flow cyclone 

 

The second stage of filtration is a cylindrical filter car-

tridge made of pleated filter paper, a cheap and easy-to-

process material, which is arranged in series behind the 

multicyclone.  

The disadvantage of paper filter beds is their low initial 

filtration efficiency and high pressure drop, with a small 

mass of dust retained by the filter bed. For this reason, filter 

media manufacturers use composite beds made of synthetic 

layers and a layer of nanofibers. 

A layer of nanofibers with a thickness of 1–5 µm and 

fibre diameters of 300–800 nm [15, 29, 33] is applied to  

a standard filter bed made of fibres with diameters of 10–15 

µm, which improves the filtration efficiency of dust parti-

cles smaller than 5 µm in the air sucked into the engine. 

Examples of the design of pleated paper filter cartridges 

shaped into cylinders having an elliptical or circular cross-

section suitable as a second filtration stage behind a multi-

cyclone are shown in Fig. 6. 

 

 Fig. 6. Examples of designs of filter cartridges of two-stage filter 

4. Air filtration process in a two-stage filter 

4.1. Introduction 

The essence of a two-stage filter (multicyclone-paper 

cartridge) is to combine the operation of two devices, where 

different air filtration processes take place. A multicyclone 

is a device that uses centrifugal force to separate solids or 

liquids from gas. Therefore, in a multicyclone, at a specific 

flow rate, only large particles (above 15–35 µm) and heavy 

particles will be separated from the air. Multicyclones are 

characterized by the ability to remove large air streams for 

an unlimited time without the need to handle significant 

amounts of dust, with an efficiency of 85–90%. As a result, 

only a small portion of the dust mass that was in the air 

sucked in from the environment flows into the filter car-

tridge located behind the multicyclone.  

The return cyclone with tangential inlet is made of  

a body consisting of a cylindrical part with a diameter D 

and a part in the shape of an inverted cone, the smaller 

diameter of which is tightly connected to the dust settling 

chamber, where the pollutants separated in the cyclone are 

stored (Fig. 7). The upper part of the cylindrical body is the 

place of the tangentially attached inlet nozzle, which usual-

ly has a rectangular cross-section with sides “a” and “b”. 

 

 Fig. 7. Typical dimensions of a reverse cyclone with tangential inlet 

 

The inlet pipe is positioned in relation to the cylindrical 

part of the cyclone so that its axis is usually perpendicular 

to the main axis of the cyclone, although there are cyclones 

with an inclined inlet pipe. The cylindrical part of the cy-

clone is covered tightly from the top with a circular cover, 

in the center of which, centrally in the vertical axis of the 

cyclone, is fixed tightly a cylindrical outlet tube usually 

with a diameter of 0.5D. 

4.2. Air filtration in a multicyclone 

The process of cleaning gases from solid particles car-

ried out in a cyclone consists in introducing a stream of 
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contaminated gas into a rotating motion, followed by  

a change in the direction of the flow of the stream of con-

taminated air, which causes that solid particles of larger 

size and mass, due to their inertia, tend to follow the origi-

nal direction of movement and are separated from the air, 

and then collect in a special settling tank, while the cleaned 

air together with particles of lower density or smaller size 

pass further. The idea of cleaning gases in a cyclone was 

patented by Knickerbocker Co. Jackson, USA in 1886 [61]. 

The design of the cyclone is very simple, but the process of 

aerosol filtration in the cyclone is very complicated, diffi-

cult to describe mathematically, which is mainly due to the 

complex vortex motion of the aerosol stream, first the 

screw motion of the gas (external vortex) together with the 

dust downwards (Fig. 8), and then the screw motion of the 

gas upwards (internal vortex), to the cyclone outlet [17]. 

Considering the movement of a dust grain in a cyclone 

in a plane perpendicular to the cyclone axis, it can be seen 

(Fig. 8) that two opposing forces act on the grain: the iner-

tial force FB and the aerodynamic force FR. After several 

rotations, the particle meets the cyclone wall, which signifi-

cantly reduces its speed. Then the particle, driven mainly by 

the spiral air flow, rotates along the cyclone wall and moves 

into the collection chamber. The effect of gravity on the 

particle is of little importance. 

 
a)                                           b) 

 

Fig. 8. Simplified model of aerosol flow in a reverse cyclone: a) vortex 

system, b) force system:  a) vortex system, b) force system: A0 – cross-
sectional area of inlet tube, rw – radius of outlet pipe, rz – radius of cylin-

drical part, 0 – cyclone inlet velocity, r – radial component of gas veloci-

ty in the cyclone, s – tangential component of gas velocity. us – tangential 
 component of grain velocity, ur – radial component of grain velocity 

 

The air stream is set in rotational motion in a reverse 

flow cyclone by feeding it tangentially into the cylindrical 

part of the cyclone through a special nozzle (Fig. 3a) or by 

flowing through stationary, obliquely positioned deflectors 

mounted between the inner wall of the cylindrical part and 

the outlet pipe (Fig. 8b). The dust separated in the cyclone 

is directed to the settling tank, which is tightly attached to 

the dust removal opening located in the lower part of the 

cyclone. 

Excessive dust accumulation in the cyclone settling 

chamber is not recommended, as it may be re-sucked 

through the opening in the cyclone bottom. This situation 

may occur during vehicle shocks or sudden changes in the 

air flow through the cyclones, which result from rapid 

changes in engine speed when used on uneven terrain. En-

trainment of dust from the settling chamber by the air flow 

rotating towards the outlet pipe results in a decrease in the 

cyclone filtration efficiency. To prevent this phenomenon, 

continuous dust removal from the settling chamber is used, 

using an additional air flow (QS suction flow), which is part 

of the cyclone inlet flow. 

The main air stream, after being freed from dust parti-

cles of larger size and mass and flowing to the lowest zone 

of the cyclone, abruptly changes the direction of flow by 

180 degrees, followed by a helical motion (internal vortex) 

flow back upward. The air stream moves upward along the 

cyclone's central axis and then leaves the cyclone through 

the outlet pipe while still performing a helical motion and 

lifting smaller dust particles with it. During the outflow of 

the air stream through the outlet tube, there are significant 

pressure losses, which, according to the authors of works 

[44, 50], reach up to 50–80% of the total pressure drop in 

the cyclone. Tangential inlet returns cyclones achieve  

a pressure drop in the range of 2–3 kPa, which is their main 

disadvantage. In comparison, the pressure drop of axial 

cyclones is much lower, reaching values of 0.5–0.7 kPa. 

The high pressure drop in the air supply system caused by 

the air filter has an adverse effect on filling the engine with 

fresh air, resulting in a decrease in torque and power. It can 

also cause excessive emissions of toxic components in the 

exhaust gas.  

The movement of dust particles in a cyclone is usually 

considered only in the plane perpendicular to the cyclone 

axis. In this case, two forces act on the dust particle: the 

inertial force FB and the aerodynamic drag force FR (Fig. 8). 

Other forces also act on the dust particle in the cyclone, but 

their influence on the trajectory is negligible. Dust particles 

move along a trajectory whose shape depends on the mutual 

relationship between the values of FB and FR. In turn, the 

value of both forces depends on the size, shape, and materi-

al of the dust particle, as well as the type of gas flowing 

through the cyclone. Dust particles that have been given a 

spinning motion obtain the centrifugal force described by 

the relation: 

 FB =
mz∙us

2

r
∙ ρg  (1) 

where: mz – mass of the dust particle, us – tangential com-

ponent of the particle velocity approximately equal to the 

tangential component of the gas velocity S at this point, r – 

distance of the dust particle from the axis of rotation. 

This force causes the particle to move towards the cy-

clone wall at a speed ur. This movement is counteracted by 

the medium resistance force FR, determined by the relation-

ship: 

 FR = λ ∙ Ap ∙
ur
2

2
∙ ρg                       (2) 

where: Ap – projection area of the grain (area of the grain 

projected onto a plane) in the direction of its movement,  

ur – component of the radial movement of the grain, g – 

gas density,  – friction coefficient depending on the shape 

of the grain and the Reynolds number 

It is assumed that dust particles with diameters smaller 

than a certain dimension dpg, defined as the limiting parti-

cle diameter, for which the condition FB < FR applies, will 
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enter the cyclone and be carried by the internal air vortex 

towards the cyclone outlet pipe. On the other hand, dust 

particles with diameters greater than the dpg dimension, for 

which FB > FR, will move along a spiral line and be directed 

towards the cyclone wall, and thus be separated. The bal-

ance equation of forces acting on single dust grains is ex-

pressed by the relationship [16]. 

mp
dup

dt
= FR + FB + FG + FM + FC                 (3) 

FM – Magnus force (created by the rotation of particles in 

the flow field), FC – force created between dust particles 

and the inner wall of the cyclone, as well as the force gen-

erated as a result of collisions between dust particles, FG – 

gravitational force. 

It follows from the relationship (1) that the smaller the 

distance of the dust grain from the axis of rotation r (small-

er diameter D of the cylindrical part of the cyclone), the 

greater the inertia force at the same cyclone inlet velocity 

0 and the same dust particle mass. This results in increased 

efficiency and accuracy of air filtration in the cyclone. For 

this reason, in practice, sets of cyclones with small diame-

ters (multicyclones) are used instead of one cyclone with  

a large diameter. In the air-supply systems of internal com-

bustion engines of motor vehicles, for air pre-filtration, are 

used assemblies of 100–300 return or through cyclones, the 

internal diameter of which does not usually exceed D = 40 

mm. The ends of the cyclones are mounted in common 

lower and upper plates, which allows for the supply of 

aerosol through a common pipe from the place with the 

lowest dust concentration. Aerosol suction by individual 

cyclones can also be carried out directly from the environ-

ment. Figure 9 shows a two-stage air filter for a tracked 

vehicle engine, where the multicyclone is constructed of 

return cyclones with a tangential inlet. 

 
a)                                                            b) 

 

Fig. 9. Two-stage air filtration system for a tracked vehicle engine: 1 – 
multicyclone (return cyclones with tangential inlet), 2 – dust tank, 3, 4 – 

top and bottom plate fixing cyclones, 5 – paper filters of the second stage 

 of filtration 

4.3. Air filtration in a porous partition  

In a porous partition, where the filter bed is made of 

densely packed fibres, dust particles are retained by indi-

vidual fibres as a result of the simultaneous action of sever-

al filtration mechanisms: interception, inertial, diffusion, 

gravitational settling, and sieving [38, 70] (Fig. 10). 

The interception mechanism occurs when a dust particle 

moving along the air stream line, flowing around the bed 

fibre, approaches the fibre to a distance equal to its radius 

and comes into physical contact with it. The inertial mech-

anism occurs when a heavy particle cannot adapt to sudden 

changes in the direction of the air stream near the fibre and, 

due to inertia, continues to move along its original path and 

then comes into contact with the fibre, where it is retained. 

The inertial mechanism is more effective at high particle 

inflow velocities [70]. The diffusion mechanism exists in 

laminar flow when particles do not move near the fibre 

along the streamline, but perform random Brownian mo-

tion, moving in directions transverse to the direction of 

aerosol flow, colliding with fibres and settling there. The 

smaller the particle size (< 0.1 µm) and their velocity, the 

more intensely they fall out of the stream line and the great-

er the likelihood of their deposition on the fibre surface. 

The gravitational mechanism exists as a result of the 

retention of large and heavy particles with a free fall veloci-

ty. It is particularly important in vertical flow through the 

filter bed. The gravitational mechanism is significant for 

particles with a diameter greater than 1 µm flowing through 

the filter bed at a velocity greater than 0.05 m/s. The effect 

of gravity is negligible for particles smaller than 0.5 µm [5].  

The total separation efficiency of the bed results from 

the combined effect of all filtration mechanisms. Figure 10 

shows that the efficiency of the capture mechanism and the 

inertial mechanism increases with the size of dust grains 

above 0.1 µm [5]. A similar nature of the increase in filtra-

tion efficiency, but dust grains above 1 µm is presented by 

the sieve mechanism. In contrast, the efficiency of the dif-

fusion mechanism has the opposite effect to the previous 

mechanisms. Its value decreases with increasing dust 

grains. For small dust grains (less than 0.1 µm), the effi-

ciency resulting from the inertial mechanism is the highest. 

Therefore, the total filtration efficiency assumes a charac-

teristic minimum in the graph (Fig. 10), from which it fol-

lows that dust particles in the range of 0.08–0.3 µm are 

retained by the filtration mechanisms with lower efficiency 

[3, 70]. 

 
a)                                                         b) 

 

Fig. 10. Model of particle retention in a porous partition. (a) operation of 

filtration mechanisms on a single fibre: (b) total efficiency of filtration 
 mechanisms [38] 

 

The result of the filtration mechanisms in the filter bed 

is the retention of dust particles on the surface of the fibres 

of the porous structure and on previously deposited parti-

cles. This creates complex dendritic structures (agglomer-

ates) that slowly grow and fill the free spaces between the 

fibres (Fig. 11). The filter cartridge made of pleated paper 

is characterized by high filtration efficiency (99.5–99.9%) 

and accuracy above 2–5 µm. The disadvantage of filter 

papers is their low dust absorption capacity (in the range of 

220–250 g/m
2
). This is due to the structure of the filter bed 

and its small thickness, which does not exceed gm = 0.6–0.9 

mm. The accumulation of dust on the fibres of the porous 
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partition causes the free spaces between the fibres to fill up 

(Fig. 11), which reduces the space for air flow and results in 

a continuous increase in pressure drop pf, which, after 

some time, can reach significant values.  

 
a)                                 b)                                          c) 

 

Fig. 11. View of accumulated dust particles (agglomerates) on the fibers of 
the filter bed: a) scheme of layer formation, b) SEM image of agglomer-

ates formed on the fiber, c) SEM image of the bed of micron-sized alumi-

 num oxide aerosol agglomerates [3] 

 

This is a characteristic feature of partition filters. An in-

crease in the pressure drop pf of the filter above a speci-

fied permissible resistance value pfdop is not recommend-

ed. This causes a decrease in the engine's fresh charge and 

power, and an increase in the emission of harmful exhaust 

components [59]. The criterion determining the permissible 

resistance value pfdop of air filters is based on a 3% de-

crease in engine power. The experimentally determined 

permissible resistance values for passenger car engines are 

in the range of pfdop = 2.5–4.0 kPa. For truck engines and 

special vehicles, these values are pfdop = 4–7 kPa [13, 25]. 

In order for the filter to achieve the pfdop value, the filter 

cartridge must be replaced with a new one. 

Multicyclones have the fundamental advantage of being 

able to separate significant amounts of dust from a large air 

stream in a short time without affecting the pressure drop. 

A multicyclone does not require maintenance, and the dust 

collected in the sedimentation tank is systematically re-

moved by an ejection suction system. 

The combination of a multicyclone and a partition filter 

as a two-stage filter extends the service life of the air filtra-

tion system several times (until the value of pfdop is 

reached) compared to a single-stage filter, which results in 

a longer vehicle mileage (Fig. 12). 

 

Fig. 12. Change of pressure drop of the air filter (porous membrane) and 

the filter with a two-stage filtration system ("multicyclone – porous mem-
 brane") as a function of vehicle mileage 

 

In the available literature, the results of numerical and 

experimental studies of single return cyclones with a tan-

gential inlet [9, 40, 66, 67] and through cyclones with an 

axial inlet [4, 24, 34, 69] aimed at selecting the optimal 

dimensions of the cyclone and its components are presented 

in quite large numbers. In the literature, there are, but not 

very many, studies of an ensemble of several or dozens of 

cyclones in terms of the uniformity of airflow through indi-

vidual cyclones and its effect on filtration efficiency [18, 

46, 68]. 

Computational fluid dynamics simulations coupled with 

experimental validation of fibre beds are being conducted 

to determine recommended parameter combinations for 

their optimal design in terms of minimizing flow resistance 

characteristics or increasing the filtration efficiency of filter 

media [28, 43]. Studies are being conducted on the effects 

of dust particle size distribution and filter air velocity on 

dust layer structure. Experimental results showed that lay-

ers containing smaller particles of equivalent mass showed 

increased pressure drop [65]. 

A considerable amount of work deals with the study of 

filter beds with a layer of nanofibers, which is applied to  

a standard filter bed (cellulose). The nanofiber layer has  

a thickness of 1–5 µm and fiber diameters in the range of 

300–800 nm [12, 33, 57]. This improves the filtration effi-

ciency of dust grains with a diameter of less than 5 µm in 

the inlet air of the engine, resulting in less wear on its com-

ponents and increased durability. The results of original 

scale testing of internal combustion engine air filters are 

few [35, 42, 63], which is mainly due to the high cost of 

testing, as well as the availability of a test bench to produce 

the air flow resulting from engine operation, especially  

a special vehicle engine at full load. 

From the above analysis, it can be seen that the perfor-

mance and flow resistance characteristics of a single cy-

clone or cyclone unit are studied, and fibre beds are sepa-

rately studied in terms of performance and flow resistance. 

The problem of aerosol filtration in a cyclone is quite dif-

ferent from that in a filter with a porous baffle, where dust 

accumulation causes an increase in flow resistance, which 

is a limitation of its further use. This problem does not exist 

in cyclone filters, which is a maintenance-free filter if ex-

traction of the separated dust is used. 

The combination of these two units into a single device, 

if a number of conditions are met, functions as a two-stage 

filter. However, the available literature lacks a quantitative 

and qualitative description of the phenomena occurring in 

the process of air filtration in a two-stage filter operating in 

a “multicyclone-baffle filter” system. The present work 

aims to partially fill this gap, and these are the conducted 

experimental studies of the two-stage air filtration system 

“single cyclone-paper filter”. This is a novel test method, 

which consists of testing an assembly: a single cyclone and 

a paper filter set in series behind it, which has an appropri-

ately sized filter surface to maintain the required (Fdop  

0.06 m/s) filtration speed. 

In addition, other important test conditions that charac-

terize the actual filtration process in the original two-stage 

air filter were maintained. These are the filtration velocity 

of the original paper filter bed and the cyclone inlet velocity 

derived from the number of cyclones in the multicyclone 

and the engine inlet air flow. The test results of the paper 

filter bed operating directly downstream of the single cy-

clone can be used in the design work of two-stage filters in 

terms of evaluating its filtration capacity and estimating the 
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mileage of the vehicle limited by the achievement of ac-

ceptable pressure drop. 

5. Methodology and conditions of experimental 

research on the “cyclone-research filter” unit 

5.1. Purpose and scope of the study 

Experimental tests were aimed at evaluating the proper-

ties of two filter papers covering the characteristics of filtra-

tion efficiency and accuracy, dust absorption, and pressure 

drop. The filter papers were pleated and then shaped into  

a cylindrical filter cartridge, which was placed in a housing, 

and the whole was named the A1 and A2 research filters 

(Fig. 13a). 

The scope of the study was to examine the filter charac-

teristics of the two research filters, which operated in two 

filtration systems (variants). The two-stage filtration system 

was a return cyclone and an integrally connected (arranged 

in series) research filter (A1 or A2). The single-stage sys-

tem was a research filter without a cyclone. The filtration 

characteristics of the research filters (A1 and A2) were 

determined according to the mass of dust mD dosed uni-

formly and with a specified concentration (s = 1 g/m
3
) into 

the cyclone of the “cyclone-test filter” research unit, and in 

the case of single-stage operation directly into the research 

filter (s = 0.5 g/m
3
).The other test conditions themselves 

were the same for both variants. 

 

Fig. 13. Filter assembly “return cyclone - research filter”: 1 – cyclone, 2 – 

 paper filter cartridge, 3 – tank of separated dust 

 

The reverse cyclone with a tangential inlet was the first 

stage of filtration in the “cyclone–test filter” filtration unit. 

The basic parameters of the cyclone are shown in Fig. 14a. 

The second stage of filtration consisted of test filters, A1 

and A2, with the parameters given in Fig. 14b. 

 

Fig. 14. Basic dimensions of a) return cyclone with tangential inlet,  

 b) research filter 

The value of the air flow rate QG flowing through a sin-

gle cyclone was determined as the quotient of the air flow 

rate QSilmax flowing into the engine for speed nN and the 

number of return cyclones with tangential inlet in the multi-

cyclone for which the baffle filter is selected. In the case of 

the cyclone under study, this value is QG = 34 m
3
/h. The Ac 

surface area of the filter paper of the test filter was selected 

from the condition of the permissible (maximum) filtration 

velocity, which for filter papers used for the second stage of 

filtration should not exceed the value Fdop  0.06 m/s.  

A cylindrical test filter was made from the calculated Ac 

surface of the paper (Fig. 14b). Two test filters were made, 

each from a different filter paper (made by J.C. BINZER), 

which were named A1 and A2, respectively. The parame-

ters of the cartridges are given in Fig. 14. The papers dif-

fered in the values of the structure parameters (Table 1). 

The A1 filter paper has six times higher pressure drop than 

the A2 paper, due to its higher grammage (204 g/m
2
) and 

smaller (42 µm) diameter. Filters made in this way were the 

subject of research in the “reverse cyclone-filter research” 

team. 

 
Table 1. Basic parameters of filter paper manufactured by J.C. BINZER  

Papierfabrik, used to make filter cartridges for testing 

 

 

Experimental tests were performed on the characteris-

tics of A1 and A2 test filters operating as a second stage of 

filtration in a “cyclone-test filter” unit and without a cy-

clone. The tests were carried out using PTC-D test dust 

while maintaining a constant flux value of QG = 34 m
3
/h, 

which corresponds to the actual filtration velocity F  

0.0638 m/s. The following characteristics were studied: 

 filtration efficiency w = f(mD) 

 pressure drop Δpw = f(mD) 

where: mD – dust mass dosed uniformly to the “cyclone-test 

filter” unit or directly to the test filter. 

 filtration accuracy dpmax = f(mD). 

Since dust grains are retained in the filter bed selective-

ly in terms of particle size, in the air downstream of the 

filter, their size also varies from dpmin to dpmax, with dust 

grains of the smallest size being the largest. Therefore, in 

this study, the criterion for filtration accuracy is the dust 

grain with the largest size found in the air behind the filter 

and is designated dpmax. The number of dust grains in the air 

behind the filter under study and their sizes, including the 

size of the dust grain dpmax, were determined in each meas-

urement cycle using a particle counter. 

5.2. Experimental research methodology 

The tests were carried out on a test stand (Fig. 15), the 

main components of which are a return cyclone with  



 

Analysis of the filtration process of inlet air to an internal combustion engine in a two-stage filter 

COMBUSTION ENGINES, 2025;203(4) 95 

a tangential inlet and a test filter (A1 or A2) located behind 

it in series.  

The suction fan forces the air stream QG flowing in the 

“cyclone-test filter” unit. To measure the QG flow rate, and 

mass flow meter with a measuring range of 10–150 m
3
/h 

and an accuracy of 1.2% was used. A dust extraction sys-

tem pipe is connected to the dust settling tank, together with 

a safety filter and a rotameter, which is used to measure the 

QS extraction flux. A rotameter with a measuring range of 

1–7 m
3
/h and an accuracy of 0.01 m

3
/h was used. To deter-

mine the pressure drop pw of the test filter, a water pres-

sure gauge U-tube connected after the test filter at a dis-

tance of 6dw (dw – filter outlet diameter), where the values 

of pressure drop hm after the filter were recorded. To pro-

tect the flow meter sensor from dust, there is an absolute 

filter in the measuring line, which is also a filter for meas-

uring the mass of dust passed through the filter. 

 

 Fig. 15. Diagram of the test stand for the “cyclone-filter test” assembly 

 

The experimental tests were performed using polydis-

perse PTC-D test dust, which is suitable in Poland for test-

ing air filters in motor vehicle engines as a substitute for 

AC fine test dust. The chemical and granulometric compo-

sition of PTC-D dust is consistent with AC fine dust in 

terms of particle sizes below 80 µm. The mass content of 

particles smaller than 10 µm in the total dust mass is over 

50%. These are particles that are very difficult to retain by 

filtration systems. The chemical and fractional composition 

of PTC-D dust is given in Table 2 and Table 3. 

 
Table 2. Chemical composition of PTC-D dust 

 
 

Table 3. fractional composition of PTC-D dust 

 

Of note is the high (more than 50%) content in the dust 

of grains below 10 µm and the fact that more than 67% of 

the dust by weight is SiO2, which is a mineral of high hard-

ness. 

During the testing of the characteristics of filters A1 and 

A2 operating in a single-stage and two-stage filtration sys-

tem, the following conditions were applied: 

 outlet air flow from the test filter QG = 34 m
3
/h 

 suction flow QS is defined as 10% of the outlet air flow 

from the QG filter 

 dust concentration for the inlet stream to the cyclone s = 

1 g/m
3
 

 dust concentration for the inlet stream (single-stage 

filtration) to the test filter s = 0.5 g/m
3
 

 mass filtration efficiency of the cyclone used for testing 

c = 92%. 

Filtration characteristics: efficiency w = f(mD) and fil-

tration accuracy dpmax = f(mD) as well as pressure drop pf 

= f(mD) were determined for a constant air flow rate QG. 

The same measurement cycles j of a fixed duration were 

performed sequentially, during which dust was evenly 

dosed into the test system. The measurement duration was 

set to p = 120 s in the initial period. During the main oper-

ating period of the filters, the duration was extended to p = 

240–480 s. The number and size of dust particles in the air 

behind the filter were recorded by a particle counter.  

After each test cycle, j, measurements were made of the 

quantities that were necessary to determine the characteris-

tics: efficiency and filtration accuracy, pressure drop, and 

actual dust concentration in the inlet air stream.  

The filtration efficiency of the test filters was deter-

mined by the gravimetric method as the quotient of the 

mass of dust mzFj retained by the filter and the mass of dust 

mDFj dosed uniformly over a specified time to the test unit 

(measurement cycle j) using the relation:  

 
j
=

mzFj

mDFj
=

mzFj

mzFj+mzAj
100%         (4) 

where: mzAj – mass of dust retained on the absolute filter 

during the next “j” measurement cycle. 

The mass of dust retained on the test filter cartridge dur-

ing the next “j” measurement cycle was determined from 

the relation: 

 mzFj = m”zFj – m’zFj,                     (5) 

where: m”zFj, m’zFj – the mass of the test filter after (before) 

the measurement. 

The mass of dust retained on the absolute filter during 

the next “j” measurement cycle was determined from the 

relation: 

 mzFj = m”zAj – m’zAj,                       (6) 

where: m”zAj, m’zAj – the mass of the absolute filter, after 

the measurement and before the measurement, respectively. 

The dust mass retained on the research filter mzFj and 

the absolute filter mzAj and the mass dosed to the mD unit 

were determined using an analytical balance with a measur-

ing range of 220 g and an accuracy of 0.0001 g. 

2. Filtration accuracy was determined as the largest dust 

grain size dpj = dpmax in the air stream behind the filter. 
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3. The pressure drops pfj of the research filter was deter-

mined as the static pressure drop before and after the fil-

ter based on the measured height hmj on a U-tube water 

manometer according to the relationship: 

 ∆pwj =
∆hmj

1000
∙ (

m
− 

H
) ∙ g [Pa]             (7) 

where: hmj – height measured on a U-tube water manome-

ter after the end of dust dosing, m – density of the mano-

metric liquid [kg/m
3
], H – air density [kg/m

3
], g – gravity 

[m/s
2
]. 

4. The amount of Nzi dust particles in the purified air 

downstream of the filter was measured within estab-

lished size ranges (dpimin-dpimax). 

5. For a given test cycle, the percentage fraction (dpimin – 

dpimax) of dust grains in the air stream was calculated 

from the following relationship: 

Uzi=
Nzi

Nz
=

Nzi

∑ Nzi
32
i=1

100%,                  (8) 

where: Nz = ∑ Nzi
32
i=1  – total amount of dust particles in the 

air cleaned after the filter during one measurement cycle 

6. The actual dust concentration in the cyclone inlet air 

was determined after the test using the quantities meas-

ured during the test and applying the relation: 

 s =
3600∙mD

(QG+QS)·p
 [g/m

3
]                          (9) 

According to the above methodology, the filtration 

characteristics were determined: efficiency w = f(mD) and 

filtration accuracy dpmax = f(mD) and pressure drop Δpw = 

f(mD) of the A1, A2 research filters operating in a single- 

and two-stage system. The criterion for completing the tests 

was that the test filter (A1, A2) achieved the established set 

value of acceptable resistance pfdop. 

6. Results of experimental studies and their  

analysis 

The results of the filtration efficiency φw = f(mD), fil-

tration accuracy dpmax = f(mD), and pressure drop Δpw = 

f(mD) tests of test filters A1 and A2, which operated as  

a single-stage filter (without a cyclone) and as a second 

stage of filtration (after a reverse cyclone), are presented in 

Fig. 16–18. The filtration characteristics were determined 

as a function of the dust mass mD supplied to the “cyclone-

test filter” test unit or directly to the test filter. The filtration 

efficiency characteristics φw = f(mD) and pressure drop 

characteristics Δpw = f(mD) of test filters A1 and A2, 

which were the second stage of filtration after the reverse 

cyclone, are shown in Figure 16. Despite the same test 

conditions, the characteristics of both tested filters differ 

across the entire range in terms of values and performance, 

which is mainly due to the different parameters of the filter 

paper structure (Table 1) used to make the test filters. 

The main difference in the course of the characteristics 

can be seen in the first (initial) period of filtration, which is 

designated conventionally (FA1, FA2). This period is called 

the transient filtration period in the literature. Its character-

istic feature is small values of filtration efficiency. Filters 

A1 and A2 achieve an initial filtration efficiency of φwA1 = 

71.1% and φwA2 = 50.6%, respectively. However, with the 

amount of dust mass retained by the filter paper, the filtra-

tion efficiency increases steadily, with the intensity of the 

increase for the two filters studied being different.  

It was assumed for the purposes of this study that the 

criterion for the end of the initial filtration period (the tran-

sient filtration period) is that the paper achieves a filtration 

efficiency of w = 99.5%. Within the framework of this 

study, it was assumed that the criterion for the end of the 

initial (interim) filtration period is that the paper reaches the 

filtration efficiency w = 99.5%. The above conventional 

value was adopted based on the work of [7, 30, 36, 54], 

where the presented test results indicate that an increase in 

filtration efficiency above the range w = 99.5–99.9% clear-

ly reduces engine wear. Figure 16 shows the dependence of 

the filtration efficiency of a typical air filter over its full-

service life fed with AC fine dust and the resulting engine 

wear in the form of a normalized wear index. As the filter's 

operating time increases, the efficiency increases, resulting 

in a decrease in the abrasive wear of the engine and thus an 

increase in its service life. From the course of both curves, 

it can be seen that reaching a filtration efficiency of w = 

99.9%, the intensity of engine wear decreases significantly. 

If the filter is serviced at 100% of its design life, engine 

wear is minimized (the normalized wear rate is 1.0), and the 

filtration efficiency reaches the design level of ~99.97% 

(Fig. 16). The graph indicates the increasing rate of engine 

wear resulting from servicing the air filter more often than 

necessary. 

 

Fig. 16. Filtration efficiency and relative value of engine wear as a func-

 tion of air filter operating time [7, 30] 

 

Figure 17 shows the rate of abrasive wear of the cylin-

der liner and piston ring when three air filters with different 

filtration efficiency are used compared to when no air filter 

is installed in the engine.  

Any air filter with higher efficiency reduces the wear of 

both engine components dramatically, with the wear rate of 

the piston ring being several times higher than that of the 

cylinder liner. Taking the abrasive wear of both the cylinder 

liner and piston ring without an air filter as 100% (Fig. 17), 

using an air filter with 97.8% efficiency reduces the wear of 

both components to 1.89%. After using an air filter with  

a higher efficiency of 99.45% and 99.42%, the wear of the 

cylinder liner and piston ring is only 0.41% and 0.43%, 

respectively, compared to the wear when there was no air 

filter in the engine. Hence, the reasonableness of taking the 
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filtration efficiency of 99.5% as the required minimum 

value for the cleanliness of the engine's inlet air. 

 

Fig. 17. Effect of air filter efficiency on the wear rate of cylinder liner and 

 piston rings compared to no air filter [1] 

 

The test results shown in Fig. 18 prove that the initial 

filtration period for the A1 filter is much shorter than that of 

the A2 filter. This is due to the different values of the pa-

rameters of the filter paper structure and the filtration pro-

cess that takes place in it. The paper of the A1 filter has 

twice the grammage, which is due to the greater packing of 

the fibers, and thus the pore diameters obtain smaller val-

ues. For this reason, the A1 filter's conventional filtration 

efficiency (w = 99.5%) is achieved after retaining mDA1 = 

16.82 g of dust, while the mass of dust retained by the A2 

filter until it achieves (w = 99.5%) has a value of mDA2 = 

35.78 g, twice as much. 

 

Fig. 18. Characteristics φw = f(mD), dpmax = f(mD) and Δpw = f(mD) of test 

filters A1 and A2 depending on the mass of dust mD delivered to the 

 “return cyclone-test filter A1 (A2)” unit 

 

The operation of the filtration mechanisms in A1 paper 

is more efficient. Dust particles retained by the direct hook-

ing and inertial mechanism more intensively form tree-like 

dendritic clusters on the fibers, which fill the free spaces 

(pores) between the fibers. The consequence of this phe-

nomenon is the impeded aerosol flow between fibers, an 

increase in flow velocity, and an increase in pressure drop, 

which is a function of velocity to the second power. The 

inherent phenomenon of dust mass retention by the filter 

bed is an increase in pressure drop. On the other hand, the 

dendrites growing on the fibers reduce the distance between 

adjacent fibers, resulting in the retention of smaller and 

smaller dust grains. This phenomenon should be explained 

by the continuous increase in filtration efficiency and accu-

racy. In the initial period of filtration, dust grains with  

a maximum size of dpmax = 13.3 µm were recorded in the air 

behind the A1 filter, after which the size of these grains 

decreases and for a dust mass of mDA1 = 16.82 g has a value 

of only dpmax = 2.3 µm (Fig. 19). On the other hand, for the 

A2 filter, the maximum size of dust grains in the purified 

air has a value of dpmax = 13.5 µm, but dust grains with  

a size of dpmax = 2.7 µm were recorded only after mDA2 = 

64.17 g of dust was delivered to the system. 

Dust filtration phenomena occurring in the filter bed 

cause changes in filtration efficiency and accuracy and are 

closely related to changes in pressure drop. Therefore, the 

pressure drop of filter A1 increases more intensively than 

that of filter A2. The different intensity of the increase in 

pressure drop causes the A1 filter to achieve a pressure 

drop value of Δpw = 9 kPa, when a mass of dust (mDA1 = 
241.5 g) is delivered to the test assembly. Filter A2, due to 

a less intense increase in pressure drop, the value of Δpw = 
9 kPa was obtained much later than filter A1, which is 

related to the dust mass mDA2 = 330 g delivered to the 

“cyclone-filter test” assembly. 

 

Fig. 19. Characteristics dpmax = f(mD) of test filters A1 and A2 depending 
on the mass of dust mD delivered to the “return cyclone-test filter A1 (A2)” 

 unit 

 

For this reason, in the air stream flowing out of the test 

filter, the number of Nzp dust grains was recorded during 

each measurement, starting with measurement No. 1, in  

a dozen fixed same measurement channels, which were 

limited by fixed dpmin – dpmax grain sizes (Fig. 20) ranging 

from 0.7 µm to 80 µm. It was found that for a given meas-

urement, the number of dust grains in the air behind the 

filter with increasingly larger diameters decreased until they 

were completely absent (Figure 20). The dust grain located 

in the last dimension channel has the largest size dp = dpmax 

and is an indication of filtration accuracy. 

During the tests, it was assumed that the air filtration 

accuracy is determined in each measurement cycle and is 

expressed by the diameter of the largest dust grain dpmax 

found in the stream of cleaned air leaving the filter. 
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Figure 20 shows the change in the number of dust grains 

depending on their size, dpmax, for subsequent test cycles 

distinguished by the dust mass mD retained on the filter 

during the preliminary (unsteady) filtration period of the A1 

test filter. Measurement cycle No. 1 showed that the air 

behind the A1 test filter contained dust grains with a maxi-

mum size dpmax = 13.3 µm.  

 

Fig. 20. Number of dust grains Nzp in the air behind the A1 filter insert 

depending on their size for subsequent test cycles (dust mass mD) during 
 unsteady filtration 

 

Each subsequent measurement cycle showed that the to-

tal number of dust grains Nzp decreases, and the diameters 

of dust grains with a maximum size dpmax are smaller and 

smaller. This phenomenon should be explained by the for-

mation of dendrites on the fibres, which reduces the space 

for free flow and causes the retention of dust grains of 

smaller and smaller sizes. In the second test cycle, this is  

a grain size dpmax = 12.3 µm, and after the third dpmax = 10.1 

µm (Fig. 20).  

The diameter dpmax = 2.3 µm, which is the smallest val-

ue of the dust grain behind the filter, was found after 16.82 

g of dust was supplied to the system together with the air. 

This is also the moment when the filter achieved a filtration 

efficiency of 99.9%, which is the condition for ending the 

initial filtration period for the A1 filter. 

The main filtration period following the initial filtration 

period is characterized by stabilization of filtration efficien-

cy at the level of 99.95–99.99% and stabilization of maxi-

mum diameter sizes in the range of dpmax = 2.3–3.9 µm for 

both filters (Fig. 20). In the final stage of the A2 filter oper-

ation, dust grains of increasingly larger sizes appear in the 

exhaust air but not exceeding 5.9 µm. 

The above phenomenon is due to the fact that the depos-

it of dust grains on the fibers causes the growth of den-

drites, which reduces the free flow of air and results in an 

increase in flow velocity. Exposed and susceptible to great-

er flow, the tops of the dendrites are destroyed, and de-

tached dust grains, and sometimes significant parts of dust 

agglomerates, move deeper and deeper in the filter bed with 

the direction of air flow until they completely leave the bed. 

Signs of such a phenomenon were recorded during the 

study. 

The resistance to flow of the tested research filters (A1, 

A2) increases all the time, which is due to the accumulation 

of dust and the filling of the free spaces between the fibres, 

resulting in a smaller airflow space, and thus a higher 

speed. Larger values of pressure drop pw and higher inten-

sity of growth were obtained for A1 paper. This should be 

explained by smaller (42 m) pore diameters than in A2 

paper (76 m), which is associated with lower dust absorp-

tion and much lower paper permeability. 

The filtration characteristics that were experimentally 

determined for the A1 test filter, which was the second 

filtration stage in the “cyclone-test filter” unit, and the 

characteristics of the A1 filter without a cyclone (single-

stage filtration) are shown in Fig. 21.  

 

Fig. 21. Characteristics of filtration efficiency φw = f(mD) and pressure 

drop Δpw = f(mD) of the research filter A1 as a function of the dust mass 

mD supplied to the “reverse cyclone-research filter A1” assembly and to 
 the research filter A1 without a cyclone 

 

Significant differences can be observed as to the value 

and course of the characteristics φw = f(mD) and Δpw = 

f(mD) of the A1 filter tested in different configurations. 

If the test filter is operated individually (without a cy-

clone) it achieves high (φwI = 99.3%) initial filtration effi-

ciency. This is due to the fact that dust grains of large size, 

in this case less than 80 m, flow onto the bed. Large grains 

are retained mainly by the inertia mechanism and direct 

hooking more quickly forms dendrites on the fibres, which 

restrict the flow between the fibres. 

The above phenomenon simultaneously increases the 

filtration efficiency of the tested filter, resulting in a shorter 

initial filtration period. Achieving an efficiency of φw = 

99.5% ends when dust with a mass of mDF = 5.521 g is 

delivered to Filter A1. In contrast, when Filter A1 operated 

as a second stage of filtration, the initial efficiency was 

much lower at φwII = 71.1%, and during the initial period, 

mDII = 16.83 g of dust was delivered to the filter. 

Regardless of whether the A1 filter operates without  

a cyclone or in a “cyclone-paper filter” unit, the pressure 

drop increases steadily with the amount of dust mass deliv-

ered with the air. However, the intensity of the increase in 

both cases is different, and therefore, the A1 filter operating 

without a cyclone achieves a pressure drop of ΔpwI = 9.6 

kPa after delivering mDF = 46.39 g of dust. The same value 

of pressure drop is obtained by filter A1 operating in  

a “cyclone-test filter” unit after delivering mDF = 260.1 g of 

dust to its filter bed. This value is five times higher than 

that of the A2 filter. The results presented and the phenom-

enon described (Fig. 19) clearly explain the idea of air fil-

tration in a two-stage filter (multicyclone-paper filter). This 
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makes the mileage of the vehicle until the execution of 

obtaining an acceptable value of pressure drop and the 

associated servicing of the air filter (replacement of the 

filter element) significantly increased. 

In the case of single-stage filtration (filter operation 

without a cyclone), dust flows directly from the environ-

ment along with the air onto the filter bed. 

When testing the characteristics of a test filter operating 

without a cyclone (single-stage filtration), test dust is dosed 

directly onto the filter bed, which corresponds to drawing 

air with dust directly from the environment. The inlet air 

contained dust grains with maximum sizes not exceeding 

dpmax = 80 m. On the other hand, in a two-stage filter (mul-

ti-cyclone-paper filter), the air with dust from the environ-

ment first reaches the cyclone, where the separation of dust 

grains of higher density and size takes place as a result of 

turbulence, as a result of which the dust at the outlet of the 

cyclone has a completely different granulometric composi-

tion than at the inlet to the cyclone (Fig. 22).  

Depending on the filtration conditions, dust grains with 

sizes above dp = 15–35 m are retained in cyclones. The 

largest share of Up = 16.2% in the total number of grains in 

the inlet air stream Q0 to the cyclone was for dust grains 

with a size of 4 µm (Fig. 22). The filtration of the air in the 

cyclone resulted in the largest share of Up = 36.1% in the 

cyclone exhaust air for dust grains with a size of 0.7 µm. As 

the size of the dust grains increases, their shares decrease 

sharply, and the share of dp = 4 m grains was reduced to 

7% (Fig. 22).  

 

Fig. 22. Fractional composition of dust Upi = f(dp) in the inlet air stream Q0 
 and outlet air stream Q0 of a reverse cyclone with a tangential inlet 

 

This causes dust grains of smaller size and mass to be 

directed to the second filtration stage (paper filter), which 

are slower to form dendrites on the fibres and fill the space 

between the fibres [19, 26, 37, 52, 53, 58]. 

Measurements were made once, which is due to the spe-

cifics of the air filter testing methodology, so calculation of 

standard deviations and related standard uncertainties de-

termined by the type A method is impossible. As for the 

standard uncertainties determined by the B-type method, 

they were due to the accuracy of the dust mass measure-

ment assumed on the basis of the technical documentation 

of the balance as 0.0001 g. 

Comparing the ranges of permissible variability of the 

obtained values of the weighted mass (0.0001 g) with the 

values of the mass assumed for determining the value of 

filtration efficiency, it was found that the resulting uncer-

tainties of the obtained results are at least several orders of 

magnitude smaller than these results (for relative uncertain-

ties at the level of 0.012–0.021%). In view of the above, it 

can be concluded that the uncertainty values are small 

enough not to affect the obtained results. 

7. Conclusions 
The aim of the work was a theoretical and experimental 

analysis of the air filtration process in a two-stage filter, 

which was performed using an original research methodol-

ogy consisting in testing a single cyclone and a research 

filter placed in series behind it, with an appropriately se-

lected filter paper surface. The filtration characteristics 

were tested as a function of the dust mass fed to the system 

(cyclone-paper filter) or directly to the research filter. Two 

filters, A1 and A2, differing in paper structure, were used. 

During the tests, the same filtration conditions were main-

tained, including filtration speed, dust concentration, and 

cyclone inlet speed, as during filtration in a real two-stage 

air filter. The tests of the "single cyclone-barrier filter" 

assembly showed that the use of an inertial filter (multicy-

clone) as the first stage of filtration is beneficial due to the 

removal of a significant mass (85–95%) of dust from the 

engine intake air.  

Studies of the “single cyclone-baffle filter” assembly 

have shown that the use of an inertia filter (multi-cyclone) 

as the first stage of filtration is advantageous, due to the 

fact that the removal of a significant mass (85-95%) of dust 

from the engine's inlet air extends the time of efficient op-

eration of the two-stage filter several times.  

The analysis and experimental research carried out led 

to the following conclusions: 

1. Filter materials operating in the "cyclone-research filter" 

system are characterized by a less intensive increase in 

pressure drop and reach the permissible pressure drop 

2–4 times slower than the same materials operating in  

a single-stage filtration system, despite the same mass 

mD supplied to the system. 

2. The first (initial) stage of operation of the tested filters 

has low (φw = 50–70%) filtration efficiency and low fil-

tration accuracy, as evidenced by large (dpmax = 13.5 

μm) dust grains in the cleaned air. This phenomenon 

occurs regardless of whether the filter operates in a two-

stage system (after the cyclone) or a single-stage sys-

tem.  

3. Lower filtration efficiency values during the initial 

filtration period and lower intensity of its growth occur 

for the filter operating in a two-stage system. Therefore, 

the operating time of this filter until the efficiency value 

(φw = 99.5%) is reached, which was established as the 

end of the initial period, lasts much longer. This is due 

to the fact that dust of smaller size is directed from the 

cyclone to the partition filter operating in the two-stage 

system. Dust of such granulation is difficult to retain by 

filtration mechanisms. 
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4. The initial period phenomenon is characteristic of each 

partition filter that starts working with dust. Such a pe-

riod occurs after replacing the filter element with a new 

one. During this time, the air exhausted from the filter 

(air intake to the engine) contains dust grains whose siz-

es are significantly above the required filtration accura-

cy dpmax = 2–5 μm. For this reason, this phenomenon is 

particularly dangerous, as it can cause accelerated wear 

of the piston-cylinder ring (P-PR-C) connection ele-

ments and other friction pairs lubricated with oil, which 

reduces the durability of the engine. It is advisable to 

replace the engine intake air filter element with a low 

frequency. 

5. The developed research methodology allows for the 

experimental determination of basic characteristics of 

filter materials intended for the second stage of air fil-

tration with any structural parameters and in a wide 

range of changes in filtration conditions corresponding 

to the operation of the air filter in conditions of high 

dust concentration in the air. 

6. The originality of the research methodology lies in the 

fact that the filter material constituting the second stage 

of filtration is contaminated with dust whose chemical 

and granulometric composition has been changed and 

shaped as a result of the actual air filtration process in 

the cyclone. 
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Nomenclature 

BDC bottom dead center 

dpmax filtration accuracy 

FB centrifugal force 

FR air resistance force 

P-PR-C piston-piston ring-cylinder 
 

TDC top dead center 

w filtration efficiency 

pf pressure drop 

QG extraction flow 

QS exhaust air stream 
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ARTICLE INFO  The article presents a comparison of exhaust emission results obtained in on-road tests using the latest legisla-

tive proposals relating to passenger cars. The results were analyzed with reference to the classical method 

(considering all measurement data) and the measurement window averaging method, also referred to in the 
literature as the EMROAD method. In this approach, measurement windows are defined (based on carbon 

dioxide emission data from the WLTC test), and the corresponding on-road emissions are determined for the 

RDE test. The study included Euro 6c vehicles equipped with gasoline engines and diesel engines. The gasoline 
engines featured direct fuel injection, while the diesel vehicle was equipped with a particulate filter and  

a selective catalytic reduction system to reduce nitrogen oxide emissions. In on-road tests, the correction factors 

depended on the applied technical solutions. For direct-injection gasoline engines in the Euro 6 class, the values 
remained below 1. A characteristic feature was that the correction factors were higher in the urban part of the 

test and lower for the entire RDE cycle. A different pattern was observed for diesel vehicles: in on-road tests, the 

correction factors were higher for the entire test than for the urban part of the RDE test. The conducted research 
and the determined emission indices made it possible to evaluate the environmental performance of vehicles 

from different emission classes and, at the same time, to provide a basis for proactive measures aimed at 

reducing selected pollutants from passenger cars. 

 

Received: 19 June 2025 
Revised: 20 September 2025 

Accepted: 25 September 2025 

Available online: 28 September 2025 

Key words: exhaust emissions, conventional vehicle, combustion engines, Euro 6 

 
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/) 
 

 

1. Introduction 
The need to determine real-world vehicle emissions 

arose from efforts to reduce the gap between laboratory test 

results and those obtained under actual driving conditions 

[2, 33]. Numerous scientific studies indicate that laboratory 

procedures, particularly type approval tests, are not the 

most reliable solution for assessing emissions and fuel 

consumption [22]. Laboratory results are often significantly 

lower compared to those measured during real-world vehi-

cle operation [21]. Portable emission measurement systems 

are already widely available, and their use will soon be-

come a legal requirement in the EU [34]. However, many 

open issues remain regarding the correlation between real-

world emissions and those determined in laboratory condi-

tions. In addition, despite recent legislative changes, several 

legal and technical aspects of RDE testing still remain, at 

least to some extent, unresolved [9]. 

These factors guide research and development towards 

the design of low-emission vehicles, the use of alternative 

fuels [10, 29], the introduction of new and more environ-

mentally friendly engine types, as well as the improvement 

of the efficiency of existing engines. Consequently, emis-

sion tests involving gravimetric particle measurements, 

particle number counting, the determination of carbon diox-

ide mass, the assessment of fuel consumption, and the eval-

uation of the effectiveness of emission control systems have 

become more important than ever from both an industrial 

and scientific perspective. Advanced methods of emission 

measurement can provide valuable insights into the pro-

cesses of pollutant formation and transport originating from 

exhaust gases. 

The determination of exhaust gas emissions from any 

vehicle can be carried out using several methods: 

 based on chassis dynamometer tests [27], where exhaust 

emissions are determined under a defined driving cycle. 

In accordance with standards and regulatory frame-

works, it is also possible to determine the road emis-

sions of a given exhaust component [g/km; g/test] 

 based on on-road tests [23–26], where the concentra-

tions of gaseous components as well as the mass and 

number of particles are determined. When the exhaust 

flow rate is taken into account, the road emissions of 

these components can also be calculated. 

The emission values of exhaust gases from vehicles 

(mopeds [15, 31], tractors [28], or rail machinery [12]), 

determined on the basis of the methods presented above, 

cannot be directly compared. The procedures and condi-

tions under which the tests are carried out differ, which 

results in a lack of standardisation among these methods. In 

this article, it is assumed that exhaust gas emission and fuel 

consumption measurements will be conducted both on  

a chassis dynamometer and using a mobile system for 

measuring exhaust gases, PEMS (Portable Emission Meas-

urement System). Such a system enables the measurement 

of all engine and vehicle operating parameters. To deter-

mine load values (torque) and engine speed, vehicle speed, 

fuel flow rate, and coolant temperature, data from the vehi-

cle’s control unit are used. Regulations require that these 

data be provided by the control unit and read and recorded 

by PEMS-type systems. It should be noted that exhaust 

gas emission results obtained during on-road tests repre-

sent real values for a given type of vehicle and reflect 

specific road conditions [30]. Such conditions make it 

possible to estimate the environmental performance of the 

tested vehicles and their engines during typical operation 

(eg. temperature [1]).  

http://orcid.org/0000-0001-7586-1989
http://orcid.org/0000-0002-8778-6063
http://www.combustion-engines.eu
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2. Literature review  
Exhaust gas emission standards are established to con-

trol the pollutants emitted by vehicles worldwide. In most 

regions, limits on carbon dioxide emissions have also been 

set, as they are directly related to fuel consumption [32]. 

Exhaust gas values are measured under laboratory condi-

tions (for passenger cars on a chassis dynamometer) in  

a defined type-approval test [14]. This part of the vehicle 

certification process determines its “environmental perfor-

mance” and is identical for all passenger cars. The driving 

cycle is designed to represent the “most probable” road 

conditions, and the uniform testing procedure for all vehi-

cles allows direct comparison of exhaust gas results [4]. 

However, increasing emphasis is now placed on on-road 

testing (already reflected in proposed European Union regu-

lations), referred to as RDE, which is carried out using 

mobile measurement equipment of the PEMS type [3]. 

The latest studies on exhaust gas emissions from vehi-

cles under real-world driving conditions, conducted using 

mobile measurement systems, reflect the actual environ-

mental performance of vehicles [5]. The primary focus is 

on the potential use of such tests for powertrain calibration, 

in order to reduce exhaust gas emissions not only during the 

certification test but also across the entire operating range 

of engines. The authors of publication [16] indicated that 

future on-road testing, currently simulated in various re-

search procedures, may lead to increased on-road emissions 

of nitrogen oxides from vehicles. To mitigate this, they 

proposed essential modifications in vehicle control unit 

software, noting that these changes are likely to be effective 

only for vehicles equipped with gasoline engines. Vehicles 

with diesel engines [11], on the other hand, will require 

additional financial investments in improving the effective-

ness of exhaust aftertreatment by applying new methods for 

reducing nitrogen oxide concentrations. 

Similar conclusions were reached by the authors of the 

article [13], in which road exhaust gas emissions under real 

driving conditions were compared using PEMS-type ana-

lyzers and the COPERT program [17]. It was found that, 

within the speed range of 20–120 km/h, calculations per-

formed with the COPERT program were approximately 

10% higher for parameters such as fuel consumption and 

on-road hydrocarbon emissions. In contrast, with respect to 

on-road nitrogen oxide emissions, the values obtained from 

the COPERT program were underestimated by about 30%. 

Comparative studies of exhaust gas emissions from Eu-

ro 5 class vehicles, carried out in a laboratory on a chassis 

dynamometer [8] using various driving cycles, also con-

firmed the results described earlier. The authors applied 

tests in which the characteristics of speed variation reflect-

ed real driving conditions. It was found that, for vehicles 

with gasoline engines, on-road carbon monoxide emissions 

did not exceed 1 g/km (the permissible Euro 5 limit is also 

1 g/km). On-road hydrocarbon emissions did not exceed 

10% of the limit value (0.1 g/km), while on-road nitrogen 

oxide emissions corresponded to approximately 20% of the 

limit value (0.06 g/km). The authors indicated, however, 

that vehicles equipped with diesel engines significantly 

exceeded the permissible nitrogen oxide emission limits – 

the values obtained were approximately four times higher 

than the standard (the permissible Euro 5 nitrogen oxide 

emission value is 0.18 g/km). 

In on-road studies, significant particulate emissions 

have been observed, particularly in the range of nanoparti-

cles from combustion engines powered also by alternative 

fuels (eg. natural gas) [19]. The authors highlighted the 

high mileage of vehicles powered by alternative fuels, 

which consequently results in up to an eightfold increase in 

particulate number emissions for vehicles with a mileage of 

around 500,000 km compared to those with a mileage of 

75,000 km. The article further confirmed, based on RDE 

tests under different traffic intensity conditions, that vehi-

cles fueled with compressed natural gas emit higher 

amounts of nitrogen oxides compared to vehicles equipped 

with gasoline engines. 

With regard to the accuracy of measurements during re-

al-world driving, the final result depends on the operating 

conditions of the vehicle and the engine (including vehicle 

speed, road surface, driver characteristics and driving style, 

as well as other factors determining traffic conditions). 

These conditions are unpredictable and can significantly 

affect the outcome of exhaust gas emission measurements. 

Data presented in publications [7, 35] indicate that the most 

influential factors on the measured exhaust gas emissions 

are: the thermal state of the vehicle (engine), the average 

driving speed and dynamics, and the road gradient. 

The impact of road conditions on exhaust gas emission 

results was the main subject of the article [20], in which 

sport utility vehicles (SUVs) with both gasoline and diesel 

engines were tested under varying road gradients. The au-

thors attempted to estimate the change in on-road exhaust 

gas emission values of individual components as a function 

of road slope angle. They demonstrated that a 10% change 

in road gradient caused a twofold change in on-road emis-

sions for vehicles with gasoline engines and a 1.5-fold 

change for vehicles with diesel engines. 

The review of the current state of research highlights 

both the limitations of laboratory-based procedures and the 

importance of on-road testing supported by mobile meas-

urement systems. It also demonstrates the significant influ-

ence of vehicle technology, driving conditions, and road 

gradients on the measured values of exhaust gas emissions. 

Against this background, the aim of the present article is to 

compare the results of on-road exhaust gas emission tests 

for passenger cars with the latest legislative proposals. The 

analysis includes both the classical method, which accounts 

for all measurement data, and the measurement window 

averaging method (EMROAD). This approach makes it 

possible to assess the environmental performance of Euro 6 

vehicles with different powertrain technologies and to pro-

vide guidance for further reduction of selected exhaust 

components in real driving conditions. 

3. Research methodology 

3.1. Research objects 

The objects of the study were passenger cars, the char-

acteristics of whose powertrains are presented in Table 1. 

The vehicles were equipped with gasoline and diesel en-

gines, all meeting the Euro 6 emission standard. Despite 

differences in engine displacement and type, a common 
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feature was their comparable curb weight. The aim of the 

study was to determine the relationship between on-road 

exhaust gas emissions of specific compounds for both gaso-

line and diesel engines separately. 

 
Table 1. Technical characteristics of the engines and vehicles used in the 

study 

Parameter Gasoline Diesel 

Engine 

Number and arrangement of 

cylinders 

4, in-line 4, in-line 

Engine displacement [cm3] 1984 1968 

Emission standard Euro 6 Euro 6 

Maximum engine power 

[kW] at [rpm] 

169/4700-6200 135/4000 

Maximum engine torque 
[Nm] at [rpm] 

350/1500–4400 380/1750–3000 

Fuel supply TSI Common Rail 

Drive 

Drive type front-wheel 

drive 

front-wheel  

drive 

Gearbox type and number of 

gears 

automatic, 6 automatic, 6 

Weight 

Curb weight [kg] 1349 1354 

Performance 

Top speed [km/h] 250 230 

Acceleration 0–100 km/h [s] 6.4 7.1 

Fuel consumption 

Combined cycle fuel con-
sumption [dm³/100 km] 

6.4 4.2 

CO₂ emissions [g/km] 139 109 

3.2. Research equipment 

Exhaust gas emission measurements were carried out 

under real driving conditions, in accordance with the meth-

odology presented, among others, in studies [1, 18, 20]. 

This approach required the installation of an exhaust sam-

pling system on the vehicle in a manner that allowed its 

normal operation. For this purpose, an exhaust sampling 

line was constructed, which, when connected to the exhaust 

flow measurement system, formed a complete exhaust 

sampling setup for the measurement analyzers. 

For the measurement of harmful compound concentra-

tions in exhaust gases, a Semtech DS mobile analyzer from 

Sensors Inc. was used. It enabled the measurement of harm-

ful components such as CO, NOx, and CO₂. Additional data 

were supplied to the central unit of the analyzer directly 

from the vehicle’s onboard diagnostic system, along with  

a GPS location signal. Information presented in publica-

tions concerning the use of mobile exhaust analyzers com-

bined with data recorded from onboard diagnostic systems 

confirms the validity of assessing exhaust gas emissions 

under real driving conditions using the described measure-

ment configuration. 

3.3. Research route 

On-road emission measurements were carried out under 

real traffic conditions (detailed characteristics – Table 2). 

The test route included urban, highway, and rural sections 

(Figures 1 and 2) and was performed for vehicles with 

different powertrain configurations (gasoline and diesel 

engines). Each test was repeated three times; the partial 

results presented are given as examples, while the final 

results represent the average of all measurements obtained. 

 

Table 2. Test route characteristics 

Test  
conditions 

Vehicle A 
(gasoline  

engine) 

Vehicle B 
(diesel 

engine) 

Relative  
difference  

(A – B)×100% 

½(A + B) 

Total time [s] 5349 5209 2.65 

Maximum 

speed [km/h] 

147.9 133.3 11.36 

Average speed 
[km/h] 

33.73 34.51 –2.28 

Distance [km] 50.11 49.93 0.43 

Share of vehicle operating conditions 

V = 0 [%] 34.71 33.02 4.99 

V = const [%] 9.24 9.58 –3.61 

a > 0 [%] 29.51 30.20 –2.31 

 

 

 Fig. 1. Test route  

 

a) 

 
b) 

 

Fig. 2. Characteristics of the test drive: vehicle with gasoline engine (a) 
 and diesel engine (b) 

 

The test route was selected to cover diverse driving 

conditions, taking into account different topographies: 

urban, rural, and highway, in order to assess their impact on 

the exhaust gas emission values of gaseous components.  

On-road studies are characterized by an inherent non-

repeatability, which should be regarded not as a limitation 

but as a source of valuable information. In the analysis of 

exhaust gas emissions, the objective was not to perform  

a precise comparison of individual vehicles, but rather to 

select measures that are objective and independent of test 
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variability. Therefore, non-repeatability should be consid-

ered an essential attribute of studies conducted under real 

operating conditions. 

4. Measurement results 

4.1. Gasoline engine vehicle 

During the tests of the vehicle with a gasoline engine, 

measurements were taken of CO, NOx, and CO₂ concentra-

tions in the exhaust gases, as well as engine speed and load, 

which were recorded from the vehicle’s diagnostic system. 

The figures present the time traces of the recorded harmful 

compounds. The carbon monoxide concentration along the 

analyzed section of the route was mostly below 0.05%, 

which consequently resulted in a carbon monoxide emis-

sion rate not exceeding a few mg/s (Fig. 3). 

 

Fig. 3. CO concentration recorded during tests for the gasoline engine 

 vehicle (visualized along the test route) 

 

The concentration of the next gaseous component – ni-

trogen oxides – remained at a very similar level throughout 

the entire test. The concentration values, within the range 

up to 100 ppm, were the result of exhaust aftertreatment 

devices applied to reduce this compound. The nitrogen 

oxides emission rate did not exceed 1 mg/s for most of the 

test (Fig. 4). The observed variability of the results reflected 

normal engine operation, while the recorded increases in 

emission rate occurred during acceleration and highway 

driving conditions, where the emission rate significantly 

exceeded the previously reported values. 

 

Fig. 4. NOx concentration recorded during tests for the gasoline engine 
 vehicle (visualized along the test route) 

 

The carbon dioxide concentration presented in Fig. 5 

reached a maximum of 13%. This is the peak value corre-

sponding to an air-fuel equivalence ratio equal to one. For 

values of the equivalence ratio greater than one, lower con-

centrations of this compound were recorded (only during 

engine braking). During the tests, the carbon dioxide emis-

sion rate did not exceed 7000 mg/s (highway conditions), 

while the average value was approximately 1000 mg/s. 

Larger fluctuations were observed in the middle phase of 

the test under highway driving conditions. 

 

Fig. 5. CO₂ concentration recorded during tests for the gasoline engine 
 vehicle (visualized along the test route) 

 

The recorded variations in engine speed and load are 

presented in Fig. 6, where the largest operating range of the 

engine corresponds to medium loads and medium rotational 

speeds. The concentration profiles of exhaust constituents 

obtained during the tests made it possible to identify rela-

tionships that characterize the influence of the engine’s 

dynamic properties on exhaust emissions, taking into ac-

count the results from the entire measurement route. The 

dynamic properties of the engine were considered indirectly 

by dividing the full range of engine speed and load under 

real driving conditions to generate concentration maps of 

selected exhaust constituents. These data were then pre-

sented on engine characteristics plotted in the coordinates 

of engine speed and load. 

 

Fig. 6. Engine operating conditions in engine speed–load coordinates 

 (gasoline engine) 

 

The recorded emission rates of exhaust constituents, 

when related to engine speed and load, allowed the identifi-

cation of characteristic dependencies for the tested engine, 

which are defined by the following values: 

 the maximum emission rate of carbon monoxide (Fig. 

7a) is approximately 20 mg/s and occurs at an engine 

speed of around 2800 rpm and a load in the range of 40–

50% 
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 the maximum emission rate of nitrogen oxides (Fig. 7b) 

is approximately 70 mg/s and occurs at an engine speed 

of 2200 rpm and a load in the range of 60–70% 

 the maximum particle number emission rate (Fig. 7c) 

reaches approximately 15–20·10
13

 1/s, occurring at an 

engine speed in the range of 1200–1300 rpm and a load 

of 20–30%. 

 

a) 

 
b) 

 
c) 

 

Fig. 7. Emission rates of CO (a), NOx (b), and PN (c) related to engine 

operating parameters in vehicle speed–acceleration coordinates during 
 tests for the gasoline engine vehicle  

 

The analysis of the gasoline engine vehicle confirmed 

generally low levels of CO and NOx emissions under real 

driving conditions, with emission peaks observed mainly 

during acceleration and highway operation. The highest 

variability was recorded for CO2 and PN, reflecting the 

influence of engine dynamics on emission characteristics. 

These results highlight the importance of considering both 

transient conditions and engine load when evaluating the 

real-world environmental performance of gasoline engines. 

 

4.2. Diesel engine vehicle 

Figure 8 presents the recorded variations in engine 

speed and load, with the largest operating area correspond-

ing to medium loads and medium rotational speeds. Based 

on the recorded concentration profiles of exhaust constitu-

ents, it was possible to develop relationships describing the 

influence of the engine’s dynamic properties on exhaust 

emissions, considering the results from the entire measure-

ment route. To account for engine dynamics indirectly, the 

full range of engine speed and load under real driving con-

ditions was divided into intervals to generate concentration 

maps of selected exhaust constituents. These data are 

shown on the engine characteristics plotted in engine 

speed–load coordinates. 

 

Fig. 8. Engine operating conditions in engine speed–load coordinates 

 (diesel engine) 

 

Relating the emission rates of exhaust constituents to 

engine speed and load made it possible to determine charac-

teristic patterns for the tested engine, which are defined by 

the following values: 

 the maximum emission rate of carbon monoxide (Fig. 

9a) is approximately 70 mg/s and occurs at an engine 

speed in the range of 1500–2000 rpm and a load in the 

range of 20–40% 

 the maximum emission rate of nitrogen oxides (Fig. 9b) 

is approximately 120 mg/s and occurs at an engine 

speed in the range of 2000–2500 rpm and a load in the 

range of 60–70% 

 the maximum particle number emission rate (Fig. 9c) is 

approximately 2.5·10¹³ 1/s and occurs at an engine 

speed in the range of 1500–2000 rpm and a load in the 

range of 30–50%. 

The analysis of the diesel engine vehicle revealed con-

siderably higher emission levels compared to the gasoline 

case, particularly for NOx and particulate matter. The high-

est CO and PN emission rates were observed at medium 

engine speeds and loads, while NOx reached peak values at 

higher loads and engine speeds. These results confirm the 

strong influence of engine operating conditions on real-

world exhaust emissions and underline the challenges of 

meeting stringent emission limits for diesel engines. 
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a) 

 
b) 

 
c) 

 

Fig. 9. Emission rates of CO (a), NOx (b), and PM (c) recorded for the 

 diesel engine vehicle during tests 

5. On-road emission factors of exhaust constituents 

in RDE tests 

5.2. Gasoline engine vehicle 

Based on the previously obtained emission rate values 

and the known distance traveled by the vehicle, instantane-

ous emission indicators, CF (Conformity Factor), were 

determined. They are defined as the ratio of the on-road 

emission of a given constituent to the corresponding on-

road emission limit specified by the standard (CF = 

bRDE/bnorm). 

The following values were obtained for the respective 

exhaust constituents: 

 the emission index value for carbon monoxide (Fig. 

10a) does not exceed 1, with the final value being less 

than 0.2 

 the initial emission index value for nitrogen oxides (Fig. 

10b) exceeds 2, while the final value is also around 1 

 the instantaneous emission index value for particle 

number (Fig. 10c) exceeds 1, whereas the final value 

remains below 1. 

The on-road emission values for the gasoline engine ve-

hicle obtained during the test route are as follows: 

 on-road carbon monoxide emission: 216 mg/km 

 on-road nitrogen oxides emission: 56 mg/km 

 on-road particle number emission: 5.8·10¹¹ 1/km 

 on-road carbon dioxide emission: 117 g/km. 

Compliance of on-road emissions with the Euro 6 limit 

values was observed for all analyzed constituents (Fig. 11): 

 the emission index for carbon monoxide was 0.22 

 the emission index for nitrogen oxides was 0.89 

 the emission index for particle number was 0.68. 

 

a) 

 
b) 

 
c) 

 

Fig. 10. Emission index of CO (a), NOx (b), and PN (c) – instantaneous 

 and cumulative values during the test for the gasoline engine vehicle 

 

Fig. 11. Emission index determined during on-road tests for the gasoline 
 engine vehicle 
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The data analysis shows that the on-road emission val-

ues obtained under real operating conditions do not exceed 

the permissible limits for vehicles with gasoline engines. 

5.2. Diesel engine vehicle 

For the individual exhaust constituents, the following 

values were obtained: 

 the emission index value for carbon monoxide (Fig. 12a) 

does not exceed 1, with the final value being less than 0.5 

 the instantaneous emission index value for nitrogen 

oxides (Fig. 12b) exceeds 1, while the final value is also 

around 1 

 the emission index value for particle number (Fig. 12c) 

does not exceed 1 in the first part of the test. 

 

a) 

 
b) 

 
c) 

 

Fig. 12. Emission index of CO (a), NOx (b), and PN (c) – instantaneous 

 and cumulative values during the test for the diesel engine vehicle 

 

The on-road emission values determined for the diesel 

engine vehicle during the test route are as follows: 

 on-road carbon monoxide emission: 204 mg/km 

 on-road nitrogen oxides emission: 66 mg/km 

 on-road particle number emission: 3.6·10¹¹ 1/km 

 on-road carbon dioxide emission: 148 g/km. 

The emission indices determined for the diesel engine 

vehicle show a similar pattern to those of the gasoline en-

gine. No exceedances were recorded with respect to the 

Euro 6 limit values. The indices were as follows (Fig. 13): 

 carbon monoxide emission index: 0.41 

 nitrogen oxides emission index: 0.82 

 particle number emission index: 0.60. 

 

Fig. 13. On-road emissions of exhaust gas constituents determined during 

 tests for the diesel engine vehicle 

6. On-road exhaust emission indices in RDE tests – 

measurement window averaging  
The first stage in determining on-road emission values 

according to the RDE testing procedure is the verification 

of the test validity. The following data were taken into 

account for the gasoline engine:  

 test distance, which must be at least 48 km (divided into 

three parts of 16 km each); in the conducted test, the ob-

tained values were 16.58, 11.54, and 23.18 km, giving  

a total distance of 51.30 km (one value does not meet 

the test requirement) 

 test duration, which must range from 90 to 120 minutes; 

in the study, the duration was 90 minutes 

 test duration during which the engine is not warmed up 

to its normal operating temperature; in the study, the 

value obtained was 5 minutes (requirement met) 

 share of individual phases of the test in the total emis-

sion test: urban driving must account for 29–44% of the 

total test time (value obtained: 32.33%), rural driving 

must account for 23–43% (value obtained: 22.49%), 

highway driving must account for 23–43% (value ob-

tained: 45.18%); all obtained values meet the test re-

quirements (differences are very small) 

 average speed in urban driving must be between 15 and 

40 km/h; in the study, the value obtained was 14.69 

km/h (requirement met – very small difference) 

 share of driving at speeds exceeding 145 km/h on the 

highway section; in the study, this speed was not ex-

ceeded (requirement met) 

 duration of driving at speeds above 100 km/h during the 

highway section must be at least 5 minutes; in the study, 

the value obtained was 9.5 minutes (requirement met) 

 share of stop time in the urban part must range from 6% 

to 30%; in the study, the value obtained was 28.7% (re-

quirement met) 

 altitude difference between the start and end of the test 

must be less than 100 m; in the study, the result ob-

tained was 7.1 m (requirement met). 

With all test requirements fulfilled, it was considered 

justified to perform a comparison of emissions determined 
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by two methods, since the obtained measurements were 

derived from the same test drive. The plot of on-road car-

bon dioxide emissions as a function of the average speed in 

the measurement windows shows that the on-road emis-

sions of this constituent were lower in the test than in the 

type-approval test (Fig. 14). 

 

Fig. 14. Relationship between on-road carbon dioxide emissions and 

 average speed in the measurement windows (gasoline engine vehicle) 

 

The on-road emission results for carbon monoxide, ni-

trogen oxides, and particle number were determined in 

accordance with the procedure presented in [26, 27]. The 

following values were obtained: 

 on-road carbon monoxide emission: 430 mg/km in the 

urban section, 150 mg/km in the rural section, and 110 

mg/km in the highway section; the total value for the 

entire test was 230 mg/km (Fig. 15a) 

 on-road nitrogen oxides emission: 22.4 mg/km in the 

urban section, 43.6 mg/km in the rural section, and 71.9 

mg/km in the highway section; the total value for the 

entire test was 45.7 mg/km (Fig. 15b) 

 on-road particle number emission: 4.9·10¹¹ 1/km in the 

urban section, 4.3·10¹¹ 1/km in the rural section, and 

5.8·10¹¹ 1/km in the highway section; the total value for 

the entire test was 5.0·10¹¹ 1/km (Fig. 15c). 

As in the previous case, the validity of the test proce-

dure was also verified for the diesel engine vehicle. The 

following data were obtained: 

 test distance; in the conducted test, the values were 

17.16, 16.69, and 20.83 km, giving a total distance of 

51.68 km (values meet the test requirements) 

 test duration, which must range from 90 to 120 minutes; 

in the study, the duration was 92 minutes (requirement 

met) 

 test duration during which the engine was not warmed 

up to normal operating temperature; in the study, the 

value obtained was 5 minutes (requirement met) 

 share of individual phases of the emission test: urban 

driving – 33.20%, rural driving – 26.49%, highway 

driving – 40.31% (all values meet the test requirements) 

  average speed in urban driving must be between 15 and 

40 km/h; in the study, the value obtained was 16.09 

km/h (requirement met) 

 share of driving at speeds exceeding 145 km/h on the 

highway section; in the study, this speed was not ex-

ceeded (requirement met) 

 duration of driving at speeds above 100 km/h during the 

highway section must be at least 5 minutes; in the study, 

the value obtained was 9.28 minutes (requirement met) 

 share of stop time in the urban part must range from 6% 

to 30%; in the study, the value obtained was 28.32% 

(requirement met) 

 altitude difference between the start and end of the test 

must be less than 100 m; in the study, the result ob-

tained was 7.6 m (requirement met). 

 

a) 

 
b) 

 
c) 

 

Fig. 15. On-road emissions of CO (a), NOx (b), and PN (c) obtained in 
individual parts of the test and the average value for the entire test (values 

determined using measurement window averaging) for the spark-ignition 

 engine vehicle  

 

The plot of on-road carbon dioxide emissions as a func-

tion of average speed in the measurement windows shows 

that the on-road emissions of this constituent were lower in 

the test than in the type-approval test (Fig. 16). 

 

Fig. 16. Relationship between on-road carbon dioxide emissions and 

 average speed in the measurement windows (diesel engine vehicle) 

 

The on-road emission results for carbon monoxide, ni-

trogen oxides, and particle number were determined in 
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accordance with the RDE procedure. The following values 

were obtained: 

 on-road carbon monoxide emission: 100 mg/km in the 

urban section, 87.1 mg/km in the rural section, and 328 

mg/km in the highway section; the total value for the 

entire test was 171 mg/km (Fig. 17a) 

 on-road nitrogen oxides emission: 31.1 mg/km in the 

urban section, 35 mg/km in the rural section, and 117.1 

mg/km in the highway section; the total value for the 

entire test was 61.1 mg/km (Fig. 17b) 

 on-road particle number emission: 4.2·10¹¹ 1/km in the 

urban section, 4.6·10¹¹ 1/km in the rural section, and 

6.3·10¹¹ 1/km in the highway section; the total value for 

the entire test was 5.0·10¹¹ 1/km (Fig. 17c). 

 

a) 

 
b) 

 
c) 

 

Fig. 17. On-road emissions of CO (a), NOx (b), and PN (c) obtained in 

individual parts of the test and the average value for the entire test (values 
 determined using measurement window averaging) for the diesel vehicle 

7. Summary 
The obtained on-road emission results for the tested ve-

hicles are presented for carbon monoxide, nitrogen oxides, 

and particle number. When comparing the procedures for 

determining on-road emissions in RDE tests, it can be con-

cluded that using all measurement data from the entire test 

drive provides comparable exhaust emission results: 

 for the gasoline engine vehicle: for on-road carbon 

monoxide emissions, the difference is approximately 

5% (with values of 216 mg/km and 227 mg/km, respec-

tively); for on-road nitrogen oxides emissions, the dif-

ference is approximately 20% (values of 56 mg/km and 

46 mg/km, respectively); for on-road particle number 

emissions, the difference is approximately 16% (values 

of 5.8·10¹¹ 1/km and 5.0·10¹¹ 1/km, respectively) 

 for the diesel engine vehicle: for on-road carbon monox-

ide emissions, the difference is approximately 17% 

(values of 204 mg/km and 171 mg/km, respectively); 

for on-road nitrogen oxides emissions, the difference is 

approximately 27% (values of 66 mg/km and 182 

mg/km, respectively); and for on-road particle number 

emissions, the difference is approximately 35% (values 

of 3.6·10¹¹ 1/km and 5.0·10¹¹ 1/km, respectively). 

The comparison of emission index (CF) values in RDE 

tests provided the following results:  

 for the gasoline vehicle: the on-road carbon monoxide 

emission index values were 0.23 and 0.43 (for the entire 

RDE test and the urban section, respectively); the nitro-

gen oxides emission index values were 0.76 and 0.90 

(for the entire RDE test and the urban section, respec-

tively); and the particle number emission index values 

were 0.67 and 0.87 (for the entire RDE test and the ur-

ban section, respectively) – Fig. 18a 

 for the diesel vehicle: the on-road carbon monoxide 

emission index values were 0.34 and 0.20 (for the entire 

RDE test and the urban section, respectively); the nitro-

gen oxides emission index values were 0.76 and 0.39 

(for the entire RDE test and the urban section, respec-

tively); and the particle number emission index values 

were 0.84 and 0.70 (for the entire RDE test and the ur-

ban section, respectively) – Fig. 18b. 

 

a) 

 
b) 

 

Fig. 18. Comparison of on-road emission indices of carbon monoxide, 
nitrogen oxides, and particle number in road tests: a) gasoline engine 

 vehicle, b) diesel engine vehicle 

 

Based on the obtained on-road emission results and 

emission indices, it can be concluded that the emission 

indices of CO, NOx, and PN do not exceed the permissible 

limits for conventional Euro 6 passenger cars equipped with 

gasoline and diesel engines. Future work is expected to 

focus on testing hybrid vehicles of the latest emission class, 
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as well as on durability studies, in which exhaust gas emis-

sions will be monitored during several years of vehicle 

operation. The comparison of the classical and EMROAD 

methods demonstrated their mutual consistency, which 

confirms their suitability for assessing the environmental 

performance of Euro 6 passenger cars. The observed differ-

ences between gasoline and diesel vehicles highlight the 

greater challenges associated with diesel powertrains, par-

ticularly regarding NOx and PN control. These insights 

provide valuable input for both legislative development and 

the design of more effective emission reduction strategies. 

 

Nomenclature 

CF conformity factor 

CI compression ignition 

CO carbon monoxide 

CO2 carbon dioxide 

EU European Union 

FC fuel consumption 

NOx nitrogen oxides 

PEMS portable emission measurement system 

PN particle number 

RDE real driving emissions 

SI spark ignition 

SUV sport utility vehicle 

WLTC Worldwide Harmonized Light-duty Vehicles Test 

Cycles 
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Impact of transportation on air quality: modern emission measurement methods 

and reduction perspectives 
 
ARTICLE INFO  Air pollution, one of the most critical environmental and health challenges, causes millions of premature deaths 

annually. Transportation, especially internal combustion vehicles, is a significant source of pollutants such as 

particulate matter, nitrogen oxides, carbon monoxide, and hydrocarbons. This article analyzes methods for 
measuring exhaust emissions in laboratories and real-world operating conditions, discussing their advantages 

and limitations. Traditional dynamometer tests conducted on test benches enable detailed analyses but do not 

fully reflect real-world operating conditions. These tests fail to account for factors such as driving style or 
variable weather conditions. Modern methods, such as Real Driving Emissions (RDE) tests using Portable 

Emissions Measurement Systems (PEMS), allow for emission measurements in real traffic conditions, although 

they are costly and time-consuming. Alternative approaches for measuring emissions during transit, such as 
remote sensing (tunnel, extractive, or open-path methods), enable quick and efficient studies on large vehicle 

samples, though they come with certain limitations, such as result precision or the influence of external condi-

tions. The article also highlights research on rail vehicle emissions, which remain limited to laboratory engine 
tests. This underscores the need for further development of measurement technologies and the implementation of 

more advanced methods for better emission monitoring. Measurements play a crucial role in designing policies 

aimed at reducing pollution, such as low-emission zones or stricter exhaust emission standards. This is of 
critical importance for achieving climate goals, such as carbon neutrality. 
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1. Introduction 
The 2019 "State of Global Air" report, developed by 

U.S. research organizations – Health Effects Institute and 

the Institute for Health Metrics and Evaluation – states that 

air pollution was the fourth leading risk factor for prema-

ture death worldwide. It is estimated to have contributed to 

6.67 million deaths within a year, accounting for nearly 

12% of the global total (Fig. 1). It is the primary environ-

mental risk factor for premature death, with its combined 

impact surpassed only by high blood pressure (10.8 mil-

lion), smoking (8.71 million), and dietary risks (7.94 mil-

lion). Each year, significantly more people worldwide die 

from exposure to air pollution than from road collisions, 

which are estimated to cause 1.28 million deaths annually. 

Additionally, air pollution contributes to a higher number of 

deaths than factors such as malnutrition, alcohol consump-

tion, or lack of physical activity [44, 46]. 

 

 Fig. 1. Total number of deaths from all causes in 2019 [46] 

Air pollution is a problem that negatively affects health 

and the environment in all countries worldwide, differing 

only in its severity (Fig. 2) [47]. The most vulnerable 

groups to the adverse effects of poor air quality include 

children, pregnant women, the elderly, and individuals with 

heart or lung diseases. Over 90% of the population still 

lives in areas where PM2.5 concentrations exceed the air 

quality standards set by the World Health Organization 

(WHO). Numerous current studies [44, 46] have unequivo-

cally demonstrated that both short-term and long-term ex-

posure to polluted air can contribute to serious health ef-

fects. These effects can include temporary or chronic dis-

eases, mild or debilitating conditions, and even fatal out-

comes.  

Short-term exposure, lasting from several hours to a few 

days, can cause irritation of the ears, nose, and throat. 

These symptoms usually subside when pollution levels 

decrease. However, short-term exposure can also worsen 

the condition of the lower respiratory tract and lead to 

chronic illnesses such as allergies, asthma, chronic obstruc-

tive pulmonary disease (COPD), and bronchitis. For indi-

viduals with heart diseases, short-term exposure to PM2.5 

can lead to arrhythmias, heart attacks, or even death. On the 

other hand, long-term exposure to air pollution, lasting 

from several months to several years, increases the risk of 

premature death due to chronic heart diseases, respiratory 

diseases, lung infections, lung cancer, diabetes, and other 

health problems. Additionally, growing scientific evidence 

indicates that exposure to polluted air during pregnancy can 

contribute to premature births, putting newborns at high 

risk of severe illnesses and mortality [44, 46, 66]. Numer-

ous studies also suggest that air pollution may have neuro-
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logical effects on children and cause neurodegenerative 

diseases in adulthood [44, 46, 66]. Considering these im-

pacts, exposure to air pollution can significantly reduce life 

expectancy. 

 

Fig. 2. Death rate attributed to ambient air pollution, 2019. Estimated 
annual number of deaths attributed to ambient air pollution per 100,000 

 people [66] 

 

Reports on the state of global air also highlight the ef-

fects of pollution, which are the focus of the Global Burden 

of Disease Study (GBD) [45]. The GBD analysis estimates 

the societal burden in terms of years lived with illness and 

the number of deaths, most of which result from long-term 

exposure to air pollution. The study primarily examines 

mortality caused by five chronic non-communicable diseas-

es, for which the strongest scientific evidence currently 

exists: diabetes, stroke, COPD, lung cancer, and ischemic 

heart disease, as well as one communicable disease – lower 

respiratory tract infections. Additionally, the estimates of 

particulate matter exposure include infant mortality caused 

by complications related to premature birth. The burden of 

diseases associated with air pollution is substantial, con-

tributing significantly to the global percentage of deaths 

(Fig. 3) [45]. 

 

Fig. 3. Percentage of global deaths (by cause) attributed to air pollution in 

 2019 [45] 

 

The impact of transport emissions on human health is 

not the only negative phenomenon. Significant amounts of 

emitted greenhouse gases (GHG) also have a strong impact 

on the environment. One of the results is global warming. 

Especially in the last 100 years, an enormous increase in the 

average global temperature was noted [52]. In this case, 

GHG emissions rose dramatically and were mainly caused 

by human activity. Faster warming process of the planet is 

causing weather anomalies and increasingly frequent, un-

predictable, and dangerous phenomena such as hurricanes, 

tornadoes, droughts, and fires. Thus, paying attention to the 

growing negative trends in the environment and counteract-

ing them is a key element in stopping the process of envi-

ronmental destruction and degradation [1]. 

 

2. European legal regulations concerning  

exhaust emissions 

2.1. Regulations concerning passenger cars 

The European Union regulations on pollutant emissions 

from passenger cars and light commercial vehicles are 

described in Directive 70/220/EEC [27], which underwent a 

series of amendments up to the year 2004. In 2007, it was 

repealed and replaced by Regulation (EC) No. 715/2007 of 

the European Parliament and of the Council [74]. The most 

important legal documents include: 

 Euro 1 standard: Directive 91/441/EEC [28], Directive 

93/59/EEC [29] 

 Euro 2 standard: Directive 94/12/EEC [32], Directive 

96/69/EEC [33] 

 Euro 3/4 standard: Directive 98/69/EC [35] Directive 

2002/80/EC [15] 

 Euro 5/6 standard: Regulation (EC) No. 715/2007 [74], 

Regulation (EC) No. 692/2008 [19] 

 WLTP/WLTC tests: Regulation (EU) 2017/1151 [22], 

Regulation (EU) 2017/1247 [24] 

 RDE tests: Regulation (EU) 2016/427 [20], Regulation 

(EU) 2016/646 [21], Regulation (EU) 2017/1154 [23], 

Regulation (EU) 2018/1832 [25]. 

The above-mentioned documents, starting with Di-

rective 91/441/EEC, apply to exhaust emissions, fuel vapor 

emissions, crankcase emissions, and the durability of emis-

sion control systems in all motor vehicles equipped with 

spark-ignition engines, as well as to exhaust emissions and 

the durability of emission control systems in category M1 

and N1 vehicles (Table 1) equipped with compression-

ignition engines.  

 
Table 1. Vehicle categories [30] 

Cat. Description Subcat. 

Number 

of 
People 

Weight Limit 

M 

Passenger 

transport, 

minimum 4 
wheels, 

passenger 

vehicles 

M1 up to 9 – 

M2 

> 9 

GVW ≤ 5 t1) 

M3 GVW > 5 t 

N 

Goods 

transport, 

minimum 4 
wheels, 

light and 

heavy 
commercial 

vehicles 

N1 

CL1 

not 

appli-

cable 

GVW 
≤ 3.5 T 

RM ≤ 

1.305 t 

CL2 

1.305 t < 

RM ≤ 
1.76 t 

CL3 

1.76 t < 

RM ≤ 
3.5 T 

N2 3.5 t < GVW ≤ 12 t 

N3 GVW > 12 t 
1)  Until Euro 4: two subgroups: M1 DMC ≤ 2.5 t and 
M1 DMC 2.5 t < DMC ≤ 3.5 t 

RM – Reference Mass 

GVW – Gross Vehicle Weight 

 

With the introduction of Directive 98/69/EC [35], the 

scope was expanded to include testing of exhaust emissions 

at normal and low ambient temperatures for spark-ignition 

engines, as well as verification of the proper functioning of 

onboard diagnostic (OBD) systems for both spark-ignition 

and compression-ignition engines (for categories M1 and 
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N2). Regulation (EU) 630/2012 [26] introduced additional 

requirements for mono- and bi-fuel gas vehicles and for 

flex-fuel vehicles running on a mixture of hydrogen and 

natural gas. At the manufacturer's request, type approval 

granted under these directives for category M1 and N1 

vehicles equipped with compression-ignition engines may 

be extended to category M2 and N2 vehicles with a refer-

ence mass not exceeding 2840 kg, provided they meet the 

conditions for EEC type approval extension described in 

Directive 91/441/EEC [28]. 

Emission standards for passenger cars and light com-

mercial vehicles apply to all vehicles in categories M1, M2, 

N1, and N2 with a reference mass not exceeding 2610 kg 

(or up to 2840 kg in the case of extended type approval), 

equipped with either spark-ignition or compression-ignition 

engines. Petrol-fueled engines must meet requirements for 

total hydrocarbons and methane (THC), non-methane hy-

drocarbons (NMHC), nitrogen oxides (NOx), and carbon 

monoxide (CO). Compression-ignition engines, on the 

other hand, must meet standards for nitrogen oxides (NOx), 

the sum of hydrocarbons and nitrogen oxides (HC + NOx), 

and carbon monoxide (CO). Additionally, starting with 

Euro 5b for CI (compression-ignition) engines and with 

Euro 6 for SI (spark-ignition) engines with direct fuel injec-

tion (DI), vehicles are also required to undergo testing for 

particulate mass (PM) and particle number (PN) [56]. Table 

2 presents the limit values for Euro 5–6 standards for pas-

senger vehicles approved under category M1. 

In order to obtain type approval, all internal combustion 

vehicles covered by the latest legal regulations must meet 

specific requirements and undergo the following tests: 

 
Table 2. Euro 5–6 emission standards for M1 vehicles [30] 

Standard 

Euro 

5a 

Euro 

5b/b+ 
Euro 6b, 6c 

Euro 6d-

Temp, 6d 

(WE) 715/2007 (WE) 692/2008 

Date 

TA1) 

9/2009,  

FR2) 
1/2011 

TA1) 

9/2011,  

FR2) 
1/2013 

TA1) 
9/2014,(6b) 

FR2) 

9/2015(6b) 
FR2)09/201

8 (6c) 

TA1) 

9/2017  

(6d-Temp) 
TA1) 1/220, 

(6d) 

FR2) 1/2021 
(6d) 

Test type Modified ECE + EUDC 
WLTC + 

RDE 

Engine type Spark ignition 

THC g/km 0.1 0.1 0.1 0.1 

NMHC g/km 0.068 0.068 0.068 0.068 

NOx g/km 0.06 0.06 0.06 0.06 

CO g/km 1.0 1.0 1.0 1.0 

PM3)4) g/km 0.0056) 0.0056) 0.005 0.005 

PN3)4) 1/km – – 6×1011 5) 6×1011 5) 

Engine type Compression ignition 

NOx g/km 0.18 0.18 0.08 0.08 

HC+NOx g/km 0.23 0.23 0.17 0.17 

CO g/km 0.5 0.5 0.5 0.5 

PM g/km 0.0056) 0.0056) 0.0056) 0.0056) 

PN 1/km – 6×1011 6×1011 6×1011 
1)  TA – Type Approval  
2)  FR – First Registration (approval for use) 
3)  Test procedure defined in Regulation No. 83 (UNECE) 
4)  Applies only to vehicles with direct injection gasoline engines (DI) 
5)  6,0×1012 1/km during the first three years after the Euro 6 standard    

comes into force 
6) 0,0045 g/km using the PMP (Particulate Measuring Protocol) meas-

urement procedure 

 Type 1 test – measurement of the average emission of 

gaseous compounds and particulate matter (PM and PN) 

from the vehicle’s exhaust system 

 Type 1A test – measurement of the average emission of 

gaseous compounds and particulate matter from the ve-

hicle’s exhaust system under real-world driving condi-

tions 

 Type 2 test – measurement of CO emissions at idle 

 Type 3 test – measurement of crankcase gas emissions 

 Type 4 test – measurement of fuel vapor emissions 

 Type 5 test – verification of the durability of emission 

control systems 

 Type 6 test – measurement of exhaust emissions at low 

ambient temperatures 

 In-use compliance check 

 Verification of the proper functioning of the OBD sys-

tem 

 Measurement of CO₂ emissions and fuel consumption 

 Measurement of exhaust smoke opacity. 

The values of emitted pollutants are primarily measured 

under laboratory conditions (for passenger cars, on a chas-

sis dynamometer) using a strictly defined type-approval test 

designed to reflect normal driving conditions. However, 

with the adoption of Commission Regulation (EU) 

2016/427 [20] of 10 March 2016, amending Regulation 

(EC) No 692/2008 [19] with regard to pollutant emissions 

from passenger cars and light commercial vehicles (Euro 6), 

provisions concerning emissions testing under real driving 

conditions were introduced – RDE (Real Driving Emission). 

These guidelines were further supplemented by Regula-

tions (EU) 2016/646 [21], 2017/1151 [23], and 2018/1832 

[25]. Pollutants emitted during RDE tests must be recorded 

at a frequency of one second and calculated using strictly 

defined methods. Additionally, final values must be cor-

rected using appropriate conformity factors (CF) in accord-

ance with the guidelines set out in the above-mentioned 

regulations. 

The emission of toxic pollutants during any real driving 

emissions test conducted in compliance with the require-

ments of the aforementioned legal acts, throughout the 

entire lifetime of vehicles approved under Regulation (EC) 

No 715/2007 [74], must not exceed the following Not-To-

Exceed (NTE) values for individual exhaust compounds, 

which are dependent on the CF defined as: 

 NTEj = CFj ∙ EURO 6 (1) 

where: j – the pollutant for which the emission index is 

defined, NTE – Not-To-Exceed emission limit, CFj – Con-

formity Factor – operational conformity factor for a given 

pollutant, EURO 6 – limit value for a given toxic com-

pound defined by the Euro 6 standard. 

The vehicle operational CF for pollutant emissions is 

determined across all measurement windows for each ex-

haust gas component. It represents the multiplier by which 

pollutant emissions under real driving conditions may in-

crease (or decrease) relative to the type-approval test, and is 

expressed by the following formula: 

 CF =
MRDE,j

Mtest,j
 (2) 
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where: j – pollutant for which the CF index is defined, 

MRDE,j – on-road emission of the harmful exhaust com-

pound obtained under real driving conditions during the 

RDE test [g/km], Mtest,j – on-road emission of the harmful 

exhaust compound obtained during the type-approval test 

[g/km]. 

The values of the vehicle operational CF for the respec-

tive pollutants are presented in Table 3. These values are 

subject to periodic review and are updated as PEMS (Porta-

ble Emission Measurement Systems) procedures or technol-

ogies improve. With the introduction of the temporary Euro 

6d-TEMP standard, a CF value of 2.1 for NOx and 1.5 for PN 

was adopted (1 + a margin for PN = 0.5). In the subsequent 

stage (Euro 6d), the CF for NOx was reduced to 1.43 (1 + a 

margin for NOx = 0.43), while the CF for PN remained un-

changed. The margin is a parameter that accounts for the 

additional measurement uncertainty of equipment used to 

measure harmful exhaust compounds under real driving 

conditions. This parameter is reviewed annually. 

 
Table 3. Conformity factors for emissions [30]  

 NOx CF PN CF CO 

Euro 6d-

TEMPT 
2.1 

1.5 

(1 + margin = 0.5) 

Must be measured 

and recorded 

Euro 6d 

1.43 

(1 + margin = 

0.43) 

1.5 
(1 + margin = 0.5) 

Must be measured 
and recorded 

 

In the absence of information regarding pollutant emis-

sions from a vehicle recorded during the type-approval test, 

it is possible to adopt the permissible values specified in the 

Euro emission standards applicable to the given vehicle. 

Emission indices (for individual pollutants) can be defined 

as the following types: 

 Instantaneous – characterized by high variability, calcu-

lated for each second of the test 

 Cumulative during the test – calculated as the running 

on-road emission of specific harmful exhaust com-

pounds (from the start of the test to the current moment) 

relative to the normative value 

 Overall, for the entire test, calculated as the ratio of on-

road emissions in the RDE test to the normative value. 

The validity of a completed run within an RDE test 

must be verified through a three-stage procedure as follows: 

 STAGE A – verification of general requirements, 

boundary conditions, trip and operational requirements, 

as well as specifications for operational fluids, as de-

fined in Regulation (EU) 2016/427 [20] 

 STAGE B – verification of general driving dynamics 

requirements and the procedure for determining the cu-

mulative positive altitude gain, as defined in Regulation 

(EU) 2016/427 [20] 

 STAGE C – verification of dynamic driving conditions 

and calculation of the final emission value under real 

driving conditions using the moving averaging window 

method based on CO₂ mass, as defined in Regulation 

(EU) 2016/427 [20]. 

2.2. Regulations concerning rail vehicles 

The regulations in force in Europe regarding the permis-

sible emissions of harmful exhaust compounds from com-

bustion engines used in vehicles of the NRMM category 

(Non-Road Mobile Machinery Emissions) are defined by 

the requirements set out in the Stage I–V standards. These 

regulations are specified in Directive 97/68/EC of the Eu-

ropean Parliament and of the Council [37] and in subse-

quent amendments: 

 Stage I/II standard: Directive 97/68/EC [34], Directive 

2002/88/EC [36] 

 Stage III/IV standard: Directive 2010/26/EU [17], Di-

rective 2010/26/EC [16] 

 Stage V standard: Regulation (EU) 2016/1628 [75], 

Regulation (EU) 2017/654 [127], Regulation (EU) 

2018/989 [14], Regulation (EU) 2017/655 [12], 

Regulation (EU) 2018/987 [13]. 

In the European Union regulation, the following catego-

ries of engines used in traction vehicles have been defined: 

a)  Category NRE (Engines For Non-Road Mobile Machin-

ery) 

 Engines for mobile machinery not intended for use 

on roads 

 Engines with a rated power of less than 560 kW 

b)  Category NRS (Spark Ignition Engines For Non-Road 

Mobile Machinery) – SI engines 

 Engines with a rated power below 56 kW 

c)  Category RLL (Railway Locomotives) 

 Engines used in locomotives 

d)  Category RLR (Railway Railcars) 

 Engines used in railcars 

 Engines used instead of RLL category engines under 

Stage V [38]. 

The first emission limits with the force of European Un-

ion law for the non-road vehicle group were introduced in 

the 1990s. The Stage standards were gradually implement-

ed as increasingly strict regulations based on engine power 

(Tables 4–7). Type approval is granted when the power unit 

meets the requirements set out in the relevant directives and 

when the emission of toxic compounds in the exhaust gases 

complies with the limits defined by the applicable standard. 

 
Table 4. Stage IIIA/B emission standards for locomotives and railcars [10] 

Cat. 
Power 

Date 
CO HC NOx PM 

[kW] g/kWh 

Stage III A 

RC A P > 130 2006 3.5 HC+NOx = 4.0 0.2 

RL A 130 ≤ P ≤ 560 2007 3.5 HC+NOx = 4.0 0.2 

RH A P > 560 2009 3.5 0.51 6.01 0.2 

Stage III B 

RC B P > 130 2012 3.5 0.19 2.0 0.025 

R B P > 130 2012 3.5 HC+NOx = 4.0 0.025 

 

The emission of harmful exhaust compounds from 

NRMM vehicles in the European Union is assessed using 

two test cycles: 

 NRSC (Non-Road Stationary Cycle) – a stationary test 

cycle used to measure toxic exhaust compounds (CO, 

HC, NOx, PM) from non-road vehicles. It is applied un-

der Stage I–V standards for CI engines operating at con-

stant or variable speed with a net power output in the 

range of 19 kW ≤ P ≤ 560 kW. The NRSC test is also 

used to measure emissions from engines intended for 

use in locomotives and railcars (Stage IIIA/B). 
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 NRTC (Non-Road Transient Cycle) – a transient test 

cycle used to measure toxic exhaust compounds (CO, 

HC, NOx, PM) from non-road vehicles. It is applied un-

der Stage III B–V standards for compression ignition 

engines with a net power output in the range of 19 kW ≤ 

P ≤ 560 kW operating under variable speed conditions 

[17, 18, 37]. 

 
Table 5. Stage IIIA/B and Stage IV emission standards for rail vehicles [10] 

Cat. 
Power 

Date 
CO HC NOx PM 

[kW] g/kWh 

Stage III A 

H 130 ≤ P ≤ 560 2006 3.5 HC+NOx = 4.0 0.2 

I 75 ≤ P < 130 2007 5.0 HC+NOx = 4.0 0.3 

J 37 ≤ P < 75 2008 5.0 HC+NOx = 4.7 0.4 

K 19 ≤ P < 37 2007 5.5 HC+NOx = 7.5 0.6 

Stage III B 

L 130 ≤ P ≤ 560 2011 3.5 0.19 2.0 0.025 

M 75 ≤ P < 130 2012 5.0 0.19 3.3 0.025 

N 56 ≤ P < 75 2012 5.0 0.19 3.3 0.025 

P 37 ≤ P < 56 2013 5.0 HC+NOx = 4.7 0.025 

Stage IV 

Q 130 ≤ P ≤ 560 2014 3.5 0.19 0.4 0.025 

R 56 ≤ P < 130 2014 5.0 0.19 0.4 0.025 
1   HC = 0.4 g/kWh, NOx = 7.4 g/kWh for engines with power  

P > 2000 kW and displacement D > 5 dm³/cylinder 

 
Table 6. Stage V emission standards for engines of category NRE [10] 

Cat. 
Power 

Date 
CO HC NOx PM PN 

[kW] g/kWh 1/kWh 

NRE-

v/c-1 
P < 81) 2019 8.0 

HC+NOx 

= 7.5 
0.4 

– 

NRE-

v/c-2 

8 ≤ P  

< 191) 
2019 6.6 

HC+NOx 

= 7.5 
0.4 

– 

NRE-

v/c-3 

19 ≤ P  

< 371) 
2019 5.0 

HC+NOx 

= 4.7 
0.015 

1×1012 

NRE-

v/c-4 

37 ≤ P  

< 561) 
2019 5.0 

HC+NOx 

= 4.7 
0.015 

1×1012 

NRE-

v/c-5 

56 ≤ P  

< 1302) 
2019 5.0 0.19 0.4 0.015 

1×1012 

NRE-

v/c-6 

130 ≤ P ≤ 

5602) 
2019 3.5 0.19 0.4 0.015 

1×1012 

NRE-

v/c-7 
P > 5602) 2019 3.5 0.19 3.5 0.045 

– 

1) Ignition – CI 
2) Ignition – CI, SI 

 
Table 7. Stage V emission standards for locomotive and railcar propulsion systems [10] 

Cat. 
Power 

Date 
CO HC NOx PM PN 

[kW] g/kWh 1/kWh 

RC A P > 01) 2021 3.5 HC+NOx = 4.0 0.025 – 

RL A P > 01) 2021 3.5 0.19 2.0 0.025 1×1012 
1) Ignition – CI, SI 

 

In emission tests of exhaust systems, measurements are 

performed for gaseous compounds (CO, HC, NOx) as well 

as PM. CO₂ is often used as a reference gas to determine 

the dilution level in both full-flow and partial-flow dilution 

systems. Additionally, it is recommended to monitor CO₂ 

concentrations due to their usefulness in detecting meas-

urement issues during the test based on their readings. The 

stationary test cycle consists of a strictly defined number of 

engine speed and load phases, designed to represent the 

typical operating ranges of non-road mobile machinery 

engines. In all test phases, the concentrations of harmful 

exhaust compounds, exhaust gas flow rate, engine power, 

and the weighted average of measured values are deter-

mined. Pollutants from the vehicle’s exhaust system are 

measured continuously by sampling undiluted exhaust gas 

under precisely defined operating conditions with  

a warmed-up engine. PM is measured by collecting the 

sample on a suitable filter, which is then diluted using con-

ditioned ambient air. The PM sample can either be collect-

ed as a single sample for the entire test or as individual 

samples on separate filters for each test phase, with  

a weighted average then calculated for the whole test. The 

method for calculating the specific emission of pollutants 

(g/kWh), i.e., the number of grams of all measured harmful 

compounds per unit of work performed, is strictly defined. 

The NRSC includes various profiles that define how the 

measurement test is conducted for different types of equip-

ment as specified in Directive 2004/26/EC [17, 18, 37]. 

3. Measurement of harmful exhaust emissions  

in laboratory tests 

The primary tests for measuring exhaust emissions are 

dynamometer tests conducted under laboratory conditions. 

These measurements aim to simulate real-world vehicle 

operating conditions, with the resulting emission data often 

serving as input for models assessing the impact of road 

traffic on air quality. Laboratory measurements are divided 

into two groups. The first group consists of engine dyna-

mometer tests, where the engine is mounted directly on  

a test bench and equipped with only the components neces-

sary for its proper functioning. The second group involves 

chassis dynamometer tests, where vehicles are tested on 

rollers that simulate road conditions. The main advantage of 

laboratory tests is their ability to perform multiple meas-

urement cycles at relatively low costs. However, the results 

are only approximate, as the tests do not account for factors 

such as road conditions, driver behaviour, or the quality of 

ambient air. Consequently, most test cycles conducted on 

dynamometers do not accurately reflect the actual operating 

conditions of vehicles in urban traffic [55]. Literature anal-

yses confirm significant differences between parameters 

measured in laboratory and real-world conditions [3, 51, 

88]. Additionally, most tests are conducted on new or min-

imally used engines, which are in much better technical 

condition than the majority of vehicles on the road. This 

highlights the need to consider the degree of wear and tear 

of tested vehicles, as it significantly impacts exhaust emis-

sions. Numerous studies [6, 9, 62, 90–92] have demonstrat-

ed that old and worn-out vehicles pose the greatest threat to 

the environment and human health. As a result, several 

alternative methods have been developed in recent years to 

obtain more reliable results. One of the first approaches 

involved the creation of dynamic test cycles that simulate 

specific driving conditions [2, 83]. Another approach in-

volved conducting tests under real-world operating condi-

tions. 

4.  Measurement of harmful exhaust emissions  

in real-world operating conditions 
Homologation regulations currently mandate that emis-

sions measurements for passenger cars must be conducted 

on the road, using specially designed RDE tests with PEMS 

[95]. The program for the RDE test is a development of the 

stationary World Wide Harmonised Light Vehicle Test 
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Procedure (WLTP). The WLTP test is performed on a car 

dynamometer and consists of four phases, which are differ-

ent due to speed and driving dynamics. Phases in WLTP 

test are: low, medium, high, and extra-high. The test applies 

to passenger cars and delivery vans. 

The driving test in the RDE procedure consists of a se-

quence of three driving stages: urban, rural, and motorway, 

which are classified based on instantaneous speed, with 

their proportions expressed as a percentage of the total 

driving distance (tab. 8). The test covers approximately 

(±10%) 34% urban driving with vehicle speeds not exceed-

ing 60 km/h, 33% rural driving with speeds between 60 

km/h and 90 km/h, and 33% motorway driving with vehicle 

speeds above 90 km/h. The total duration of the test is be-

tween 90 and 120 minutes, and the minimum distance cov-

ered in urban, rural, and motorway segments must be 16 km 

for each stage. Due to these requirements, such measure-

ments are very time-consuming and require substantial 

financial resources. 

 
Table 8. RDE test driving conditions [67] 

Parameter Requirements 

Segment urban rural motorway 

Duration of test 90–120 min 

Proportion of test 
time 

29–44% 23–43% 23–43% 

Minimum distance 16 km 16 km 16 km 

Vehicle speed v ≥ 60 km/h 
60km/h < v 

≤ 90 km/h 
v > 90 km/h 

Average vehicle 

speed 
15–40 km/h – – 

v > 100 km/h – – ≥ 5 min 

v > 140 km/h – – 

< 3% of 

motorway 

driving time 

Stops during urban 

driving 

6–30% of the 

urban seg-
ment time 

– – 

Cumulative positive 

altitude gain 
< 1200 m/100 km 

Difference in alti-
tude (start vs. end) 

≤ 100 m 

 

Real-world testing aims to verify the ecological perfor-

mance of vehicles across a wide spectrum of operating 

conditions [96]. These measurements primarily focus on 

assessing the impact of applied powertrain systems and 

vehicle parameters on emissions of harmful substances and 

identifying differences between homologation procedures 

and real-world usage. Numerous global tests have demon-

strated significant discrepancies between dynamometer-

based laboratory tests and real-world road tests, particularly 

concerning nitrogen oxides [5, 42, 65]. Advancements in 

measurement equipment miniaturization have enabled in-

creasingly precise studies in real-world operating condi-

tions. 

Moreover, the application potential of such devices con-

tinues to expand, allowing the inclusion of specific move-

ment patterns for different vehicle types (road, off-road, 

including rail). However, there are certain limitations to 

using PEMS equipment. Primarily, the measurement ana-

lyzers must be installed on the test vehicle, and the meas-

urement probes must be directly integrated into the exhaust 

system [64, 78, 87]. The installation process is often time-

consuming, and it is not always feasible to use exhaust gas 

flow meters, which streamline the testing process. Conse-

quently, flow characteristics often must be determined 

using data on intake manifold pressure, post-turbocharger 

temperature, and crankshaft rotational speed.  

RDE procedures, however, cover only passenger cars 

and delivery vans, and there are no specific regulations yet 

for testing NRMM under real-world conditions. These 

vehicles, or more specifically their combustion engines, are 

only tested in laboratory conditions using engine dyna-

mometers. The operational characteristics of engines for 

Stage standards are predetermined. For static tests, NRSC is 

tailored for specific engine groups, while the dynamic 

NRTC serves as a common test for all vehicle types. Both 

tests are mandatory, but they often fail to replicate real-

world operating conditions. The latest regulations regarding 

NRMM emissions include provisions for real-world testing 

[31], but they lack defined research procedures or specific 

emission limits for harmful exhaust gases in such tests.  

Real-world operating condition tests are a very modern 

solution designed to accurately reproduce the conditions 

prevailing during normal vehicle operations. However, such 

tests are primarily conducted on new vehicles that are being 

approved for road use, as mandated by homologation regu-

lations. Older and more heavily used vehicles, which pose 

the greatest risk to the environment and human health, are 

typically only tested in research centres for scientific pur-

poses or, more commonly, during inspections at Vehicle 

Inspection Stations. These inspections rely on basic and 

often imprecise equipment, which often yields unreliable 

results. As a result, there is ongoing development of meas-

urement methods that do not require interference with the 

vehicle's structure and involve significantly lower financial 

costs [62, 90–92]. 

5. Remote sensing measurements 

5.1. Tunnel studies 

An alternative to PEMS-based testing is remote sensing 

measurements, which allow for the evaluation of vehicle 

emissions without the need to install equipment on the 

tested vehicles. These systems record instantaneous meas-

urements of exhaust concentrations from passing vehicles, 

enabling the testing of a large number of vehicles in a short 

period and at low unit costs. Three main remote sensing 

systems can be distinguished: tunnel studies, the extractive 

method, and the open-path system. A comprehensive litera-

ture review revealed numerous solutions for measuring 

emissions from passenger cars and heavy vehicles, but there 

is a lack of research regarding such measurements for rail 

vehicles. Tunnel studies (Fig. 4) [48, 49, 81] are conducted 

for groups of vehicles, and harmful exhaust emissions are 

measured for the studied area.  

In this type of research, a ventilation system is common-

ly used to collect samples. A reference gas sample is intro-

duced prior to measurement. Air samples are collected at 

several measurement points, enabling the determination of 

average concentrations across a cross-section. These sam-

ples are stored in special bags or are sent directly to meas-

urement devices at a defined flow rate. The collected pollu-

tants are then analyzed using specific analyzers for measur-
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ing harmful exhaust gases. For CO2 and CO measurements, 

NDIR (Non-Dispersive Infrared) analyzers or related tech-

nologies are commonly used [48, 57, 63]. NOx measure-

ments employ chemiluminescent detectors [48, 57, 63, 81], 

while HC is measured using a Flame Ionization Detector 

(FID) [57, 63, 85]. PM is analyzed using gravimetric meth-

ods [57, 58, 60]. Tunnel-based emission studies were first 

implemented in the late 1970s [68], and over time, these 

measurements have been widely adopted in the United 

States [40, 77, 79] and other countries [48, 58, 80, 86].  

 

Fig. 4. Tunnel test method for exhaust gas sampling, where red dots (●) 
 indicate the locations of measurement points [48, 49, 80] 

 

The main advantage of tunnel studies is the location 

where the measurements are conducted. Tunnel walls and 

the use of air filtration systems act as barriers against exter-

nal factors, such as pollution from vehicles outside the 

tunnel or from local stationary sources. Additionally, the 

tunnel's ventilation system facilitates the measurement of 

airflows. Another advantage of tunnel studies is the ease of 

setting up measurement equipment. However, research [50, 

69] has shown that local emission models often significant-

ly differ from real-world values, particularly for CO and 

HC results, which were found to be approximately half the 

actual values. This discrepancy raises concerns about the 

accuracy of the obtained measurement results. 

5.2. Extractive method 

Another type of remote sensing study is the extractive 

method (Fig. 4) [71, 72, 93]. This approach utilizes the 

principle of extractive remote sensing, where a sample of 

exhaust gas is collected and analysed by a specialized sys-

tem. A test setup for this method can be mounted on a mo-

bile research unit equipped with devices that capture ex-

haust gases. In this case, the test vehicle follows the ana-

lysed vehicle, capturing a portion of the emitted exhaust 

gases. The collected gases are then directed to specialized 

analysers for identification and measurement. Alternatively, 

stationary measurement points can be used, which continu-

ously sample air, with the samples being taken near the 

vehicle’s exhaust outlet. The extractive remote sensing 

technique is characterized by high precision due to the 

advanced technology of the analysers used. 

However, a limitation of this method is the relatively 

small number of vehicles that can be tested simultaneously 

[8]. In most cases, extractive studies rely on specially 

adapted air monitoring systems that are modified by re-

searchers [4, 41, 43]. The equipment used in these studies 

typically includes NDIR analysers for CO measurements 

[4, 11, 53], chemiluminescent analysers for NO [4, 11], and 

NDUV (Non-Dispersive Ultraviolet) analysers for O3 [11], 

as well as optical particle counters for PM [11, 41, 89].  

A review of the literature indicates that extractive studies 

have yet to define specific emission or concentration 

thresholds for the tested vehicles. 

 

Fig. 5. Method of sampling exhaust gases using extraction remote sensing 

 using a) mobile measuring point, b) stationary measuring point [8] 

5.3. Open-path system 

Another type of remote sensing system is the open-path 

method, which utilizes a light source and a detector placed 

either at the roadside or above the roadway (Fig. 5) [59, 

94]. The light source, operating in the infrared or ultraviolet 

spectrum, is reflected by a mirror located on the opposite 

side of the road. Exhaust gases passing through the light 

beam absorb part of the radiation, allowing the concentra-

tions of specific pollutants to be determined. This meas-

urement occurs as the vehicle passes through the beam. The 

monitoring equipment also records environmental condi-

tions, enabling the registration and control of surrounding 

air quality, which allows for the separation of background 

pollutants from those emitted by the analysed vehicle. This 

type of remote sensing station also facilitates the measure-

ment of vehicle speed, acceleration, and the identification 

of license plates using cameras [8].  

 

Fig. 6. Open path measurement scheme: a) configuration used at intersec-

 tions, b) top-down detection system [8] 

 

However, the open-path method has some limitations, 

such as differences in scanning time due to gaps between 

vehicles or variability in the composition of background air. 

Another issue is the significant uncertainty of results caused 

by the length of the measurement path, which often necessi-

tates normalizing the data relative to CO2 emissions [70, 73, 

84]. Remote sensing studies of this type typically last sev-

eral weeks or months, allowing data to be collected for  
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a very large fleet of vehicles. Remote sensing devices are 

most commonly used to measure concentrations of CO, 

HC, NO, and PM. The scientific literature reports typical 

values for these pollutants as follows: CO ranging from 

0.2% to 3.5% [54, 76, 82], HC ranging from 0.004% to 

0.22% [54, 76, 82], and NO ranging from 35 ppm to 1000 

ppm [54, 76, 82]. 

A review of the literature shows that for over a decade, re-

searchers from various scientific institutions worldwide have 

been working on developing devices to assess emissions under 

both real-world and laboratory conditions [2, 3, 61, 65, 67]. 

However, the technologies developed so far remain insuffi-

cient. Given the persistent issue of harmful emissions from 

combustion vehicles, further research utilizing more advanced 

measurement technologies is necessary [7]. 

6. Summary 
Due to the significant impact of transportation on air 

pollution, new regulations are being implemented to reduce 

harmful exhaust emissions. The European Union's primary 

goal is to introduce regulations for zero CO2 emissions 

from vehicles by 2035. Intermediate emission reduction 

targets for 2030 have been set at 55% for passenger cars 

and 50% for commercial vehicles [39]. The final version of 

these regulations was approved by the European Parliament 

in February 2023. The overarching objective of these ac-

tions is to achieve a 90% reduction in greenhouse gas emis-

sions from transportation by 2050 compared to 1990 levels, 

supporting the attainment of climate neutrality under the 

European Green Deal. However, transportation is the only 

sector where greenhouse gas emissions increased over the 

past three decades, rising by 33.5% between 1990 and 

2019. Significant reductions in CO2 emissions will there-

fore not be easy, as the rate of reduction has slowed.  

Current forecasts indicate that emissions from the trans-

portation sector will decrease by only 22% by 2050, far 

below the established goals [39]. Achieving the desired 

targets and addressing the health crisis caused by air pollu-

tion will require swift and comprehensive actions. In highly 

developed economies, various solutions are being imple-

mented to improve air quality, such as establishing low-

emission zones in city centres. The effectiveness of such 

zones can be assessed through remote sensing devices that 

measure harmful exhaust emissions from vehicles operating 

in these areas. The main advantage of such measurements is 

obtaining real-world data on the state of vehicles operating 

within a specific area, including compliance with legislative 

standards and the level of wear and tear of the vehicles. 

Remote sensing enables the determination of pollutant 

concentrations emitted by vehicles within and outside low-

emission zones. This provides valuable insights into the 

actual impact of these zones in reducing automotive-related 

environmental pollution. 

Additionally, this type of research can identify and ex-

clude vehicles that excessively emit harmful substances, 

reducing their negative impact on the environment and 

public health. High-emission vehicles can then undergo 

diagnostics to identify the source of the issue. This ap-

proach encourages faster action from vehicle owners to 

repair or replace damaged components. In cases where 

repairs are not economically viable, the vehicles should be 

retired and replaced with modern, more environmentally 

friendly models. This strategy effectively reduces emissions 

and promotes more sustainable vehicle use. It is also essen-

tial to conduct similar studies in the non-road transport 

sector. Rail vehicles, especially older and heavily used 

units, are significant sources of harmful emissions, and 

research on their emissions remains limited and insuffi-

cient. Applying remote sensing systems to railways would, 

as with road vehicles, allow for the identification of units 

emitting excessive pollutants and enable corrective actions. 

A lack of action in the non-road vehicle sector risks the 

continued operation of vehicles that significantly exceed 

homologation limits, posing threats to human health and 

contributing to environmental degradation. Introducing 

remote sensing studies for rail vehicles is, therefore, not 

only necessary but also a critical step toward sustainable 

railway transport.  
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Nomenclature 

CF conformity factors 

CI compression-ignition 

CO carbon monoxide 

CO2 carbon dioxide 

COPD chronic obstructive pulmonary disease 

DI direct fuel injection  

FID flame ionization detector 

GBD global burden of disease study 

GHG green house gases 

HC hydrocarbons 

NDIR non-dispersive infrared 

NDUV non-dispersive ultraviolet 

NMHC non-methane hydrocarbons 

NOx nitrogen oxides 

NRE engines for non-road mobile machinery 

NRMM non-road mobile machinery 

NRS spark ignition engines for non-road mobile ma-

chinery 

NRSC non-road steady cycle 

NRTC non-road transient cycle 

NTE Not-To-Exceed emission limit 

O3 ozone 

OBD onboard diagnostic 

PEMS portable emissions measurement systems 

PM particulate mass 

PN particle number 
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RDE real driving emission 

SI spark-ignition 

THC total hydrocarbons 

WHO World Health Organization 

WLTP World Wide Harmonised Light Vehicle Test 

Procedure 
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1. Introduction 

1.1. Aftertreatment technologies for particulate matter 

emission control 

Stringent global emission regulations have necessitated 

the integration of advanced aftertreatment technologies in 

diesel vehicles. Among these technologies, Diesel Particu-

late Filters (DPF) have become essential for effectively 

reducing particulate matter emissions. DPFs are now stand-

ard in all new passenger and diesel vehicles due to Europe-

an regulations [9]. The introduction of limits on particle 

number (PN), along with existing particulate matter (PM) 

standards, demonstrates the growing concern about the 

health effects of very fine particles [4]. These regulations 

have encouraged the development of DPF technology, 

creating a market with both original equipment and after-

market alternatives. Periodic Technical Inspections (PTI) 

are essential to ensure that vehicles continue to comply with 

environmental and safety standards throughout their service 

life [14]. Emission tests during Periodic Technical Inspec-

tions help identify vehicles that release too many particles, 

confirming the proper operation of Diesel Particulate Fil-

ters. PTI procedures are created to find cars that don't have 

DPFs or DPFs that aren't working properly [9].  

The effectiveness of a DPF is determined by a variety of 

parameters, including the design of the filter substrate, the 

materials used, and the regeneration process. Original 

Equipment Manufacturer (OEM) and aftermarket DPFs 

have different designs, materials, and production processes, 

which affect their performance and durability. A typical 

DPF consists of a metallic shell and a substrate made of 

cordierite or silicon carbide (SiC). The filter has a honey-

comb structure with alternating plugged channels, forcing 

exhaust gas to flow through the porous walls [4, 16]. 

Diesel particulate filters (Fig. 1) are critical to reducing 

emissions of particulate matter from diesel engines, im-

proving air quality, and public health. These filters trap 

particulate matter, or soot, and later burn it off in a process 

called regeneration, which significantly reduces the number 

of harmful particles released into the atmosphere. As ex-

haust gas flows through the DPF channels, particulate mat-

ter (mainly soot and ash) is trapped on the walls of the 

filter. The accumulated soot needs to be removed periodi-

cally to prevent excessive pressure drop and maintain filter 

efficiency. This is done through a process called regenera-

tion, where the soot is oxidized at high temperatures [1, 4]. 

There are two main types of regeneration [1, 16]: 

 passive regeneration: this occurs continuously during 

normal engine operation when exhaust gas temperatures 

are high enough (300–400°C) to oxidize the soot 

 active regeneration: this is triggered when exhaust tem-

peratures are not high enough for passive regeneration. 

It involves injecting extra fuel to raise the exhaust tem-

perature and burn off the collected soot.  

 

 Fig. 1. Construction and operation of the DPF filter [1] 

 

Even slight damage, such as small cracks on the DPF's 

substrate, whether from physical impact, thermal stress, 

erosion, or manipulation, can greatly impair its particle 
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filtration performance. The presence of cracks enables 

exhaust gases to bypass the intended filtration channels, 

resulting in a rapid reduction in the DPF's ability to capture 

particles [4]. 

The porosity of the DPF substrate is a critical parameter 

influencing filtration efficiency and backpressure. Higher 

porosity can reduce backpressure, which may compromise 

filtration efficiency, while lower porosity can increase fil-

tration efficiency, which raises backpressure. The optimal 

porosity is a balance between these competing effects. The 

introduction of particle number emission limits in addition 

to particulate matter mass limits has further necessitated the 

use of highly efficient DPFs capable of capturing even the 

smallest particles [14]. Typically, silicon carbide filter walls 

have a porosity of 40% to 50%. Cordierite DPFs, however, 

generally exhibit a porosity between 50% and 60%.  

Diesel engine particle sizes (Fig. 2) typically range from 

5 nm to 1000 nm (1 μm). Ultrafine particles (< 100 nm) can 

penetrate deep into the lungs and subsequently enter the 

bloodstream, primarily depending on their size. Insoluble 

particles, such as soot and metal oxides, are transported via 

the circulatory system throughout the body, crossing both 

the blood–brain barrier and the placenta [17]. Particle size 

distributions from diesel engines are often lognormal, with 

mean diameters ranging from 60 to 120 nm [7]. However, 

it's important to note that particle formation and size are 

affected by combustion conditions, engine operating condi-

tions, and fuel composition [1, 2]. Particulate matter in 

diesel exhaust is a complex mixture of carbon soot, un-

burned fuel and lubricating oil, and products of fuel pyroly-

sis reactions. Typically, PM consists of four components: 

solid soot, soluble organic fraction, sulfur compounds, and 

ash. In modern engines, the sulfur content of the fuel signif-

icantly impacts particulate formation [2]. 

 

Fig. 2. Particle size distributions measured for a diesel vehicle under 

 various engine speeds [7] 

1.2. Current and planned particulate matter emission 

limits 

The old opacimeter method measures smoke emissions 

from diesel vehicles during a free acceleration test. An 

opacimeter measures the absorption of light through the 

exhaust gas, providing a reading in m
–1

. However, this 

method has limitations in assessing the performance of 

modern DPF equipped vehicles. Traditional opacimeters are 

not very effective in detecting DPF malfunctions. Even 

vehicles with damaged or removed DPFs can pass the opac-

ity limits (< 0.5 1/m). The opacity limits in place are often 

too high to identify vehicles with malfunctioning DPFs. 

The accuracy of opacimeters can be limited, especially at 

low smoke emission levels [5, 9]. Several European mem-

ber states are considering the introduction of SPN (solid 

particle number) concentration measurement in PTI [14].  

Dynamometer testing, conducted within a controlled la-

boratory environment, serves to assess particulate matter 

and particle number emissions. Exhaust gases are then 

collected and analyzed using various instruments. Particu-

late matter can be measured using a filter method, while the 

solid particle number is measured using a particle counter. 

The emission is measured during a specific driving cycle, 

such as the New European Driving Cycle or the Worldwide 

Harmonized Light Vehicle Test Cycle [9, 18]. Comprehen-

sive vehicle emissions assessments under controlled condi-

tions offer several advantages, like the ability to measure 

multiple pollutants at once. However, they can be expen-

sive and time-consuming and may not be suitable for large-

scale fleet monitoring. The limitations of traditional opacity 

measurements in accurately evaluating DPF performance 

are prompting a shift towards particle number measure-

ments. Measuring particle number at idle appears to be  

a promising way to detect DPF malfunctions [15]. 

The PN-PTI test is a method used during Periodic 

Technical Inspections to check the presence and proper 

functioning of diesel particulate filters in vehicles. It 

measures the concentration of solid particles in the exhaust 

gas [13]. Particle number concentration quantifies the num-

ber of particles within a specified volume of exhaust gas. 

The goal of PN-PTI is to identify vehicles that emit exces-

sive particulate number due to DPF damage or removal. It 

is essential to guarantee compliance with emission stand-

ards and safeguard air quality [14]. PN-PTI utilizes special-

ized equipment to sample and measure the particle number 

concentration in the exhaust. The test is performed with the 

engine at idle speed. The procedure involves inserting  

a probe into the exhaust pipe to extract a sample of the 

exhaust gas. The gas sample is then processed to remove 

any volatile components, ensuring that only solid particles 

are measured. The concentration of solid particles is quanti-

fied using a particle counter. The result is compared with  

a set limit value [13, 14]. 

Table 1 presents an overview of PN-PTI measurement 

procedures and limits. The engine conditions, test duration, 

repetitions, and limit values exhibit variability across dif-

ferent countries. 

Several issues and damages can affect DPF filters, lead-

ing to increased PN emissions and potential environmental 

concerns. Damage or malfunction of the DPF directly leads 

to a significant increase in PN emissions (Fig. 3). Even 

minor damage can cause emissions to exceed regulatory 

limits, and the PN-PTI test is designed to identify vehicles 

with such issues. 
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Table 1. PN measurement procedure during PTI in different countries [14] 

Country NL / BE DE CH 

Effective date 07.2022 01.2023 01.2023 

Engine 
conditions 

Cold (only in case 

of “pass” result) 

or Hot 

Hot (engine 

coolant > 

60°C) 

Hot 

Sampling 15 s 30 s 5 s 

Repetitions 1 3 3 

Limit (#/cm3) 1 000 000 250 000 
100 000 * 

250 000 ** 

Application 
Euro 5 
Euro 6 

Euro 6 
DPF 

equipped 
* at low idling, ** at high idling (2000 rpm) 

 

The On-Board Diagnostics system may not always de-

tect DPF failures, even when PM emissions are significant-

ly higher than the regulation limit [18]. Because current 

EOBD systems lack PM or PN sensors, they cannot detect 

DPF failures and are easily manipulated when DPFs are 

removed. Also, engine behavior can strongly influence the 

PN emission. For example, the application of EGR can have 

a substantial effect on the PN emission of an engine at low 

idle speed. Therefore, the engine's condition should be taken 

into account during a PN-PTI test. Cracks or leaks in the 

DPF can result in significantly increased PN emissions. For 

instance, a DPF with a crack can lead to a PN emission of 

2,000,000 #/cm
3
 at low idle speed and over 6,000,000 #/cm

3
 

at high idle speed [9]. As mileage increases, DPF perfor-

mance may degrade, leading to higher PN emissions, espe-

cially in retrofitted DPFs [3]. Furthermore, high sulfur 

content in fuel can negatively impact DPF regeneration 

[12]. Therefore, regular and appropriate maintenance prac-

tices are crucial to ensure continued optimal DPF function-

ality. The implementation of PN-PTI is expected to enhance 

the detection of malfunctioning or removed DPFs, contrib-

uting to improved air quality and environmental protection.  

 

 Fig. 3. DPF filter assessment depending on PN emissions [10] 

2. Research methodology 

2.1. Research objectives 

The research aimed to evaluate the effectiveness of die-

sel particulate filters in meeting new periodic technical 

inspection (PTI) requirements based on particle number 

emissions. To achieve this, a series of emission tests were 

conducted using certified particle number counters (PNC). 

The study was carried out in several stages. In the initial 

phase, PN emissions were measured from a variety of pas-

senger vehicles equipped with diesel engines compliant 

with Euro 3, Euro 4, Euro 5, and Euro 6 standards. All 

vehicles were fitted with original (OEM) exhaust after-

treatment systems (Table 2). To provide a comparative 

baseline with legacy testing methods, an additional tester 

was used to assess particulate matter emissions based on 

smoke opacity, in accordance with the older methodology. 

The measurements were conducted at the beginning of the 

year on an outdoor parking area, with an ambient tempera-

ture of approximately 5°C. All tested vehicles had cold 

engines, and the measurements were taken 30 seconds after 

engine start, under idling conditions at low engine speed. 

 
Table 2. Cars tested for different emission standards 

Vehicle 
Emission 

standard 

Mileage 

103 [km] 

Aftertreatment 

system 

BMW X3 E83 

3.0d 204 HP 

Euro 3 

(2004 year) 
255 

DOC without DPF 

Toyota Auris 1.4 

D4D 90 HP 

Euro 4 

(2007 year) 
205 

DOC without DPF 

BMW 325d E91 

3.0d 197 HP 

Euro 4 

(2007 year) 
340 

DOC with DPF but 

without filter inside 

Peugeot 308 1.6 

HDi 92 HP 

Euro 5 

(2012 year) 
136 

DOC with DPF 

Skoda Octavia III 

1.6 TDI 105 HP 

Euro 5 

(2014 year) 
189 

DOC with DPF 

VW Passat B8 

2.0 TDI 150 HP 

Euro 6 

(2019 year) 
78 

DOC with DPF  

and SCR 

 

In the next stage of the research, a controlled test was 

performed on a Peugeot 308 passenger vehicle to investi-

gate the impact of mechanical interference with the DPF on 

PN emissions (Fig. 4). The particle number measurements 

for the Peugeot 308 were conducted at an authorized ser-

vice facility. The ambient temperature during testing was 

approximately 20°C. The vehicle arrived with a fully 

warmed-up engine, and the measurements were carried out 

30 seconds after restarting the engine, under idling condi-

tions at low engine speed. Three holes, each with a diame-

ter of 10 mm, were drilled into the original diesel particu-

late filter to simulate unauthorized physical modifications 

made by the vehicle owner. Emission measurements were 

then taken to assess the effect of partial filter damage. Sub-

sequently, the entire DPF core was removed from the hous-

ing, effectively disabling the particulate filtration system. 

Additional emission tests were conducted to evaluate parti-

cle number levels in the absence of any particulate control 

device. Finally, a new DPF unit was installed in the vehicle, 

and further tests were carried out to verify the performance 

of the fresh system in reducing particulate emissions. 

In the following stage, new aftermarket diesel particu-

late filters were purchased from eight different suppliers 

operating in the secondary market.  

No defect 

Partially defective 

Moderately defective 

Seriously defective 

Completely defective or removed 

1

10

100

1 000

10 000

100 000

1 000 000

10 000 000

100 000 000

P
N

 [
#/

cm
3 ]
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 Fig. 4. Tested DPF filters with 3 holes and empty 

 

The selection included both silicon carbide (SiC) and 

cordierite DPFs. For comparison, original filters were also 

acquired, one OE filter (Eurorepar) and one OEM filter, to 

evaluate differences in performance between aftermarket 

and original equipment products. PN measurements were 

also performed at an authorized service center. The engine 

was already warmed up upon arrival, and the measurements 

were conducted 30 seconds after engine start, under idling 

conditions at low engine speed. All filters were tested for 

particle number emissions immediately after installation in 

the Peugeot 308 test vehicle, using a particle number coun-

ter. This allowed for a direct comparison of filtration effi-

ciency among new and unused DPFs from different 

sources. 

Additionally, two selected aftermarket DPFs were in-

stalled in the vehicle for real-world driving over defined 

distances (200 km and 1000 km, respectively), to evaluate 

how conditioning and initial soot loading affect filtration 

efficiency and PN emissions. These results provided insight 

into how aftermarket filters perform not only when new, 

but also after a short period of use under typical operating 

conditions. 

In the final stage of the study, an additional test was 

conducted on a new aftermarket DPF. A forced regenera-

tion procedure was carried out at an authorized service 

center (in the outdoor parking) for the Peugeot 308 vehicle. 

The regeneration was performed in stationary conditions 

according to the official guidelines provided by the vehicle 

manufacturer (Peugeot). Immediately after the forced re-

generation (i.e., after conditioning the filter DPF), particle 

number emissions were measured using a particle number 

counter. This test aimed to evaluate the effect of the condi-

tioning procedure on the initial filtration efficiency of a new 

aftermarket DPF. 

An additional investigation was conducted on a used 

DPF that had been previously operated in a vehicle and 

exhibited particle number emissions exceeding the regula-

tory limits. To determine the possible cause of the poor 

filtration performance, the filter was sent to a specialized 

laboratory for a computed tomography (CT) scan. The CT 

analysis was performed to examine the internal structure of 

the DPF and verify whether the filter core had been dam-

aged or degraded during use. This non-destructive diagnos-

tic method allowed for a detailed internal inspection to 

identify potential structural defects or signs of mechanical 

interference that could explain the excessive PN emissions. 

 

2.2. PTI-PN measurement devices 

An opacimeter measures the opacity of smoke, indicat-

ing the concentration of particulate matter in the exhaust 

gas. It assesses how much light is blocked by the exhaust. 

During operation, a light beam is directed through a section 

of the exhaust gas stream. A sensor positioned on the oppo-

site side of the exhaust gas stream measures the amount of 

light that passes through. The instrument then calculates the 

opacity based on the amount of light blocked, where higher 

opacity signifies more smoke [9, 18]. However, it's crucial 

to recognize that opacity tests possess a limited capacity to 

detect malfunctioning DPFs, in contrast to the heightened 

sensitivity of the PN-PTI method [14].  

Particle Number measurement employs two primary 

technological approaches: condensation particle counters 

(CPC) and diffusion charging (DC) counters. Both types of 

particle number counters are utilized in PN-PTI tests to 

assess the performance of diesel particulate filters. Conden-

sation particle counters (Fig. 5) are utilized to measure 

particle number during vehicle type approval, both in con-

trolled laboratory settings and during on-road testing. With-

in a CPC, the process involves mixing the aerosol flow with 

a working fluid, often isopropanol, within a saturator, facili-

tating the fluid's evaporation. Subsequently, the saturated 

flow enters a condenser, where the isopropanol vapor con-

denses onto the particles, causing them to enlarge into de-

tectable droplets. The instrument then counts these droplets 

by using light scattering to determine the number of parti-

cles [13].  

 

 Fig. 5. Schematic of a CPC type counter [8] 

 

DC-based PN counters (Fig. 6) are another type of in-

strument used in PN-PTI tests [6]. These counters work by 

first passing particles through a corona discharge, which 

transfers an electrical charge to them. The charged particles 

then enter an electric field. This electric field is used to 

collect the charged particles, and the instrument measures 

the electrical current produced. The measured current is 

proportional to the number of particles present in the sam-

ple [13]. 

 

 Fig. 6. Schematic of a DC type counter [20] 
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In summary, while opacity meters offer a simple check 

for excessive smoke, PN counters provide a more precise 

assessment of DPF performance by directly measuring the 

number of particles emitted, and different types of PN 

counters are available based on different measurement 

technologies. PN-PTI instruments should be robust, relia-

ble, and easy to use. They also need to operate in a wide 

range of ambient conditions. The instruments determine the 

solid particle number concentration down to 23 nm [13]. 

3. Results 

3.1. Overview of emission results for DPF filters 

Using the Continental DX280 DC particle number 

counter, measurements of PN were conducted on vehicles 

compliant with Euro 3 to Euro 6 emission standards. The 

PNC used for testing was equipped with software calibrated 

for the Dutch market, where the limit is set at 1 000 000 

#/cm
3
. The device was borrowed courtesy of the director of 

Wijs-Air. Prior to testing, the PNC underwent a standard-

ized warm-up procedure. Once ready, idle PN emissions 

were measured for all tested vehicles (Fig. 7). The result of 

each measurement was displayed on a wireless monitor 

approximately 15 seconds after the sampling began (Fig. 8). 

 

 Fig. 7. Measurement of PN and PM from the exhaust pipe 

 

Fig. 8. PN measurement result on the Continental PNC display for the 
 Peugeot 308 and for old OEM DPF 

In addition, the same vehicles were also assessed for 

particulate matter emissions by measuring the exhaust 

smoke opacity using a DPF100 PM tester, which was also 

borrowed. For this device, results were categorized as fol-

lows: good (0–500 µg/m
3
), marginal (500–1000 µg/m

3
), 

and poor (above 1000 µg/m
3
). Measurement results were 

visually indicated both by a corresponding LED on the 

tester's housing and on a wireless display (Fig. 9), which 

presented a real-time graph with horizontal limit lines for 

easy interpretation. 

 

Fig. 9. PM measurement result (density) on the DPF100 tester display for 

 the Peugeot 308 and for the old OEM DPF 

 

As shown in Fig. 10, vehicles that were not originally 

equipped with a diesel particulate filter (BMW X3, BMW 

325d, and Toyota Auris) exhibited PN emissions that ex-

ceeded the measurement range of the particle number coun-

ter, with values exceeding 20 million #/cm
3
. In terms of PM 

emissions, the BMW vehicles recorded “poor” results, 

according to the DPF100 tester. Interestingly, the Toyota 

Auris, despite also lacking a DPF, showed a “good” PM 

result, with a value below 500 µg/m
3
. This unexpected 

outcome for the Toyota may be attributed to the engine 

being fully warmed up at the time of testing. This suggests 

that the DPF100 PM tester may not be reliable as  

a standalone tool for verifying the presence or functionality 

of a DPF part, as thermal conditions can significantly influ-

ence the readings. For the Peugeot 308, the PN measure-

ment exceeded 2 million #/cm
3
, which clearly indicates  

a malfunction of the DPF. However, the PM tester reported 

a “good” result of 233 µg/m
3
, again highlighting the limited 

diagnostic reliability of the DPF100 PM tester. Only the 

Skoda and Volkswagen vehicles produced PN results with-

in the acceptable range, indicating that their DPF parts were 

functioning properly. 

Figure 11 presents the results obtained from a series of 

controlled modifications performed on the DPF of a Peuge-

ot 308. Initially, three 10 mm diameter holes were drilled 

into the existing DPF. In this configuration, the PNC im-

mediately detected abnormally high PN emissions exceed-

ing 10 million #/cm
3
, indicating severe filter damage. How-

ever, the DPF100 PM tester reported a “marginal” result of 

653 µg/m
3
, suggesting that the filter was not in optimal 

condition.  

In the next stage, the DPF core was completely re-

moved. This resulted in an even higher PN reading from the 

PNC (over 20 million #/cm
3
) and notably higher PM emis-
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sions measured by the DPF100 to 1154 µg/m
3
, classified as 

a “poor” result. At this point, both devices correctly indi-

cated the lack of DPF functionality. 

 

 Fig. 10. DPFs assessment depending on PN emissions for different cars 

 

 Fig. 11. PN emission results for damaged and new DPF in a Peugeot 308 

 

Finally, after installing a new aftermarket DPF, both in-

struments recorded values consistent with proper filter opera-

tion. The PN count dropped dramatically to 36,000 #/cm
3
, 

and the PM tester showed a “good” result of 72 µg/m
3
. These 

results confirm that while both devices can detect a fully 

removed or replaced filter, only the PNC counter reliably 

identifies partial damage (e.g., drilled holes), highlighting 

its superior sensitivity to even minimal damage to the DPF. 

The next stage of the study involved evaluating the per-

formance of newly purchased diesel particulate filters, both 

original equipment manufacturer parts and aftermarket 

alternatives supplied by major secondary market producers. 

The tested DPFs included filters based on both silicon car-

bide (SiC) and cordierite substrates. Particle number meas-

urements were carried out using a newly acquired Bartec 

nEC particle number counter (Fig. 12). Each measurement 

was conducted immediately after the installation of the 

respective DPF, under idle conditions. The vehicle used for 

all tests was the previously examined Peugeot 308 1.6 HDi. 

The software of the Bartec nEC particle number counter 

was configured for the Swiss market and validated with the 

homologation certificate number CH-K4-23008-00. In 

accordance with current Swiss regulatory requirements, the 

measurement consists of three exhaust samples, from which 

the software calculates a final averaged PN emission result 

(an example is shown in Fig. 13 – test failed). The first 

stage of the measurement is performed at idle, with a strict 

limit of 100,000 #/cm
3
 for the final result. If this maximum 

allowable value is exceeded, the procedure moves on to the 

second stage, where the software prompts the user to increase 

engine speed to 2000 rpm while remaining at idle. In this 

second stage, the emission limit is raised to 250,000 #/cm
3
. 

All tested DPFs were evaluated during the first measure-

ment stage only, at idle and under the 100,000 #/cm
3
 limit. 

The emission levels observed were high, and proceeding to 

the second stage would likely have led to even higher emis-

sion values. 

 

 Fig. 12. Purchased Bartec nEC PNC for measurements 

 

Fig. 13. PN measurement result on the Bartec nEC PNC display for the 
 Peugeot 308 and for the cordierite DPF of competitor 8 
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Referring to the results shown in Fig. 14, none of the af-

termarket DPFs tested (representing eight different compet-

itors) passed the particle number emission tests, regardless 

of substrate type (SiC or cordierite). The average particle 

number for these aftermarket parts was significantly high, 

reaching approximately 1.6 million #/cm
3
. Only the OEM 

DPF remained within the acceptable upper limit, achieving 

a value of 137,280 #/cm
3
. 

Interestingly, the OE Eurorepar filter (“OE_ER._SiC”) 

also failed the test, clearly exceeding the regulatory limits. 

Although labeled as OE, this filter had been sourced 

through an aftermarket supplier, which was evident from its 

physical construction and manufacturer markings. 

Additionally, after the initial testing, the OE Eurorepar 

part remained installed in the vehicle and was driven for 

approximately 1,000 km. A follow-up measurement then 

showed a dramatic improvement in performance, with  

a result of just 563 #/cm
3
. Subsequently, a competitor 8 

cordierite DPF (“Comp.8_Cord.”) was installed, driven for 

about 200 km, and also delivered very good results (1854 

#/cm
3
). These road test results clearly indicate that after-

market DPFs may require a period of conditioning before 

reaching their optimal filtration efficiency. 

The final test conducted on the Peugeot 308 involved  

a forced regeneration of the DPF. After installing one of the 

aftermarket cordierite DPF filters, the particle number 

emissions were measured using the PNC device, resulting 

in a high value of 2 205 387 #/cm
3
. 

Subsequently, a forced regeneration procedure was per-

formed at an authorized service. According to the manufac-

turer's diagnostic software, the regeneration process (Fig. 

15) lasted approximately 1.5 hours and consisted of three 

identical cycles: 

 1
st
 cycle: 35 min (7 min at 3000 rpm, remaining time at 

idle) 

 2
nd

 cycle: 35 min (7 min at 3000 rpm, remaining time at 

idle) 

 3
rd

 cycle: 35 min (7 min at 3000 rpm, remaining time at 

idle). 

Immediately after the regeneration process, a follow-up 

PNC measurement showed that PN emissions had dropped 

below the 250,000 #/cm
3
 limit, with a result of 173,172 #/cm

3
. 

This demonstrates that forced regeneration has a measura-

ble positive effect on the functional performance of the 

DPF. 

3.2. CT scan analysis of filter structure and internal 

damage in DPF 

An OEM diesel particulate filter removed from  

a Peugeot 308, provided by one of our customers, was 

found to exhibit elevated particle number emissions despite 

being a genuine component. The filter had a mileage of 

approximately 139,000 km at the time of inspection. This 

unit had previously been inspected and diagnosed by an 

authorized service center, after which it was replaced due to 

performance degradation. The filter featured a cylindrical 

geometry with a diameter of 5.66 inches, a length of 6 inch-

es, and a cell density of 200 CPSI (cells per square inch), 

resulting in an approximate volume of 2.5 liters. According 

to the service report, the total soot load (i.e., particulate 

matter that can be removed through thermal regeneration) 

was measured at 1.65 g/l. In contrast, the ash content, 

which accumulates over time and cannot be removed by 

standard regeneration processes, represented about 82% of 

the total solid deposits within the DPF. Further inspection 

revealed that the filter was also physically damaged, with  

a visible crack in the ceramic structure. This combination of 

high ash loading and mechanical failure indicates an ad-

vanced stage of filter degradation and a significant reduc-

tion in soot storage capacity, ultimately justifying the need 

for replacement. 

 
Fig. 14. PN emission results in a Peugeot 308 for different DPF filters from the aftermarket and original equipment 
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Fig. 15. Forced and stationary DPF filter regeneration by an authorized 

 service 

 

Following the installation of a new aftermarket DPF in 

the Peugeot 308, and after approximately two years of ve-

hicle operation (covering a total distance of 33,000 km), the 

particle number emissions were remeasured using the PNC 

device. The recorded value reached 1 850 747 #/cm
3
, indi-

cating a significant deterioration in filtration performance. 

To investigate the internal condition of the filter’s core, 

the DPF was sent for X-ray computed tomography scanning 

at the CTLAB X-ray Computed Tomography laboratory, 

part of the Central European Institute of Technology. The 

CT scan was carried out using a GE Phoenix v|tome|x L240 

tomograph, allowing for a non-destructive, high-resolution 

analysis of the filter’s internal structure. 

Computed tomography of the DPF revealed multiple 

transverse cracks in the lower part of the DPF filter (Fig. 

16), a characteristic sign of “ring-off cracks”, which com-

monly occur in diesel particulate filters [11, 19]. 

This type of damage usually happens when the DPF re-

generation process doesn’t occur properly. If the filter is 

clogged and the exhaust gases aren’t hot enough, regenera-

tion starts only at the front (inlet) of the filter. A heat wave 

then slowly moves toward the outlet. Because the rear part 

of the filter is still blocked with soot, it gets very hot. After 

some time, the high temperature at the outlet can also trig-

ger regeneration from the rear side. Now, two heat waves 

travel toward each other – one from the front and one from 

the outlet. Meanwhile, the front of the filter stays relatively 

cool due to the incoming exhaust gases. This creates  

a strong temperature difference inside the filter. When the 

two heat zones meet (approximately one-third of the filter 

length from the rear), the thermal stress is so high that it 

causes the ceramic filter to crack – a failure known as 

“ring-off cracks”. 

The primary cause appears to be thermal stress generat-

ed during uncontrolled or interrupted regeneration process-

es. This typically occurs when the filter is heavily loaded 

with soot and regeneration initiates irregularly, creating 

intense localized heating. The resulting thermal gradients 

induce mechanical stress within the ceramic structure, lead-

ing to transverse cracks (ring-off cracks). Additional con-

tributing factors may include: 

 unplanned interruption of the regeneration process, such 

as turning off the engine while it’s operating at high rpm 

 the end-of-life condition of the DPF, where the filter 

becomes filled with non-burnable ash. This reduces 

flow and regeneration efficiency, leading to overheating 

 poor engine condition or improper usage, such as exces-

sive oil consumption or frequent short-distance driving, 

can contribute to excessive soot loading and regenera-

tion difficulties. 

 

 Fig. 16. Computer tomography of the DPF filter in the housing 

 

The cracks likely resulted from a combination of exces-

sive soot accumulation, irregular regeneration, and extend-

ed thermal gradients, all of which contributed to structural 

damage of the ceramic DPF filter. 

After performing the CT scan of the DPF, the filter 

housing was cut for visual inspection of the internal dam-

age. As shown in Fig. 17, a full circumferential crack was  

 

 Fig. 17. The filter after removing it from the housing 
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confirmed, and the filter unexpectedly split into two sepa-

rate parts upon removal from the surrounding support mat. 

The vehicle owner reported that the car was mainly 

driven on very short trips, typically around 3 km and occa-

sionally up to 10 km. Additionally, the driver was unaware 

of when DPF regeneration cycles occurred. This strongly 

suggests that regeneration processes were either unsuccess-

ful or early interrupted, which is a known cause of ring-off 

cracks. 

In this case, the increased particulate number emissions 

recorded by the PNC device were caused by structural 

cracks in the DPF, which were confirmed both through 

computed tomography scanning and after cutting the filter 

housing. In addition to the high emissions, visual inspection 

showed significant smoke, a dirty exhaust outlet, and  

a noticeable unpleasant odor coming from the tailpipe. 

In addition to the DPF filter that exhibited high PN 

emissions, a small cubic sample from both an OEM (SiC) 

filter (Fig. 18) and an aftermarket (cordierite) filter (Fig. 

19) was sent to the CTLAB X-ray Computed Tomography 

facility at the Central European Institute of Technology. 

The purpose of this supplementary analysis was to examine 

the internal structure of the filters (wall thickness and po-

rosity). This investigation aimed to explain why the OEM 

filter exhibited compliant PN emission levels immediately 

after installation in the vehicle, whereas the aftermarket 

DPF required initial conditioning to reach acceptable emis-

sion levels. 

 

Fig. 18. 3D scan of a section of an OEM filter 

 

Fig. 19. 3D scan of a section of an aftermarket filter 

 

Figure 20 shows the honeycomb structure of the OEM 

SiC filter, which features a relatively uncommon channel 

geometry. In contrast, Fig. 21 presents the more typical 

honeycomb structure of an aftermarket cordierite filter.  

A comparison of both structures indicates that the wall 

thickness of the OEM filter is 0.38 mm, while the aftermar-

ket filter has a thinner wall of 0.31 mm – approximately 

18% thinner. This reduced wall thickness likely contributes 

to lower particle filtration efficiency. 

 

Fig. 20. Structure and wall thickness for OEM DPF SiC filter 

 

Additionally, the OEM filter walls appear denser, with 

smaller pore sizes, whereas the aftermarket filter shows 

greater porosity (higher percentage of open space within the 

porous wall structure). This increased porosity improves the 

flow of exhaust gases and, consequently, allows more solid 

particles to pass through the filter wall. 

 

 Fig. 21. Structure and wall thickness for Aftermarket DPF Cordierite filter 

 

Figure 22 (OEM filter) and Fig. 23 (aftermarket filter) 

show magnified CT scan images of the filter walls and their 

pores. Several representative pore diameters are indicated, 

ranging from small pores of approximately 0.01 mm to 

larger ones around 0.06 mm. A visual comparison shows 

that the OEM filter contains a greater number of smaller 

pores, whereas the aftermarket filter exhibits larger pores. 

Figures 24 and 25 present the pore diameter distribu-

tions for the OEM and aftermarket filters, respectively. 

Each histogram illustrates the frequency of pore sizes ob-

served in the samples. The red solid line represents the 

fitted normal distribution, while the green dashed line cor-
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responds to the log-normal distribution. These plots were 

generated using MATLAB, based on measurements ex-

tracted from CT scan image data.  

 

 Fig. 22. OEM filter wall – magnified pore structure 

 

 Fig. 23. Aftermarket filter wall – magnified pore structure 

 

The OEM filter exhibits a more homogeneous pore 

structure, characterized by a narrower pore size distribution 

and reduced variability in pore diameters. In contrast, the 

aftermarket filter shows a broader pore size distribution, 

including a noticeable presence of larger pores. Such char-

acteristics may suggest reduced efficiency in capturing fine 

particulate matter, although they could also result in lower 

flow resistance (i.e., lower pressure drop) across the filter.  

 

 Fig. 24. Pore size distribution – OEM filter section 

 

 Fig. 25. Pore size distribution – aftermarket filter section 

 

Based on this analysis, the mean pore diameter was cal-

culated to be 9.5 μm for the OEM filter and 11.1 μm for the 

aftermarket filter. The porosity of each filter was deter-

mined by calculating the ratio of total pore volume to total 

sample volume, expressed as a percentage. According to 

this approach, the OEM filter exhibited a porosity of 

39.5%, while the aftermarket filter showed a higher porosi-

ty of 45.5%. 

As a result, the new aftermarket filter shows higher PN 

emissions during the initial phase. However, after a short 

conditioning period, the larger pores begin to fill with par-

ticulate matter, which enhances the filter’s ability to trap 

particles and reduces emissions to levels compliant with 

regulatory limits. 

4. Summary and conclusion 
The conducted tests on vehicles with different emission 

standards demonstrated that particle number counters 

(PNC) are highly effective tools for determining the pres-

ence and proper functioning of diesel particulate filters, as 

well as for identifying their failure. In contrast, traditional 

opacity meters used to assess particulate matter (PM) emis-

sions in the past often failed to accurately detect faulty or 

missing DPFs. Vehicles not equipped with DPFs – typically 

those compliant with emission standards lower than Euro 5, 

were unable to meet the new, stricter particle number (PN) 

limits during inspections when tested using PNC devices. 

Further testing with the Peugeot 308 confirmed that af-

termarket DPFs do not appropriately reduce PN emissions 

immediately after installation. Only vehicles equipped with 

original DPFs (OEM) consistently met the regulatory PN 

limits. One of the key factors influencing this outcome is 

the structural difference between filters, particularly wall 

thickness and porosity, which significantly affect filtration 

efficiency. However, the present study provides an initial 

comparison between OEM and aftermarket diesel particu-

late filters based on a limited number of samples. While the 

structural differences observed, such as variations in porosi-

ty and wall thickness, may suggest potential factors influ-

encing filtration efficiency and PN emissions, the conclu-

sions drawn should be considered preliminary. 

To strengthen these findings and minimize overinterpre-

tation, further comparative analyses are planned, including 
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a larger sample size encompassing both OEM and after-

market DPFs made of cordierite and SiC. This will include 

expanded CT imaging for evaluating structural and perfor-

mance related differences between filter types and manu-

facturers. 

New aftermarket DPFs require initial conditioning be-

fore they can reliably meet the PN limits during MOT test-

ing using PNC devices. PN measurements should not be 

conducted immediately after DPF installation, as uncondi-

tioned filters may not yet be effective in trapping particulate 

matter. 

Conditioning of aftermarket DPF filters can be achieved 

through a forced regeneration process, which is time-

consuming, or through a relatively short driving period. 

Internal tests showed that after just a few kilometers of 

driving, the filters began functioning correctly and com-

plied with the regulatory PN limits. Nevertheless, to ensure 

reliable performance and reduce variability caused by fac-

tors such as vehicle age, engine size, load, and fuel con-

sumption, a minimum recommended distance of 60–100 

kilometers should be covered before performing periodic 

technical inspections (PTI) using PNC devices. 
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Environmental life cycle assessment of selected SUV passenger cars 
 
ARTICLE INFO  This paper primarily aimed to conduct an environmental life cycle assessment of selected SUV passenger cars. 

The study focused on vehicles supplied with three dissimilar drive systems: BEV, petrol-powered PHEV, and 

ICEV. Two time ranges were considered: one for vehicles currently in use and another for those anticipated to 
be registered by 2050. The research employed the LCA method. Among the life cycle stages related to produc-

tion and post-use management, the highest environmental repercussions were observed for currently used BEV 

vehicles, while the lowest impact was associated with ICEVs projected for 2050. During the operational phase, 
the ICEVs from 2020 exhibited the greatest level of environmental harm, whereas the BEVs from 2050 showed 

the least impact. 
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1. Introduction 
The new passenger automotive market in Europe en-

larges by 0.9% in 2024, representing 12,909,741 registra-

tions. Same year, SUVs accounted for 54% of all passenger 

car registrations in the European market, setting a historic 

record for the segment's share. The total number of SUVs 

sold amounted to 6.92 million vehicles, representing a 4% 

increase compared to 2023. The most popular models in 

this category were compact SUVs (C-SUVs), accounting 

for 42% of the total number of registrations in the segment. 

In second place were superminis, also known as small 

hatchbacks, versions (B-SUVs), along with a market share 

of 36%. Then again, the uppermost surge was recorded in 

the luxury SUV segment, where registrations increased by 

13%, reaching 56,300 units (Fig. 1) [23]. 

 

 Fig. 1. New car registrations by segments (Europe-28, data for 2024) [23] 

 

In connection with the above, the fundamental purpose 

of this paper was to conduct an environmental life cycle 

assessment of selected SUV passenger cars. 

2. Materials and methods 

2.1. Object and plan of the analysis 

In this paper, materials and structural elements of SUV-

class passenger vehicles rigged with three diverse drive 

systems: ICEV and PHEV as a petrol-powered representa-

tive, plus BEV. The LCA practice was chosen to assess the 

environmental impact. In accordance with ISO 14040 and 

ISO 14044 standards, it was decided that the life cycle 

analysis in this research shall divide the subject into the 

following: determination of goals and scope, life-cycle 

inventory, life-cycle impact assessment, and interpretation 

[16, 17, 25, 26, 33]. 

In the primary part of this paper, the purpose and spec-

trum of the analysis work was outlined (specifics are pre-

sented in part 2.2). During the ongoing research, the fun-

damental task was to assemble as much unquestionable and 

complete data as possible concerning the examined passen-

ger vehicles. This task was carried out thanks to coopera-

tion with manufacturers and recycling companies (specifics 

are presented in part 2.3). The following step aimed at con-

ducting a life cycle analysis of the weighed SUV passenger 

vehicles. For this inquiry, calculations were created based 

on Sima-Pro 9.5 (with the Ecoinvent 3.9.1 database), based 

on the ReCiPe 2016 and IPCC 2021 models (specifics are 

presented in part 2.4). Acquired outcome, including thor-

ough clarification, is given in parts 3 and 4. 

2.2. Determination of goals and scope 

The initial part of the life cycle analysis (LCA) consists 

of precisely defining its purpose and scope. The LCA was 

conducted to distinguish probable divergence in the envi-

ronmental impact between three types of SUVs equipped 

with three different drive systems (ICEV, PHEV, BEV). 

The systems of vehicles under study were designed to 

enable comparability in conditions of both the range and the 

detail of the performed research. In geographical terms, the 

area of the analysis aims to be a territory of Europe. The 

time horizon of this paper is 2020, up to 2050 (forecast). 

Transport processes were omitted from the analyses due to 

the significant variability of the potential locations of pro-

duction plants and places of operation of the research ob-

jects, which could significantly disrupt the reliability of the 

results. A cut-off level of 0.1% was adopted in all assess-

ments. 

The studies conducted were categorized as bottom-up 

analyses, and that served to describe the existing reality 

(retrospective analysis), but also constituted a basis for 

modeling more sustainable solutions (prospective analysis). 
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Due to the high level of advancement, the conducted stud-

ies can be classified as detailed analyses. The data used was 

obtained directly from manufacturers and recycling compa-

nies, and when this was not possible, from SimaPro soft-

ware databases. For the purposes of the conducted analyses, 

it was assumed that the cars would be used for an average 

period of 18 years. For an average annual mileage of ap-

proximately. 15,000 km/year, the range of their use was 

estimated at 270,000 km [3, 13, 22, 35]. 

2.3. Life-cycle inventory (LCI) 

In the next phase of the appraisal, data collection and ini-

tial analysis take place. During this phase, assessable data is 

gathered to identify both the input and output data related to 

the object being tested. This is a crucial step in reaching the 

analysis goal and creating a life cycle model for the evaluated 

passenger vehicles. In this phase, input data such as energy 

and materials, as well as output streams such as waste and 

emissions, are identified and quantified [7, 28, 30, 37]. 

This study examined the life cycles of SUVs, focusing 

on the materials, energy consumption, and emissions in-

volved in their production, operation, and end-of-life man-

agement (the so-called cradle to grave approach). In Eu-

rope, the average weight of SUVs registered in 2020 was 

1537 kg. In the next 25 years, a reduction in vehicle weight 

by about 20% is expected. Currently, steel, polymers, and 

iron play a dominant role in the mass structure. Forecasts 

indicate that the share of high-strength steel, aluminum, and 

carbon fiber reinforced polymers will increase in the case of 

cars registered in 2050. At the same time, a decrease in the 

share of iron, other types of polymers, and other types of 

steel is expected (Fig. 2) [6, 14]. 

 

Fig. 2. Simplified material composition of SUV passenger cars registered 

in 2020 and 2050 (forecast) [personal study conducted through literature 
 analysis and data gathered from manufacturers] 

 

In the case of vehicles registered in 2020, a higher per-

centage of steel and iron in the total weight of the car is 

noticeable. Forecasts indicate that for cars to be registered 

in 2050, the dominant percentage will be characterized by 

high-strength steel and polymer materials (Fig. 3). 

For battery electric vehicles (BEVs) and plug-in hybrid 

electric vehicles (PHEVs) registered in 2020, the emission 

factors stemming from battery production were determined 

by the prevalent chemical composition, specifically 

NMC622 type batteries with graphite, along with the Euro-

pean battery market mix relevant for that period. For cars 

with forecast registration in 2050, the emission factors 

included NMC811-type graphite batteries manufactured in 

Europe [11]. 

 

Fig. 3. Share of key materials in the construction of SUV passenger cars 

registered in 2020 and 2050 (forecast) [personal study conducted through 
 literature analysis and data gathered from manufacturers] 

2.4. Life-cycle impact assessment (LCIA) 

The third phase of life cycle analysis encompasses the 

evaluation of the potential environmental impact associated 

with the subjects studied. This phase, known as life cycle 

impact assessment (LCIA), comprises both mandatory and 

optional components. The mandatory components involve 

the selection of impact categories, category indicators, 

characterization models, as well as the processes of classifi-

cation and characterization. In contrast, the optional com-

ponents consist of normalization, grouping, and weighting. 

In this research, both mandatory and optional elements 

were incorporated to provide a comprehensive analysis. 

The assessment was conducted utilizing SimaPro 9.5, sup-

ported by the Ecoinvent 3.9.1 database and the ReCiPe 

2016 and IPCC 2021 models [1, 8–10]. 

Classification involves the process of assigning life cy-

cle inventory (LCI) results to their corresponding impact 

categories. Characterization constitutes a process wherein 

LCI results are analyzed and converted by applying specific 

characterization parameters. These transformed results are 

subsequently expressed as relative contributions to each 

impact category. For this study, the ReCiPe and IPCC mod-

els were utilized to facilitate the characterization process. 

The normalization stage consists of relating the results of 

impact category indicators to established reference values. 

Grouping and weighting, on the other hand, are processes 

involving the assignment of weighting factors for each 

impact category and then multiplying them by the normal-

ized values of the indicators [2, 12, 18, 32]. 

ReCiPe serves as one of the key models in life cycle 

impact assessment (LCIA), streamlining the transformation 
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of life cycle inventory results into environmental impact 

indicators. These indicators quantify the potential magni-

tude of environmental impact across various impact catego-

ries. The model operates on two clearly delineated levels: 

22 midpoint impact categories and 3 endpoint areas of 

influence. The midpoint categories focus on specific envi-

ronmental issues, while the endpoint areas of influence 

represent a broader perspective of environmental effects, 

aggregated into three overarching dimensions: human 

health, ecosystem quality, and resource depletion. The 

ReCiPe 2016 model expresses grouping and weighting 

outcomes in environmental points (Pt). A total of 1000 

points represents the average environmental repercussions 

attributed to a single individual over the span of one year 

[5, 15, 19, 31]. 

The analysis also used the IPCC 2021 GWP model, 

which allowed for the estimation of the greenhouse poten-

tial (GWP). This model is based on carbon dioxide as  

a reference compound, against which the greenhouse poten-

tial of other gases is determined. The findings from the 

analyses were expressed in terms of kilograms of carbon 

dioxide equivalent (kg CO₂ eq), as referenced in prior stud-

ies [21, 24, 27]. 

2.5. Interpretation 

Interpretation serves not merely as the concluding phase 

of life cycle assessment but constitutes a fundamental com-

ponent embedded within each preceding step of the process. 

The primary objective of this stage is to critically assess the 

derived results and ensure their alignment with the initially 

established objectives and scope of the study. Within this 

framework, the analysis underwent scrutiny for complete-

ness, culminating in a favorable outcome. The results of the 

assessment, together with their interpretation, are presented 

in detail in sections 3 and 4 [4, 20, 36]. 

3. Results 

3.1. Life cycles of materials, components, and work 

units 

The analysis assessed the potential impact of SUV vehi-

cles on the environment, considering three different drive 

systems: petrol-powered ICEV, petrol-powered PHEV, and 

BEV. Two distinct scenarios for managing post-consumer 

materials were thoroughly evaluated, focusing on two key 

approaches: the option of storage and the alternative strate-

gy of recycling. Each scenario was carefully examined to 

understand its implications, benefits, and potential chal-

lenges in addressing waste management effectively. Two-

time horizon scenarios were also adopted, covering cars 

registered in 2020 and a forecast referring to cars to be 

registered in 2050. Section 3.1 presents an assessment per-

formed exclusively of the life cycles of materials, compo-

nents and working assemblies of the vehicles considered. 

The results obtained for fuel and energy cycles are present-

ed in Section 3.2. 

3.1.1. ReCiPe 2016 

The key findings of the research, analyzed using the  

The ReCiPe 2016 model is expressed in units of environmen-

tal points (Pt). Figure 4 illustrates a comprehensive analysis 

of grouping and assigning weight to the anticipated environ-

mental impacts associated with each stage of the life cycle 

for materials, components, and functional assemblies used in 

the production of the evaluated passenger vehicles within the 

SUV class. This assessment specifically excludes any envi-

ronmental consequences arising from fuel consumption and 

energy generation processes, focusing solely on the broader 

materials and manufacturing systems. Passenger vehicles 

registered in 2020 are expected to have a more harmful effect 

on the environment over their lifespan than those set to be 

registered three decades later. When evaluating the life cy-

cles of these vehicles, assuming they are disposed of through 

storage after use, their environmental impact is significantly 

more severe than if they were managed through recycling. 

The highest level of harmful impacts is noted for BEV vehi-

cles, whose materials, components, and working assemblies 

would be designated for landfill (6.2110
3
 Pt for those regis-

tered in 2020 and 5.2210
3
 Pt – in 2050). Implementing recy-

cling practices can substantially minimize the overall nega-

tive repercussions throughout their entire lifecycle (–5.2310
3
 

Pt for cars from 2020 and –4.3410
3
 Pt for those from 2050). 

The main reason for this situation was the impact on the 

environment of the production and post-consumer manage-

ment of their batteries. 

 

Fig. 4. The outcomes of categorizing and assigning weight to the anticipat-

ed environmental impacts throughout the life cycle of the analyzed SUV 

passenger vehicles, which vary based on their drive systems, while consid-
ering various post-consumer management scenarios, have been assessed 

 using the ReCiPe 2016 model 

 

Table 1 and Fig. 5 illustrate the outcomes of categoriz-

ing and evaluating the predicted environmental repercus-

sions occurring throughout the life cycle of materials, com-

ponents, and functional units associated with the analyzed 

passenger vehicles. Particular attention is given to three key 

impact areas: human health, ecosystems, and raw material 

depletion. Among these, the most significant adverse ef-

fects were identified in the areas of human health, while the 

least impact was observed in relation to raw material re-

source depletion. Notably, the life cycle of battery electric 

vehicles (BEVs) exhibited the highest number of negative 

effects, particularly when considering their storage re-

quirements (6.2110
3
 Pt for those registered in 2020 and 

5.2210
3
 Pt – in 2050, within the realm of effects on human 

health, 5.8110
3
 Pt for cars from 2020 and 4.8810

3
 Pt for 

those from 2050). Recycling would reduce the destructive 
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environmental consequences over their entire life cycle  

(–5.2310
3
 Pt for those registered in 2020 and –4.3410

3
 Pt 

in 2050, within the realm of effects on human health  

–4.6210
3
 Pt for cars from 2020 and –3.8410

3
 Pt for those 

from 2050). The least negative impacts were recorded in 

the case of ICEV life cycles. 

 
Table 1. The outcomes of categorizing and assigning weight to the antici-

pated environmental impacts throughout the life cycle of the analyzed 
SUV passenger vehicles, which vary based on their drive systems and 

three areas of repercussions while considering various post-consumer 

management scenarios, have been assessed using the ReCiPe 2016 model 
 [unit: Pt] 

Areas of influence Human health Ecosystems Resources 

2020 

ICEV  
landfill 3.88103 3.12102 9.86100 

recycling –3.02102 –9.04101 7.66100 

PHEV  
landfill 4.77103 3.39102 1.61101 

recycling –3.28103 –4.34102 1.21101 

BEV 
landfill 5.81103 3.68102 2.46101 

recycling –4.62103 –6.33102 1.91101 

2050 

ICEV  
landfill 3.24103 2.64102 8.48100 

recycling –3.16102 –7.90101 6.58100 

PHEV 
landfill 4.08103 2.94102 1.38101 

recycling –2.74103 –3.60102 1.04101 

BEV 
landfill 4.88103 3.19102 2.12101 

recycling –3.84103 v5.22102 1.66101 

 

Fig. 5. Summarized outcomes of categorizing and assigning weight to the 

anticipated environmental impacts throughout the life cycle of the ana-
lyzed SUV passenger vehicles, which vary based on their drive systems 

and three areas of repercussions, while considering various post-consumer 

 management scenarios, have been assessed using the ReCiPe 2016 model 

3.1.2. IPCC 2021 

During the second phase of the research, the IPCC 2021 

model served as the foundation for analysis, with the results 

expressed in kilograms of CO2 equivalent. Figure 6 provides 

a concise overview of the GHG emissions generated across 

the life cycles of materials, components, and operational 

assemblies for the examined SUV passenger vehicles. The 

findings highlight that the most significant environmental 

impacts occur when post-use waste is managed through land-

fill disposal, whereas the smallest impacts are observed in 

cases where recycling is implemented. Life cycles of vehicles 

to be registered in 2050 would cause lower greenhouse gas 

emissions compared to those in 2020. The maximum level of 

destructive impacts again characterized the life cycle of BEV 

cars, including their storage (2.00104 kg CO2 eq for those 

registered in 2020 and 1.68104 kg CO2 eq in 2050). The life 

cycles of all assessed vehicles, which include landfilling 

instead of recycling, result in higher GHG emissions. In this 

case, the life cycles of ICEVs also had the lowest level of 

hazardous environmental impact. 

 

Fig. 6. Characterization results of greenhouse gas emissions throughout the 
life cycle of the analyzed SUV passenger vehicles, differentiated by their 

drive system types and considering various post-consumer management 

 possibilities, have been evaluated based on the IPCC 2021 model 

3.2. Fuel and energy cycles 

During the next phase of the research, a comprehensive 

analysis was conducted on the fuel and energy life cycles for 

all the vehicles assessed in the study. This analysis was care-

fully framed within the context of two separate future time 

scenarios: one set in the year 2020 and the other projected for 

2050. Within this timeframe, the GHG emissions associated 

with these fuel and energy cycles were systematically divid-

ed into two primary stages, allowing for a more structured 

and detailed examination of their environmental repercus-

sions. The initial phase, known as well-to-tank (WTT), in-

volves the comprehensive process of producing fuel and 

generating electricity, covering a wide range of activities 

from start to finish. This stage begins with the creation or 

extraction of the primary energy source, whether it be petro-

leum-based fuels like petrol and diesel or other forms of 

energy such as electricity. It extends through various inter-

mediate steps, culminating in the efficient delivery of the fuel 

to its intended destination. This destination could range from 

an electric vehicle charging station to a fuel distributor or 

supplier, ensuring the necessary resources are made available 

for subsequent use. The second stage in the process, com-

monly referred to as tank-to-wheel (TTW), specifically ad-

dresses the emissions generated directly from the combustion 

of fuel. This phase begins at the moment when the energy, in 

its usable form, is accessed, whether sourced from a charging 

station supplying electricity or a fuel distributor providing 

gasoline or diesel, and concludes with the energy being ex-

pended during vehicle operation. At its core, this stage en-

capsulates the quantity of fuel consumed by the vehicle and 
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the resulting emissions released as a consequence of driving. 

The analytical framework for this study was structured using 

the IPCC 2021 model. Within this framework, the outcomes 

of the analysis were quantified and presented in terms of 

kilograms of carbon dioxide equivalent (kg CO2 eq), provid-

ing a standardized metric for assessing environmental im-

pact.  

Vehicles registered during the year 2020 are notable for 

exhibiting significantly higher levels of greenhouse gas 

emissions throughout their fuel production and energy 

consumption cycles when compared to the anticipated 

emissions of vehicles that are expected to be registered by 

the year 2050. This difference underscores the gradual shift 

toward more sustainable and environmentally friendly 

transportation technologies and practices projected to 

evolve over the coming decades. The maximum total level 

of greenhouse gas emissions was recorded for ICEVs, while 

the minimum – for BEVs. For example, cars with an inter-

nal combustion engine, the TTW stage covering emissions 

from fuel combustion causes more destructive environmen-

tal consequences compared to the WTT stage, taking into 

account the production of the above types of fuels. PHEVs 

registered in 2020 generate more GHG as part of the WTT 

stage, and those to be registered in 2050 – during the TTW 

stage. Changes in the European energy mix would reduce 

the level of greenhouse gas emissions over the next 30 

years for BEVs (Fig. 7). 

 

Fig. 7. Analysis of greenhouse gas emissions across the fuel and energy 

life cycles for SUV passenger vehicles with varying drive systems under 
different time horizon possibilities has been conducted, including assess-

ments of emissions from the fuel and electricity production phase (WTT) 

as well as those resulting from fuel combustion during vehicle operation 
 (TTW), based on the IPCC 2021 model 

 

Balancing environmental priorities, it is crucial to address 

the levels of harmful emissions generated during both the 

production and consumption phases of fuel and electricity, 

commonly categorized as well-to-tank (WTT) and tank-to-

wheel (TTW) emissions. Equally significant, however, is the 

need to mitigate destructive environmental impacts stemming 

from other key lifecycle stages, namely production (P), 

maintenance (M), and end-of-life (EoL) processes. Recogniz-

ing this dual importance, further in-depth analyses of green-

house gas emissions across all these stages were undertaken 

to ensure a more comprehensive understanding and targeted 

approach to emission reduction. 

The life cycle analysis reveals that internal combustion 

engine vehicles (ICEVs) exhibit the highest total greenhouse 

gas (GHG) emission levels, reflecting significant environ-

mental drawbacks. For vehicles registered in both 2020 and 

2050, the tank-to-wheel (TTW) phase emerges as the prima-

ry contributor to these harmful emissions, underscoring its 

critical environmental impact. Conversely, battery electric 

vehicles (BEVs) achieve the lowest cumulative GHG emis-

sion levels across their life cycle, demonstrating their relative 

advantage in reducing emissions. For BEVs registered in 

2020, the emission levels during both the production and 

operation phases show a roughly comparable contribution to 

the overall carbon footprint. However, for vehicles set to be 

registered three decades later in 2050, a notable shift is ex-

pected. By this time, advances in technology and cleaner 

energy sources will likely result in significantly reduced 

emissions during the operation phase, while production re-

mains the dominant source of GHG releases within the BEV 

life cycle. Overall, SUVs registered in 2050 are projected to 

produce lower total greenhouse gas emissions than those 

registered in 2020. However, for SUVs from 2020, the opera-

tion phase contributes substantially more to the intensifica-

tion of the greenhouse effect compared to their production 

phase. This distinction clearly illustrates the evolving dynam-

ics in vehicle lifecycle emissions and the environmental 

benefits of transitioning to more sustainable vehicular tech-

nologies (Fig. 8). 

 

Fig. 8. Life cycle greenhouse gas emissions for analyzed SUV passenger 
vehicles, varying by drive system, were assessed across different time 

horizon scenarios, while key stages considered include: end-of-life (EoL), 

production (P), fuel/electricity production (WTT), fuel combustion emis-
 sions (TTW), and maintenance (M), using the IPCC 2021 model 

4. Summary and conclusions 
SUVs are the most frequently purchased cars on the Eu-

ropean market. Depending on the drive system used, their 

life cycle has a different level of impact on the environ-

ment. Transport is the only sector of the economy where 

greenhouse gas emissions are increasing rather than de-

creasing. In particular, light vehicles, including passenger 

cars, represent a large part (approx. 50%) of energy demand 

in the transport sector [29, 34]. 

The study successfully accomplished its primary goal 

by performing an environmental life cycle assessment of 

selected SUV passenger cars. This assessment focused on 
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internal combustion engine vehicles (ICEV) and plug-in 

hybrid electric vehicles (PHEV) using gasoline, as well as 

battery electric vehicles (BEV). It considered two scenarios 

for post-use management: storage and recycling, alongside 

two different temporal contexts: one for vehicles currently 

in use and another for those expected to be registered by 

2050. The analyses were conducted using the life cycle 

assessment (LCA) method, including the ReCiPe 2016 

model and IPCC 2021 guidelines. 

Based on the obtained results, the following relationships 

were noted: 

 all SUVs registered in the year 2020 contribute notably 

more to environmental degradation when compared to the 

SUVs anticipated to be registered by 2050. This signifi-

cant disparity is primarily evident in their higher green-

house gas emissions. The data highlights the environmen-

tal progress anticipated in vehicle technology and regula-

tory standards over these three decades, reflecting efforts 

to minimize the ecological footprint of future SUV mod-

els (Table 1, Fig. 4–6) 

 Life cycles that rely on post-use management strategies, 

such as landfilling rather than adopting recycling meth-

ods, contribute to significantly more harmful environ-

mental impacts. This approach leads to higher levels of 

GHG emissions, exacerbating climate change and put-

ting additional strain on ecological systems. By deposit-

ing waste into landfills instead of processing materials 

for reuse, valuable resources are squandered, and the 

potential for reducing energy consumption and pollution 

through recycling is lost. Furthermore, the long-term ef-

fects of landfill accumulation, including soil and water 

contamination, further amplify ecological degradation, 

making this practice an unsustainable option for waste 

management (Table 1, Fig. 4–6) 

 The maximum level of total destructive impacts was 

recorded for the BEV life cycle, assuming their storage 

after the end of their use. Recycling would enable a sig-

nificant reduction of hazardous repercussions in the per-

spective of their whole life cycle (Fig. 4) 

 The most significant number of adverse effects was ob-

served regarding the influence of all tested SUVs on hu-

man health, highlighting a critical area of concern. In 

contrast, the smallest impact was identified in relation to 

the depletion of raw material resources, indicating a com-

paratively minor issue in this particular domain (Table 1, 

Fig. 5) 

 Across all examined time horizons and end-of-life sce-

narios, internal combustion engine vehicles (ICEVs) 

powered by gasoline consistently result in higher green-

house gas emissions when compared to vehicles with al-

ternative drive systems. This holds true particularly 

when assessing their impact based on fuel production 

and energy consumption cycles (Fig. 7–8) 

 The lowest total GHG emissions are noted for the life 

cycle of BEVs due to be registered in 2050 (Fig. 7–8) 

 In the case of ICEV, the TTW stage causes more green-

house gas emissions compared to the WTT stage (Fig. 

7–8) 

 

 BEVs do not cause GHG emissions in the TTW area 

because they are powered by electricity. From the per-

spective of the next 30 years, the level of GHG emis-

sions in the scope of their WTT will decrease if the as-

sumed changes in the European energy mix are imple-

mented, among others, by expanding the share of re-

newable sources in energy production. 

Based on the foregoing considerations, it becomes evi-

dent that for all evaluated SUV class vehicles, it is essential 

to implement targeted strategies designed to mitigate their 

adverse effects while enhancing their beneficial contributions 

to the environment. For internal combustion engine vehicles 

(ICEVs), these efforts should predominantly focus on reduc-

ing environmental impact during their operational phase. 

Meanwhile, for battery electric vehicles (BEVs), the primary 

emphasis should be placed on addressing environmental 

concerns arising during their production process. 

In today's rapidly evolving automotive industry, it is be-

coming increasingly imperative to address the significant 

challenges related to reducing both material and energy con-

sumption alongside minimizing harmful emissions through-

out every stage of the life cycle of SUV class vehicles. This 

includes the design, manufacturing, usage, and eventual 

disposal phases. To accomplish this, there is a pressing need 

to significantly enhance the proportion of renewable energy 

sources integrated into these life cycles, particularly during 

the stages where battery electric vehicles (BEVs) and plug-in 

hybrid electric vehicles (PHEVs) are in operation. Moreover, 

continuous efforts are required in researching and developing 

materials and vehicle components that are not only environ-

mentally sustainable but also economically feasible. These 

materials must meet rigorous standards of quality while 

maintaining desirable mechanical and technical parameters 

essential for their specific roles within various operational 

systems. Additionally, advancing battery technology remains 

a cornerstone of this sustainability drive. It is crucial to focus 

on creating batteries that are not only more efficient in terms 

of energy storage and usage but also possess an extended 

service life. These batteries should ideally be constructed 

from materials that allow for easy recycling, thereby support-

ing a circular economy and reducing environmental reper-

cussions. 

BEVs have the potential to significantly diminish GHG 

emissions in the coming years if powered by renewable en-

ergy sources. In this case, they have around 80% lower life-

cycle greenhouse gas emissions than their combustion-

powered counterparts. 

The relationship between cars and their impact on the sur-

rounding environment is intricately multifaceted, presenting 

a challenging task in evaluating the full extent of their envi-

ronmental consequences. Addressing these challenges in 

search of an optimal solution requires a multi-pronged ap-

proach. This process involves designing vehicles with fea-

tures and structural elements that harmonize with the goal of 

producing a high-quality product while simultaneously fo-

cusing on refining operational and production processes. 

These refinements must aim to minimize energy consump-

tion and material usage throughout every phase of the vehi-

cle's life cycle, from initial manufacturing through its ulti-

mate disposal or recycling. 
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Nomenclature 

BEV battery electric vehicles 

EoL end-of-life 

GHG greenhouse gas 

GWP global warming potential 

ICEV internal combustion engine vehicles 

LCA life cycle assessment 

LCI life cycle inventory 

LCIA life cycle impact assessment 

M maintenance 

P production 

PHEV plug-in hybrid electric vehicles 

SUV sport utility vehicle 

TTW tank-to-wheel 

WTT well-to-tank 
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Enhancing driving cycle development using artificial intelligence 
 
ARTICLE INFO  In recent years, artificial intelligence (AI) has found application in numerous technical areas, including the 

automotive research and development sector. This paper considers the use of AI tools for the development of 

driving cycles for testing vehicles on a chassis dynamometer. The above idea was investigated on the example of 
a driving cycle simulating the use of a passenger car in urban conditions. The empirical data were collected 

during vehicle road tests in real traffic and then processed statistically by determining the values of selected 

driving pattern characteristics. Sections of vehicle velocity courses (‘micro-trips’) were selected and combined 
into a driving cycle representative of the road conditions prevailing during road tests. Processing of empirical 

data and combining velocity sections into a driving cycle was performed using AI-enhanced software utilizing 

large language models that convert user commands in natural language into Python code. The developed 
driving cycle was compared with selected standard urban driving cycles in terms of the values of driving pattern 

characteristics. 
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1. Introduction 
The most significant negative impacts of combustion 

engines on the environment include exhaust emissions, 

which contain substances that are toxic to living organisms 

and contribute to climate change [13]. Additionally, the 

combustion of fossil fuels leads to the depletion of non-

renewable natural resources [16]. Growing awareness of 

these threats has sparked actions against environmental 

degradation. They were first undertaken in the field of 

combustion engine applications in motor vehicles, both 

light- and heavy-duty, primarily due to their widespread 

use. Over the past few decades, significant progress has 

been made in this area, thanks in part to the development 

and validation of effective methods for testing pollutant 

emissions [22]. 

To ensure consistent testing conditions for vehicles, 

standardized test procedures are necessary. In the case of 

light vehicles, such as passenger cars and delivery vans 

(which are categorized according to relevant regulations), 

these tests are conducted under conditions that simulate 

traction operation. For metrological reasons, testing is car-

ried out in laboratories using chassis dynamometers [1, 9, 

24]. A crucial element of the dynamometer testing method-

ology, which connects the testing conditions with real driv-

ing performance, is the driving cycle [9, 11]. 

A ‘Driving cycle’ refers to a predefined sequence of ve-

hicle velocity as a dependence of time, designed to replicate 

real-world driving patterns for testing purposes, typically 

related to emissions or fuel efficiency [3, 9, 11, 20]. Driv-

ing cycles can be divided into two categories [11]: 

1. Standard cycles, which are recognized by international 

homologation regulations (e.g. WLTC, FTP-75, UDDS 

(FTP-72), HWFET, SFTP US06, SFTP SC03, NEDC, 

JC08, 10-15 Mode and CLTC) 

2. Special cycles, which are created for specific scientific, 

research, and development purposes (e.g. CADC (Ar-

temis), Autobahn, ADAC Highway Cycle, PIMOT CT, 

UT, RT, HT). 

To date, several hundred driving cycles have been de-

veloped globally [3, 11]. The vast number of cycles can be 

attributed to the diverse traffic conditions they simulate, 

such as urban, rural, motorway, and expressway driving, as 

well as traffic congestion. Additionally, the development of 

cycles that are representative of specific geographical areas, 

such as countries, regions, or even cities, has contributed to 

the increasing number of driving cycles. This growth is 

further driven by advancements in the scientific foundations 

and methodologies used to create these cycles. 

The representativeness of driving cycles relative to the 

actual traffic conditions they aim to simulate is influenced 

by four main factors [5]: 

1. Quality and quantity of empirical data obtained from the 

vehicle road test 

2.  Methodology used to develop the driving cycle 

3.  Selection of driving pattern parameters that serve as 

criteria for the driving cycle's compliance with actual 

empirical data 

4. Duration of the driving cycle. 

As for the stage of collecting empirical data, currently 

most researchers utilize information from the vehicle's On-

Board Diagnostics (OBD) system [19], and devices based 

on Global Positioning System (GPS) technology [28]. 

These tools allow for conducting low-cost, large-scale road 

tests, with multiple vehicles and/or drivers, providing an 

extensive dataset for further analysis. Additionally, the 

scope of these road tests can be expanded to include pollu-

tant emission measurement using Portable Emission Meas-

urement Systems (PEMS) [25] and visual recordings of 

driver behavior or the vehicle's surroundings. 

Regarding the second factor, methods for developing 

driving cycles can be categorized into two main groups: 

deterministic and stochastic [8, 27], with further subdivi-

sions according to minor methodological nuances. 

The most commonly utilized deterministic approach is 

the trip-based method, where each vehicle trip recorded 

during data collection can be selected as a representative 

driving cycle using criteria based on the similarity of driv-

http://orcid.org/0000-0002-7157-6758
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ing pattern parameters, such as average velocity or average 

acceleration. This method is repeatable, generating the 

same driving cycle each time for the same input data and 

similarity criteria. 

The primary stochastic methods include the Markov 

chain-Monte Carlo method and the micro trip method [30]. 

In the first one, the velocity course of the driving cycle is 

generated artificially through a detailed analysis of road test 

data. Velocity and acceleration matrices are created along 

with the probabilities of specific states defined by velocity 

and acceleration. The order of these states is then selected 

using a pseudo-random Monte Carlo method [15, 30]. In 

the micro trip method, all recorded velocity courses from 

road tests are divided into micro trips by isolating from 

each velocity course individual sections that cover the vehi-

cle's movement: starting from a complete stop, traveling at 

a non-zero velocity, braking to a stop, and the subsequent 

period of time when the vehicle remains stationary. Then, 

the sections are selected and connected in a quasi-random 

manner until the assumed total cycle time is reached [8]. 

Additionally, microtrips can be grouped into clusters based 

on common features, typically utilizing two or three select-

ed parameters [31]. The main advantage of these stochastic 

methods is that the generated driving cycle is not identical 

to any samples recorded during empirical tests. Conse-

quently, a different driving cycle can be obtained each time, 

even with the same input data.  

Since pollutant emissions and fuel consumption of vehi-

cle engines are exclusively tied to the conditions under 

which the vehicle is tested, meaning a specific driving cycle 

with a defined velocity course, it becomes essential to es-

tablish criteria for assessing these velocity courses. In prin-

ciple, the basis for quantitative assessment should be nu-

merical estimates [33]. For a specific time course of veloci-

ty, these numerical estimates are referred to as 'driving 

pattern parameters' or ‘zero-dimensional characteristics’ [2, 

7, 20]. The quality of these parameters is determined by 

their effectiveness for a particular application. 

While some driving pattern parameters, such as average 

and maximum velocity, average positive and negative ac-

celeration, and the share of driving and standing time, are 

widely recognized, there is no consensus on the best set of 

parameters to describe vehicle velocity patterns effectively. 

Numerous examples of driving pattern parameters can be 

found in the extensive literature on the topic [3, 4, 27]. To 

ensure that the developed driving cycle accurately repre-

sents the simulated road conditions, driving pattern parame-

ters must be determined and compared for the driving cy-

cle’s velocity course and the entire set of velocity samples 

from road tests [7, 27]. The above criterion is considered to 

be fulfilled if the values of the driving pattern parameters in 

both scenarios are similar and if the fuel/energy consump-

tion and pollutant emissions of a given vehicle during nor-

mal use align with those observed in the driving cycle on  

a chassis dynamometer. 

The duration of the driving cycle is also an important 

factor [12]. Long cycles can be costly to conduct and may 

exceed the capabilities of laboratory equipment, such as the 

capacity of exhaust gas bags, while shorter cycles may 

increase the measurement uncertainty. In practice, the dura-

tion of the driving cycle depends on the developer, as there 

is no consistent, recognized methodology in this field. 

Many of the common driving cycles are typically around 20 

minutes long [27]. 

In recent years, artificial intelligence (AI) has found ap-

plication in numerous technical fields, including automotive 

research and development. AI is a general term that encom-

passes several specific domains, such as machine learning, 

fuzzy logic, computer vision, evolutionary computing, and 

neural networks. The scientific literature highlights the 

application of certain AI features in the context of develop-

ing driving cycles. For example, Jia et al. [17] proposed  

a new method for generating driving cycles for heavy-duty 

vehicles using the Markov Chain method together with an 

average velocity-based matching algorithm. Mostashar-

shahidi et al. [23] examined the impact of learning-based 

AI algorithms on constructing driving cycles for off-road 

vehicles, namely agricultural tractors. Sankar et al. [29] 

employed a constrained genetic algorithm to optimize the 

vehicle velocity when creating a driving cycle oriented 

towards fuel consumption and driver comfort. Qiu et al. 

[26] demonstrated a data-driven, recurrent neural network-

based method to develop driving cycles for light-duty vehi-

cles in Beijing that simulate actual driving patterns. Gebisa 

et al. [10] utilized a neural network and principal compo-

nent analysis to create a driving cycle for passenger cars 

using real-time data from Addis Abeba. Londoño et al. [21] 

proposed a methodology to identify the most representative 

motorcycle driving patterns across various topographies, 

taking into account factors like elevation above sea level 

and slope variations, using AI techniques such as support 

vector machines and clustering. 

The purpose of this paper is to demonstrate the feasibil-

ity of using AI tools based on natural language processing 

to develop driving cycles. A case study of a driving cycle 

designed to simulate urban traffic conditions for a passen-

ger car is presented. The cycle was generated based on 

empirical data collected from road tests of a vehicle in real 

traffic. The velocity course constituting the driving cycle 

was generated using the micro-trip method, where individ-

ual velocity sections were selected and compiled by AI. 

Finally, the developed driving cycle was compared with 

selected standard urban driving cycles in terms of the val-

ues of driving pattern characteristics. 

2. Materials and methods 

2.1. Research framework 

The subsequent section outlines the research framework 

of this study. Section 2.2 provides an overview of the col-

lection of road traffic data, including the technical specifi-

cations of the vehicle and the test equipment used. Section 

2.3 introduces the main methodological assumptions re-

garding the procedures adopted for processing empirical 

data to construct the driving cycle, the selection of driving 

pattern characteristics as criteria for the representativeness 

of the developed driving cycle, and the duration of the cy-

cle. Finally, section 2.4 describes the AI-based software 

that supports the development of the driving cycle. 
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2.2. Experimental data collection 

Road tests were conducted to gather statistical data on 

vehicle driving under the urban conditions considered, 

which later served as the foundation for developing a repre-

sentative driving cycle. The tests were conducted in War-

saw. To account for the random nature of the vehicle driv-

ing conditions, no specific route or time of day was desig-

nated. The same driver operated the vehicle throughout the 

tests. The methodology involved having the driver follow 

another randomly selected road user, thereby replicating 

their driving style. 

The object of the road tests was a city passenger car –  

a hatchback from segment B, equipped with a spark-

ignition combustion engine. Figure 1 shows the test vehicle, 

while its technical specifications are presented in Table 1. 

 

Fig. 1. Vehicle used for the road tests 

 

Table 1. Technical specifications of the tested vehicle 

Parameter Unit Value 

Engine type  Spark-ignition 

Fuel  Gasoline 

Engine displacement 
volume 

cm3 1596 

Arrangement and number 

of cylinders 

 Inline, 4 

Fuel supply system  Indirect, multi-point injection 

Engine maximum power 

/at rotational speed 

kW/rpm 88/6000 

Engine maximum torque 

/at rotational speed 

Nm/rpm 152/4050 

Axle driven  Front 

Vehicle curb mass kg 1045 

Transmission type  Manual, 5-speed 

Production year  2011 

Emission class  Euro 5 

 

During road tests, the following driving parameters 

were recorded: 

– vehicle velocity [km/h] 

– engine rotational speed [rpm] 

– accelerator pedal relative position [%] 

– coolant temperature [°C] 

– engine relative load [%] 

– air mass flow rate [g/s] 

– air temperature in the intake manifold [°C] 

– air pressure in the intake manifold [kPa] 

– fuel pressure in the supply system [kPa] 

– voltage at the battery terminals [V]. 

These driving parameters were recorded directly from 

the vehicle’s OBD system using the TEXA OBD Log (Fig. 

2). The technical specifications of the device can be found 

in Table 2. 

 

Fig. 2. TEXA OBD Log used to collect data in road tests 
 

Table 2. Technical specifications of TEXA OBD Log 

Parameter Unit Value 

Processor  ARM 32-bit Contex-M3 

RAM kB 256 

Internal memory kB 2048 

Maximum data recording time h 90 

Maximum sampling frequency Hz 1 

Operating temperature range °C –40 to +85 

Software  IDC3 PC Suite 

PC interface  USB 1.0 cable 

Power supply in the vehicle  OBD 12 V connector 

 

A total of 250 samples, which contain data from indi-

vidual 'journeys', that is, periods of vehicle use from engine 

startup to shut down, were collected through road tests. The 

samples underwent preliminary screening, and those with  

a travel time exceeding 180 s and an average velocity of no 

less than 10 km/h were arbitrarily accepted for further anal-

ysis [19]. Such a selection criterion aimed to eliminate the 

few samples recorded during heavy traffic jams, treating 

such conditions as a distinct category of road traffic [6]. 

Ultimately, 242 vehicle velocity course samples that met 

the above-mentioned requirements were utilized as the 

basis for developing the driving cycle. 

The statistical parameters of the vehicle velocity courses 

for 242 qualified measurements were as follows: 

– total duration of all journeys – 214,067 s (almost 60 h) 

– average duration of a single journey – 885 s (almost 15 

min) 

– average driving velocity – 24.82 km/h 

– average maximum velocity – 74.61 km/h 

– average time share of stops – 28.84% 

– average number of stops – 15 

– average duration of a single stop – 16 s 

– average number of changes in the sign of the velocity 

derivative (in 100 s) – 2 

– average number of accelerations and decelerations in a 

single journey – 153. 
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2.3. Main methodological assumptions 

In this study, the driving cycle was developed using the 

micro-trip method. Each recorded trip was divided into 

sections that begin and end with the vehicle stopped, i.e. 

when the vehicle’s velocity is zero and the engine is idling. 

The idling time at the end of the micro trip was included. 

These sections were then randomly combined using the AI 

tool. The goal was for the values of the selected driving 

pattern parameters to closely match those of the entire data 

set from the empirical studies (section 2.2). 

The driving pattern parameters adopted as criteria for 

evaluating the driving cycle included: 

– average vehicle velocity 

– maximum vehicle velocity 

– time share of vehicle stops (with the engine idling). 

The number of criteria parameters was intentionally kept 

limited to avoid complicating the optimization task as-

signed to the AI software. Thus, no parameters related to 

acceleration and deceleration were introduced, assuming 

compliance of their values, as they were derived from actu-

al fragments of velocity courses from the road tests. 

The duration of the driving cycle was arbitrarily set at 

1200 s, which is similar to the timeframes of typical urban 

cycles, such as JC08, NEDC, or FTP-72 [3, 11]. The 

WLTC, currently in force in the European Union and some 

other countries, lasts 1800 s, but accounts for urban, rural, 

and highway driving conditions. In addition, it was as-

sumed that the driving cycle would begin and end with  

a short phase (5 s) of the vehicle being stopped with the 

engine idling. 

The work on the driving cycle proceeded gradually. Ini-

tially, an attempt was made to create a driving cycle for 15 

velocity samples. Once this procedure was mastered, the 

same process was repeated for all 242 samples from the 

empirical studies. Input commands were formulated for the 

AI software, and the resulting outputs were analyzed. This 

process provided the authors with valuable experience in 

working with the program, and the resulting observations 

and recommendations are included in the discussion section 

of this paper. 

The following order of commands was ultimately estab-

lished for the AI software: 

1. Load a CSV file containing empirical data 

2.  Calculate driving pattern parameter values for the em-

pirical data (target values) 

3.  Split the empirical data (velocity courses) into micro-

trips 

4. Compile micro-trips into a driving cycle, aiming to 

obtain driving pattern parameter values as closely 

aligned with the target as possible 

5.  Analyze the developed driving cycle 

6.  Iteratively improve the cycle until the new version 

achieves driving pattern parameter values closer to the 

target. 

Exemplary prompts entered into the program are in-

cluded in section 3.5 of the paper. 

In this study, the authors adopted a guiding principle 

that allowed the AI to find its own method for generating  

a synthetic driving cycle. Therefore, a specific data pro-

cessing algorithm was not imposed, and a degree of ran-

domness in the selection of micro-trips was intentionally 

allowed, with the only restrictions being those mentioned 

above. 

2.4. AI software 

The processing of empirical data and the compilation of 

velocity sections into a driving cycle were performed using 

the AI software Julius. This software is designed for analyt-

ical statistics, data science, and computations. It operates on 

the principle of leveraging large language models (LLMs), 

such as OpenAI's ChatGPT and Google Gemini, which 

convert user commands entered in natural language into 

Python code. For more information about Julius, please 

refer to [18]. 

The program features a straightforward interface that 

facilitates a dialogue with the user. Commands were en-

tered sequentially in a logical order (as outlined in section 

2.3), rather than as a single command that would generate  

a driving cycle instantly. 

3. Results and discussion 

3.1. The developed driving cycle 

Figure 3 illustrates the final version of the driving cycle 

that simulates urban traffic conditions, developed using the 

Julius AI software based on a complete set of 242 velocity 

samples recorded during empirical tests. 

 

Fig. 3. Vehicle velocity course in the developed driving cycle (AI Cycle) 

 

As can be seen in the graph, the vehicle velocity course 

reflects typical urban driving patterns. In urban areas, vehi-

cle velocity fluctuates, incorporating phases of acceleration, 

deceleration, and idling, which capture the stop-and-go 

nature of city driving. This variability is attributed to vari-

ous factors, including intersections controlled by traffic 

lights, traffic calming measures, high traffic volume, re-

duced velocity limits etc. Traffic lights not only cause vehi-

cles to stop, but also slow them down as drivers anticipate 

stopping. Similar effects arise from traffic calming 

measures such as speed bumps, raised intersections, and 

others, leading to deceleration before and acceleration fol-

lowing these obstacles. Furthermore, rapid changes in vehi-

cle speed are often influenced by the presence of numerous 

other road users. Finally, the peak velocities observed in the 

developed driving cycle are typical for urban conditions. In 

Polish cities, the velocity limit is 50 km/h in built-up areas, 

though this limit may vary based on road signs. Certain 
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road sections within cities also allow higher velocities, such 

as 70 km/h. 

The above-mentioned characteristic features of the de-

veloped velocity course distinguish it from the relatively 

smoother velocity patterns typical in rural areas and espe-

cially on highways (motorways/express roads) [6], which 

exhibit fewer sharp peaks and less frequent stops – often 

none at all. 

3.2. Comparison of the developed AI driving cycle with 

experimental data 

The selected driving pattern parameters were chosen to 

serve as the criteria of representativeness of the created AI 

driving cycle for the modeled traffic conditions. The values 

of these parameters were calculated and compared between 

the developed driving cycle and the complete set of velocity 

samples from the experimental data. The results are pre-

sented in Table 3. 

 
Table 3. Comparison of driving pattern parameters determined for the 

developed driving cycle and all samples collected during road tests 

Parameter Unit AI driving 

cycle  

All veloci-

ty samples 

Relative 

difference 

Time/average time s 1200 885 35.59% 

Average velocity km/h 22.85 24.82 –7.94% 

Maximum velocity km/h 72.00 74.61 –3.50% 

Time share of stop % 27.08 28.84 –6.10% 

 

The driving pattern parameters determined for the de-

veloped driving cycle and the experimental data showed no 

significant differences. The average vehicle velocity in the 

driving cycle was 1.97 km/h lower than in road tests, trans-

lating to a relative change of –7.94%. The share of idling 

time was 1.76% lower (–6.10%), and the maximum veloci-

ty was 2.61 km/h lower (–3.50%).  In terms of the duration 

of the developed cycle compared to the average time of  

a single trip during road tests, the difference is not signifi-

cant, as the cycle time was chosen arbitrarily. 

3.3. Comparison of the developed AI driving cycle with 

selected standard driving cycles 

Table 4 presents a comparison of selected parameters of 

the driving cycle obtained using AI with those of selected 

standard driving cycles: the Japanese JC08, American 

UDDS (FTP-72), European NEDC, and the global WLTC. 

Additionally, Figure 4 graphically compares the velocity 

courses of the developed driving cycle with those of the 

aforementioned standard cycles. 

 
Table 4. Comparison of selected parameters of the developed driving cycle 

and selected standard driving cycles [11] 

Parameter Unit AI 
driving 

cycle 

JC08 UDDS 
(FTP-

72) 

NEDC WLTC 
Class 

3-2 

Time/average time s 1200 1204 1372 1180 1800 

Distance traveled m 7616 8171 11997 11017 23250 

Average velocity km/h 22.85 24.40 31.60 33.60 46.50 

Maximum velocity km/h 72.00 81.60 91.25 120.00 131.30 

Time share of stop % 27.08 28.7 17.8 23.7 12.6 

 

The comparison indicates that the AI-generated driving 

cycle is the closest to the Japanese JC08. Both cycles exhib-

it a similar overall character of the velocity course (Fig. 4a), 

nearly the same duration (1200 s vs. 1204 s), and a compa-

rable idling time (27.08% vs. 28.70%). However, the AI 

cycle has a slightly lower average velocity (22.85 km/h 

 

 

 

 

 

Fig. 4. Comparison of vehicle velocity courses in the developed driving 

cycle (AI Cycle) with those of selected standard driving cycles: a) JC08, b) 

 FTP-72, c) NEDC, d) WLTC 
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vs. 24.40 km/h) and a lower maximum velocity (72.00 

km/h vs. 81.60 km/h). Consequently, the lower average 

velocity and cycle time result in a theoretically shorter 

distance traveled (7616 m vs. 8171 m). 

The sharp velocity peaks observed in the AI-generated 

driving cycle closely resemble those of the UDDS (Figure 

4b). However, the American cycle includes a section where 

the vehicle reaches a velocity exceeding 90 km/h. When 

comparing the parameters of the driving patterns, the AI-

generated cycle falls short of the UDDS in several areas: 

duration (1200 s vs. 1372 s), distance driven (7616 m vs. 

11997 m), average velocity (22.85 km/h vs. 31.60 km/h), 

and maximum velocity (72.00 km/h vs. 91.25 km/h). Nota-

bly, the AI-generated cycle has a higher share of time spent 

at a stop (27.08% vs. 17.80%). 

The AI driving cycle and the NEDC have a similar du-

ration (1200 s vs. 1180 s) and a relatively close share of 

idling (27.08% vs. 23.70%). However, the other parameters 

are lower in the AI cycle compared to the NEDC: average 

velocity (22.85 km/h vs. 33.60 km/h), maximum velocity 

(72.00 km/h vs. 120 km/h), and distance driven (7616 m vs. 

11017 m). This is primarily due to the NEDC’s purpose of 

simulating both urban and extra-urban driving conditions. 

Additionally, the velocity courses differ, as the NEDC is  

a synthetic cycle composed of straight lines that correspond 

to the vehicle traveling at a constant velocity or with con-

stant acceleration and deceleration. 

The comparison between the AI-generated cycle and the 

WLTC is relevant, considering the widespread use of the 

latter in vehicle homologation. The AI-generated cycle 

exhibits significantly lower velocities, with average (22.85 

km/h vs. 46.50 km/h) and maximum (72.00 km/h vs. 

131.30 km/h). Similarly, the total time and distance traveled 

are shorter (1200 s vs. 1800 s and 7616 m vs. 23,250 m). 

On the other hand, the time share of the vehicle stop is 

higher in the AI-generated cycle than in the WLTC cycle 

(27.08% vs. 12.6%). It should be emphasized, however, 

that the WLTC simulates various driving conditions, not 

only urban, but also extra-urban and highway scenarios. 

The similarities between the AI-generated driving cycle 

and standard cycles, particularly those that represent typical 

urban conditions (such as JC08 and UDDS), indicate that 

the AI-generated cycle effectively simulates real-world 

driving scenarios. Furthermore, these similarities reduce the 

risk that the developed driving cycle would be incompatible 

with testing equipment used for standard cycles. 

From a broader perspective, the observed similarities 

and differences between the AI-generated cycle and the 

considered standard cycles could have significant practical 

implications. The similarities support the validity of exist-

ing standard cycles, despite evolving traffic conditions and 

advancements in automotive technology. However, even 

though standard cycles are benchmarks for policy frame-

works and vehicle development, they may fall short in 

being responsive to some driving habits. AI applications 

can, in this regard, help in the development of driving cy-

cles appropriate for given areas, conditions, or types of 

vehicles, thereby improving the relevance of the testing 

outcomes. Driving cycles based on local empirical data can 

capture the dynamics of vehicle performance, emissions, 

and fuel consumption during actual driving conditions 

much better than the existing standardized cycles. The ad-

aptation of AI methodologies to generate custom cycles for 

various driving environments, such as rural, mountainous or 

congested traffic, is a promising future direction. Insights 

gained from these cycles, which accurately reflect actual 

traffic conditions, can complement the general data ob-

tained from standardized driving cycles. 

3.4. Study limitations 

The resulting driving cycle can be considered a suffi-

cient representation of the modeled vehicle motion condi-

tions. It should be noted that this study aimed to investigate 

the practical aspects of using AI in developing drive cycles, 

rather than creating an ideal drive cycle for certain applica-

tions, such as emissions testing. Having said that, the au-

thors of this paper identified several areas for improvement. 

Firstly, the data collection stage could be expanded in 

quantitative terms, which would positively impact the 

quality of the resulting drive cycle. Further, the conditions 

for collecting empirical data could be specified more pre-

cisely: for instance, by designating a single route, selecting 

specific times of the day, involving various drivers and 

vehicles, etc. Moreover, the equipment used in the road 

tests was basic, allowing only the recording of fundamental 

parameters from the OBD system at a fairly low frequency 

(1 Hz). With current technical advancement, it is possible to 

carry out tests that include emission measurements using 

PEMS, although probably large-scale studies of this type 

would not be economically justified. 

Secondly, at the stage of generating the driving cycle, it 

would have been beneficial to further refine the velocity 

profile to obtain driving pattern values even closer to those 

characterizing all samples from the road tests. In this re-

spect, the authors decided that the obtained results were 

acceptable and decided not to pursue further enhancements. 

Additionally, more driving pattern parameters could be 

included, along with those related to acceleration. 

Thirdly, the developed driving cycle should be verified 

on a chassis dynamometer in terms of its feasibility and 

subsequently validated on the basis of pollutant emission 

and fuel consumption results in road tests, i.e. RDE, as well 

as in standard cycles. 

3.5. Precision of commands given to AI 

While working on the driving cycle, the authors gained 

experience in cooperation with AI software. The key issue 

that determined the efficiency of the process and the quality 

of the results was the precision of the formulated com-

mands. All user intentions had to be articulated clearly and 

precisely, e.g. “Create a new combined speed profile using 

different speed sections with adjacent idle time sections in 

between. Take into account the following target parame-

ters: total duration 1200 s, average speed 24.82 km/h, max-

imum speed 74.61 km/h, percentage idle time 28.84%”. 

In the initial iterations of developing the driving cycle, 

some inconsistencies appeared. For example, one version of 

the cycle began and ended with a vehicle velocity different 

from zero, which is rarely used from the point of view of 

practical implementation of the cycle on a chassis dyna-

mometer (e.g. the non-standard Autobahn cycle). For this 
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reason, the program received an additional line of command 

to ensure the cycle started and ended with a few seconds of 

engine idling with zero velocity: “Add 5 seconds idling at 

the beginning and at the end of the cycle”. 

As with natural language processing used for creating 

images or videos, a single prompt may provide a complete-

ly different driving cycle, even when based on the same set 

of empirical data. Therefore, it is difficult to discuss the 

repeatability of the results in a strict sense. However, the 

proposed procedure allows for reproducibility of the results, 

understood as obtaining a set of similar driving cycles with 

driving pattern parameters close to the target values. 

3.6. Uncertainty of AI-derived results 

An important aspect of working with AI is the concern 

about the uncertainty of the results obtained using uncon-

trolled ‘hidden’ internal algorithms of such tools. This 

phenomenon is called the 'AI black box problem' [14], 

which refers to the lack of transparency or the limited 

transparency in how machine learning systems process the 

inputs through complex algorithms and generate outputs. 

As a result, it may be difficult or impossible to understand 

how the AI tool reached its conclusions. This issue is be-

coming increasingly important, not only in technology but 

also in fields such as healthcare, safety, and security [32]. 

However, the AI black box problem is of lesser concern 

in this study for two reasons. Firstly, the AI tool used trans-

lates natural language commands into explicit Python code, 

which is fully visible and can be independently inspected 

and verified by the user. This allows for rigorous checking 

of the code correctness before execution, mitigating con-

cerns related to hidden algorithmic processes. Additionally, 

the primary criteria for the driving cycle validity are its 

empirical representativeness and practical applicability in 

dynamometer testing, rather than the internal workings of 

the AI. To safeguard accuracy, the AI-generated driving 

cycle was compared with real traffic data and standard 

driving cycles. This confirmed that – theoretically – the 

cycle reliably reflects urban driving conditions. The final 

proof of the cycle adequacy will be the empirical testing of 

pollutant emissions and fuel consumption, which is planned 

(see section 3.7). Thus, the combination of code transparen-

cy and empirical verification addresses the ‘black box’ 

concerns in this study context. 

3.7. Future perspectives 

The approach outlined in this paper, along with the case 

study example, does not comprehensively cover this broad 

subject. There are many directions for further research in 

this field, the prospects of which have opened up with the 

rapid development of AI in recent years. 

First and foremost, the presented AI-enhanced approach 

for driving cycle development requires empirical validation. 

The authors plan to utilize the developed cycle to conduct 

tests on pollutant emissions and fuel consumption on  

a chassis dynamometer. This will involve comparing the 

results with those obtained using standard urban driving 

cycles. Such testing would provide evidence for the practi-

cal applicability and accuracy of the AI-enhanced develop-

ment approach – a critical validation step to confirm the 

cycle's suitability for regulatory and research purposes. 

The authors believe that the optimal way for AI to assist 

in creating driving cycles would be to produce entirely 

artificial velocity courses that fully meet the criteria and 

requirements set by researchers. According to the experi-

mental data from road tests, the primary goal would be to 

ensure that every driving pattern parameter selected has the 

same value for the developed cycle and the set of experi-

mental data. Furthermore, the ability to generate these kinds 

of driving cycles within a short timeframe would make it 

possible to introduce the idea of testing a vehicle's fuel 

consumption and pollutant emissions on a chassis dyna-

mometer under random or pseudo-random conditions. This 

is in line with the stochastic approach to evaluating vehicle 

performance. 

4. Summary and conclusions 
This study explored the potential application of AI tools 

to generate driving cycles, which are essential for assessing 

pollutant emissions and fuel consumption in passenger 

vehicles on a chassis dynamometer. This theoretical con-

cept was illustrated through a case study focused on an 

urban driving cycle. The AI tool employed was based on 

software that utilizes natural language processing to convert 

user commands into programming code. The resulting driv-

ing cycle was generated according to similarity criteria of 

several driving pattern characteristics, namely: average 

vehicle velocity, maximum vehicle velocity, and the time 

share of vehicle stop with the engine idling. 

In summary, the following conclusions and observations 

can be drawn from this study: 

– The developed driving cycle demonstrated the feasibil-

ity of using AI tools in developing driving cycles 

– AI-driven natural language processing tools are efficient 

and convenient for driving cycle development, though 

they do have certain constraints and challenges for be-

ginners 

– Data processing using AI tools significantly speeds up 

the development of driving cycles 

– Precise command formulation is essential when using 

AI tools, as vague instructions may result in inaccurate 

outcomes 

– The proposed method allows for the creation of a wide 

variety of driving cycles for light vehicles, motorcycles, 

and heavy vehicles, while accommodating different traf-

fic scenarios, including urban, extra-urban, and motor-

way conditions 

– Further development work on the proposed general 

approach is needed, mainly for the empirical verifica-

tion of pollutant emissions and fuel consumption based 

on these driving cycles. 

While the full potential and operational rules of AI have 

yet to be thoroughly explored, it is reasonable to assume 

that driving cycle development will benefit greatly from its 

application in the future. It can significantly enhance the 

processing of large volumes of road test data, allowing for 

the generation of driving cycles that accurately reflect spe-

cific road conditions. Additionally, it supports the idea of 

conducting chassis dynamometer tests with randomly se-

lected driving cycles following a stochastic approach. 
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Nomenclature 

ADAC Allgemeiner Deutscher Automobil-Club 

AI artificial intelligence 

CADC Common Artemis Driving Cycles 

CLTC China Light-duty Vehicle Test Cycle 

FTP Federal Test Procedure 

GPS global positioning system 

HWFET Highway Fuel Economy Test 

JC Japan Cycle 

LLM large language model 

NEDC New European Driving Cycle 

OBD on-board diagnostics 

PEMS portable emission measurement systems 

RDE real driving emissions 

SFTP Supplemental Federal Test Procedure 

UDDS Urban Dynamometer Driving Schedule 

WLTC Worldwide Harmonized Light Vehicle Test Cycle 
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Camera systems – key technology for ADAS in autonomous vehicles 
 
ARTICLE INFO  Advanced Driver Assistance Systems (ADAS) have become an integral part of modern vehicles, with the poten-

tial to significantly enhance safety on the road. ADAS technology involves the use of sensors, algorithms, and 

software to assist drivers and provide them with real-time information about their surroundings, traffic condi-
tions, and potential hazards. Sensors utilized for object tracking and environmental detection, particularly those 

based on laser, radar, and camera technologies, are fundamental to the functional performance of ADAS. Within 

automotive applications, the majority of camera systems are equipped with wide-angle or fish-eye lenses, both of 
which are known to introduce substantial optical distortion. To ensure accurate environmental perception, 

particularly in the context of geometric feature recognition and distance estimation, such cameras require 

meticulous calibration. Therefore, this paper describes a case study concerning cameras used in vision-based 

ADAS, as well as the most frequently used calibrating techniques. It describes the fundamentals of camera 

calibration and implementation, with results given for different lenses and distortion models. By engaging with 

this article, readers will gain a comprehensive understanding of the technological foundations, functional 
principles, and practical challenges associated with camera-based ADAS that need to be addressed to ensure its 

safe and effective operation on the road. The article serves as a technical reference that not only enhances the 

reader’s theoretical knowledge but also informs practical decision-making in the development of safe and 
effective driver assistance systems. 
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1. Introduction 
In the context of the development of autonomous driv-

ing, an automated and connected vehicle is nowadays taken 

as the basis. With the advancement of the Internet and wire-

less communication connections, the possibilities for net-

working vehicles are also increasing. The range of info-

tainment systems is growing through the use of Bluetooth 

connections, navigation systems receive immediate traffic 

jam and closure information, and smartphone apps can be 

operated directly via the multifunction display. In the near 

future, mobile online services are to be expanded so that the 

customer can purchase additional functions and assistance 

systems similar to an app store after buying the vehicle [6]. 

The first assistance systems in vehicles were introduced 

to increase the stability of the vehicle: an electronic stability 

program (ESP) and an anti-lock braking system (ABS). To 

date, a large number of informative, supportive, and warn-

ing systems have been added. The primary goal is to make 

traffic safer and to avoid accidents or reduce the severity of 

accidents through the widespread installation of ADAS. 

The five levels of driving automation serve as a basic 

classification of ADAS. The differentiation is made by 

evaluating the shares that the driver and the system take on 

the driving task [22]. 

The driving task is divided according to the three-level 

hierarchy of Edmund Donges into navigation, lane guid-

ance, and stabilization. The navigation task includes choos-

ing a suitable route with an estimate of the required time, 

while the driver draws conclusions from the upcoming 

traffic situation for adjusting, for example, the target lane 

and target speed during lane guidance. In the context of the 

stabilization level, the driver performs corrective interven-

tions so that the control deviation is stabilized and reduced 

to an acceptable level [8]. 

Level 0, Driver only, is understood as driving without 

assistance systems. This means that the driver takes on the 

entire driving task themselves. They perform longitudinal 

and lateral control continuously. The lowest degree of au-

tomation is level one. Within limits, it is possible for the 

system to take over either longitudinal or lateral control, 

while the driver performs the other task. The second level, 

also called partial automation, includes systems that can 

take over both lateral and longitudinal guidance. The driver 

must monitor the traffic and their vehicle at all times to take 

over vehicle control in case of danger. This also includes  

a system failure. The current state of technology can largely 

be classified into these two categories. In the case of the 

third level, the driver no longer has to monitor the traffic 

and their vehicle continuously, but must be able to follow  

a takeover request. This is because the system recognizes 

its limits but is not able to return to a risk-minimal state in 

every situation. The driver can also decide to take over 

control again at any time. Systems of the fourth and fifth 

level, fully autonomous, should be able to return to a risk-

minimal state without any driver intervention. Problems for 

implementation arise not only from immature technology 

but also from the driver's behavioural obligations, which 

they must fulfil when driving [10]. 

As perception and vision is key for ADAS operation to 

be successful, this work covers details on specific applica-

tions of camera-based driver assistance systems and the 

resulting technical needs for the camera system. Use cases 

covering the outside of the vehicle are shown. The basis of 

every camera system is the camera module with its main 

parts – the lens system and the image sensor. The underly-

ing technology is described, and the formation of the cam-

era image is discussed. Moving to the system level, 
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 Fig. 1. Percentage of features installed on vehicles by region [17] 

 

basic camera architectures, including mono and stereo sys-

tems, are analysed. 

ADAS capabilities are classified according to six dis-

tinct feature levels, ranging from Level 0 to Level 5: 

Level 0: Basic level encompasses fundamental warning 

systems, including front and rear collision alerts, blind spot 

detection, and lane departure warnings. These features are 

increasingly incorporated into modern vehicles either as 

standard equipment or available as optional add-ons. 

Level 1: Driver assistance level offers support function-

alities such as automatic emergency braking, adaptive 

cruise control, lane-keeping assistance, distance control, 

automated speed regulation, driver interaction aids, and 

collision avoidance technologies. 

Level 2: Partial automation involves the concurrent de-

ployment of adaptive cruise control and lane-keeping capa-

bilities. It also includes advanced cruise features, automated 

emergency steering and braking, as well as fully autono-

mous parking functionalities. 

Level 3: Conditional automation enables vehicles to 

manage highway driving autonomously, including execut-

ing automatic lane changes and remote parking manoeu-

vres. These systems offer comprehensive environmental 

sensing and do not require driver input during specified 

operational scenarios, such as travel from the highway 

entrance to the exit. 

Level 4: A High automation level represents highly au-

tonomous driving capabilities, enabling vehicles to operate 

without human oversight in certain defined scenarios. Cur-

rently, no production vehicles offer Level 4 automation, nor 

have any such systems been officially announced for com-

mercial release. 

Level 5: Full automation enables vehicles to operate en-

tirely autonomously under all conditions, eliminating the 

need for any human driver intervention. As of now, no 

Level 5 systems are commercially available, and their mar-

ket readiness is not anticipated before 2030 or 2035 at the 

earliest [22]. 

Due to regulatory requirements, Europe grows and leads 

overall ADAS features. Notably, European Union legisla-

tion has stipulated that as of 2024, all newly manufactured 

vehicles must be equipped with both front-facing cameras 

and radar sensors as standard components. For instance, the 

integration rate of collision warning systems increased from 

83% in 2020 to a projected 100% by 2025. Similarly, the 

adoption of automated speed limiters rose from 48% to 

complete implementation over the same period. Lane de-

parture prevention systems also saw significant growth, 

with usage doubling to 100% by 2025. 

On a global scale, forecasts for 2025 indicate that 14% 

of the world’s vehicles will lack any ADAS features, while 

40% are expected to support Level 1 functions, 36% will 

incorporate Level 2 capabilities, and approximately 10% 

will be outfitted with Level 3 or more advanced systems. 

Overall, these figures represent a substantial increase in 

ADAS deployment compared to current levels, as illustrat-

ed in Fig. 1. 

The objective of this article is to provide a structured 

review of automotive camera systems as a fundamental 

technology in ADAS, with a focus on their architecture, 

calibration techniques, and sensor performance. Emphasis 

is placed on both monocular and stereo camera configura-

tions, as well as static, dynamic, and learning-based calibra-

tion methods essential for accurate perception. 

The significance of this work lies in its relevance to cur-

rent challenges in ADAS development, where precise sen-

sor operation and reliable environmental interpretation are 

critical for vehicle safety. By synthesizing technical 

knowledge and recent advancements, the article offers 

valuable insights for researchers and engineers working on 

vision-based autonomous systems. 

2. Advanced driver assistance systems in vehicles 

2.1 Methodology 
The study is based on a qualitative engineering analysis 

of camera systems used in ADAS. The authors conducted  

a comprehensive literature review using various databases. 

Based on the gathered data, the authors analysed the tech-

nological components of mono and stereo camera systems, 

focusing on architecture, image quality factors (resolution, 

colour, dynamic range), and calibration needs. The paper 

presents a synthesis of calibration models with a practical 

emphasis on their applicability in ADAS platforms. Fur-

thermore, the authors discuss emerging trends in real-time 

and deep learning-based calibration, highlighting their 

significance for future development. 
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2.2. Overview and function 

Advanced Driver Assistance Systems technology is de-

signed to assist drivers and enhance safety on the road. It 

does this by using sensors, algorithms, and software to 

collect data about the vehicle's surroundings and provide 

real-time information to the driver. 

 

Fig. 2. Sensors used in ADAS – including camera, radar, LiDAR, and 

 ultrasonic components [16] 

 

ADAS technology relies on various sensors (Fig. 2) to 

collect data about the vehicle's environment. These sensors 

include cameras, radar, LiDAR, and ultrasonic sensors. 

Cameras are used to capture visual data, such as lane mark-

ings, traffic signs, and other vehicles. Radar sensors use 

radio waves to detect the position and speed of objects in 

the vehicle's path, while LiDAR sensors use laser beams to 

create a detailed 3D map of the surroundings. Ultrasonic 

sensors use sound waves to detect the distance between the 

vehicle and nearby objects. 

The data collected by the sensors is used and analysed 

by algorithms of ADAS to make real-time decisions. These 

algorithms can detect potential hazards, such as a vehicle in 

the driver's blind spot, and alert the driver with visual or 

auditory cues [9]. 

ADAS technology relies heavily on software to control 

the various components of the vehicle. This software is 

responsible for processing the data collected by the sensors 

and executing the algorithms that control the brakes, steer-

ing, and other systems. The software must be designed to 

be reliable, secure, and easy to update as new features are 

added or improved [10]. 

2.3. Calibration of ADAS 

ADAS calibration and recalibration is the precise physi-

cal alignment, testing, and electronic aiming of sensors. In 

newly manufactured vehicles, ADAS sensors are accurately 

installed and configured according to predefined factory 

specifications, ensuring that each sensor is precisely orient-

ed as intended. However, over the operational lifespan of  

a vehicle, various incidents such as collisions, minor acci-

dents, or repairs involving adjacent components, can result 

in the misalignment of these sensors. When such misalign-

ments occur, it becomes essential to recalibrate the affected 

systems to restore them to their original, pre-incident condi-

tion, thereby ensuring that the sensors continue to perform 

in accordance with their intended design specifications. 

Depending on the configuration of the vehicle’s ADAS 

platform and the guidelines established by the original 

equipment manufacturer (OEM), calibration may involve 

static procedures, dynamic procedures, or a combination of 

both [12]. 

The calibration of ADAS components, particularly 

camera systems, is a critical process that directly affects the 

accuracy and reliability of environmental perception. Cali-

bration refers to the precise determination and adjustment 

of sensor parameters to ensure correct spatial interpretation 

of the environment and accurate data fusion in multi-sensor 

systems. In the context of camera-based ADAS, two prima-

ry categories of calibration are typically distinguished: 

intrinsic and extrinsic. 

Intrinsic calibration involves the estimation of internal 

camera parameters, such as focal length, principal point, 

skew coefficient, and lens distortion coefficients. These 

parameters describe how the camera projects three-

dimensional world points onto the two-dimensional image 

plane. Since most automotive camera systems employ 

wide-angle or fisheye lenses to maximize field of view, 

they are subject to substantial optical distortions. Therefore, 

the accurate modeling and correction of radial and tangen-

tial distortions is essential to enable reliable image interpre-

tation and subsequent object detection and tracking [7]. 

Extrinsic calibration, on the other hand, refers to deter-

mining the position and orientation of the camera with 

respect to a known reference frame, typically the vehicle 

coordinate system or another sensor in a multi-modal con-

figuration (e.g. radar, LiDAR). This step is fundamental for 

accurate sensor fusion, allowing the combination of data 

streams from different modalities into a coherent represen-

tation of the environment. Errors in extrinsic calibration can 

result in significant misalignment of perceived objects and 

deterioration of system performance. 

Depending on the ADAS platform and the manufactur-

er's specifications, calibration procedures are generally 

divided into static and dynamic approaches, each with dis-

tinct methodologies, requirements, and operational contexts 

[22]. 

Static calibration is performed in a controlled environ-

ment, typically within a workshop or service center, and 

involves the use of predefined reference targets and precise 

positioning of the vehicle. This method relies on physical 

calibration patterns, such as checkerboards, dot matrices, or 

specific 2D/3D markers, which are placed at exact distances 

and orientations relative to the vehicle. The calibration 

system then captures images of these patterns using the 

onboard camera sensors and computes the intrinsic and 

extrinsic parameters through mathematical optimization 

techniques, such as Zhang’s method [24] or bundle adjust-

ment algorithms. Static calibration provides high repeatabil-

ity and accuracy, making it the preferred choice during 

manufacturing, sensor replacement, or major maintenance 

procedures. However, it requires dedicated equipment, 

ample workspace, and trained personnel, which may limit 

its applicability in field conditions. 

Dynamic calibration, in contrast, is performed during 

actual vehicle operation and does not depend on dedicated 

calibration targets. Instead, it uses environmental features 

such as lane markings, traffic signs, curbs, or roadside in-

frastructure, which are detected and analyzed by the vehi-

cle’s sensors in real time. Advanced computer vision and 
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machine learning algorithms are employed to identify these 

features and estimate sensor parameters by observing their 

geometric consistency over time and motion. Dynamic 

calibration is particularly advantageous in post-service 

scenarios or when minor sensor misalignments occur during 

regular use, as it eliminates the need for workshop visits 

and minimizes vehicle downtime. However, it may be in-

fluenced by variable lighting conditions, road quality, or 

temporary occlusions. 

3. Cameras for ADAS 

3.1. Mono camera architecture 

Cameras represent the most widely utilized type of vi-

sion sensor in automotive applications. In vision-based 

ADAS, one or more cameras are employed to capture visu-

al data, which is subsequently processed by an embedded 

computing system to identify, analyse, and track various 

objects within the scene. Cameras provide critical infor-

mation, including colour, contrast, and texture, granting 

them a distinct advantage over alternative sensor technolo-

gies. They are capable of delivering high-resolution outputs 

across spectral, spatial, and temporal dimensions, thereby 

enabling comprehensive environmental perception. Moreo-

ver, certain specialized systems offer extended functionali-

ties, such as night vision capabilities or distance estimation. 

The following sections present a systematic overview of 

automotive camera systems, including their underlying 

technology and structural configurations.  

In vision-based ADAS, two principal types of cameras 

are commonly employed: monocular and stereo systems. 

An illustrative example of a standard monocular camera 

architecture for a front-facing application is provided in 

Fig. 3. In this configuration, the camera module is inter-

faced through a communication bus, and the image data is 

transmitted via a parallel connection to a dedicated image 

processing unit. In the described setup, a digital signal 

processor (DSP) is implemented to perform real-time video 

processing. Alternatively, some systems may incorporate 

field-programmable gate arrays (FPGA) or application-

specific integrated circuits (ASIC) to fulfil similar pro-

cessing requirements [24]. The image processing unit is 

supported by high-speed memory modules, which serve not 

only to temporarily store processed image data but also to 

retain multiple image frames – particularly useful for im-

plementing object tracking algorithms. A microcontroller 

oversees various support functions, including exposure 

regulation, control of the windshield heating element, 

communication via the in-vehicle bus system, and addition-

al system monitoring and management tasks. Interaction 

between the microcontroller and the digital signal processor 

is facilitated through an interprocess communication (IPC) 

interface.  

Monocular cameras are characterized by the presence of 

a single optical lens. Due to the production of only one 

image stream at any given time, these systems demand 

relatively modest computational resources for image pro-

cessing when compared to other, more complex camera 

configurations. Such cameras are versatile and can be em-

ployed in a range of applications, including the detection of 

obstacles, lane markings, and traffic signs [4]. In addition to 

external monitoring, monocular cameras can also be used 

within the vehicle cabin for driver observation tasks, such 

as facial recognition, eye tracking, and head pose estima-

tion [14]. However, a notable limitation of monocular im-

aging systems is their inability to capture depth information 

directly, rendering them less suitable for tasks that require 

precise distance measurement. Nevertheless, certain algo-

rithmic approaches [4] have been developed to approximate 

depth by identifying key features in the captured image and 

tracking their position, particularly when the camera is in 

motion. 

 

 Fig. 3. Architecture of a mono camera system [23] 

3.2. Stereo camera 

3.2.1. Stereo camera architecture 

The basic structure of a stereo camera system is illus-

trated in Fig. 4. In this architecture, both image sensors are 

governed by a single microcontroller, which manages the 

acquisition and coordination of visual data. The captured 

image signals are subsequently transmitted to the DSP and  

a FPGA for preliminary processing.  

 

 Fig. 4. Architecture of a stereo camera system [23] 

 

The FPGA is responsible for executing critical prepro-

cessing tasks, including image rectification, the generation 

of disparity maps, and the calculation of optical flow. The 

DSP then performs object recognition functions, such as 

identifying pedestrians, vehicles, and other relevant features 

within the visual scene. A second DSP is often dedicated to 

performing specific ADAS functionalities, such as lane 

departure warning and traffic sign recognition. Communi-

cation between the stereo vision system and the vehicle’s 

internal network is facilitated by a microcontroller inter-
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face. Each of the image processing units is linked to high-

speed memory modules, which are used to support rapid 

data access and temporary storage during computation [19]. 

Stereo camera systems are composed of two or more 

camera modules, each containing its own image sensor, and 

positioned at a fixed distance from one another – a parame-

ter referred to as the stereo base. 

These systems are particularly effective in generating 

three-dimensional (3D) spatial information by comparing 

pairs of two-dimensional images acquired from the left and 

right sensors and constructing a disparity map to calculate 

relative depth within the scene. Stereo vision systems can 

be applied across a wide range of use cases, including the 

detection of traffic signs, lane boundaries, pedestrians, and 

obstacles, as well as accurate estimation of object distances, 

achieving significantly higher precision than monocular 

camera systems [23]. To ensure accurate 3D perception, the 

alignment of the two camera modules must be precisely 

calibrated across all spatial axes, including pitch, yaw, and 

roll, prior to their integration into the housing. Even minor 

deviations in the alignment of the optical axes can lead to 

miscalibration, ultimately impairing the functionality of the 

entire stereo vision system.  

Image-based techniques provide a rapid and cost-

effective approach for acquiring high-quality 3D represen-

tations, especially when compared to more expensive alter-

natives such as radar and LiDAR systems. Continual ad-

vancements in image resolution and sensor quality have 

transformed digital cameras into affordable, highly reliable 

tools capable of generating detailed 3D data. As a result, 

stereo cameras have become indispensable components in 

autonomous vehicle systems, offering a practical solution 

for real-time depth estimation, as illustrated in Fig. 5. The 

accurate reconstruction of dense depth maps is a fundamen-

tal requirement for numerous ADAS tasks, including obsta-

cle detection, free-space identification, vehicle localization, 

environmental mapping, path planning, and lane boundary 

recognition [11]. 

 

Fig. 5. Comparison between monocular and stereo vision systems for 

 depth estimation [18] 

3.2.2. Structure of a camera system 

A basic camera architecture is shown in Fig. 6. In this ar-

rangement, an object or scene is projected through an imag-

ing lens, which focuses the optical information onto an image 

sensor. The sensor is composed of an array of pixels, each of 

which converts incident photons into electrical signals, which 

are then transmitted to a processing unit for analysis. If the 

processed output is intended for immediate user interpreta-

tion, it is subsequently rendered on a display screen. 

In the development of a camera system, it is essential to 

conduct a thorough evaluation of both its individual com-

ponents and the integrated system as a whole. The optical 

lens is a critical element that significantly influences the 

overall performance of the camera. It directly impacts  

a range of imaging parameters, including achievable resolu-

tion, the extent of the field of view, depth of field, colour 

fidelity, and the system's light sensitivity. Given that optical 

assemblies inherently introduce imperfections, such as 

image distortion, appropriate correction mechanisms must 

be applied to ensure accurate image reproduction. The opti-

cal image captured by the lens is subsequently converted 

into digital signals by the image sensor. Consequently, 

careful coordination and design optimization between the 

optical system and the image sensor are vital to achieving 

high image quality. The sensor itself plays a central role in 

defining several critical attributes of the final image, includ-

ing resolution (determined by pixel count), field of view 

(influenced by pixel count and arrangement), dynamic 

range, colour accuracy, and, most notably, the sensitivity to 

light [15]. 

 

 Fig. 6. Basic camera architecture [23] 

Field of view 

The field of view (FOV) of a camera plays an important 

role in the application and is essentially defined by the lens 

and the image sensor (Fig. 7). One distinguishes the field of 

view in horizontal and vertical direction (HFOV, VFOV). 

 

Fig. 7. Vertical (a) and horizontal (b) field of view of a front view camera [23] 
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Depending on the requirements of the camera, the maxi-

mum field of view that the system can monitor is important 

[6]. A distinction is made here between horizontal and verti-

cal fields of vision. Front view camera systems, such as the 

multifunctional camera considered in this work, require rela-

tively large HFOV values in case of lane detection (in tight 

curve scenarios) and object detection. The vertical field of 

view is determined primarily by the mounting height and the 

minimum detection distance at close range [7]. 

Resolution 

Optimal image resolution results from the coordinated 

interaction between the optical system, the image sensor, 

and the image processing unit. The resolution capacity of 

the sensor is primarily determined by both the physical size 

and the total number of pixels it contains. Under low-light 

conditions, sensors with smaller pixel dimensions tend to 

produce images with increased noise levels when compared 

to those with larger pixels, thereby diminishing the sys-

tem’s dynamic response capability. To effectively utilize 

small pixel architectures, high-precision optical compo-

nents, specifically lenses with high resolving power, are 

required to maintain image sharpness. Without such high-

quality optics, the system may produce images with a high 

pixel count but lacking in meaningful structural detail due 

to blurring. Additionally, the use of small pixel sensors 

necessitates extremely accurate mechanical alignment of 

the sensor within the optical path, as such configurations 

inherently exhibit a significantly reduced depth of field. 

On the other hand, as the light-sensitive surface area of 

an image sensor increases, the system’s ability to distin-

guish finer image details also improves. However, increas-

ing the sensor size also leads to higher production costs and 

greater physical dimensions, both of which pose limitations 

in the context of ADAS applications where compactness 

and cost-efficiency are critical considerations [23]. 

For driver assistance systems involved in environmental 

perception, a typical specification entails a resolution great-

er than 15 pixels per degree of field of view. Among these 

applications, traffic sign recognition imposes particularly 

stringent requirements on image resolution, especially when 

the accurate interpretation of additional characters or sym-

bols is necessary. This concept is illustrated in Fig. 8, which 

demonstrates how varying resolution levels affect the legi-

bility of traffic signs. While the general shape and warning 

symbols remain discernible at lower resolutions, the identi-

fication of supplementary pictograms or textual information 

becomes increasingly difficult or impossible. In the context 

of driver monitoring applications, even higher image reso-

lutions may be required, particularly for functions such as 

eye tracking that rely on the precise detection of subtle 

facial features [13]. 

 

Fig. 8. Effect of decreasing resolution using the example of a traffic sign 

(480 × 650/72 × 96/36 × 48/24 × 32/18 × 24/12 × 16) [23]  

Colour 

In the area of advanced driver assistance systems, com-

plementary metal-oxide-semiconductor (CMOS) image sen-

sors, commonly employed in automotive imaging, are pri-

marily responsive to the visible (VIS) and near infrared 

(NIR) regions of the electromagnetic spectrum. To enable 

differentiation across colour channels, these sensors incorpo-

rate colour filters that segment incoming light into its con-

stituent spectral components. 

Colour fidelity offers substantial advantages in both 

front-view and surround-view camera applications. In sur-

round-view systems, a lifelike visual representation on the 

driver’s display is essential for intuitive scene interpretation. 

Conversely, in front-view systems, the capacity to accu-

rately distinguish between discrete colour channels plays  

a critical role, particularly in the detection of features such as 

lane markings, as illustrated in Fig. 9. 

 

Fig. 9. Importance of colour separation for the detection of lane markers 
 without filtering (a) and with filtering (b) [23] 

Dynamic range 

The dynamic range (DR) of a camera system defines its 

ability to simultaneously capture details in both low-light 

and high-intensity regions within the same image frame. 

More specifically, it is quantified as the ratio between the 

luminance of the darkest and the brightest pixels that the 

sensor can accurately record.  

In dark areas, the dynamic range is limited by the noise 

limit of the image sensor, and in bright areas by the satura-

tion limit of the image sensor. In addition to the image 

sensor, the dynamic range of the camera lens and the opti-

cal path define the overall system dynamic range [1]. 

The dynamic range of the lens is adversely affected by 

stray light. In addition, effects such as ghosting and flare 

can occur, which reduce the image quality, especially in 

strong front light situations. For stationary objects, the 

dynamic range can be increased using a so-called high 

dynamic range (HDR) function (Fig. 10). To do this, sever-
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al images of the object with different exposures are taken 

and put together in a very short time. Since the series of 

images is taken at a different time, this function is not ap-

propriate for moving objects. The same applies to images 

taken while a vehicle is moving [3]. 

 

 Fig. 10. Illustration of a traffic scene with a high dynamic range [23] 

Noise 

A camera's dynamic range and sensitivity are affected 

by the "noise" of the sensor. The most common cause of the 

noise is the so-called dark current. In this case, electrons are 

triggered and read out incorrectly, for example, due to 

thermal processes in the pixel. The magnitude of this cur-

rent increases with temperature and exposure time. For this 

reason, it is often necessary to cool camera systems or pro-

vide sufficient ventilation. Another source of noise is the 

readout noise, which occurs when electrons are converted 

into voltage [21]. 

3.2.3. Image sensor technology 

There are two fundamental architectures of digital im-

age sensors for image processing: charge-coupled device 

(CCD) and complementary metal oxide semiconductor 

(CMOS). Image sensors are able to convert incident pho-

tons into electrical charges. The technology is based on the 

photoelectric effect, which generally refers to the release of 

electrons from metallic surfaces through the incidence of 

light. A distinction is made here between the interior and 

the exterior photo effect.  

The external photo effect describes the phenomenon 

where electrons are released from a metal when photons hit 

it. The frequency of the electromagnetic radiation must 

exceed the characteristic limit frequency of each metal. 

Above this frequency, electron emission occurs even at 

very low light intensity [20]. 

In the case of the internal photo effect, the electrons on-

ly detach from their molecular structure, but not from the 

material. If the energy of the photons is greater than the 

energy difference between the valence and conduction 

bands of the photodiode material, the electrons are raised 

into the conduction band. Free electrons and positively 

charged holes are created. The change in electrical conduc-

tivity can be recorded [2].  

A CCD sensor consists of a large number of light-

sensitive semiconductor elements arranged over a surface. 

These semiconductor elements are pixels, individual photo-

detectors that capture the incident photons of light and 

convert them into an electrical signal. During the exposure 

time, the released electrons are collected in a potential well. 

The accumulated amount of charge is proportional to the 

intensity of the incident light and the exposure time [21]. 

To do this, the released charges must be transported to an 

A/D converter through many small steps, vertical and hori-

zontal shift registers. 

Charge-coupled device (CCD) sensors are available in 

several distinct architectural configurations, including inter-

line transfer CCDs, full-frame CCDs, and frame transfer 

CCDs. Among these, the interline transfer CCD offers  

a notable advantage through its use of an "electronic shut-

ter" mechanism, which enables the rapid acquisition of 

multiple images per second as well as extremely short ex-

posure times. To facilitate this function, each light-sensitive 

pixel is paired with an adjacent non-photosensitive unit, 

which serves as a temporary memory cell. This memory 

cell is equipped with a cover and a light-blocking shield to 

prevent any additional light exposure, thereby preserving 

the integrity of the stored charge. Once the exposure phase 

concludes, the accumulated charges are swiftly transferred 

from the active pixels into the shielded memory cells. Sub-

sequently, these charges are sequentially read out through 

vertical and then horizontal shift registers. At the end of this 

readout chain, the signal is amplified and converted into  

a voltage for further image processing purposes [21]. 

Similar to charge-coupled device (CCD) sensors, com-

plementary metal-oxide-semiconductor (CMOS) sensors 

operate on the principle of the photoelectric effect, whereby 

incident photons are converted into electrical charges. The 

primary distinction between CMOS and CCD technologies 

lies in the method by which the captured electrical signals 

are transmitted and processed. In CMOS architecture, each 

photodiode is paired with a parallel capacitor that accumu-

lates charge generated by the incoming photocurrent. The 

resulting voltage across this capacitor is directly propor-

tional to the intensity of the incident light and the duration 

of exposure. Unlike CCD sensors, where collected charges 

are sequentially transferred to a centralized readout amplifi-

er, CMOS sensors assign an individual amplifier to each 

pixel. which directly provides the analogue signal processor 

with this capacitor voltage. In the case of CMOS sensors, 

several transistors are associated with the light-sensitive 

diodes, which convert the accumulated charges into meas-

urable voltages. As a result, pixels can be read independent-

ly without the need for serial charge transfer, as is required 

in CCD-based systems. The advantage of this architecture 

is a reduction in blooming effects, which can occur under 

conditions of overexposure. However, a notable drawback 

is that the inclusion of additional transistors within each 

pixel reduces the effective light-sensitive area, thereby 

diminishing the sensor’s overall light collection efficiency. 

Consequently, CMOS sensors may exhibit inferior perfor-

mance in low-light environments, as less image information 

is captured [5]. Nonetheless, like their CCD counterparts, 

advanced CMOS sensors are capable of discharging all 

pixels simultaneously, capturing an image, and proceeding 

with synchronous readout. To implement global shutter 

functionality, additional transistors must be integrated into 

each pixel, which further reduces the available photosensi-

tive surface area and may negatively impact image quality. 
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A CMOS sensor, like many others, can only distinguish 

between black and white. To enable colour recognition, 

colour filters are needed that divide the light into the prima-

ry colours red, green and blue. Ultimately, only one of the 

colours is supplied to each pixel. 

4. Future directions 
Since camera sensors have their advantages and short-

comings, the integration of multiple heterogeneous sensors 

has emerged as a fundamental strategy for achieving robust 

and precise environmental perception and spatial localiza-

tion. However, because these sensors are not inherently co-

located within a common spatial framework, accurate cali-

bration is required to establish their relative coordinate 

relationships and to effectively combine their sensing capa-

bilities. 

With the rapid advancements in deep learning technolo-

gies, online camera calibration has become increasingly 

feasible and operationally efficient. This calibration ap-

proach entails dynamically updating sensor parameters 

during operation, thereby allowing the system to adapt to 

changes in the camera’s position or the surrounding envi-

ronment. Such adaptability can be realized through the 

application of deep learning algorithms, which are capable 

of modeling the complex, nonlinear relationships between 

intrinsic and extrinsic camera parameters and the corre-

sponding image data. Learning-based calibration frameworks 

hold significant promise for transforming practices within the 

automotive sector. By enhancing the precision of camera-

based vision, online calibration plays a crucial role in im-

proving the reliability of tasks such as object detection [13].  

The integration of deep learning-based calibration tech-

niques within multi-sensor platforms may substantially 

improve the effectiveness of sensor fusion by aligning and 

harmonizing data from different sources. This enhancement 

is particularly advantageous in complex operating condi-

tions, including low-light environments, visual occlusions, 

and adverse weather scenarios. Moreover, leveraging deep 

learning for the calibration of multiple sensors is likely to 

yield more stable and accurate outcomes than those typical-

ly achieved with conventional calibration methods. These 

developments outline several promising directions for fu-

ture research in the domain of deep learning-based camera 

calibration. 

As this field continues to evolve, it is anticipated that 

numerous additional opportunities for advancement and 

innovation will emerge. Furthermore, the broader applica-

tion of these technologies is expected to exert a transforma-

tive influence across various sectors in the years to come. 

5. Conclusions 
Camera systems constitute a foundational element in the 

architecture of ADAS and are instrumental in enabling the 

gradual transition toward higher levels of vehicle autono-

my. Owing to their capacity to acquire high-resolution 

visual data, automotive cameras are employed extensively 

for a wide range of perception tasks, including lane detec-

tion, traffic sign recognition, object classification, and dis-

tance estimation. 

This study has presented a comprehensive overview of 

the technical configurations and operating principles of 

monocular and stereo camera systems within ADAS plat-

forms. Particular attention has been devoted to the require-

ments for camera calibration, which plays a pivotal role in 

ensuring the geometric and functional accuracy of vision-

based systems. Both intrinsic and extrinsic calibration pro-

cedures are necessary to mitigate distortions and to main-

tain reliable environmental perception under real-world 

operating conditions. 

The integration of camera systems into multi-sensor 

platforms, while offering enhanced perception capabilities, 

introduces additional challenges related to sensor alignment 

and data fusion. In this context, recent advances in deep 

learning have facilitated the development of online calibra-

tion methods capable of dynamically adjusting sensor pa-

rameters in response to operational or environmental varia-

tions. These approaches show considerable potential in 

improving the robustness and precision of vision-based 

ADAS functions, particularly in adverse scenarios such as 

low-visibility or rapidly changing lighting conditions. 

Given the increasing regulatory emphasis on safety and 

the anticipated proliferation of ADAS features in the global 

vehicle fleet, further research into calibration methodolo-

gies, image processing algorithms, and sensor integration 

strategies is essential. Continued progress in these domains 

will be critical to support the deployment of reliable, scala-

ble, and cost-effective autonomous driving technologies in 

the near future. 
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Nomenclature 

ABS  anti-lock braking system 

ADAS  advanced driver assistance system 

ASIC  application-specific-integrated circuits 

CCD  charge-couple device 

CMOS complementary metal oxide semiconductor 

DR  dynamic range 

DSP  digital signal processor 

ESP  electronic stability program 

FOV  field of view 

FPGA  field programmable gate arrays 

HDR  high dynamic range 

HFOV  horizontal field of view 

IPC  interprocess communication 

LiDAR light detection and ranging 

NIR  near-infrared 

OEM  original equipment manufacturers 

VFOV  vertical field of view 

VIS  visible 
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focusing on the levels of nitrogen oxides and carbon oxides as influenced by rotational speed and temperature. 

Conducted studies have established a testing methodology for aviation turbine engines, based on the type of 

analyzer used. This methodology will facilitate the evaluation of other aviation turbine engines on stationary test 
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1. Introduction 
UAV turbine engines are becoming increasingly popular 

as power units for testing toxic emissions and exploring the 

use of sustainable aviation fuels. They serve as a cost-

effective alternative in the initial stages of research, facili-

tating the transfer of knowledge to full-size power units that 

power large aircraft. Analyzing the composition of exhaust 

gases in UAV engines is essential for evaluating their effi-

ciency, environmental impact, and the potential for optimiz-

ing the combustion process. These engines are utilized both 

as power sources in experimental aircrafts and as units for 

scientific research. Through this, researchers can examine 

the exhaust gas composition, which helps assess the quality 

of the combustion process, identify issues related to incom-

plete combustion, and evaluate harmful emissions such as 

nitrogen oxides, carbon monoxide, and unburned hydrocar-

bons. This analysis not only enables improvements in en-

gine efficiency but also reduces the engine's negative envi-

ronmental impact. 

Increasing numbers of authors are addressing the issue of 

exhaust emissions in their works. Measurements are conducted 

using portable exhaust analyzers, such as the SEMTECH DS, 

and the results obtained are analyzed [7, 19]. 

Research has also been conducted on the GTM 120 en-

gine mentioned in this article. The authors have previously 

analyzed particle emissions [15], studied noise identifica-

tion [4], and performed numerical analyses of cold flow in 

the GTM-120 engine [8]. This article focuses on measure-

ments of toxic combustion compounds emissions, which 

will enhance the existing literature on this engine and facili-

tate future numerical analyses of the combustion process, 

along with comparisons of the results obtained. As a result, 

upcoming studies will be able to explore possibilities, such 

as modifying the combustion chamber design.  

2. Research object 
The tests were conducted using a test bench manufac-

tured by TomSerwis, along with a specially modified ver-

sion of the GTM 120 engine based on the WML WAT 

(Faculty of Mechatronics, Armament and Aerospace – 

Military University of Technology) design. This engine was 

equipped with measuring probes, which allowed for pres-

sure and temperature measurements. These tubes were 

installed in the combustion chamber casing, located behind 

the compressor and in front of the turbine (Fig. 1). 

 

Fig. 1. Test bench of the GTM 120 engine: A – test bench; B – GTM 120 
 engine; C – engine bed; D – GSU panel of the engine control system  

 

The engine for the GTM 120 is designed similarly to 

miniature turbine engines, offering a thrust of up to 500 N 

(see Fig. 2). Its design is based on the KJ 66 engine and is 

produced by several companies, including JETPOL [12], 

JetCat [11], AMT Netherlands [2], Turbine Solutions [23], 

PBS Aerospace [21], King Tech Turbines [14], Frank Tur-

bine Engine Systems [5], ALM-Meca Engineering [1], 

JetBeetle [10], and others [13]. 

The engine features an axially symmetrical subsonic in-

let, with an electric starter mounted on three supports in 

front of it. It utilizes a single-stage radial compressor and an 

annular combustion chamber that incorporates jet injectors 

and evaporators located in the rear section. The compressor 

rotor is driven by a single-stage axial turbine. Although this 

engine model underwent further modifications by the man-
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ufacturer to meet current research needs, which did not 

affect its performance, the original exhaust system – featur-

ing a central cone that extends beyond the nozzle outlet 

cross-section was retained. 

 

Fig. 2. Cross section of the GTM 120 engine and its basic elements: 1 – 
electric starter, 2 – inlet, 3 – compressor rotor, 4 – diffuser, 5 – combustion 

chamber case, 6 – combustion liner, 7 – evaporators, 8 – fuel manifold, 9 – 

turbine nozzle ring, 10 – turbine rotor, 11 – outlet nozzle, 12 – central cone 
of the exhaust system, 13, 16 – bearings, 14 – shaft, 15 – shaft sleeve (own 

 elaboration) 

 

The engine is controlled by the Hornet III [9] ProJet 

electronic system, which generates and sends a signal in the 

form of the desired voltage value for the electric motor 

supplying the fuel pump located at the bottom of the mobile 

test bench platform. The electronic and electrical systems of 

the engine are powered by a 12 V battery. 

Operating parameters of the engine are displayed on the 

Ground Support Unit (GSU) panel, which works in con-

junction with the Hornet III system. The GSU panel allows 

for starting and stopping the engine, as well as adjusting its 

operational range. The display shows current values for the 

exhaust gas temperature (EGT), engine rotor speed, fuel 

pump supply voltage, and the set engine operating range. 

Unlike most engines, this one does not have a typical 

lubrication system. Instead of oil, a small amount of fuel 

mixed with 5% oil is supplied to the bearings. The engine 

typically uses aviation fuel (aviation kerosene), but can also 

operate on other fuels such as diesel oil, biofuels, etc. Dur-

ing testing, JET A-1 fuel mixed with Aeroshell 500 synthet-

ic oil, commonly used in turbine engine lubrication sys-

tems, was utilized. 

Table 1 presents the basic technical data for the engine 

in its original version [3]. 

 
Table 1. Basic technical data of the GTM 120 engine parameters in the 

basic version and the actual [3] 

Parameter Unit Value 

Dry engine weight kg 1.5 

Maximum diameter mm 110 

Length mm 265 

Maximum thrust N 120 

Maximum RPM rpm 110 000 

Air mass flow kg/s 0.3 

Compression – 2.1 

Max temperature after 

the turbine 
K 898 

2. Determination of flow parameters of the GTM 

120 engine 
The necessary data for modeling the performance of 

turbine engines can be found in various literature sources, 

such as "Propulsion and Power. An Exploration of Gas 

Turbine Performance Modeling" by Kurzke et al. [16]. 

Kurzke is also the author of GasTurb, a software program 

developed for the MTU company that calculates flow pa-

rameters in full-size engines. GasTurb is specifically de-

signed for gas turbine performance calculation and optimi-

zation. In this work, the GasTurb 14 software was utilized 

for calculations, which enables the modeling of various 

basic types of aircraft turbine engines. 

The calculations were based on actual engine operating 

parameters determined from previous tests, specifically  

a thrust of 127.3 N and a maximum temperature of 950 K 

behind the turbine. The results of the calculations are 

shown in Table 2. Additionally, the distribution of the 

working medium's flow velocity, pressure, and static tem-

perature in key engine cross-sections during operation at 

maximum range under static conditions (V = 0 m/s, H = 0 

m) is illustrated in Fig. 3. Localization of stations at which 

parameters were calculated is presented in Fig. 4.  

 
Table 2. Results of calculations of the GTM 120 engine operating parame-

ters performed in the GasTurb 14 program 

Parameter Unit Value 

FN kN 0.13 

TSFC g/kNs 44.1384 

WF kg/s 0.00595 

S NOx g/kg 0.04059 

where: FN – thrust, TSFC – specific fuel consumption, WF – mass 
flow rate of fuel, S NOx – NOx content in exhaust gases. 

 

The SNOx value is determined from the equation: 

 SNOx
= (

P3

2965 kPa
)

0.4

∙ e(
T3−826 K

194 K
+

6.29−100 war

53.2
)
  (1) 

where: war – water-air-ratio. 

The higher nitrogen oxide values observed in the  

GasTurb 14 may be due to the positioning of the measuring 

probe, which captures data from a single point. Additional-

ly, the intake of air can affect the readings. 

 

Fig. 3. Distribution of the flow velocity of the working medium and its 
static pressure and static temperature in characteristic stations of the GTM 

 120 engine (graph generated by the GasTurb 14 program) 

 

Developing an accurate model of the GTM 120 engine 

in the GasTurb 14 program proved challenging due to the 

engine's unique design of the combustion chamber and 

exhaust system. This complexity made it difficult to select 

the appropriate input parameters. Nevertheless, the thrust 

value obtained from the model is within 2.08% of the 

measured value, and the difference between the measured 
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and calculated exhaust gas temperatures does not exceed 

0.29%. 

 

Fig. 4. Engine cross-section with stations, at which parameters were 

 calculated, used in the GasTurb 14 (diagram taken from the GasTurb 14) 

3. Research methodology 
To measure the exhaust emissions from the GTM-120 the 

atmosFIR mobile exhaust gas analyzer was utilized. Both the 

engine and the measuring probe were positioned on a stable 

base. The measuring station is depicted in Fig. 5. 

 

 

 

 

Fig. 5. Measuring station: A –test bench; B – GTM 120 engine; C – meas-
uring probe  

 

The AtmosFIR exhaust gas analyzer is a device made 

by Protea. It is a multi-component and multi-range analyzer 

capable of measuring up to 100 different components. This 

device connects to the PAS-Pro control and data processing 

program. During the tests, measurements were taken for 

components such as carbon dioxide, carbon oxides, nitro-

gen oxides, and sulfur oxides. The specifications and appli-

cations of the analyzer are detailed in Table 3. For clarifica-

tion, the resolution in wavenumbers (cm⁻¹) refers to the 

instrument's ability to distinguish between closely spaced 

spectral lines. 

 
Table 3. Protea AtmosFIR analyzer applications and specifications [20] 

Typical measurement ranges 0–10 ppm, 0–100 ppm, 0–1000 ppm 

Typical detection limit < 0.2 ppm 

Typical spectral resolutions 1 cm–1, 2 cm–1, 4 cm–1, 8 cm–1 

Spectral range 485–8500 cm-1 

Weight 18–20 kg 

Dimensions 440  450  222 mm 

 

Figure 6 shows an element of the measurement station, 

which is the central unit of atmosFIR equipment. 

 

 Fig. 6. Exhaust gas analyzer atmosFIR 

 

During the measurements, a thermal analysis of the 

power unit was conducted using a thermal imaging camera. 

The image captured after completing the measurements is 

shown in Fig. 7. 

 

Fig. 7. View from the thermal imaging camera after completing the meas-
 urements 

 

The measurements of exhaust gas components concen-

tration were conducted over the full engine operation cycle. 

After starting, the engine automatically increased the rotor 

speed to approximately 48,000 rpm to assess the parameters 

of the fuel supply system. It then decreased the speed to 

33,000 rpm, which corresponded to idle speed. Following 

B 

A 

C 
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this, the rotational speed was increased in increments of 

20,000 rpm, ranging from 40,000 to 100,000 rpm. The 

operating range was then expanded to achieve a maximum 

rotational speed of 110,000 rpm. The rotor speed was sub-

sequently reduced to the idle speed range before the engine 

was turned off. Each measurement was taken over a period 

of 2 minutes for every speed range, as shown in Fig. 8. 

 

Fig. 8. Profile of engine test idea 

4. Research results 
During measurements conducted with the atmosFIR an-

alyzer, we obtained results for a wide range of combustion 

components from the test object. Due to their predominance 

and harmful effects, we decided to focus our analysis on 

carbon dioxide, carbon monoxide, and nitrogen oxides. The 

concentrations of these components are presented as a func-

tion of time, considering the rotational speed [18, 22], and 

as a function of temperature – Fig. 8 and Fig. 9. To better 

illustrate the relationship between the amount of nitrogen 

oxides produced and temperature, we derived a separate 

characteristic. 

 

Fig. 9. Measurement results of toxic compounds produced during the 

operation of the GTM-120 engine as a function of time, considering the 

ranges of rotational speeds, where: n = 30–60% of maximum rotational 

speed – engine warm-up, n = 80% of maximum rotational speed – cruise 

 range, n = 90–100% – maximum rotational speed  

 

Figure 8 illustrates the measured data over time, cover-

ing a duration of approximately 25 minutes. To enhance 

clarity, vertical lines indicating the different phases of en-

gine operation have been plotted on the graph.  

During the initial phase of engine operation, which is 

the start-up phase, a high concentration of carbon oxides 

and carbon dioxide is observed. This phenomenon is typical 

for turbine engines and results from incomplete combustion 

shortly after the fuel is injected into the combustion cham-

ber. This observation is further supported by the results 

shown in Fig. 9, which indicates a low exhaust gas tem-

perature during the engine start-up phase.  

 

Fig. 10. Results of measurements of harmful compounds produced during 

the operation of the GTM-120 engine as a function of the measured engine 
 temperature 

 

Fig. 11. Measurement results of nitrogen oxides produced during the 

operation of the GTM-120 engine as a function of the measured engine 

 temperature in front of the turbine 

 

Conversely, Fig. 10 demonstrates that the concentration 

of nitrogen oxides during this phase remains below 2 parts 

per million (ppm). In the subsequent phase, which ranges 

from 30% to 60% of maximum engine speed, the exhaust 

gas temperature begins to rise, reaching approximately 800 

K. This increase in temperature leads to a decrease in the 

concentrations of CO2 and CO. As the combustion chamber 

temperature rises, the concentration of nitrogen oxides in 

the exhaust gas also increases, peaking at around 11 ppm. 

During the next phase of engine operation, which corre-

sponds to the cruise range, the engine rotor speed stabilizes 

at about 80% of the maximum value. In this phase, a nota-

ble decrease in the concentration of all analyzed exhaust 

gas components is observed, indicating that this range rep-

resents the optimal operating conditions for maximum 

combustion chamber efficiency. As the engine reaches its 

maximum rotational speed, the exhaust gas temperature 

also escalates, peaking at approximately 896 K. Compared 

to the cruise phase, the concentrations of CO and CO2 rise 

due to the increased fuel supply to the combustion chamber. 

It is important to note that nitrogen oxides reach their high-

est concentration during this phase, peaking at around 12 

ppm. This relationship aligns with existing literature [17], 

which indicates that nitrogen oxides typically achieve peak 

concentrations at elevated exhaust gas temperatures. In the 

final cooling phase of the engine, there is another increase 

in the concentrations of carbon oxides and carbon dioxide, 
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which correlates with a drop in temperature and a decline in 

combustion efficiency. As the measurements conclude,  

a reduction in the concentration of all combustion compo-

nents is recorded. The accompanying Table 4 presents the 

maximum concentration values of harmful combustion 

components across the various phases of engine operation.  

 
Table 4. Maximum concentrations of combustion components during 
 individual engine operation phases 

Engine operating 

phase 

CO2 [%]  

max rpm 

CO 

[ppm] 

NOx 

[ppm] 

1. Start-up 2.7 887.1 1.1 

2. Warm-up 1.9 667.3 11.0 

3. Cruising range 0.6 204.7 3.4 

4. Maximum range 1.5 439.6 11.9 

5. Cooling 1.0 585.0 8.0 

6. End of operation 0.0 0.4 1.8 

 

The data from Table 4 are also presented in the form of 

approximation graphs. 

 

Fig. 12. Concentration of CO2 during individual engine operation phases – 

 approximation graphs 

 

Fig. 13. Concentration of CO during individual engine operation phases – 

 approximation graphs 

 

Calculations performed using the GasTurb 14 program 

indicated a NOx concentration of 0.04059 g/kg at maximum 

rotational speed. However, actual tests revealed this value 

to be significantly lower, at 11 ppm, or 0.011 g/kg. This 

discrepancy amounts to about 73%. By employing an ex-

haust gas analyzer, we can accurately determine the range 

of nitrogen oxide emissions and use the results to adjust the 

parameters in the GasTurb 14 software. The team is work-

ing to reduce discrepancies between results. Recently, re-

tests were conducted using a modified system and a new 

engine. The results are still in development.  

 

Fig. 14. Concentration of NOx during individual engine operation phases – 
 approximation graphs 

5. Conclusions 
The research conducted has determined the influence of 

the range of work of a UAV turbine engine on the for-

mation of toxic combustion components. The presence of 

nitrogen oxides at low rotational speeds results from the 

combustion of nitrogen contained in the fuel, while at high 

rotational speeds it is associated with a high combustion 

temperature. At the same time, comparing the results of 

calculations carried from GasTurb 14 with the results of 

actual tests allowed analyses of selection of parameters in 

the software. It may be the direction of further work to 

obtain greater data compatibility. UAV turbine engines can, 

with the adoption of appropriate ranges of coefficients, be  

a reference for full-size power units. Carrying out analyses 

on small-sized engines allows us to develop measurement 

methodologies, thanks to which it is possible to make tests 

carried out on full-size engines more economical. Thanks to 

the research on UAV engines, it is also possible to test the 

use of sustainable aviation fuels [6, 24] in further work, 

which will allow us to compare the amount of exhaust gas-

es in relation to standard aviation fuel. 
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Nomenclature

CO2 carbon dioxide 

CO carbon monoxide 

EGT exhaust gas temperature  
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Comparison of traction properties of an N3 category vehicle with a conventional 

and electric drivetrain 
 
ARTICLE INFO  The article presents the traction properties of the drive systems installed in a DAF LF vehicle belonging to the 

N3 category. Based on technical data of the drive systems – both the compression ignition engine (CI) and 

electric motor specifications – external characteristics containing the power and torque curves of the engines 
were developed. On their basis, the traction characteristics of the vehicles were determined, showing graphs of 

movement resistance and driving force. Graphs of the obtained accelerations, dynamic indicators, and vehicle 

acceleration simulations were also developed. The calculations considered the case in which the vehicle weight 
corresponds to the gross vehicle mass (GVM), which allowed for obtaining results close to real conditions. 

Based on the comparison of the traction properties of both vehicles, it was observed that electric vehicles have 

much better dynamic parameters. These differences may be very important when moving in mountain conditions. 
The excessive propelling force in the system generated by the electric motor allows overcoming hills at a much 

higher speed, reducing the speed difference between trucks and passenger vehicles. It was found that increasing 

speed on mountainous roads can lead to significant road safety improvements. The simulation of vehicle 
acceleration allowed for the determination of the time after which the maximum vehicle speed was achieved. 
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1. Introduction 
The continuous development of drivetrain systems con-

tributes to the improvement of the driving characteristics of 

vehicles. This is especially noticeable in heavy-duty vehi-

cles. This type of vehicle is characterized by a high torque 

demand in connection with carrying heavy loads [1]. An 

important aspect occurring while configuring trucks is their 

drive system, which can differ a lot depending on the pur-

pose of the vehicle [24]. Changes in the configuration of the 

propelling system have an influence on the traction proper-

ties as well as on the energy consumption [12, 21]. 

 Thanks to constant developments of energy storage 

technology using battery cells and technologies based on 

the use of energy stored in the form of hydrogen, the range 

of electric trucks has noticed a marked increase compared 

to vehicles introduced to the market in the previous decade. 

Vehicles using energy stored in batteries are nowadays 

capable of covering an operational range of 400–500 km 

without the need to recharge their energy reserves. The 

development of cell production technology has also made it 

possible to increase their ability to fast charge and super-

fast charge [5, 22, 23]. Currently produced battery cells are 

characterized by much higher energy density values and 

lower initial costs [5, 7]. 

In the past, battery charging was a very problematic is-

sue, especially for heavy-duty vehicles. The infrastructure 

did not enable trouble-free operation of electric vehicles 

due to the insufficient number of charging points or net-

work problems during charging related to exceeding peak 

network power values. High-power stations designed for 

fast charging using direct current were one of the causes of 

network disruptions. Thanks to the introduction of charging 

stations equipped with BESS technology (battery energy 

storage system), it is possible to reduce the demand for 

peak power in the electrical network [2, 14, 17]. 

Due to the fact that the limitations related to the range 

and lack of charging possibilities or the duration of the 

process are becoming much less oppressive, the use of 

vehicles with an electric drive system is being increasingly 

considered [20]. 

This is confirmed by the fact that the number of regis-

trations of delivery vehicles and trucks increased by 66% in 

the period January–December 2023 compared to the same 

period in 2022 [10]. It is also worth mentioning the signifi-

cant development that has been made in terms of the effi-

ciency and flexibility of combustion engines and the signif-

icant reduction in exhaust emissions. Modern CI heavy-

duty (HV) engines stand out due to the wide range in which 

the maximum torque is achieved. These are often rotational 

speeds slightly higher than the idle speed. Work related to 

the development of combustion engines also focuses on 

developing new alternative fuels and methods of obtaining 

them [3, 13, 18, 19].  

Despite many advantages modern CI combustion en-

gines offer, these are still not able to match the parameters 

of electric motors made using permanent magnet synchro-

nous motors (PMSM) technology, with which HDVs are 

mainly fitted. The configuration of the gearbox drive sys-

tems (number of gear ratios, their values), and the value of 

the final drive ratio make these vehicles stand out with 

above-average traction properties [11]. 

The article focuses on the comparison of traction char-

acteristics, allowing to determine, among others, the ability 

to overcome hills and the time it takes for the vehicle to 

reach maximum speed. For this purpose, an example vehi-

cle belonging to the N3 vehicle category was taken into 

account – a representative of the urban and local distribu-

tion sector – the field in which electric trucks are currently 

most commonly used. 

https://orcid.org/0000-0001-5188-4342
http://www.combustion-engines.eu


 

Comparison of traction properties of an N3 category vehicle with a conventional and electric drivetrain 

COMBUSTION ENGINES, 2025;203(4) 171 

2. Research object  
The test object is an HDV belonging to the N3 category 

with a total permissible weight exceeding 19 tons. The 

DAF LF vehicle (Fig. 1) was first offered with a conven-

tional propulsion system and from 2021 to 2023 with an 

electric driveline. The truck had been sold as a chassis in-

tended for further body build development. The container 

built on the vehicle frame was recreated using a computer 

design program – a CAD program. The installation height 

and external dimensions were determined based on photo 

documentation and engineering graphics provided by the 

chassis manufacturer. Vehicle versions equipped with com-

bustion engines can develop different power and torque 

values, depending on specifications. For comparison pur-

poses, the variant with the most powerful PX-7 series en-

gine was considered. This engine stands out due to its high 

torque available in a wide range of rotational speeds.  

A conventional vehicle has been equipped standardly with  

a six-speed gearbox with a manual shifting mechanism. 

 

Fig. 1. DAF LF Electric [6] 

 

The electric vehicle (EV) is powered by the SUMO HD 

HV3500 electric motor and has no gearbox. The vehicle's 

engine is connected directly via a cardan shaft to the drive 

axle equipped with a final drive. 

Detailed technical data of the vehicle are presented in 

Table 1. 

 
Table 1. Basic technical data of the researched vehicles 

 DAF LF DAF LF Electric 

Engine PX-7 SUMO HD HV3500 

Maximum power [kW] 172 370 

Rotational speed of max 

power 
[rpm] 

2000–2300 3400 

Maximum torque [Nm] 900 3445 

Rotational speed of max 

torque [rpm] 
1000–1700 150–1050 

Main gear ratio 5.13 5.57 

Number of gears 6 – 

1st gear ratio 6.75 – 

2nd gear ratio 3.6 – 

3rd gear ratio 2.13 – 

4th gear ratio 1.39 – 

5th gear ratio 1 – 

6th gear ratio 0.78 – 

Tire size R22.5 315/70 

Payload [kg] 11,310 11,700 

GVM [kg] 19,000 

According to the information provided by the vehicle 

manufacturer, both versions of the vehicle have a GVM of 

exactly 19 tons. The aerodynamic properties of the vehicles 

are the same.  

This selection of the research facility allowed for the 

elimination of variables unrelated to the drive system itself. 

3. Methodology 
To prepare the traction characteristics of the vehicle, it 

was necessary to determine the external characteristics of 

the engines. For this purpose, technical data provided by the 

vehicle manufacturer and manufacturers of drive system 

components were used.  

Determining the operating characteristics of the electric 

motor required reproducing the torque waveform, and, on 

this basis, the engine power was determined. That enabled 

the creation of the power and torque charts for both en-

gines. The comparison of the vehicle's traction characteris-

tics consisted of determining the external characteristics of 

the engines and the vehicle's movement resistance. 

In the following, the forces acting on the vehicle during 

its movement were determined. Due to the small impact of 

some resistances, they were not taken into account in the 

calculations. The most important resistances to the move-

ment of vehicles were taken into account. In the research, 

the following forces were taken into consideration: 

 rolling resistance 

 aerodynamic resistance 

 hill resistance. 

The calculated aerodynamic drag forces can differ from 

the real forces as a result of the needed assumptions. Due to 

the lack of a defined air resistance coefficient in the longi-

tudinal direction from the vehicle axis (Cx factor), it was 

necessary to determine the value used in the calculations. 

The value was selected based on the table [4] and on the 

author's knowledge about the development of aerodynamic 

properties in trucks and buses. 

The frontal surface area for the vehicle under considera-

tion was determined by plotting the outline of the body on 

the cabin design. The contours of the vehicle's front ob-

tained in this way were printed on graph paper, and its area 

was calculated. 

In the calculations, in order to make the results more re-

alistic, the vehicle weight value resulting from the maxi-

mum permissible total vehicle weight was assumed.  

As part of the study, a simulation of vehicle acceleration 

was also carried out in the speed range from 0 km/h to 90 

km/h. It was decided to set a maximum speed equal to the 

speed at which the vehicles can move due to the electronic 

speed limiter, which is obligatory for every HDV. The 

simulation is based on the use of maximum instantaneous 

accelerations and a simple algorithm that allows for the 

simulation of gear changes. When the previously defined 

maximum engine speed is reached, a gear change takes 

place, which lasts a certain time; in the case of a manual 

gearbox, this time is set at 1.5 seconds [14]. The gear 

change time is understood as the time from the moment of 

disengaging the clutch to the moment of engaging it after 

the next gear is selected. 
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4. Engine characteristics 

4.1. Paccar PX-7 

In the case of the Paccar PX-7 engine, creating a graph 

of the engine's external characteristics involved reflecting 

the power and torque curves. In this case, the manufacturer 

provided full external characteristics of the engine. The 

developed power and torque values are presented in Table 

2. The characteristic curve is shown in Fig. 2. 

 
Table 2. Power and torque values for the propulsion engines 

n [rpm] Power [kW] Torque [Nm] 

 

SUMO HD 

HV3500 
PX-7 

SUMO HD 

HV3500 
PX-7 

0 0 – 2800 – 

100 34 – 3230 – 

200 72 – 3445 – 

300 108 – 3445 – 

400 144 – 3445 – 

500 180 – 3445 – 

600 216 – 3445 – 

700 252 – 3445 – 

800 288 – 3445 – 

900 325 – 3445 – 

1000 361 94 3445 900 

1100 370 104 3214 900 

1200 370 113 2946 900 

1300 370 122 2719 900 

1400 370 132 2525 900 

1500 370 141 2357 900 

1600 370 151 2209 900 

1700 370 160 2079 900 

1800 370 165 1964 874 

1900 370 169 1861 848 

2000 370 172 1768 822 

2100 370 172 1683 783 

2200 370 172 1607 747 

2300 370 172 1537 714 

2400 370 163 1473 650 

2500 370 153 1414 586 

2600 370 – 1360 – 

2700 370 – 1309 – 

2800 370 – 1263 – 

2900 370 – 1219 – 

3000 370 – 1178 – 

3100 370 – 1140 – 

3200 370 – 1105 – 

3300 370 – 1071 – 

3400 370 – 1040 – 

4.2. Sumo HD HV3500 

On the basis of catalogue data, engine calibration in-

structions, and the torque curve (Fig. 2), the external oper-

ating characteristics of the electric motor were determined. 

For this purpose, the following patterns were used: 

For the rotational speed range of 0–1000 rpm, the power 

was determined using the power dependence on the torque 

and engine speed (1). Torque for rotational speeds 1026–

3400 rpm had been determined by using the same formula. 

 P =
T [Nm] ∙ n[rpm]

9554.14
[kW]   (1) 

where: P – power, T – torque, n – rotational engine speed 

In order to recreate the linear torque waveform in the ro-

tational speed range from 0 till 1026 rpm, the directional 

equation of a straight line passing through two points (equa-

tion 2) plotted on the torque waveform was used (Fig. 2).  

 

Points coordinates: 

 A (0 rpm; 2800 Nm) 

 B (150 rpm; 3445 Nm). 

 

Fig. 2. Torque curve of the SUMO HD HV3500 engine [1] 

 y − yA =
yB−yA

xB−xA
∙ (x − xA) (2) 

where: XA, YA – coordinates of point A, XB, YB – coordi-

nates of point B. 

The calculated power and torque values depending on 

the engine speed are presented in Table 2. The operating 

characteristic curve of the drive unit is shown in Fig. 3. 

 

Fig. 3. Engine characteristics 

5. Forces acting on the vehicle 
Both versions of the vehicle – conventional and electric 

are characterized by identical movement resistance, which 

results from the previously made assumptions and technical 

data of the bodywork. Identical values were maintained for 

all coefficients during the calculation.  

Due to the small share of specific types of resistance in 

the total resistance force of all vehicle movement resistanc-

es acting on it, it was decided to ignore their influence. 

Forces not included in the simulation include resistances 

such as: 

 resistance of wet surface 

 friction resistance of bearings 

 resistances related to the tires and resulting from the 

operation of the suspension and steering system, i.e. 

wheel turning resistance, toe-in resistance, tire defor-

mation 

 resistance resulting from turning – driving in a straight 

direction was assumed. 

Rolling resistance 

In the case of HDVs, rolling resistance has a much 

greater impact on the vehicle's energy consumption than in 

the case of passenger vehicles, which results directly from 
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the large weight of the vehicles. The rolling resistance (3) 

coefficient ft depends, among other things, on the square of 

the vehicle's speed and the surface resistance coefficient. 

For the calculations, an approximate value corresponding to 

dry asphalt f0 = 0.01 was assumed. To calculate the force 

the formula (3) was used.  

 Ft = G ∙ ft = mgfo(1 + kv2) [N] (3) 

where: G – vehicle weight, ft – rolling resistance coefficient, 

m – mass, g – acceleration of gravity, f0 – surface rolling 

resistance coefficient, k – surface coefficient, v – speed. 

5.1. Aerodynamic forces 

Due to the assumptions made, the simplified formula 

was used to calculate aerodynamic resistance. The formula 

uses a conversion factor of 0.047, which replaces the speed 

converter, allowing the use of speed expressed in kilome-

tres per hour instead of meters per second, and is the result 

of using the average air density. The formula (4) was used 

to calculate the aerodynamic drag force. 

 Fa = 0.047 ∙ A ∙ cx ∙ v2 [N] (4) 

where: Fa – aerodynamic resistance force, A – frontal vehi-

cle surface, cx – aerodynamic coefficient, v – speed. 

The approximate frontal area of the vehicle assumed in 

the calculations was determined of 8.59 m
2
 [9]. 

5.2. Hill resistance force 

The hill's resistant forces are a major obstacle for HDVs 

when trying to maintain a constant speed or accelerate. The 

significant weight of the vehicle means that even small 

slopes can generate very high resistance values, which the 

vehicle must additionally overcome. In many cases, a sig-

nificant difference in the vehicle's speed is observed when 

entering a slope. 

The values of the slope angle of driveways are regulated 

by law and depend on the class the road fulfills and its 

function. In case of local and access roads with a maximum 

speed of 30 km/h or 40 km/h, the gradient can be up to 

12%. However, heavy goods vehicles mostly travel on 

highways and urban roads. The permissible slope angle of 

two-lane roads in the city area is in the range of 4–5% [16]. 

In order to determine the slope resistance value, a slope 

of 4% was assumed, and the equation underneath (5) was 

used. 

 Fw = G ∙
hw

100%
[N] (5) 

where: Fw – hill resistance force, G – vehicle weight, hw – 

slope. 

5.3. Propelling force 

The formula (6) was used to calculate the driving force 

in the drive system. The calculations required the assump-

tion that the efficiency of the drive system was 0.9. During 

the calculations of driving forces for the electric vehicle 

that was not equipped with a gearbox, the gear ratio was 

omitted from the calculations 

 Fn =
T ∙ iSB ∙ io ∙ ηm

rd
 [N] (6) 

where: Fn – propelling force, T – torque, iSB – gear ratio, io – 

main gear ratio, m – mechanical efficiency, rd – dynamic 

radius of rolling tyre. 

5.4. Vehicle speed 

Determining the vehicle speed for each gear was neces-

sary to create graphs of driving force, dynamic index and 

acceleration. These values change depending on the instan-

taneous speeds (7) at which the vehicle is moving. 

 v = 0.377
rd ∙ n

isb ∙ io
[km

h
] (7) 

where: v – speed, rd – dynamic radius of rolling tyre, n – 

rotational engine speed [rpm], iSB – gear ratio, i0 – main 

gear ratio. 

5.5. Vehicle acceleration 

Calculating the vehicle acceleration (8) allowed to de-

termine the maximum acceleration values the vehicle can 

achieve in a given gear and at given driving speeds. This 

value depends on the value of the vehicle dynamic index 

and rotating masses for a given gear. These two values will 

mainly determine the increase in acceleration. 

 a =
(D−ft)∙g

δ
 [m

s2]  (8) 

where: a – acceleration, D – dynamic index, ft – rolling 

resistance coefficient, g – acceleration of gravity,  – rotat-

ing mass coefficient. 

5.6. The condition of maintaining adhesion 

The condition of maintaining adhesion is particularly 

important from the point of view of vehicle movement 

safety. It expresses the maximum value of the driving force 

on the vehicle wheels, at which wheel slippage does not 

occur. The condition is expressed by the equation (9).  

 Fn = Fp (9) 

 
Mr ∙ iSB ∙ i0 ∙ ηm

rd
= GT ∙ mt ∙ μ (10) 

where: Fn – propelling force, Fp – Wheel adhesion force, Mr 

– Torque used by setting the vehicle into motion, iSB – gear 

ratio, i0 – main gear ratio, m – mechanical efficiency, rd – 

dynamic radius of rolling tire, GT – drive axle load, mt – 

mass displacement factor,  – rolling resistance coefficient 

for dry asphalt. 

The maximum engine torque that can be used to start 

the vehicle without losing traction of the drive wheels on a 

dry asphalt surface was determined based on equation (10). 

The maximum torque is determined by formula (11). The 

drive axle load was assumed to be 11.5 tons. The displace-

ment coefficient mt was assumed to be 1.15, and the gear 

ratio values for both vehicles were used. The results for the 

first three gears are presented in table 3. 

 Mr =
GT ∙ mt ∙ μ ∙ rd

iSB ∙ i0 ∙ ηm
 (11) 

where: Mr – torque used by setting the vehicle into motion, 

GT – drive axle load, mt – mass displacement factor,  – 

rolling resistance coefficient for dry asphalt, rd – dynamic 

radius of rolling tire, iSB – gear ratio, i0 – main gear ratio, 

m – mechanical efficiency. 

The maximum torque values that can be used when 

starting vehicles with no risk of skid are higher than the 

maximum torque values generated by vehicle engines. 

There is no risk of wheel slippage during acceleration using 

the maximum torque on a dry asphalt surface. 
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Table 3. Adhesion force of the drive axle and the maximum torque values 

for each gear of the vehicles 

 DAF LF Electric DAF LF 

Gt [N] 112815.0 112815.0 

Fp [N] 116763.5 116763.5 
   

Mr (i1) [Nm] 11319.9 1820.8 

Mr (i2) [Nm] – 3414.1 

Mr (i3) [Nm] – 5770.3 

 

Using equation (12), the maximum values of the gear 

ratios of the gearbox had been determined. Depending on 

the torque used to bring the vehicle into motion, the ratio 

value changes. The results are presented in Table 4. 

 iSB =
GT ∙ mt ∙ μ ∙ rd

Mr ∙ i0 ∙ ηm
 (12) 

where: GT – drive axle load, mt – mass displacement factor, 

 – rolling resistance coefficient for dry asphalt, rd – dy-

namic radius of rolling tire, Mr – torque used by setting the 

vehicle into motion, i0 – main gear ratio, m – mechanical 

efficiency. 

 
Table 4. Calculated ratio values depend of the torque used by setting the 

vehicle into motion 

DAF LF Electric DAF LF 

Mr [Nm] iSB Mr [Nm] iSB 

900 12.6 400 30.7 

1300 8.7 500 24.6 

1700 6.7 600 20.5 

2100 5.4 700 17.6 

2500 4.5 800 15.4 

2900 3.9 900 13.7 

3300 3.4 – – 

3500 3.23 – – 

 

The iSB ratios presented in Table 4 are the maximum 

values, depending on the starting torque, at which traction 

of the drive wheels is maintained. All the ratios determined 

are greater than those available to both vehicles. 

6. Discussion of results  

6.1. Introduction 

The calculated values of the resistance forces were ap-

proximated to decimal digits. Due to the lack of knowledge 

of the maximum design speed of the vehicles, calculations 

were made for speeds up to 120 km/h. In EU member 

states, heavy goods vehicles must be equipped with an 

electronic speed limiter limiting the speed to a maximum of 

90 km/h. However, the manufacturer could have provided a 

different maximum speed for the vehicle in order to create 

excess driving force. 

In order to maintain the accuracy of the calculations, 

they were carried out starting from a speed of 0 km/h and 

increasing it by 1 km/h until the speed of 120 km/h was 

reached. 

The forces of resistance and the driving force of the ve-

hicles are presented in the graph in Fig. 4. It shows the 

values of the driving force for both drive systems. 

6.2. Acceleration ability 

The driving and resistance force graph (Fig. 4) shows 

the change in driving force for each gear and movement 

resistances for vehicles as a function of vehicle speed. 

Analyzing the graph, it can be seen that the driving 

force curve for an electric vehicle is characterized by  

a lower maximum value of the driving force in comparison 

with the first gear. In addition to a combustion engine vehi-

cle, it is continuous and flattened in the speed range from 5 

km/h to about 40 km/h. 

 

Fig. 4. Forces acting on the vehicles 

 

The continuity of the driving torque is caused by the 

lack of a gearbox and the ability to reach high rpm values 

by the electric motor. 

This enables accelerating without momentarily losing 

the driving force on the vehicle's wheels. It is crucial not to 

lose momentum when overcoming steep slopes. A gear 

change causes a lack of driving force. In extreme cases, this 

may cause the vehicle to stop and then roll down the slope 

or damage components such as the clutch by overheating it 

while trying to move the vehicle from a still stand. A vehi-

cle powered by a drive system based on an electric motor 

allows for continuous acceleration without fear of losing 

driving torque. 

The excess driving force of the electric vehicle allows it 

to overcome a 4% gradient at a maximum speed of 94 

km/h. Knowing that the vehicle must be equipped with  

a system limiting the maximum speed to 90 km/h, it can be 

stated that the vehicle is capable of overcoming hills with 

the same or slightly bigger slopes without losing speed 

while driving at maximum speed. The DAF LF is capable 

of overcoming the same gradient at a maximum speed of 

around 54 km/h and requires shifting down from sixth to 

the fourth gear. This causes significant inconvenience in 

driving the vehicle because overcoming a four percent 

gradient with a conventional vehicle requires much more 

attention from the driver and is less economical due to the 

change in driving speed and the need to accelerate again 

after overcoming the hill. Losing speed by 36 km/h can also 

lead to dangerous situations, e.g., when driving on a mo-

torway. The difference in speed of vehicles moving on  

a gradient on expressways can be even 86 km/h in this case. 

A passenger car hitting the back of a truck is comparable to 

a collision with a stationary obstacle at a speed resulting 

from the speed difference between the vehicles. The dy-

namic characteristics graph (Fig. 5) for the vehicles illus-

trates the excess driving force. Comparing both drive sys-

tems, it can be noticed that the conventional drive is charac-

terized by a driving force surplus greater than the electric 

system only in first gear. The electric vehicle is character-
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ized by a generally greater driving force surplus at speeds 

higher than the minimum driving speed in the second gear 

for the traditional drive. 

 

Fig. 5. Dynamic indexes for the vehicles  

 

Comparing the dynamic index graph (Fig. 5) with the 

acceleration graph (Fig. 6), it can be seen that the accelera-

tion values for the second gear in the DAF LF are higher 

than for the first gear. This is due to the much higher value of 

the rotating mass coefficient for the first two gears, which are 

1 = 4.19 and 2 = 1.9. The lower mass of the rotating ele-

ments in the drive system and gearbox affects the vehicle 

acceleration values and its energy consumption [23].  

 

Fig. 6. Vehicle accelerations 

 

The small number of rotating elements in the electric 

vehicle drive contributes to the improvement of the dynam-

ic qualities of this vehicle. Analyzing the above placed 

graphs, it can also be seen that the truck is capable of reach-

ing a higher maximum speed, which is approximately 110 

km/h, only due to reaching the maximum rpm of the elec-

tric engine. Higher maximum speeds that these vehicles are 

able to reach may result in an increase in the speed limit for 

trucks in the future, if, together with the capabilities of the 

drive system, the braking system, and suspension are im-

proved. Increasing the maximum speed at which trucks can 

move may result in improved safety as a result of the re-

duced speed difference between vehicles. To precisely 

determine the effects of changing the speed limit for trucks, 

research should be carried out by road safety specialists. 

Currently, these statements are only assumptions. 

The simulation of vehicle acceleration was made for the 

speed range of 0–90 km/h. Figure 7 shows how the speed of 

the vehicles changed over time. It can be seen that the need 

to change gears increased the time needed to reach the 

speed limited by the electronic speed limiter. During the 

gear change in the vehicle, no torque is supplied. This caus-

es the vehicle to move with a negative acceleration value 

due to the resistance of movement; as a result, its speed 

decreases. The simulation was carried out for an even sur-

face. The simulation shows that the electric vehicle is able 

to reach 90km/h in just 26 seconds, while the conventional 

HDV needs 83 seconds more. 

  

Fig. 7. Acceleration simulation 

 

The time it takes for the vehicle to reach a given speed 

is important because it will affect the fluidity of vehicle 

traffic, especially in urban areas where many intersections 

are placed. This will lead to an increase in the number of 

vehicles passing intersections. Similarly to the overall high-

er speed of driving on an incline by an electric vehicle, 

reaching a given speed faster can contribute to road safety 

improvements. Currently, it can be very often noticed that 

passenger cars starting at an intersection firstly accelerate 

more than they can and then decelerate due to the slower 

HDV in front of them. That phenomenon results in a wave 

effect, which in radical conditions can lead to a complete 

stop of the vehicles far behind the truck. It is possible that 

with the participation of electric vehicles, this phenomenon 

will disappear due to the reduction of the difference in 

acceleration between passenger cars and trucks. 

6.3. Speeds at slopes 

When analyzing the maximum speeds of climbing 

hillsides with different degrees of inclination, it can be seen 

that a vehicle equipped with an electric drive is able to 

overcome them at higher speeds (Fig. 8) however, it should 

be noted that the maximum possible slope on which the 

vehicle can drive equals 18%, while for a vehicle with  

a conventional drive system it is 30%. The largest speed 

difference between the vehicles is 41.4 km/h for a hillside 

of 4%, and the smallest for 18% and equals 6.8 km/h.  

The speed curve of overcoming slopes with increasing 

inclination in the case of a vehicle with a traditional drive 

system takes the form of an exponentially decreasing func-

tion. In the case of a vehicle with an electric drive, the 

speed in the initial phase decreases proportionally to the 

value of about 10% of the grade. Then the line of the max-

imum speed of overcoming hills becomes gentler, and be-
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tween the slope value of 16% and the maximum, it drops 

significantly. 

 

Fig. 8. Vehicle speed and the differences between their maximum values 

 

In connection with the above advantages of electric 

drives, it can be assumed that in the future, further devel-

opment of manufacturing techniques will enable the con-

struction of lighter vehicle structures. Changes to Regula-

tion 96/53/EC consist of changes to Article 9a related to the 

maximum vehicle length, allowing registration of 90cm 

longer vehicles after 1 September 2020, under the condition 

that this does not increase the vehicle's load capacity, and 

these changes will improve the aerodynamic properties and 

safety of the vehicle. With the development of electromobili-

ty and the popularization of electric heavy goods vehicles, 

proposals have appeared to introduce changes to the regula-

tions that would allow for an increase in the permissible total 

masses for electric vehicles by four tons. The above study of 

the traction properties of an electric vehicle confirms the 

validity of the desire to introduce changes. However, it is 

necessary to bear in mind issues related to decelerating and 

bringing to a stillstand vehicles with a greater mass. Simula-

tion studies should be carried out and verified in real condi-

tions in order to determine to what extent an increase in vehi-

cle mass by four tons will affect the vehicle's braking dis-

tance, which directly relates to road safety. 

7. Conclusions  
The traction properties of the drive system of a vehicle 

equipped with an electric motor causes a significant im-

provement in vehicle movement properties thanks to the 

use of these engines for propulsion. The different properties 

of electric vehicles compared to combustion-powered vehi-

cles suggest that these vehicles may be used in specific 

conditions. The use of electric motors to support the drive 

by creating a hybrid vehicle is a good solution to improve 

the vehicle's traction properties and maintain a large opera-

tional range of the vehicle. In addition, the following con-

clusions can be specified: 

1. The maximum acceleration of an electric vehicle is 

double the maximum of a vehicle with a conventional 

drivetrain. No need for gear changes increases the ac-

celeration ability and makes it continuous – not inter-

rupted. 

2. The electric vehicle characterizes a short time needed to 

reach the maximum speed (26 seconds), which is possi-

ble due to high acceleration values and continuous drive 

torque. 

3. A conventional vehicle can drive on slopes up to 30% 

while the electric vehicle has the ability to overcome 

hills up to 18%, but it drives on them at higher speeds. 

4. The biggest difference in speed while driving on terrain 

elevations is 41.4 km/h for a 4% slope.  

5. Higher speeds while overcoming slopes by the electric 

vehicle can cause a smaller risk of rear-end collisions 

with cars.  

6. Carrying out research in the field of road safety is essen-

tial to determine the influence of electric trucks and 

their traction properties on safety, and to determine the 

ability of increasing speed limits and GVM by 4 tons.  

To reach a higher speed on slopes, a very high torque is 

needed. Using the highest torque of the engine for a long 

time can cause a rapid increase in energy consumption and 

affect the maximum 280 km operational range. Due to the 

ability of regenerative braking, it is possible to partly re-

duce the declining rate of the vehicle range depending on 

the mass of the truck [6]. 

 

Nomenclature 

a acceleration 

A frontal vehicle surface 

BESS battery energy storage system 

CAD computer aided design 

CI compression ignition 

Cx aerodynamic coefficient 

D dynamic index 

EV electric vehicle 

f0 surface rolling resistance coefficient 

ft rolling resistance coefficient 

Fa aerodynamic resistance force 

Fn propelling force 

Ft rolling resistance force 

Fw hill resistance force 

g acceleration of gravity  

G vehicle weight  

GVM gross vehicle mass 

hw slope 

HV heavy-duty 

HDV heavy-duty vehicle 

i0 main gear ratio 

iSB gear ratio 

k surface coefficient 

m mass 

n rotational engine speed [rpm] 

P power [kW] 

PMSM permanent magnet synchronous motor 

rd dynamic radius of rolling tyre 

T torque [Nm] 

v speed 

XA, YA coordinates of point A 

XB, YB  coordinates of point B 

 rotating mass coefficient 

m mechanical efficiency 
 

 
 

 
 

 

 



 

Comparison of traction properties of an N3 category vehicle with a conventional and electric drivetrain 

COMBUSTION ENGINES, 2025;203(4) 177 

 

Bibliography 

[1] Bernatchez O. 4 new powertrain options available with 

increased performances.  

 https://www.danatm4.com/4-new-powertrain-options-

available-with-increased-performances/ 

[2] Bertucci JP, Hofman T, Salazar M. Joint optimization of 

charging infrastructure placement and operational schedules 

for a fleet of battery electric trucks. 2024 American Control 

Conference, ACC 2024. Institute of Electrical and Electron-

ics Engineers. 2024:2995-3000. 10644339  

 https://doi.org/10.23919/ACC60939.2024.10644339 

[3] Bielaczyc P, Woodburn J, Joshi A. World-wide trends in 

powertrain system development in light of emissions legisla-

tion, fuels, lubricants, and test methods. Combustion Engines. 

2021;184(1):57-71. https://doi.org/10.19206/CE-134785 

[4] Biliński J, Błażejewski M, Malczewska M, Szczepiórkow-

ska M, Drag resistance of electric buses and trolleybuses - 

empirical formulae. TTS Technika Transportu Szynowego 

2020;9:48-52. 

http://yadda.icm.edu.pl/baztech/element/bwmeta1.element.b

aztech-28e29698-6f1e-4c3f-8bf1-

9943f41aceb7/c/BilinskiTTS9.pdf 

[5] Campillo J, Dahlquist E, Danilov DL, Ghaviha N, Notten 

PHL, Zimmerman N. Battery technologies for transportation 

applications. in: technologies and applications for smart 

charging of electric and plug-in hybrid vehicles. Springer In-

ternational Publishing. Cham 2017:151-206.  

 https://doi.org/10.1007/978-3-319-43651-7_5 

[6] DAF LF Electric — pojazd ciężarowy o zerowym poziomie 

emisji spalin przeznaczony do dystrybucji miejskiej. DAF 

Trucks Polska SP. z o. o.  

 https://www.daftrucks.pl/pl-pl/wiadomosci-oraz-

media/news-articles/global/2021/q1/27-01-2021-daf-lf-

electric-for-zero-emission-urban-distribution 

[7] Hemlecki P, Fabiś P. Formula Student class electric vehicle 

energy storage – study and design assumptions. Combustion 

Engines. 2024;198(3):54-61.  

 https://doi.org/10.19206/CE-186164 

[8] Karakas O, Seker U, Solmaz H. Modeling of an electric bus 

using MATLAB/Simulink and determining cost saving for a 

realistic city bus line driving cycle. Engineering Perspective. 

2021;1(2):52-62. https://doi.org/10.29228/eng.pers.51422  

[9] Lageweg S. Electric drive development in heavy-duty vehi-

cles and buses [Master’s thesis]. Silesian University of 

Technology. Katowice 2024. 

[10] Licznik Elektromobilności: Podsumowanie 2023 r. w sektorze 

zeroemisyjnego transportu. PSNM – Polskie Stowarzyszenie 

Nowej Mobilności. 2024.  

 https://psnm.org/2024/informacja/licznik-elektromobilnosci-

podsumowanie-2023-r-w-sektorze-zeroemisyjnego-

transportu/ 

[11] Łebkowski A. Electric vehicles trucks – overview of tech-

nology and research selected vehicle. Scientific Journal of 

Gdynia Maritime University. 2017;98:157-166.  

 https://sj.umg.edu.pl/sites/default/files/ZN506.pdf 

[12] Mayet C, Welles J, Bouscayrol A, Hofman T, Lemaire-

Semail B. Influence of a CVT on the fuel consumption of a 

parallel medium-duty electric hybrid truck. Math Comput 

Simulat. 2019;158:120-129.  

 https://doi.org/10.1016/j.matcom.2018.07.002 

[13] Orliński P, Sikora M, Bednarski M, Laskowski PP, Gis M, 

Wiśniowski PK. Evaluation of selected combustion parame-

ters in a compression-ignition engine powered by hydrogen-

ated vegetable oil (HVO). Combustion Engines. 2024; 

198(3):34-40. https://doi.org/10.19206/CE-184222 

[14] Polat H, Hosseinabadi F, Hasan MM, Chakraborty S, Geury 

T, El Baghdadi M et al. A review of DC fast chargers with 

BESS for electric vehicles: topology, battery, reliability ori-

ented control and cooling perspectives. Batteries. 2023;9(2): 

121. https://doi.org/10.3390/batteries9020121 

[15] Prażnowski K, Drabik D. Analysis of composition of linear 

acceleration body structure of vehicle during the gear chang-

ing. Autobusy – Technika Eksploatacja Systemy Transpor-

towe. 2018;19(6):678-681.  

 http://doi.org/10.24136/atest.2018.155  

[16] Rozporządzenie Ministra Transportu i Gospodarki Morskiej 

z dnia 2 marca 1999 r. w sprawie warunków technicznych, 

jakim powinny odpowiadać drogi publiczne i ich usytuowa-

nie (in Polish). 

[17] Saldanha JJA, Nied A, Trentini R, Kutzner R. AI-based 

optimal allocation of BESS, EV charging station and DG in 

distribution network for losses reduction and peak load 

shaving. Electr Pow Syst Res. 2024;234:110554.  

 http://doi.org/10.1016/j.epsr.2024.110554 

[18] Skobiej K. A review of hydrogen combustion and its impact 

on engine performance and emissions. Combustion Engines. 

2025;200(1):64-70. https://doi.org/10.19206/CE-195470 

[19] Smolec R, Karpiuk W, Bajerlein M, Waligórski M, Kril P. 

The use of dimethyl ether (DME) solution in compression 

ignition engine. Combustion Engines. 2024;198(3):123-128.  

 https://doi.org/10.19206/CE-188832 

[20] Verbruggen FJR, Hoekstra A, Hofman T. Evaluation of the 

state-of-the-art of full-electric medium and heavy-duty 

trucks. 31st International Electric Vehicle Symposium and 

Exhibition, EVS 2018 and International Electric Vehicle 

Technology Conference 2018, EVTeC 2018. B4-5. 

[21] Verbruggen FJR, Silvas E, Hofman T. Electric powertrain 

topology analysis and design for heavy-duty trucks. Ener-

gies. 2020;13(10):2434. http://doi.org/10.3390/en13102434 

[22] Yamada T, Akisawa A. Effectiveness of high-power 

chargers at a quick-charging station for electric vehicles. 

Appl Energ. 2025;377:124623.  

 http://doi.org/10.1016/j.apenergy.2024.124623 

[23] Yao C, Chen S, Salazar M, Yang Z. Joint routing and charg-

ing problem of electric vehicles with incentive-aware cus-

tomers considering spatio-temporal charging prices. IEEE T 

Intell Transp. 2023;24(11):12215-12226.  

 http://doi.org/10.1109/tits.2023.3286952 

[24] Zielińska E, Skalski B. Characteristics of traction properties 

of selected car models. Autobusy: technika, eksploatacja, 

systemy transportowe. 2016;17(12):1524-1527  

 http://yadda.icm.edu.pl/baztech/element/bwmeta1.element.b

aztech-4ce58b40-a854-42b6-b375-32b2d2dce3a8 

 

Stefan Lageweg, MEng. – Faculty of Transport and 

Aviation Engineering, Silesian University of Tech-
nology, Katowice, Poland. 

e-mail: lagewegstefan@gmail.com 

 
  

Grzegorz Kubica, DSc., DEng. – Faculty of 

Transport and Aviation Engineering, Silesian 
University of Technology, Katowice, Poland. 

e-mail: grzegorz.kubica@polsl.pl 

 
 

  

 

 

 

https://doi.org/10.19206/CE-195470


 
Article citation info:  

Dębowski K, Karczewski M. Evaluation of the repeatability of fuel dosing by the common rail fuel supply system. Combustion Engines. 

2025;203(4):178-190. https://doi.org/10.19206/CE-208508 

178  COMBUSTION ENGINES, 2025;203(4) 

Karol DĘBOWSKI   
Mirosław KARCZEWSKI  

 

 
Polish Scientific Society of Combustion Engines 

 

 

Evaluation of the repeatability of fuel dosing by the common rail fuel supply system 
 
ARTICLE INFO  This study examined the repeatability of fuel dosage in a Common Rail injection system under five operating 

conditions: idling, full engine load, micro-dosing, full injector load, and high-frequency operation. Using an 

injection waveform indicator, researchers analyzed the dynamic behaviour of the injection process, including 
solenoid valve function and signal waveforms, which were compared to injection pressure buildup. Integral and 

differential injection characteristics were developed for each condition. Results showed the greatest dosing 

variability during micro-dosing, with a 6.24% variation in injection volume and 7.81% in pressure. In contrast, 
full engine load showed minimal variation (0.43% and 1.45%). The study concluded that injector component 

inertia notably impacts dosing consistency, especially at low pressures or short opening times. 
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1. Introduction 
Compression ignition engines continue to be widely 

used in various types of machinery and vehicles, including 

construction equipment, agricultural machines, heavy duty 

trucks, military vehicles, and passenger cars [5]. A key 

factor contributing to their broad application is the relative-

ly flat torque curve and the generally higher torque output 

compared to spark ignition engines [11]. The continuous 

introduction of increasingly stringent exhaust emission 

standards compels fuel system manufacturers to constantly 

improve fuel injection systems to meet these regulatory 

requirements [7]. The implementation of Common Rail 

systems was a milestone in the development of compres-

sion ignition engines. It enabled modern engines to operate 

more quietly, emit fewer toxic exhaust components, and 

achieve higher thermal efficiency (with typical compression 

ignition engines reaching efficiencies around 0.5 compared 

to 0.4 in spark ignition engines) [1]. 

The fuel supply system in compression ignition engines 

is one of the key components affecting exhaust emissions, 

thermal efficiency, as well as the noise and vibration levels. 

To meet emission standards and address the demand for 

reduced fuel consumption and improved engine perfor-

mance, precise control over the fuel injection process (tim-

ing and fuel volume) has become a primary direction in the 

development of accumulator type fuel systems [13]. 

Accumulator type fuel systems for compression ignition 

engines allow for adjustment of multiple injection parame-

ters, including injection pressure, injection timing, duration 

(and thus the injected dose), and the number of injection 

phases. The introduction of these systems represented  

a major technological advancement, which significantly 

contributed to the reduction of toxic exhaust emissions [23]. 

The capability of implementing multi-phase injection at 

pressure levels tailored to engine operating conditions, 

along with the use of IMA codes allowing the engine con-

trol unit to compensate for manufacturing tolerances of 

individual injectors, has made these systems the standard in 

modern compression ignition (CI) engines [10]. 

Despite their relatively high fuel metering precision 

compared to other fuel systems, discrepancies still exist 

between the injection parameters intended by the engine 

control unit and those actually realized. These discrepancies 

result from various physical phenomena such as pressure 

wave reflection, fuel compressibility, or changes in fuel 

properties due to temperature [4]. Fuel temperature increas-

es, among other reasons, as a result of compression in the 

high-pressure pump. Additionally, due to the arrangement 

of injectors in the cylinder head and the proximity of high-

pressure lines and fuel rail to the heated engine compo-

nents, the fuel within these elements undergoes heating by 

absorbing thermal energy from the cylinder head and from 

compression effects [9]. 

Given these factors, engineers around the world are 

conducting studies aimed at understanding the physical 

phenomena occurring within the fuel system during opera-

tion. These investigations are essential for improving com-

pression ignition engines, as a thorough understanding of 

fuel injection dynamics enables the development of algo-

rithms for improved spray quality control and operating 

parameter correction. Ultimately, this leads to the design of 

more fuel efficient engines with reduced emissions of toxic 

exhaust components and more stable operation. 

Ustrzycki et al. presented research on the influence of 

high-pressure line length on injection process parameters, 

including fuel dose, injector leakage, and pressure wave-

form in the injection line upstream of the solenoid injector. 

The study demonstrated that greater line length leads to 

greater deviation in injection parameters. This effect is 

primarily caused by pressure wave oscillations within the 

high-pressure lines, which depend on fuel pressure, density, 

and temperature [22]. 

Tan et al. investigated the influence of injection pres-

sure and injection timing on the combustion characteristics 

of a high power six cylinder compression ignition engine 

equipped with a common rail system. The study concluded 

that increasing the fuel injection pressure reduces exhaust 

smoke emissions, although it is accompanied by a rise in 

NOx emissions. However, combining increased injection 

http://orcid.org/0009-0004-9382-3571
http://orcid.org/0000-0002-2944-4022
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pressure with retarded injection timing during low and 

medium load conditions resulted in simultaneous reductions 

in both NOx emissions and smoke levels due to lower com-

bustion temperatures [25]. 

Slavinskas and Bendziunas [20] focused their research 

on the impact of biofuels on injection characteristics. The 

results showed that injection occurs with the lowest veloci-

ty when using biodiesel. Furthermore, the greatest injection 

delay was also observed with biodiesel, which is attributed 

to its high density – the highest among all the tested fuels. 

Xu et al. [24] examined the effects of the shapes and 

volumes of individual components in the high-pressure 

circuit of a Common Rail system on the fuel injection pro-

cess. Their findings indicated that increasing the volume of 

the fuel rail up to a certain point can effectively reduce the 

amplitude of fuel pressure fluctuations within the rail.  

A similar relationship was observed with the diameter of 

high-pressure lines: increasing the internal diameter of 

these lines resulted in reduced pressure fluctuations. How-

ever, this improvement was only effective up to a certain 

threshold, beyond which further increases in diameter led to 

a deterioration in performance. 

Rothrock [19] addressed the issue of pressure wave phe-

nomena and pressure fluctuations in common rail systems. 

His study demonstrated that pressure wave dynamics in the 

high-pressure circuit can be controlled to improve the quality 

of fuel injection. Additionally, the research provided insights 

into how fuel injection systems should be designed to ensure 

consistent fuel release rates, regardless of engine speed. 

Krogerus and Huthala [12] undertook research aimed at 

identifying the actual injection timing during pilot injection 

events in Common Rail systems. They developed a method 

for identifying the relative duration of injection, which was 

validated through experimental results. This approach al-

lows for the detection and quantification of injection dura-

tion drift. Such data can be used for adaptive injection con-

trol, enabling the adjustment of injection duration for each 

cylinder to ensure uniform fuel delivery. 

In their study, Chau et al. [4] investigated fuel injection 

rate, which plays a crucial role in the design and optimiza-

tion of processes aimed at improving engine efficiency and 

reducing emissions. Experimental results showed that the 

injection delay decreases as the injection pressure increases. 

Additionally, it was observed that the actual injection dura-

tion exceeds the duration of the electrical control signal 

applied to the injector. 

Bai et al. [2] conducted experiments to evaluate the ef-

fectiveness of a control strategy for mitigating injection 

dose fluctuations during multiple injection events. The 

researchers proposed a correction based control strategy in 

which the input parameters included the relative damping 

coefficient of the fuel, rail pressure, time interval between 

injections, and the duration of the injector control signal. 

Experimental results demonstrated that the proposed cor-

rection strategy effectively reduced injection dose fluctua-

tions, with the average fluctuation in individual injection 

volume decreasing by as much as 44.66%. 

The issue of injection dose variability was addressed by 

Ma et al. [14], who focused on the uneven fuel delivery 

caused by differences in fuel temperature. Specifically, they 

investigated the cold start behaviour of a common rail 

equipped engine at low ambient temperatures. Based on 

their findings, the volume of fuel injected during a single 

injection event decreases with a drop in fuel temperature. 

Additionally, it was observed that the penetration depth of 

the spray also diminishes as the fuel temperature decreases. 

Cavicchi et al. [3] investigated the deviations in injec-

tion parameters caused by short intervals between consecu-

tive injections. Their study demonstrated that the properties 

of biodiesel influence pressure wave oscillations, injection 

variability, and overall injection rate. Furthermore, the time 

delay between successive injections significantly affects the 

parameters of the second injection [15]. 

Nguen et al. [16] conducted an experimental study to 

evaluate the accuracy of fuel injection using an injection 

system mounted on a test bench equipped with a Zeuch type 

injection analyser. The results showed that for single injec-

tion events replicating individual phases of injection, the 

standard deviation of both injection rate and volume was 

low. However, in split injection mode, these deviations were 

significantly larger. Moreover, these parameters were found 

to depend on injection pressure, the time interval between the 

parts of the split injection, and pressure wave phenomena 

occurring in the rail, fuel lines, and the injector itself. 

The aforementioned studies illustrate the diversity and 

complexity of the challenges engineers must address to de-

velop engines that are both fuel efficient and environmentally 

friendly. A review of the available literature indicates that 

most injection related studies focus on the influence of vari-

ous factors – such as fuel type, fuel temperature, geometrical 

characteristics of common rail system components, and phys-

ical phenomena within the system – on the injection process. 

Some researchers have analyzed injection quality under 

different injection strategies. Notably, there is a lack of stud-

ies addressing the repeatability of consecutive single injec-

tion events, which would allow the assessment of an injec-

tor's ability to deliver consistent fuel doses. 

This study is motivated by the aforementioned research 

gap and focuses on evaluating the ability of a solenoid 

injector to perform repeatable injections under five repre-

sentative engine load states. The limited attention given to 

this issue may be attributed to the use of Injector Quantity 

Compensation (IMA – Injektor Mengen Abgleich) codes by 

injector manufacturers. Despite the application of IMA 

codes, the engine control unit (ECU) cannot precisely pre-

dict the injector's behaviour. By applying a control signal of 

a given voltage and current for a defined duration, the ECU 

expects the injected fuel quantity to match the injector’s flow 

characteristics associated with a specific IMA code [6]. 

The ECU can modify the parameters of the control sig-

nal supplied to the injector solenoid based on engine operat-

ing data, such as crankshaft speed or even angular accelera-

tion during the power stroke in each cylinder [2]. However, 

for very small variations in the operating parameters of 

individual cylinders, the ECU may not apply any correction 

to the injector control signal. Theoretically, the engine 

operates according to nominal parameters, but in practice, 

the individual fuel injection events may differ slightly, 

potentially affecting the emission of toxic exhaust compo-

nents – particularly particulate matter. For this reason, the 
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present study investigates the injection dose repeatability of 

a solenoid injector used in a Common Rail system [16]. 

Due to the introduction of increasingly stringent exhaust 

emission standards for internal combustion engines, re-

search on fuel injection systems has largely focused on 

spray quality and the combustion process of the air-fuel 

mixture within the engine’s combustion chamber. When 

studies regarding the fuel injection process are published, 

they are primarily concerned with the main injection dose. 

At present, as the main fuel injection process has been 

extensively optimized and the injection of large doses is 

precisely controlled by the engine control unit, small fuel 

doses remain problematic in terms of injection precision, 

accuracy, and repeatability. These small doses play a signif-

icant role in determining the emission levels of toxic ex-

haust components. 

It should also be noted that during one full engine cycle, 

the injector performs a single main injection event, charac-

terized by high injection pressure and a relatively long 

injector opening time. In contrast, small volume injections, 

often referred to as micro injections (e.g., pilot or post in-

jections), are executed multiple times within a single engine 

cycle. Therefore, it is essential to investigate the stability 

and repeatability of small-volume injections. 

The objective of the present study was to assess the in-

jection dose repeatability of a solenoid injector used in 

common rail fuel systems by employing indirect measure-

ment methods. These methods involved injecting fuel into  

a long measurement line. 

The test conditions proposed in this study are repre-

sentative of the operating conditions of a compression igni-

tion engine. In such engines, fuel injection occurs at the end 

of the compression stroke – when the pressure in the com-

bustion chamber is at its highest. This pressure acts upon 

the nozzle surface, the nozzle holes, and the fuel spray 

itself. During the experimental investigation, similar pres-

sure conditions were replicated, exerting force on the noz-

zle tip and the injected fuel stream. In the test setup, the 

combustion chamber was simulated by a dedicated meas-

urement section consisting of a pipe with a defined cross 

section, in which pressure was regulated using a control 

valve. This allowed the injection process to take place un-

der conditions closely resembling those found in real en-

gine operation. 

2. Object and research methodology  
The tests were carried out based on a brand new 

BOSCH electromagnetic injector, marked with code 

0445110038, from a Renault Espace III car equipped with  

a 2.2 DCI engine. This engine is characterized by the fol-

lowing parameters: power – 96 kW, torque – 290 Nm, 

compression ratio – 18.3. The common rail system of this 

engine is powered by a high-pressure pump marked CP1H3 

with the following parameters: maximum working pressure 

– 135 MPa, number of pistons – 3, maximum capacity – 85 

mm
3
 per cycle, absorbed power – approx. 3.5 kW, pressure 

control – regulation on the suction side using a high-

pressure regulator. 

It is impossible to directly measure the volume of fuel 

supplied by the injector during a single injection, because 

the volume of fuel injected during a single injection is too 

small to be measured directly [17]. For this reason, an in-

jection progress indicator was used to carry out the test, 

which allows injection into a chamber of constant volume.  

In this method, a liquid replacing diesel fuel is injected 

into a chamber filled with the same substance under low 

pressure [20]. The chamber with a constant volume will be 

referred to as the combustion chamber in the rest of the 

article. The substance used for the tests was the Kalibrol 

test fluid due to safety conditions (requirement of non-

flammability of the fluid used for testing). This is a fluid 

with a precisely defined viscosity (3 cSt at 40°C) by the 

ISO 4113 standard. It is characterized by low compressibil-

ity and good rheological properties. Meeting the ISO 4406 

cleanliness standard, it is a fluid free from impurities that 

may damage the moving elements of the injector. In addi-

tion, it is chemically neutral to materials commonly used in 

fuel systems. It is also adapted to work in a wide tempera-

ture range to simulate various operating conditions of the 

injector. In the rest of the article, this liquid will be referred 

to as fuel. This is a substance dedicated to the measuring 

system used in the Pump and Injector Testing Station 

(STPiW-2, Stanowisko Testowania Pomp i Wtryskiwaczy) 

test bench. This testing station allows for configurable 

control of the Common Rail injector operation – adjustment 

of opening time, frequency, and fuel pressure. 

 

Fig. 1. Schematic diagram of the test stand (thick line – hydraulic lines, 

thin line – electrical lines): 1 – STPiW-2 test bench, 2 – high-pressure 
pump, 3 – common rail, 4 – pressure control valve, 5 – injector, 6 – current 

clamp, 7 – pressure sensor, 8 – current amplifier, 9 – oscilloscope, 10 – 

portable computer, 11 – measuring tube, 12 – throttle valve, 13 – discharge 
tube, 14 – pressure gauge, 15 – relief valve, 16 – measuring vessel, 17 – 

 injector controller, 18 – high-pressure pump controller 

 

The schematic of the stand is presented in Fig. 1. The 

AVL QL61D pressure sensor ensured precise pressure 

measurements, while the FLUKE 80i-110s current clamps 

measured the injector control current. During the experi-

mental tests, a Handyscope HS5 digital recorder with  

a resolution of 16 bits and a sampling rate of up to 500 

MHz was employed to record the waveforms of the indi-

vidual signals. The use of such a high resolution enabled 

more accurate sampling of the original signal, significantly 

reducing the quantization error compared to standard A/D 

converter systems with 12-bit resolution. For direct meas-

urements, multi-channel software, dedicated to the 

Handyscope HS5, was used. This software facilitated the 
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recording, archiving, and preprocessing of waveforms - for 

example, extracting individual injector cycles. Final pro-

cessing and graphical presentation of the results were per-

formed in MS Excel. 

The measurement ranges and accuracies of the equip-

ment used for the tests are listed in Table 1. 

 
Table 1. Summary of measurement ranges and accuracy of measuring 
 devices 

Device Task Measurement 

range 

Accuracy 

FLUKE 80i-
110s Current 

Clamps 

Injector control 
current measurement 

0.1–100 A DC/ 
0.1–70 A AC 

±4% 

AVL QL61D 
pressure sensor 

Measurement of 
instantaneous  

pressure values in the 

injection indicator 

0–200 MPa 0.249 
pC/MPa 

KFM digital 
manometer 

Measuring the liquid 
pressure in the dis-

charge pipe 

0–10 MPa 0.01 MPa 

 

The study and development of results involved measur-

ing the voltage and electric current characteristics of the 

pressure sensor and recording the voltage signal using  

a portable computer. Subsequently, the voltage value of 

each sample was converted to the appropriate value (pres-

sure or electric current), and the fuel injection runs were 

derived from the recorded data. From the recorded signals, 

the characteristics of the fuel injection process were deter-

mined in two forms: 

 differential form: illustrating how the fuel flow rate 

through the injector nozzle changed during the entire in-

jection time 

 integral form: showing how the total volume of fuel in 

the indicator chamber changed over time. 

The assessment of fuel dosing repeatability was  

based on: 

 graphic interpretation of the obtained characteristics 

 calculated injection doses 

 comparative analysis of the peak pressure and current 

values in each waveform 

 statistical parameter lists of the current intensity and 

injected fuel pressure at selected characteristic operating 

points of the injector. 

During the repeatability testing of fuel dosing, the injec-

tor opening time was varied depending on the simulated 

engine load. Parameters such as the rail pressure and fuel 

injection frequency were also adjusted. During the test, the 

rotational speed of the high-pressure pump shaft remained 

constant – the pressure in the fuel rail was regulated by 

changing the duty cycle of the current signal in the pressure 

regulator (PWM regulation). The system pressure was set to 

3.8 MPa using the indicator discharge valve [18]. During 

the tests, the injector operated under conditions correspond-

ing to its characteristic points. 

The tests were conducted for the following engine load 

conditions, corresponding to the operating parameters of 

the injector: 

 idle: standard injector operating conditions at low en-

gine speed 

 full engine load: the longest injector opening time 

 full injector load: the highest fuel pressure 

 injector distribution capacity: the highest injector oper-

ating frequency 

 minimum fuel doses (hereinafter referred to as "micro-

doses"), the shortest injector opening time. 

Testing the injector operation in these characteristic op-

erating conditions allows for precise analysis and evalua-

tion of the phenomena occurring inside it during various 

load states of the injector [21]. 

The injector operating parameters are presented in Table 2. 

 
Table 2. Injector operating parameters for individual engine load condi-

 tions 

No. Load status Injector 

opening 

time 

Fuel pres-

sure in the 

fuel tank 

Injection 

frequency 

1. Engine idle 600 µs 40 MPa 10 Hz 

2. Full engine load 1000 µs 100 MPa 20 Hz 

3. Full load on injectors 600 µs 140 MPa 10 Hz 

4. 
Injector division 

capacity 
500 µs 100 MPa 40 Hz 

5. Microdoses of fuel 300 µs 30 MPa 20 Hz 

 

When the engine is idling, the crankshaft rotates at  

a low speed. At this operating condition, the engine gener-

ates low torque, which is sufficient to overcome the en-

gine's resistance and ensure stable operation. To achieve 

such engine operating conditions, the injectors introduce  

a small dose of fuel into the combustion chamber. As  

a result, the injectors remain open for a short duration (ap-

proximately 600 µs), and the pressure in the accumulator is 

maintained at a low level (approximately 40 MPa). The 

injector opening frequency is also low – 10 Hz. 

During full engine load, the engine must generate max-

imum torque. An increase in the injected fuel dose leads to 

an increase in the torque exerted on the crankshaft. To 

achieve this, the injectors must remain open for a sufficient-

ly long duration (1000 µs), and the fuel pressure in the 

accumulator is relatively high (100 MPa). Greater torque is 

generated at higher engine speeds; hence, the injection 

frequency is already higher (20 Hz). 

One of the measurement series in the tests focused on 

the injector's performance during full load operation. In this 

state, the injector opening time was shorter than during full 

engine load (600 µs), although the liquid pressure in the 

fuel tank was the highest (140 MPa). The injection frequen-

cy was 10 Hz. The main objective of this measurement 

series was to analyse the injector's behaviour when its com-

ponents were subjected to high liquid pressure. 

To evaluate the injector's ability to perform injections in 

rapid succession, another series of measurements was con-

ducted with a short injector opening time (500 µs). The 

liquid pressure in the fuel tank was set to 100 MPa, and the 

injection frequency was 40 Hz. 

The common rail system enables the implementation of 

multi-phase injection, where, in addition to the main injec-

tion dose, smaller doses are also injected. To test the injec-

tor's ability to implement small injection doses, a dedicated 

measurement series was carried out, measuring the injec-

tion dose volume for a very short injector opening time 
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(300 µs) and low liquid pressure in the fuel tank (30 MPa). 

Because small pre-injection doses follow one another in 

short time intervals, the injection frequency in this meas-

urement series was set to 20 Hz. 

3. Calculation method and adopted simplifications 
Placing the injector outlet in a pipe filled with fuel al-

lows pressure changes to be observed at any cross-section 

of the pipe. These changes are proportional to the fuel flow 

rate from the nozzle outlet of the injector being tested. By 

throttling the fuel flow from the measuring pipe, it is possi-

ble to maintain a pressure level within the pipe that corre-

sponds to the pressure in the cylinder at the end of the com-

pression stroke. 

Figure 2 presents the current control curve of the sole-

noid valve coil and the pressure increase curve in the indi-

cator measuring section. The visible shift in pressure results 

from the delay introduced by the time required for the in-

jector to open after the control current is applied, as well as 

the time required to close the injector after the control volt-

age is cut off. 

 

Fig. 2. Shift of the pressure waveform relative to the control current wave

 form 

 

By using appropriately scaled data, it was possible to 

create a plot of the electric current intensity profile control-

ling the solenoid valve coil of the injector, as shown in Fig. 

3a. In addition, a plot of the pressure increase in the meas-

uring section of the injection course indicator was also 

created, as shown in Fig. 3b. 

The fuel injection characteristic illustrates the relation-

ship between the amount of fuel injected into the cylinder 

during a single injection and the engine crankshaft rotation 

angle or time. The amount of fuel is usually expressed in 

units of volume. The injection characteristic is presented in 

two forms: differential and integral. 

The differential form depicts the instantaneous fuel flow 

rate from the injector nozzle during a single injection cycle as 

a function of time. This relationship is described by eq. 1. 

 dq

dt
= f(t) (1) 

where: q – fuel dose value in cm
3
 per injection, t – time in 

ms. 

The surface area bounded by the ordinate, the abscissa, 

and any section of the characteristic curve described in this 

form is directly proportional to the amount of fuel delivered 

to the cylinder during the considered time period.  

a) 

 

b) 

 

 

Fig. 3. Example results of direct measurements: a) course of the current 

controlling the solenoid valve coil of the injector, b) course of changes in 

 the fuel pressure in the injection indicator 

 

The integral form depicts the total variation of fuel sup-

plied to the cylinder from the start of injection to the mo-

ment under consideration, expressed as a function of time. 

The integral characteristic is represented by eq. 2: 

 ∫
dq

dt
 dt = F(t)

tx

t0
 , that is q = F(t) (2) 

where: t0 – time corresponding to the start of injection,  tx 

– the time corresponding to the moment under considera-

tion. 

The injection characteristic is more commonly defined 

in the differential form, as it illustrates the intensity of fuel 

saturation in the air contained within the engine combustion 

chamber. This characteristic affects the process of fuel 

evaporation, its mixing with air, and consequently the 

course of combustion. The shape of the characteristic sig-

nificantly impacts the length of the preparatory period for 

combustion, the rate of combustion pressure increase, the 

peak pressure during combustion, and the indicated effi-

ciency of the cycle. 

According to one of the fundamental fluid dynamics re-

lationships, an increase in the velocity of a fluid within  

a pipe is proportional to the amplitude of the pressure wave 

caused by this velocity change, as expressed by eq. 3: 

 a ∙ ρ ∙ dw = dp (3) 

where: a – speed of sound in the considered liquid in m/s, ρ 

– density of the liquid under consideration in kg/m
3
, w – 

liquid flow velocity in m/s, p – liquid pressure in Pa. 

When a liquid flows through a pipe with a cross-

sectional area F [m
2
], the stream continuity equation, as-

suming small pressure changes and negligible effects from 

liquid elasticity and pipe wall deformation, takes the form 

of equation 4: 



 

Evaluation of the repeatability of fuel dosing by the common rail fuel supply system 

COMBUSTION ENGINES, 2025;203(4) 183 

 dq

dt
= F ∙ w      (4) 

where: q – the dose of liquid flowing through a given cross-

section, F – cross-sectional area through which the fluid 

flows. 

Since the density of hydrocarbon fuels and the speed of 

sound in the pressure range typical of fuel injection are only 

slightly dependent on pressure, the equation can be simpli-

fied as shown in equation 5: 

 a ∙ ρ ∙ w = p (5) 

Knowing the speed of sound in the liquid, its density, 

and pressure, the flow velocity of the liquid stream can be 

calculated using equation 6: 

 w =
p

a∙ρ
 (6) 

Using equation 4 and knowing the flow velocity of the 

liquid stream, the fuel flow rate can be calculated. This 

value determines the fuel flow rate in [m
3
/s]. In engineering 

practice, the flow rate is typically expressed in [mm
3
/s]. 

The relationship is shown in equation 7: 

    
dq

dt
= 109 ∙ F ∙  w       (7) 

To obtain a differential fuel injection characteristic, the 

flow rate was differentiated with respect to time, where the 

time interval equalled the pressure sensor sampling period 

(0.01 ms). The resulting run is shown in Fig. 4a. 

By integrating the flow rate from the start of fuel injec-

tion to the injector closing time, the fuel injection character-

istics in integral form were derived, as shown in Fig. 4b. 

a) 

 

b) 

 

Fig. 4. Fuel injection characteristics determined based on tests in a) differ-
 ential, b) integral form 

 

In the discussed method, measuring the fuel flow rate is 

simplified to measuring the instantaneous pressure at  

a given cross-section of the pipe filled with fuel. For the 

calculations, the following assumptions were made: 

a = 1400 m/s (speed of sound in the liquid under considera-

tion) 

p = 832.9 kg/m
3
 (density of the liquid under consideration) 

F = 0.00001512 m
2
 (cross-sectional area through which the 

liquid flows in the measuring section). 

4. Analysis of research results 

4.1. Introduction 

After completing the site tests, the following were ana-

lyzed: 

 the maximum liquid pressure during the injection pro-

cess to assess the correlation between the injection dose 

variation coefficient and the injection pressure variation 

coefficient 

 the determined volume of each injected dose to evaluate 

the repeatability of dosing, which impacts the emission 

of toxic exhaust components and the uniformity of en-

gine operation 

 the shape of the injection characteristic in both differen-

tial and integral forms to assess the nature of the liquid 

injection process 

 the relationship between the injector solenoid valve 

actuation time and its opening time to evaluate the ef-

fect of the inertia of injector components on the speed of 

its opening and closing. 

The coefficient of variation (CV), used in this study to 

evaluate the test results, is a standardized measure of the 

variation in the distributions of a given characteristic. It is 

defined as the ratio (σ) of the standard deviation to the 

mean (μ): 

 CV =
σ

μ
    (8) 

4.2. Engine idle 

In this state of engine operation, the injector introduces 

small volumes of fuel into the combustion chamber to 

maintain a low and constant engine speed under no load. 

The solenoid valve coil actuation time of the injector was 

brief (600 µs in this case), and the injection pressure re-

mained relatively low (40 MPa). At idle speed, due to the 

low engine speed, the injector operated at an injection fre-

quency of 10 Hz. 

In the electric current intensity profile controlling the in-

jector, as shown in Fig. 5a, a short period can be observed 

during which the solenoid valve coil is supplied with an 

attraction current exceeding 25 A, which is maintained for 

approximately 0.15 ms. For the remainder of the period, the 

holding current is roughly half the magnitude of the attrac-

tion current. 

In the initial stage of the attraction current waveform,  

a disturbance is visible, where, after reaching the peak cur-

rent intensity, the value drops rapidly before stabilizing. 

This phenomenon results from the impact of the solenoid 

valve anchor on the front surface of the coil. The change in 

current intensity in the valve coil circuit does not occur 

abruptly; a gradual increase in the electric current intensity 

is noticeable. This behaviour is a direct consequence of the 

properties of the induction coil, where the current intensity 

cannot change instantaneously, as dictated by the first law 

of commutation [8].  

The volume of fuel dosed during injection did not 

change rapidly; instead, the fuel supply was smooth, as 
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confirmed by the smooth course of the differential fuel 

injection characteristic shown in Fig. 5b. This characteristic 

takes the shape of a run, which results from the injector's 

opening and closing process. 

a) 

 

b) 

 

c) 

 

Fig. 5 Injection runs and characteristics obtained from a series of meas-

urements under idle running conditions: a) run and intensity of the current 
supplying the injector solenoid valve coil, b) fuel injection runs and char-

acteristics in differential form, c) fuel injection runs and characteristics in 

 integral form 

 

The gentle pressure build-up is attributed to the relative-

ly long time it takes for the injector needle to rise, a delay 

caused by the inertia of the valve anchor and the injector 

needle. Additionally, the control chamber contributes to the 

extension of the injector opening time, as fuel must flow 

out through the outlet choke after the valve anchor has 

risen. Similarly, the gentle pressure drop can be explained 

by the need to fill the control chamber through the intake 

choke, where the fuel pressure exerts a force on the needle 

plunger, thereby closing the injector. 

The integral characteristic is shown in Fig. 5c. In its 

central part, a linear increase in the fuel dose is evident, 

indicating that the fuel flow rate through a given cross sec-

tion is directly proportional to the pressure generated in that 

cross section. 

Characteristic values and statistical parameters of the in-

jections are presented in Table 3. 

4.3. Full engine load conditions 

This test was carried out using injection parameters cor-

responding to full engine load conditions. The injector 

opening time was the longest, at 1000 µs, to achieve a large 

injection dose. The injection pressure was high (100 MPa). 

This is necessary because the engine must generate suffi-

cient torque on the crankshaft to exceed the torque loading 

on the engine. 

 
Table 3. Summary of injection process parameters for engine idle speed 

Injection 

The volume of fuel injected 

during individual injections 
[mm3] 

Maximum  

pressure for each 
injection [MPa] 

Run 1 0.01672 2.694 

Run 2 0.01682 2.682 
Run 3 0.01656 2.678 

Run 4 0.01650 2.667 

Run 5 0.01666 2.615 

The highest value 0.01682 2.694 
Minimum value 0.01650 2.615 

Statistical parameters 

Average value 0.01665 2.667 

Standard deviation 0.00011 0.027 

The difference 

between the highest 

and lowest value 

0.00032 0.078 

Coefficient of 

variation [%] 
0.69 1.024 

Injector control 
time [ms] 

0.620 

Pressure rise time 

[ms] 
0.860 

Control 
time/pressure 

duration*100% 

72 

  
a) 

 

b) 

 

c) 

 

Fig. 6. Injection runs and characteristics obtained from a series of meas-

urements under full engine load conditions: a) run and intensity of the 

current supplying the injector solenoid valve coil, b) fuel injection runs 
and characteristics in differential form, c) fuel injection runs and character-

 istics in integral form 
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For the injector operating under full engine load condi-

tions, attention is drawn to the significantly longer holding 

current, with no change in the duration of the period during 

which the attraction current flows through the coil winding, 

as shown in Fig. 6a. 

Based on the observed fluctuations in flow rate after the 

injector was fully open, it can be concluded that the fuel 

pressure at the nozzle outlet was not constant during this 

period. This inconsistency may be attributed to the turbu-

lent nature of fuel flow through the injector channels. 

The integral characteristics of individual injections, as 

shown in Fig. 6c, "overlap." Based on the graphical evalua-

tion of these characteristics, it can be concluded that the 

repeatability of fuel dosing at a relatively long opening time 

and high fuel pressure is high. This conclusion is further 

supported by numerical values, particularly the coefficient 

of variation, included in Table 4, which presents character-

istic values and statistical parameters for the discussed 

engine load condition. 

The characteristic values and statistical parameters of 

the injections for this engine load condition are presented in 

Table 4. 

 
Table 4. Summary of injection process parameters for full engine load 

Injection 
The volume of fuel 

injected during individ-

ual injections [mm3] 

Maximum pressure  

for each injection [MPa] 

Run 1 0.0693 5.341 
Run 2 0.0698 5.343 

Run 3 0.0699 5.287 

Run 4 0.0698 5.393 
Run 5 0.0703 5.517 

The highest 

value 

0.0703 5.517 

Minimum value 0.0693 5.287 

Statistical parameters 

Average value 0.0698 5.76 

Standard devia-

tion 
0.0003 0.078 

The difference 

between the 

highest and 
lowest value 

0.0009 0.230 

Coefficient of 

variation [%] 
0.43 1.451 

Injector control 

time [ms] 
1.010 

Pressure rise 
time [ms] 

1.400 

Control 

time/pressure 

duration*100% 

72 

4.4. Full load on injectors 

During the tests of the injector under full load condi-

tions, the fuel pressure was the highest among all the meas-

urement series (140 MPa), as the greatest forces were ex-

erted on the components inside the injector. 

When the injector operates under full load conditions,  

a nonlinear increase in the fuel flow rate within the measur-

ing section of the indicator is observed, similar to the be-

haviour observed under full engine load conditions. 

For fuel injection characteristics in integral form, the 

courses of individual injections are also similar in shape 

and nearly overlap. This indicates a high level of dosing 

repeatability for these fuel injection parameters, consistent 

with the results observed under full engine load conditions. 

In both cases, the injector opening time and fuel pressure 

were high compared to those observed under other engine 

load conditions. 

The characteristic values and statistical parameters of 

the injections for this engine load condition are presented in 

Table 5. 
 

a) 

 

b) 

 

c) 

 
Fig. 7. Injection runs and characteristics obtained from a series of meas-

urements under full load conditions of the injector: a) run and intensity of 

the current supplying the injector solenoid valve coil, b) fuel injection 
characteristics in differential form, c) fuel injection characteristics in 

 integral form 

 
Table 5. Summary of injection process parameters for full injector load 

Injection 
The volume of fuel 

injected during individ-

ual injections [mm3] 

Maximum pressure for 

each injection [MPa] 

Run 1 0.0457 5.478 
Run 2 0.0459 5.344 

Run 3 0.0461 5.446 

Run 4 0.0462 5.388 

Run 5 0.0457 5.683 

The highest value 0.0462 5.683 

Minimum value 0.0457 5.344 

Statistical parameters 

Average value 0.0456 5.468 
Standard deviation 0.0002 0.117 

The difference 

between the highest 
and lowest value 

0.0005 0.339 

Coefficient of 

variation [%] 
0.42 2.143 

Injector control 

time [ms] 
0.61 

Pressure rise time 

[ms] 
0.98 

Control 

time/pressure 

duration*100% 

62 
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4.5. Injector division capacity 

During this measurement series, the distinguishing pa-

rameter, compared to other series, was the high injection 

frequency of 40 Hz. This part of the study aimed to evalu-

ate how the injection proceeds when the injector operates at 

such a high frequency. The ability to perform repeatable 

injections under these conditions is important, as the initial 

injection phases during engine operation occur within short 

time intervals, resulting in a high frequency of pre-

injections. 

a) 

 

b) 

 

c) 

 
Fig. 8. Injection runs and characteristics obtained from a series of meas-

urements under the conditions of testing the division ability of the injec-

tors: a) run and intensity of the current supplying the solenoid valve coil of 
the injector, b) fuel injection characteristics in differential form, c) fuel 

 injection characteristics in integral form 

 

In the discussed case, the fuel injection characteristic in 

the differential form exhibits a disturbance characterized by 

a nonlinear increase in the volume of injected fuel. After 

exceeding a flow rate of 0.0015 mm³/s, the rate of increase 

in fuel flow through the nozzle becomes smaller. The next 

inflection point in the runs occurs at a flow rate of approx-

imately 0.0025 mm³/s. These inflection points are mirrored 

on the falling edge for the same flow rate values. 

The integral fuel injection characteristic runs reach their 

peak values almost simultaneously. This indicates that the 

total volume of fuel injected during each injection was 

practically the same, suggesting that the higher injection 

frequency does not significantly affect the repeatability of 

fuel dosing. This conclusion is further supported by statisti-

cal parameters, as the coefficient of variation for the vol-

ume of fuel injected during individual injections is 0.72. 

For the measurement series corresponding to full engine 

load and full injector load conditions, this coefficient was 

0.43 and 0.42, respectively. 

The characteristic values and statistical parameters of 

the injections are presented in Table 6.  

 
Table 6. Summary of injection process parameters for the injector's divi-

sion capacity 

Injection 
The volume of fuel 

injected during individu-

al injections [mm3] 

Maximum  
pressure for each 

injection [MPa] 

Run 1 0.0384 5.754 

Run 2 0.0386 5.841 
Run 3 0.0382 5.488 

Run 4 0.0391 5.633 

Run 5 0.0388 5.637 

The highest value 0.0391 5.841 

Minimum value 0.0382 5.488 

Statistical parameters 

Average value 0.0386 5.671 
Standard deviation 0.0003 0.120 

The difference between 

the highest and lowest 
value 

0.0008 0.353 

Coefficient of variation 

[%] 
0.72 2.116 

Injector control time 
[ms] 

0.51 

Pressure rise time [ms] 0.85 

Control time/pressure 
duration*100% 

60 

4.6. Microdoses 

During the measurement series corresponding to micro-

doses, parameters such as fuel pressure and injector open-

ing time were the lowest among all measurement series 

conducted so far. Microdoses represent the initial injection 

phases, such as pre-injection, during which a small volume  

 
a) 

 

b) 

 

c) 

 
Fig. 9. Injection runs and characteristics obtained from a measurement 

series under conditions of micro doses: a) run and intensity of the current 
supplying the solenoid valve coil of the injector, b) fuel injection charac-

teristics in differential form, c) fuel injection characteristics in integral 

 form 
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of fuel is introduced into the combustion chamber to initiate 

the combustion process. In this series, the fuel pressure in the 

rail was 30 MPa, and the injector opening time was 300 µs. 

The shapes of the fuel injection characteristics in the 

differential form clearly indicate that the fuel was injected 

into the measuring section of the indicator in a largely con-

sistent manner, albeit not entirely uniform. The rising edges 

of the runs show minimal deviation from straight lines, 

which may suggest laminar fuel flow through the injector. 

The injection courses during the implementation of mi-

crodoses differ significantly from those observed in other 

tests. The fuel doses injected during each course vary con-

siderably, as evidenced by the differing peak values of the 

injected fuel volumes – the runs do not converge at a single 

peak value. Additionally, the coefficient of variation for the 

fuel volume injected during individual injections is the 

highest recorded so far, at 6.25. This value is more than 11 

times greater than the average coefficient of variation ob-

served in all previous measurement series, which was 

0.565. 

The characteristic values and statistical parameters of 

the injections for this measurement series are presented in  

Table 7. 

 
Table 7. Summary of injection process parameters for microdoses 

Injection 

The volume of fuel injected 

during individual injections 

[mm3] 

Maximum pressure 

for each injection 

[MPa] 

Run 1 0.0019 0.884 
Run 2 0.0021 0.962 

Run 3 0.0019 0.783 

Run 4 0.0022 0.893 

Run 5 0.0020 0.791 

The highest value 0.0022 0.962 

Minimum value 0.0019 0.783 

Statistical parameters 

Average value 0.0020 0.863 

Standard devia-

tion 
0.0001 0.067 

The difference 

between the 

highest and 
lowest value 

0.0003 0.179 

Coefficient of 

variation [%] 
6.25 7.806 

Injector control 
time [ms] 

0.31 

Pressure rise time 

[ms] 
0.35 

Control 

time/pressure 

duration*100% 

89 

5. Discussion and results 
Figure 10 compares the injection dose variation coeffi-

cients and pressure variation coefficients across the charac-

teristic injector operating conditions. Greater discrepancies 

were observed for the injected fuel pressure, which, for all 

operating conditions, showed higher values than the injec-

tion dose variation coefficient. These discrepancies may 

have been influenced by pressure wave phenomena occur-

ring in the measuring section of the injection course indica-

tor. It is important to note that similar phenomena occur in 

the fuel tank, high-pressure pipe, and inside the injector 

itself. 

For microdoses, both coefficients differ significantly in 

value from those observed under other conditions. Based on 

this comparison, it can be concluded that as pressure and 

injector opening time increase, the repeatability of fuel 

dosing improves. 

 

Fig. 10. Summary of the injection dose variation coefficients and injection   

 pressure values depending on the engine load 
 

 

Table 8 presents the following parameters:  

 average value 

 standard deviation 

 the difference between the smallest and largest value 

 coefficient of variation, for the volume of injected liquid 

and the pressure value. 

Additionally, the table compares the ratio of the sole-

noid valve coil control time to the duration of the pressure 

in the indicator chamber. 

 
Table 8. Summary of injection process parameters for individual injector 

 operating states 

Parameter Quantity 
Engine 

idle 

Full 

engine 
load 

Full load 

of 
injectors 

Injector 

division 
capacity 

Micro-

doses 

Average 

value 

Volume 

[mm3] 
0.0647 0.2715 0.1786 0.1502 0.008 

Pressure 
[MPa] 

2.667 5.376 5.468 5.671 0.863 

Standard 

deviation 

Volume 

[mm3] 
0.0004 0.0012 0.0007 0.0011 0.0012 

Pressure 
[MPa] 

0.027 0.078 0.117 0.12 0.067 

Difference 

between the 

highest and 
lowest value 

Volume 

[mm3] 
0.0013 0.0036 0.0018 0.0032 0.0031 

Pressure 
[MPa] 

0.078 0.23 0.339 0.353 0.179 

Coefficient of 

variation 

Volume 

[mm3] 
0.69 0.43 0.42 0.72 6.24 

Pressure 
[MPa] 

1.02 1.451 2.143 2.116 7.806 

Control 

time/pressure 

duration * 
100% 

 72 72 62 60 89 

 

Analyzing Table 8, it is evident that under full engine 

load conditions, the fuel pressure in the rail was 40% higher 

than the pressure observed during the injector division test. 

Despite this, the fuel pressure in the indicator measuring 

section during the full injector load measurement series was 

lower than during the injector division test. 
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For both fuel volume and pressure, the standard devia-

tion was smallest at engine idle speed. For the volume of 

injected fuel, this parameter was similar across the full 

engine load, injector division capacity, and microdose 

measurement series. These three measurement series were 

also characterized by the largest difference between the 

maximum and minimum values of the injected fuel volume. 

The ratio of the injector solenoid coil power supply time 

to the pressure duration in the indicator measuring section 

was highest for microdoses and lowest during the injector 

division test. This indicates that at a high injector operating 

frequency, a significant portion of the solenoid coil power 

supply time (in this case, 40 %) was not used for fuel injec-

tion into the indicator measuring section but was instead 

consumed by the injector opening process itself. 

The present study was conducted using a completely 

new fuel injector. Based on the results obtained under these 

initial conditions, it is reasonable to hypothesize that, with 

continued operation and progressive wear of the injector, 

the repeatability of fuel delivery may deteriorate. This phe-

nomenon merits further investigation in subsequent re-

search efforts. 

The ratio of the injector's actual opening time to the so-

lenoid valve coil feed time significantly impacts the preci-

sion of fuel dosage. The actual opening duration of the 

injector is always shorter than the solenoid valve coil feed 

time, primarily due to the inertia of the injector's moving 

components. The greater the inertia of these components, 

the greater the discrepancy between these two durations. 

Inertia forces acting on the moving parts inside the injector 

cause delays in both opening and closing the injector. As  

a result, the fuel injection process ends later than the engine 

controller assumes. For small injection rates, this time dis-

crepancy becomes critical, as such deviations can lead to 

undesirable variations in fuel dosage. 

For short injector opening times, the time required to 

open and close the injector accounts for a large proportion 

of the total opening duration, leading to high dosing varia-

bility. This issue becomes less significant as injector open-

ing times increase. The inertia of the injector's moving parts 

can affect dosing repeatability differently depending on 

engine load. For example, low injection pressure can extend 

the injector opening time due to reduced force acting on the 

injector needle, which influences the proportion of the 

aforementioned durations. 

The high inertia of the moving components inside the 

injector is one of the most significant factors affecting the 

emission of toxic exhaust components in compression igni-

tion engines. Uncontrolled injector dosing during low injec-

tion rates, when dosing variability is highest, can increase 

the concentration of toxic exhaust components such as 

nitrogen oxides and particulates. Addressing the issue of 

fuel dosing variability is therefore crucial for developing 

more precise injection control algorithms and improving 

injector design. These improvements will help engines 

comply with increasingly stringent emission standards. 

To mitigate issues related to dosing variability under 

conditions of low injection pressure and short injector 

opening times, the use of more efficient engine control 

electronics with higher sampling frequencies should be 

considered. This enhancement would reduce the control 

system's response delay to signals from engine sensors. 

Specifically, it would enable a faster response of the engine 

controller to uneven angular accelerations of the crankshaft 

during the operating stroke of each cylinder. Such im-

provements would allow for quicker and more accurate 

corrections to the solenoid injector coil's control signal, 

ensuring high fuel dosing repeatability under all operating 

conditions. 

An effective way to improve the repeatability of fuel 

dosage by electromagnetic injectors is to optimize the injec-

tor design. This can be achieved by using lighter materials 

for the injector's moving parts. As is well known, one of the 

challenges with electromagnetic injectors is the high inertia 

of the moving parts, which causes delays in the injector's 

opening and closing phases. The use of titanium can help 

mitigate this issue due to its low density and high strength, 

as titanium is approximately 40% lighter than metal alloys 

with similar properties. 

Another approach to enhancing injector performance in 

terms of dosing repeatability is to improve the solenoid 

valve itself. This involves increasing the solenoid's strength 

to accelerate the solenoid anchor's movement, allowing the 

control chamber valve of the injector to open more quickly. 

Additionally, it would be necessary to develop algorithms 

to adapt the waveform of the solenoid valve control signal 

to the engine's operating conditions, tailoring the signal to 

the current engine load. These improvements would enable 

better control of the injector's opening and closing phases. 

Further advancements in electromagnetic injectors re-

main justified. While piezoelectric injectors have largely 

replaced electromagnetic injectors in some applications 

(e.g., passenger cars), electromagnetic injectors continue to 

be widely used in the automotive industry. For example, 

HADI (Hydraulically Amplified Diesel Injector) systems, 

based on electromagnetic injectors, have been utilized in 

trucks since 2011. Given the extensive use of trucks in 

transportation and their larger engine displacements com-

pared to passenger cars, further development of electro-

magnetic injectors aimed at increasing dosage repeat ability 

is worthwhile. These injectors continue to play a critical 

role in the automotive sector. 

The study provided valuable insights into the relation-

ship between the injector's actual opening time and the 

timing of the solenoid valve coil supply. The findings illu-

minate the mechanisms influencing fuel dosage variability, 

particularly for short injector opening times and low injec-

tion pressures. This knowledge can inform the design of 

new, more precise injectors and enhance injection control 

algorithms. Understanding how the proportions of actual 

injector opening time and solenoid valve coil supply time 

vary with engine load conditions could be incorporated into 

control algorithms, reducing fuel dos age variability. More-

over, the study identifies the specific conditions under 

which dosage non-repeatability is most pronounced, offer-

ing practical guidance for future research and development. 

Continued research into fuel dosing variability is essen-

tial to expand knowledge in this area. One promising ave-

nue of research is to analyze the impact of injector design 

changes – for instance, examining how the diameter or 
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number of nozzle holes affects dosing repeatability under 

different conditions. Additionally, studying the effects of 

materials used for the injector's moving parts could help 

determine how their masses influence the injector's opening 

and closing dynamics, and thus fuel dosage repeatability. 

Computational Fluid Dynamics (CFD) simulations could 

also be employed to investigate fuel flow dynamics, provid-

ing a deeper understanding of how fluid flow characteristics 

within the injector relate to the repeatability of small injec-

tion doses. Another area worth exploring is the effect of 

alternative fuels and their blends on the injection process, 

addressing whether fuel type can enhance dosage repeata-

bility and improve combustion quality.  

6. Conclusion 
It should be noted that the results of this research and 

the conclusions drawn below apply exclusively to electro-

magnetic injectors of the Common Rail system. 

1. The use of the above-mentioned test stand to achieve 

the study's objectives did not compromise the validity of 

the conclusions, as the study was analytical and com-

parative in nature. Any numerically determined fuel in-

jection parameters differing from actual values would 

differ consistently, i.e., they would be overstated or un-

derstated by the same amount. This consistency ensures 

that parameters such as the coefficient of variation re-

main unaffected, preserving the scientific value of this 

research. 

2. The repeatability of the electric current intensity run 

controlling the solenoid valve coil is very high. Devia-

tions observed on the falling edges of the current run are 

negligible and do not significantly affect injector opera-

tion or fuel dosing repeatability. This insight can be val-

uable for system diagnostics. Considering that each sig-

nal path supplying the solenoid valve coil under steady 

state conditions is identical, an increase in signal non 

repeatability would indicate damage to the engine con-

trol system rather than a fault in the injector. 

3. The fuel injection time exceeds the solenoid valve coil 

control time due to the emptying and refilling of the 

control chamber during the injector's opening and clos-

ing processes. These actions require a specific amount 

of time, independent of the ECU (Electronic Control 

Unit) system. To compare the durations of the solenoid 

valve coil control period and the pressure maintenance 

period, the ratio of injector control time to pressure 

maintenance time was calculated and expressed as a 

percentage. The largest differences (60%) between these 

times occurred during high frequency injector operation 

(injector division capacity), while the smallest differ-

ences (89%) were observed during microdose imple-

mentation. This indicates that at higher injection fre-

quencies, a significant portion of the control time is de-

voted to the injector's opening and closing processes. 

Knowledge of the dynamics of fluid flow in the injector 

control chamber and its impact on injector processes can 

be applied to optimize common rail systems using alter-

native fuels. The flow dynamics depend on fuel proper-

ties, which vary significantly for alternative fuels. 

4. The lowest repeatability was observed in the pressure 

run during microdose implementation. Significant dif-

ferences were noted in both the maximum pressure val-

ues and the injected fuel dose volumes. The coefficient 

of variation reached its highest values in this context: 

6.24% for the injected fuel dose volume and 7.80% for 

the configurable control of the maximum pressure val-

ue. Such variability underscores the advantages of pie-

zoelectric injectors, which enable more precise fuel dos-

ing over shorter intervals. Based on the results, it can be 

concluded that the tested electromagnetic injector would 

not meet the requirements of current exhaust emission 

standards. 

5. Across all characteristic operating points of the injector, 

the coefficient of variation for maximum pressure val-

ues was consistently higher than that for injected fuel 

volume. This discrepancy arises due to pressure wave 

phenomena in the fuel rail, high-pressure pipe, and in-

jector itself. This study highlights the scale of wave 

phenomena issues within the high-pressure circuit and 

may encourage injection system designers to consider 

incorporating pressure wave damping devices into more 

advanced fuel rail designs. 

6. Further work on improving fuel dosing repeatability is 

highly recommended. Greater dosing repeatability ena-

bles more precise control of injection volumes, offering 

the potential to increase the number of injection phases 

or divide existing phases, such as splitting a pilot dose 

into two smaller doses. 

7. The developed methodology facilitates research into 

various aspects of fuel injection, including the effects of 

different injection strategies on dosing repeatability or 

the influence of alternative fuel properties. Research us-

ing this methodology could contribute to the develop-

ment of fuel supply systems and injection control algo-

rithms optimized for specific alternative fuels. 

8. Shorter injector opening times amplify the impact of the 

inertia of the injector's moving components on fuel dos-

ing consistency. Similarly, lower injection pressure re-

duces the forces acting on these components, further 

diminishing dosing consistency. These factors highlight 

the importance of addressing injector design and operat-

ing conditions to improve fuel dosing precision. 
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Nomenclature 

CFD computational fluid dynamics 

CI compression ignition 

ECU engine control unit 

HADI hydraulically amplified diesel injector  
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Enhancing regenerative braking efficiency in electric vehicles through urban  

driving pattern analysis 
 
ARTICLE INFO  Electric vehicles offer a sustainable alternative to internal combustion engine vehicles, significantly reducing 

emissions and improving energy efficiency. A key feature is the regenerative braking system, which recovers 

kinetic energy during braking. This study examines how braking parameters affect energy recovery in EVs under 
urban conditions, combining real-world data with simulation. The research involved two stages: data collection 

from 60 urban trips using a Hyundai Kona Electric, followed by AVL Cruise simulations. Statistical analysis 

(correlation and K-Means clustering) assessed the relationship between braking parameters (number of events, 
average braking speed, deceleration, maximum braking force) and recovered energy. Results showed a strong 

correlation (r = 0.9) between the number of braking events and recovered energy, highlighting the importance of 

frequent urban braking. Clustering identified four driving patterns. Cluster C4, with the highest number of 
braking events (84–158) and moderate intensity, achieved the greatest energy recovery efficiency (23.16%). 

Cluster C1, with fewer events (26–76) and smoother driving, showed the lowest efficiency (18.45%). The 

average efficiency across all trips was 21.47%, consistent with the literature. Findings suggest that frequent, 
moderate braking in dense urban traffic optimizes energy recovery. The study offers practical insights for 

designing more efficient regenerative systems and promoting driving techniques that enhance EV range. 
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1. Introduction 
Vehicles with electric powertrains, encompassing both 

fully electric vehicles (EVs) and hybrid electric vehicles 

(HEVs), play a pivotal role in transforming the transporta-

tion sector towards sustainable and environmentally friend-

ly solutions. The increasing availability of public charging 

stations, enhanced amenities for electric vehicle owners, 

and financial incentives such as purchase subsidies serve as 

powerful motivators for choosing an electric vehicle and 

offer additional encouragement to undecided potential buy-

ers [2, 4, 13]. EVs contribute to the reduction of greenhouse 

gas emissions and the improvement of energy efficiency. 

All vehicles equipped with an electric powertrain possess 

the capability to recover kinetic energy during braking. The 

Regenerative Braking System (RBS) converts kinetic ener-

gy into electrical energy via an electric motor operating in 

generator mode. This energy is then transferred to the bat-

tery and can be subsequently reused to propel the vehicle or 

power onboard systems. For purely electric vehicles, regen-

eration directly extends range and enhances energy effi-

ciency, forming an integral part of their propulsion system. 

Conversely, in hybrid vehicles, where the electric drive 

interacts with an internal combustion engine, the energy 

regeneration system improves overall energy efficiency by 

reducing fuel consumption and exhaust emissions. With 

growing interest in electromobility, research into optimiz-

ing regeneration processes is becoming increasingly vital, 

particularly in the context of urban driving, where frequent 

stops and speed changes create unique opportunities for 

energy recovery.  

Research on energy recuperation in electric vehicles en-

compasses a wide range of theoretical and experimental 

approaches, from integrating regenerative braking systems 

with friction brakes to designing advanced strategies for 

managing and controlling recovered energy. Control strate-

gies for kinetic energy recovery are developed to maximize 

the efficiency of regenerative braking in vehicles with elec-

tric powertrains [3]. Previously published studies primarily 

focus on developing and presenting optimization or predic-

tive algorithms, all based on specific braking process pa-

rameters. Optimization algorithms are used to maximize 

energy recovery through mathematical models. For exam-

ple, in [25], a fuzzy logic-based control strategy with genet-

ic algorithms was presented. The developed algorithm was 

projected to increase braking energy recovery efficiency by 

10% and extend EV range by 8% in the urban cycle. Simi-

larly, torque optimization, as described in [7], improved the 

recovery coefficient by 3.35% in WLTC tests by minimiz-

ing energy losses. Neural networks, applied in [14], en-

hanced the adaptability of RBS to varying road conditions, 

increasing recovered energy by 7% compared to classic 

PID controllers. However, studies [12, 21] indicate that the 

computational complexity of these methods limits their 

practical application in vehicles.  

Predictive algorithms are used to forecast braking de-

mand and optimize regenerative force. These algorithms 

draw on both real-time driving data (such as route topogra-

phy from GPS, speed, acceleration, and brake pedal posi-

tion) and historical data. This enables the recuperation sys-

tem to adapt its operation to current road conditions, there-

by optimizing energy recovery across various scenarios. 

For instance, as demonstrated in [23], an energy manage-

ment strategy based on Model Predictive Control (MPC) 

boosted energy recovery by 5% in urban environments by 

precisely adapting to speed profiles. Study [16] utilized 

Artificial Neural Networks (ANNs) and fuzzy controllers to 

calculate recovered braking energy based on battery state of 

charge and braking demand. Linear programming was then 

http://orcid.org/0000-0001-6024-6748
http://orcid.org/0000-0001-7381-1590
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applied to optimize the regenerative force, leading to  

a 25.7% increase in vehicle range. Due to their ability to 

better account for variable conditions and uncertainties 

(such as driver behaviour and route topography), predictive 

algorithms in EV regenerative braking systems surpass 

classical optimization algorithms in effectiveness. This 

advantage enables continuous, real-time recalibration of 

recuperation control, resulting in more accurate estimations 

of energy recovery efficiency and, consequently, improved 

range and reduced energy consumption.  

The efficiency of recuperation systems in electric vehi-

cles is highly dependent on operating conditions. In urban 

environments, characterized by dynamic driving with fre-

quent acceleration and braking cycles, the effectiveness of 

the kinetic energy recovery system can be substantial. It is 

estimated that under such conditions, energy recovered 

during braking can account for 20% to 40% of the energy 

consumed for vehicle propulsion [19]. Similar conclusions 

were presented in [9]. Furthermore, [11] demonstrated that 

in urban settings, recuperation can be responsible for 15–

25% of the vehicle's total energy demand, depending on 

driving dynamics and road infrastructure.  

In studies [5, 18, 24], the authors emphasize the signifi-

cance of frequent braking in urban traffic, which results 

from the high number of intersections and traffic lights, 

thus favouring greater energy recovery. Within the context 

of HEVs, studies such as those presented in [15, 22] indi-

cate that recuperation in urban driving can significantly 

reduce fuel consumption by increasing the electric power-

train's contribution to the overall driving cycle. However, 

the majority of existing research relies on standard driving 

cycles, such as WLTP or NEDC, which do not fully reflect 

the variability of real-world urban conditions. This limita-

tion restricts their practical application in powertrain system 

design. This applies to both electric vehicles and those 

equipped with internal combustion engines [26, 27, 28]. 

Despite extensive research on energy recuperation in 

electric vehicles, a notable gap persists in the literature 

concerning a detailed analysis of how specific braking 

parameters – such as the number of braking events, average 

braking speed, deceleration, or maximum braking force – 

influence energy recovery under real-world urban driving 

conditions. Most prior studies focus on standardized driving 

cycles, which fail to account for the complexities of urban 

traffic, including varying congestion levels, the number of 

intersections, or changes in terrain elevation. Furthermore, 

attempts to integrate data from real-world drives with ad-

vanced simulations are infrequent, yet such an approach 

could yield more realistic and applicable conclusions for 

designing recuperation systems in both EVs and HEVs. 

This study addresses this gap by analysing the impact of 

braking parameters on energy recovery across 60 real-world 

urban driving events, utilizing simulations in AVL Cruise 

software.  

Based on the literature review and the identified re-

search gap, the following hypotheses have been formulated: 

 Hypothesis 1: The number of braking events (nham) is 

positively correlated with the amount of recovered en-

ergy (Ereg) in urban driving conditions for both EVs and 

HEVs. 

 Hypothesis 2: Braking parameters, such as average 

braking velocity (vh_sr), average deceleration (dsr), and 

maximum braking force (Fh_max), have a varied impact 

on energy recovery, with their significance depending 

on the specific driving pattern. 

 Hypothesis 3: Driving patterns characterized by fre-

quent, moderate braking (e.g., in heavy urban traffic) 

exhibit higher energy recovery efficiency compared to 

patterns with less frequent but more intense braking. 

This is particularly relevant for HEVs in the context of 

fuel consumption reduction. 

The study's methodology employs a two-stage ap-

proach: (1) data acquisition from real-world urban driving 

and (2) simulations conducted in AVL Cruise software. 

This dual approach allows for capturing authentic driving 

patterns that are challenging to replicate in standardized 

laboratory cycles, while simultaneously enabling a precise 

analysis of braking parameter impact on energy recovery 

under controlled simulation conditions. A single driver was 

used to eliminate driving style variability, thereby isolating 

the influence of the studied parameters. The application of 

correlation analysis and K-Means clustering then aids in 

identifying key relationships and patterns, which are vital 

for developing more effective recuperation systems for both 

EVs and HEVs. 

2. Methods 

2.1. Real-world data acquisition 

Research into energy recovered during braking was 

conducted in two stages. First, the kinematic parameters of 

an electric vehicle were recorded under real-world urban 

traffic conditions. The resulting speed profiles then served 

as input data for the simulation software. In the second 

stage, simulation studies were performed using AVL Cruise 

software, where a vehicle model corresponding to the real 

one was developed. The data from these simulations were 

then subjected to statistical analysis. 

Real-world tests were conducted on five selected urban 

road sections, each approximately 5 km long, characterized 

by varying traffic densities and road conditions. A total of 

60 drives were completed, encompassing both city out-

bound roads and urban routes with different levels of con-

gestion. Some routes were outbound roads, where traffic 

was relatively light, and the vehicle moved smoothly with 

few stops. The remaining routes involved driving through 

the city center, where traffic density was higher, necessitat-

ing more frequent stops and speed changes. Drives were 

carried out at two times of day: around midday, between the 

morning and afternoon rush hours, and during the afternoon 

rush hour itself. 

The routes varied in the number of signalized intersec-

tions, pedestrian crossings, and permissible speeds. The 

investigated routes included: 

 city outbound road (70 km/h speed limit) featured 3 

signalized intersections, 4 marked pedestrian crossings, 

and one roundabout 

 city outbound road (50 km/h speed limit) characterized 

by a varied elevation profile with an altitude change ex-

ceeding 60 m between its highest and lowest points. 



 

Enhancing regenerative braking efficiency in electric vehicles through urban driving pattern analysis 

COMBUSTION ENGINES, 2025;203(4) 193 

This route included 8 intersections (5 signalized) and 4 

marked pedestrian crossings 

 city center routes: 

1) the first city center route, known for heavy traffic 

and a varied elevation profile, comprised 9 signal-

ized intersections, 5 marked pedestrian crossings, 

and 3 roundabouts 

2) the second city center route included 15 intersec-

tions (12 signalized) and 3 marked pedestrian cross-

ings; 

 residential area route encompassed 29 intersections (4 

signalized) and 9 marked pedestrian crossings. It fea-

tured significant speed restrictions (in places down to 20 

km/h) typical of residential roads, along with speed re-

ductions enforced by speed bumps. 

The selection of five routes ensures that the study re-

flects typical urban driving scenarios. This prevents the 

results from being limited to specific, atypical situations, 

allowing them to be generalized to the real-world usage of 

electric vehicles in urban environments. 

The test vehicle used was a Hyundai Kona electric.  

A Kistler™ type GPS Data Logger was employed to meas-

ure vehicle motion parameters, recording data such as travel 

time, instantaneous velocity, instantaneous longitudinal 

acceleration, distance traveled, and instantaneous position 

(10 Hz sampling frequency, GPS position accuracy < 2.5 

m). The collected data were used to create velocity profiles 

characteristic of each route. All drives were performed by  

a single driver. Examples of the recorded velocity profiles 

as a function of time are presented in Fig. 1. 

 

 

Fig. 1. Representative speed profiles from the investigated routes (a) 

 midday, (b) peak hours 

2.2. AVL Cruise modeling and simulation  

AVL CRUISE is an advanced analytical tool designed 

for detailed modeling of both mechanical and regenerative 

systems. This capability allows for the optimization of 

braking strategies concerning energy efficiency, safety, and 

driving comfort. The software serves as a sophisticated 

instrument for analyzing vehicle dynamics and optimizing 

its powertrain and braking systems, with particular empha-

sis on the energy recuperation system. The developed vehi-

cle model facilitates advanced analyses of the kinetic ener-

gy recovery process via the recuperation system, while 

simultaneously accounting for the mechanical and thermal 

aspects of the braking system's operation. A schematic 

representation of the electric vehicle model is provided in 

Fig. 2.  

 

 Fig. 2. Electric vehicle model in AVL Cruise  

 
Table 1. Selected technical parameters of the electric vehicle  

Electric motor Motor type Permanent Magnet 

Synchronous Motor 

(PMSM) 

Maximum motor 

power 

100 kW 

Maximum torque 395 Nm 

Battery Type Lithium-ion 

Energy capacity 39.2 kWh 

Vehicle dimensions 

and mass 

Length 4180 mm 

Width 1800 mm 

Height 1570 mm 

Wheelbase 2600 mm 

Curb weight 1535 kg 

Payload capacity 150 kg 

 

The electric vehicle braking system in AVL Cruise 

comprises two primary components: 

 mechanical braking system, which consists of disc 

brakes actuated by a hydraulic system, which includes  

a pump, pressure lines, and wheel cylinders located at 

each wheel; 

 kinetic energy recuperation system, that incorporates an 

electric machine operating in generator mode, convert-

ing the vehicle's kinetic energy into electrical energy, 

which is then directed via an inverter to the battery. 

These two systems operate concurrently, with their in-

teraction dictated by braking torque control algorithms. 

The electric vehicle model used in the simulation stud-

ies replicated the parameters of the actual Hyundai Kona 

electric. Table 1 presents selected technical parameters of 

(b) 

(a) 
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this electric vehicle. For each simulation performed, the 

initial battery state of charge was set to 75%. 

2.3. Data analysis 

The data collected were analysed using Statistica soft-

ware. Pearson correlation analysis was applied to assess the 

relationships between braking parameters – such as the 

number of braking events (nham), average braking speed 

(vhsr), average braking deceleration (dsr), and maximum 

braking force (Fh_max), and the amount of recovered energy 

(Ereg). Additionally, the K-Means clustering method was 

used to group drives into four distinct clusters. This allowed 

for the identification of driving patterns that influence recu-

peration efficiency. The results were validated using 

ANOVA and 10-fold cross-validation, ensuring the robust-

ness and reliability of the obtained data. 

3. Results 

3.1. Analysis of energy recovered in selected test routes 

The analysis is based on data obtained from 60 real-

world trips and their corresponding AVL Cruise simula-

tions. The influence of key braking parameters – such as the 

number of braking events, average braking speed, decelera-

tion, and maximum braking force – on the amount of ener-

gy recovered (Ereg) is examined. The results are organized 

into two subsections: Subsection 3.1 details the energy 

recovery characteristics across the test routes, including 

statistical correlations between braking parameters and 

recovered energy. Subsection 3.2 applies K-Means cluster-

ing to identify distinct driving patterns and their impact on 

recuperation efficiency, highlighting optimal conditions for 

maximizing energy recovery. These findings provide in-

sights into the effectiveness of regenerative braking systems 

in diverse urban traffic scenarios. 

Energy recuperation in electric vehicles is most effec-

tive in urban traffic conditions, where the number of brak-

ing events is highest. Optimizing recuperation in such envi-

ronments can significantly boost vehicle energy efficiency. 

Increasing the initial braking velocity and braking force 

within moderate limits can favorably impact the amount of 

energy recovered. Therefore, the goal should be to design 

recuperation systems that enable maximum energy recovery 

across a wide range of traffic conditions. Urban driving, 

while leading to higher energy consumption due to frequent 

speed changes, also offers the greatest potential for energy 

recovery during braking.  

Simulation studies utilized velocity profiles from 60 ur-

ban driving trips, each approximately 5 km in length. The 

routes were diverse, and data collection took place on 

weekdays. Figure 3 and Fig. 4 present the number of brak-

ing events recorded on the test routes. 

An average of 77 braking events was logged per trip. 

The highest recorded instance was 158 braking events in  

a single trip, translating to 31 braking events per kilometre. 

Figure 5 presents the distribution of total energy consump-

tion (Ec) across the analysed trips. 

The analysed trips showed an average energy consump-

tion of 2772.6 kJ (0.77 kWh), with values ranging from 

1292.28 kJ (0.36 kWh). On a per-kilometre basis, the vehi-

cle consumed an average of 554.52 kJ (0.15 kWh). The 

peak energy consumption, approximately 3597.24 kJ (1 

kWh), occurred during a rush-hour trip through the city 

centre. This particular instance was characterized by heavy 

traffic and an average driving speed of 16.36 km/h. Figure 

6 presents the distribution of recovered energy values (Ereg) 

for all trips. 

 

 Fig. 3. Distribution of braking events (nham) in test routes 

 

 Fig. 4. Distribution of braking events per km (nham/km) in test routes 

 

 Fig. 5. Distribution of energy consumption (Ec) in test routes 

 

 Fig. 6. Distribution of recovered energy values (Ereg) in test routes 
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On average, 595.42 kJ (0.17 kWh) of energy was recov-

ered per trip. The range of recovered energy values was 

710.71 kJ. The highest recorded value of recuperated ener-

gy during braking in the analysed trips was 1026.64 kJ 

(0.29 kWh). This particular trip also showed the highest 

energy consumption. 

The number of braking events in urban driving reflects 

traffic dynamics; intense traffic and frequent stops lead to 

greater energy recovery. In areas with numerous stops (e.g., 

city centres), higher recuperation efficiency can be ex-

pected. It is evident that the amount of recovered energy 

increases with the number of braking events. In the ana-

lysed trips, these parameters exhibit a linear relationship.  

A correlation coefficient (r) equal to 0.9 indicates a very 

strong positive correlation between the number of braking 

events and the energy recovered (Fig. 7). 

 
(a) 

 

(b) 

 

Fig. 7. Scatter plots of total energy recovered during braking and number 

 of braking events (a), and number of braking events per 1 km (b) in a trip 

 

The kinetic energy a vehicle possesses – and can poten-

tially recover – is directly tied to its mass and initial braking 

velocity. Consequently, even minor increases in velocity 

lead to a significant rise in the energy available for recuper-

ation. Deceleration reflects the dynamics of the braking 

process – that is, the rate at which vehicle velocity changes. 

Intense braking with high deceleration leads to a faster 

conversion of kinetic energy, requiring an appropriate re-

sponse from the recuperation system to effectively recover 

the energy. 

For each recorded braking manoeuvre, the initial brak-

ing velocity and deceleration were estimated. An average of 

these values was then calculated for each individual trip. 

Figure 8 presents the distribution of the average initial 

braking velocity (vhsr), and Fig. 9 presents the average de-

celeration (dsr) across the analysed trips. Figure 10 shows 

scatter plots of the total energy recovered during braking, 

along with the average braking velocity and average decel-

eration values. 

 

 Fig. 8. Distribution of average initial braking velocity (vhsr) in test routes 

 

 Fig. 9. Distribution of average deceleration (dsr) in test routes 

 

(a) 

 

(b) 

 

Fig. 10. Scatter plots of total energy recovered during braking and average 

 initial braking velocity (a), and average deceleration (b) in a trip 
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For the analysed trips, the average initial braking veloci-

ty was 18.24 km/h, with an average deceleration of 1.42 

m/s
2
. Analysis of the averaged deceleration and initial ve-

locity values for each trip indicated only a weak influence 

of these parameters on the total recovered energy. The trend 

line exhibits a slight positive slope, suggesting that in-

creased average braking velocity could lead to a minor rise 

in recuperated energy. This is largely attributable to the fact 

that higher initial velocity inherently offers more kinetic 

energy for recovery. However, average braking decelera-

tion shows a stronger correlation with the amount of recov-

ered energy than the average initial braking velocity. 

For each braking manoeuvre during the trips, the brak-

ing force was estimated. Figure 11 presents the distribution 

of averaged maximum braking force (Fh_max) values for 

each completed trip. 

Braking force is a critical factor in the recuperation pro-

cess as it dictates how effectively a vehicle's kinetic energy 

can be converted into electrical energy. The average brak-

ing force for the analysed trips was 1749.07 N. The aver-

aged braking force values per trip show a moderate correla-

tion with the energy recovered. An increase in braking 

force allows for a greater amount of energy to be recovered 

during electric vehicle braking (Fig. 12). 

 

Fig. 11. Distribution of averaged maximum braking force (Fh_max) in test 
 routes 

 

Fig. 12. Scatter plots of total energy recovered during braking averaged 

 maximum braking force 

 

Urban conditions offer substantial potential for effective 

recuperation, with braking force and dynamics being key 

factors influencing energy recovery. Based on averaged 

values for initial braking velocity, deceleration, and braking 

force, the foregoing analyses aim to elucidate the general 

influence of these parameters on the total energy recuperat-

ed during a trip. 

The obtained results indicate that initial braking velocity 

influences the amount of kinetic energy available for recov-

ery. A higher initial velocity during a braking manoeuvre 

presents an increased potential for energy recovery; howev-

er, the correlation observed at the trip level is weak, which 

may be attributed to the significant variability in prevailing 

road conditions and the diversity of braking scenarios en-

countered. The deceleration during braking is associated 

with the dynamic characteristics of the braking event.  

A moderate correlation indicates that more aggressive brak-

ing manoeuvres may result in enhanced recuperation effi-

ciency. Simultaneously, braking force, being directly pro-

portional to the kinetic energy conversion into electrical 

energy, exhibits a moderate reliance on the overall energy 

recovered throughout a given trip. 

3.2. K-Means clustering of routes based on recuperation 

patterns 

Another objective of this research was to identify energy 

recovery patterns during braking in electric vehicles and to 

segment routes based on key braking parameters using the K-

Means algorithm. This algorithm partitions data into k clus-

ters by minimizing the sum of squared distances between 

observations and centroids. The dependent variable was the 

total energy recovered during braking per trip (Ereg). 

The following parameters were utilized in the study: 

 number of braking events in trip (nham) 

 number of braking events per kilometer (nham/1km) 

 average initial braking velocity (vh_sr) in trip 

 average deceleration (dsr) in every trip 

 averaged braking force (Fh_max) values for each com-

pleted trip. 

To ensure data comparability and mitigate issues arising 

from differing units and value ranges, all data underwent 

standardization, scaling them to a mean of 0 and a standard 

deviation of 1. This standardization was crucial because the 

K-Means algorithm utilizes a Euclidean metric, where vari-

ables with larger values could otherwise dominate the anal-

ysis and skew the results. 

The initial centroids were established using a method of 

maximizing the distance between them, which promotes  

a better separation of natural clusters. The optimal number 

of clusters (k = 4) was determined by analysing the "elbow 

method" and the silhouette coefficient. Each trip, represent-

ed as a feature vector, was assigned to its nearest centroid 

using Euclidean distance. Subsequently, the centroids were 

updated as the mean of the vectors assigned to their respec-

tive clusters. This iterative process continued until conver-

gence was achieved (i.e., minimal changes in centroid posi-

tions). All computations were performed using Statistica 

software. 

The data from 60 trips were divided into four distinct 

groups (Fig. 13), suggesting the presence of four clear be-

havioural patterns related to braking parameters and the 

energy recovery system. Trips within each cluster (C) ex-

hibit comparable characteristics, specifically regarding the 

number of braking events, braking events per kilometre, 

average initial velocity, average deceleration, and average 

maximum braking force recorded for each trip. 
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Fig. 13. K-Means clustering results for Ereg 

 

Verification of the four-cluster division's capacity to ac-

curately represent significant differences in the analyzed 

variables' behavior was achieved through an Analysis of 

Variance (ANOVA), performed on all quantitative varia-

bles (Table 2). A significance level of 0.05 was adopted. 

The effect size was calculated based on the F-statistic and 

the sums of squares (SS). 

The ANOVA results demonstrated that the differences 

between clusters are statistically significant (p < 0.001 for 

most variables). The K-Means segmentation is thereby 

confirmed to effectively differentiate trips based on braking 

and energy recovery parameters. The exceptionally high F-

statistic values observed for the chosen parameters under-

score their critical role in distinguishing trips by their ener-

gy recuperation characteristics. 

 
Table 2. ANOVA test results 

Parameter Between-

Group SS  

Within-

Group SS 

F-statistic p-value 

Ereg 37.86 21.14 33.42 0.0000 

nham 40.11 18.89 39.64 0.0000 

nham/1 km 39.58 19.42 38.05 0.0000 

vh_sr 26.85 32.15 15.59 0.0000 

dsr 31.28 27.72 21.06 0.0000 

Fh_max 42.14 16.86 46.67 0.0000 

 

To verify the stability of the results, 10-fold cross-

validation was applied, and outliers that could distort the 

clustering outcomes were removed. The final error in the 

training sample was 0.371, indicating a relatively good 

quality of dependent variable assignment to the clusters. 

The subsequent stage of analysis involved evaluating 

the energy recovered within the four clusters generated by 

the K-Means algorithm. This analysis specifically consid-

ered key braking process parameters: average braking ve-

locity, average braking deceleration, and maximum braking 

force. The study aimed to identify the correlations between 

these variables and the total recovered energy. Figure 14 

visually represents the Ereg values in relation to these pa-

rameters across the 4 clusters.  

Cluster 1 (C1) comprises trips with the lowest energy 

recovery, ranging from 315.93 to 514.54 kJ. These trips are 

characterized by a low average braking velocity (11.84–

16.46 km/h), slight deceleration (1.12–1.48 m/s²), and mod-

erate braking force (2227.78–4192.34 N). The low number 

of braking events (26–76 per trip) suggests a smooth driv-

ing style. This cluster likely represents trips conducted 

under lower traffic density, which consequently limits the 

effectiveness of energy recuperation. 

In Cluster 2 (C2), the recovered energy ranges from 

318.50 to 822.03 kJ, indicating greater recovery efficiency 

than in Cluster 1. The average braking velocity falls be-

tween 15.83 and 23.82 km/h, with average deceleration 

ranging from 1.24 to 1.64 m/s
2
. Braking force values 

(2624.99–6391.37 N) suggest more dynamic braking ma-

neuvers. These trips are characterized by more frequent 

stops (30–87 braking events). This cluster likely includes 

both midday trips and those conducted under higher traffic 

density. 

 
(a) 

 

(b) 

 

(c) 

 

Fig. 14. Clustering of Ereg in 4 clusters based on average braking velocity 
(a), average braking deceleration (b), and maximum braking force (c) in 

 analyzed trips 
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Cluster 3 (C3) exhibits significantly higher energy recov-

ery, ranging from 450.80 to 752.47 kJ, compared to the first 

two clusters. Braking events in this cluster are more intense, 

with an average velocity of 14.05–20.56 km/h and greater 

deceleration (1.3–1.67 m/s
2
). The maximum braking force 

values are the highest among all clusters, recorded between 

5432.10 and 8737.75 N. The high frequency of braking 

events (68–98 per trip) suggests driving conditions typical of 

heightened urban traffic during the afternoon rush hour. 

Cluster 4 (C4) exhibits the highest energy recovery, 

ranging from 548.51 to 1026.64 kJ. Despite braking veloci-

ty (13.15–22.08 km/h) similar to those in C2 and C3, the 

critical factor is the very high number of braking events 

(84–158 per trip). Braking in this cluster is frequent but not 

excessively intense, as indicated by maximum braking 

force values between 2612.34 and 6280.18 N. These trips 

likely occurred under conditions of the highest traffic densi-

ty, necessitating frequent stops and accelerations. 

In summary, the highest energy recovery was observed 

under conditions of intensive urban traffic, characterized by 

frequent, though not necessarily abrupt, braking (C4). Con-

versely, the lowest recovered energy values were recorded 

during trips defined by smooth driving with infrequent brak-

ing (C1), which corresponds to off-peak driving conditions. 

To further analyse the efficiency of the recuperation 

system in electric vehicles under varying urban driving 

conditions, the percentage recuperation efficiency (ηreg) was 

evaluated for each of the four clusters identified by the  

K-Means method. This efficiency was defined as the ratio 

of energy recovered (Ereg) to the total energy consumed per 

trip (Ec), expressed as a percentage, according to the fol-

lowing formula: 

 ηreg [%] = (
Ereg

Ec
) ∙ 100 (1) 

The recuperation system's effectiveness in transforming 

the vehicle's kinetic energy into electrical energy across 

varying urban driving conditions can be assessed using this 

metric. The percentage energy recovery efficiency (ηreg) for 

the four identified clusters is presented in Fig. 15. 

 

 Fig. 15. Percentage of energy recovery efficiency (ηreg) by cluster 

 

A direct relationship between energy recovery efficiency 

and the number of braking events is evident, notably within 

C4, where the combination of frequent, albeit moderate, 

braking in high-traffic scenarios optimizes recuperation. In 

contrast, C1 and C3, characterized by fewer braking events, 

demonstrate reduced efficiency. This diminished efficiency 

in C3, despite more intense braking, may suggest the occur-

rence of energy dissipation during abrupt manoeuvres. 

The impact of initial braking velocity and maximum 

braking force on overall energy recovery efficiency is nota-

bly constrained. This observation implies that traffic dy-

namics, rather than the intensity of isolated braking events, 

constitute the predominant factor. Such findings are instru-

mental in guiding the further optimization of recuperation 

systems, especially in the development of control algo-

rithms designed for the specificities of urban driving. 

4. Discussion 
This study significantly contributes to understanding the 

dynamics of energy recovery in electric vehicles under 

urban driving conditions, focusing on the relationships 

between braking parameters and recuperation efficiency.  

A key finding is the strong correlation between the number 

of braking events and the energy recovered, underscoring 

that urban traffic with frequent stops is an optimal envi-

ronment for recuperation. K-Means cluster analysis re-

vealed four driving patterns, with Cluster C4 demonstrating 

the highest recuperation efficiency (23.16%). This cluster 

was characterized by the highest number of braking events 

(84–158) and moderate dynamics within intensive traffic. 

Conversely, Cluster C1, marked by smooth driving and  

a limited number of braking events (26–76), exhibited the 

lowest efficiency (18.45%). This highlights the crucial role 

of braking frequency in the recuperation process.  

The presented results align with the fundamental physi-

cal principles governing recuperation systems. This align-

ment is further corroborated by existing literature [1, 6, 17], 

which concludes that a higher frequency of braking cycles 

translates to more efficient recovery of a vehicle's kinetic 

energy during deceleration. 

Comparing our findings with existing literature, the av-

erage recuperation efficiency of 21.47% falls within the 

typical range for electric vehicles operating in urban envi-

ronments, thereby confirming the robustness of our meth-

odology [8, 10, 20]. However, this study's detailed segmen-

tation of routes using K-Means clustering and the analysis 

of varied speed profiles differentiate it from standard re-

search based on predefined cycles like WLTP. This ap-

proach offers deeper insights into the impact of real-world 

traffic conditions. Notably, Cluster C3 exhibited lower 

efficiency (18.52%) than Cluster C4, despite a substantial 

number of braking events (68–98) and significant braking 

forces (5432.10–8737.75 N). This discrepancy may suggest 

energy dissipation due to abrupt braking, wherein kinetic 

energy is converted into heat within the mechanical braking 

system.  

The presented results have practical implications for 

both electric powertrain designers and electric vehicle us-

ers. For engineers designing recuperation systems, it is 

recommended to focus on maximizing the efficiency of 

regenerative braking under frequent, low-intensity braking 
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conditions, such as those observed in Cluster C4. This may 

involve adjusting braking system control algorithms to priori-

tize recuperation in such scenarios. From the perspective of 

drivers, this study suggests that anticipating situations requir-

ing stops and employing gentle braking can contribute to 

increased energy recovery efficiency, thereby extending 

vehicle range. Such driving strategies may be particularly 

beneficial in urban driving conditions, where numerous stops 

are necessitated by traffic infrastructure and density. 

Several limitations warrant consideration within this 

study. Primarily, the exclusive use of a single driver for all 

trips constrained the diversity of driving styles, which, in 

turn, may limit the broader generalizability of the findings. 

It is acknowledged that variations in driving technique 

could potentially influence both braking dynamics and 

energy dissipation. Secondly, the AVL Cruise simulations 

were performed under consistent conditions of battery state 

of charge (SOC = 75%) and ambient temperature. This does 

not fully represent the complete range of real-world operat-

ing environments, given that a reduced SOC or colder tem-

peratures can adversely affect battery performance. Finally, 

the analysis was confined to the Hyundai Kona Electric 

model, thus precluding a comprehensive assessment of 

design differences, such as vehicle mass or drivetrain type, 

across other electric vehicle models.  

This study corroborates that frequent, moderate braking 

within high-density urban traffic optimizes energy recovery 

in electric vehicles. These findings have the potential to 

propel the development of more efficient recuperation sys-

tems and encourage driving techniques that extend vehicle 

range, thereby contributing to the advancement of electro-

mobility. Continued research, encompassing a wider array 

of variables, will facilitate a more precise adaptation of this 

technology to authentic operational conditions. 

5. Conclusions 
This study, which investigated the influence of braking 

parameters on energy recovery in electric vehicles under 

urban driving conditions, confirmed our hypotheses and led 

to the following conclusions: 

 Statistical analysis revealed a very high correlation (r = 

0.9) between the number of braking events and the 

amount of energy recovered, confirming the crucial role 

of braking frequency in the recuperation process.  

 The application of the K-Means clustering method iden-

tified four distinct regenerative braking patterns. The 

highest recuperation efficiency (23.16%) was achieved 

in the cluster characterized by the greatest number of 

braking events (84–158) and moderate braking force, 

whereas the lowest efficiency (18.45%) was observed in 

the cluster with fewer braking events (26–76) and a high 

average trip velocity. 

 The average recuperation efficiency observed under the 

studied urban conditions was 21.47%, which aligns with 

the typical operational range observed for electric vehi-

cles. 

It can therefore be concluded that the key factor in max-

imizing recuperation is the frequency of braking events, 

along with their moderate intensity, which enables the effi-

cient conversion of kinetic energy into electrical energy. 

The findings of this study have broad applicability, ex-

tending beyond fully electric vehicles to include hybrid 

electric vehicles, which also utilize recuperation systems 

for energy recovery during braking. The study's key in-

sights, such as the significance of braking frequency and 

characteristics for recuperation efficiency, are universal and 

can be directly applied to HEVs. Optimizing braking strate-

gies based on the patterns identified in Cluster C4 could 

enhance energy recovery, thereby improving overall vehicle 

efficiency. In the context of hybrid vehicles, this could 

directly translate to reduced fuel consumption. 

In conclusion, this study offers a significant contribution 

not only to the progression of electric drivetrain technology 

but also by providing universal insights directly applicable 

to hybrid vehicles, thereby fostering enhanced energy effi-

ciency and promoting sustainable development within the 

automotive sector. 

 

Nomenclature 

dsr average braking deceleration 

Ec total energy consumption in test route 

Ereg total regenerated energy in test route 

EV electric vehicle 

Fh_max  average maximum braking force 

GPS global positioning system 

HEV hybrid electric vehicle 

NEDC  New European Driving Cycle 

nham number of braking events 

nham/1 km number of braking events per 1 kilometr 

ηreg  percentage recuperation efficiency  

r Pearson correlation coefficient 

RBS regenerative braking systems 

SOC state of charge 

vhsr average braking velocity 

WLTC  Worldwide Harmonised Light Vehicles Test 

Procedure  
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