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ARTICLE INFO  Fuel conversion from heavy oil to natural gas is favoured as a quick remedy for GHG reduction 

from industrial engines in ship propulsion and power generation fields thanks to fewer carbon 
contents in natural gas. In medium-speed gas engines, the ejection of torch flame from a pre-
chamber is often used to promote flame propagation within a main combustion chamber. Although 
orifice specifications affect the ejection behaviour of the torch flame and the following combustion 
in the main chamber, the effects are difficult to fully understand. Some of the authors developed  
a constant-volume combustion vessel that simulated the combustion chamber around the top dead 
centre of a pre-chamber type gas engine and observed the effects of orifice specifications on the 
torch flame ejection and the combustion in the main chamber. Still, the correlation was not con-
cluded due to the lack of physical examination. In the paper, the above measurement results were 
confirmed by using RANS-type CFD considering the larger scale of the target engines, and the 
physical background of the effects of orifice specifications was successfully reproduced. 
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1. Introduction  

Many countries that are signatories to the Paris Agree-
ment have set their action plans to achieve carbon neutrality 
(CN) by 2050, and progress is being made in the develop-
ment of electrification [6] and e-fuels [11] to decarbonize 
prime movers in the field of land transportation. More gen-
erous GHG reduction targets have been set for off-road 
power sources, such as industrial engines and marine en-
gines, because of their long continuous operating time, and 
high average engine load, which results in the difficulty in 
electrification. However, IMO/MEPC80 in 2023 [12] de-
clared GHG reductions in the marine sector should be in 
line with other sectors. Since internal combustion engines 
will account for the majority even when CN is achieved, it 
is essential to shift to non-carbon-containing fuels such as 
ammonia and hydrogen by 2050. Due to the difference in 
combustion characteristics, long-term development is still 
necessary for practical application, and toward the short-
term goal of halving GHG emissions by 2030, gas engines 
purely running on natural gas (NG) should be introduced on 
a large scale. After the widespread use of hydrogen fuel, 
continuous usage of gas engines with e-gas obtained from 
methanation could be the next option [1]. 

The mainstream of current marine gas engines burns  
a lean premixture of NG/air preferring the potential for 
reducing NOx emissions without additional after-treatments 
and improving thermal efficiency thanks to the high degree 
of constant volume [10]. However, due to the lower com-
bustion speed of the lean premixture, it is not easy to com-
plete combustion in a combustion chamber of a larger scale, 
therefore a smaller ignition source or lower ignition energy 
may increase slippage of unburned methane and cycle-to-
cycle variations [8]. For this reason, various enhanced igni-
tion measures have been used for lean-burn gas engines 

instead of a usual open chamber with a spark plug. In me-
dium-speed engines, so-called “precombustion chamber 
(PC) ignition” has been widely studied [14, 15, 20]. In the 
PC ignition, torch flames ejected through orifices bored at 
the tip of a PC are expected to promote the combustion in  
a main combustion chamber (MC) of the lean-burn gas 
engines, to shorten the distance for the premixed flame to 
propagate toward an end-gas zone, and to expand the stable 
combustion range free from misfire and knocking [5].  

PC ignition systems are divided into passive PC ignition 
mainly used in lean-burn gas engines of ca. 200 mm or less 
in the bore, and active PC ignition so in lean-burn gas en-
gines of more than 200 mm in the bore. The former is es-
sentially a small dome-shaped cap attached over an elec-
trode gap of a spark plug. There is no active scavenge of the 
inner PC gas, and the combustible MC mixture is the only 
fuel source that comes in through orifices drilled in the cap 
during a compression stroke. The latter has a PC of larger 
volume and an independent fuel supply path that realises 
the local stratification of the mixture concentration from PC 
to MC and strengthens the ignition potential and penetration 
of the torch flame. The active PC ignition is sometimes ap-
plied to small high-speed SI (Spark Ignition) engines and is 
named TJI (Turbulent Jet Ignition). It has been eagerly stud-
ied to promote combustion in small high-speed SI engines [3, 
16, 25] and some extreme-performance engines [19]. 

Marine lean-burn gas engines, however, have significant 
geometric differences, such as a cylinder bore that exceeds 
the knock limit (ca. 100 mm in bore) of small SI engines,  
a smaller volume ratio of PC to MC and a multi-orifice 
layout in the PC tip. In addition, marine lean-burn gas en-
gines are highly supercharged to keep the mean effective 
pressure compatible with their diesel substitutes under lean 
mixture conditions. These factors push the marine lean-

http://orcid.org/0000-0003-0454-9730
http://www.combustion-engines.eu
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burn gas engines to have an independent fuel supply device 
in their PC. Even so, their stable operation range is strictly 
limited between a knocking limit on the richer mixture side 
and a misfiring limit on the leaner mixture side [21], and 
the active PC ignition for marine lean-burn gas engines [7, 
13, 18] has been investigated and studied separately from 
the TJI for high-speed SI engines. 

In general, because of high cost for experiments and 
measurements in large-scale engines, CFD simulation is 
intentionally utilized to support the development and design 
process of large lean-burn gas engines [2, 9, 24]. For exam-
ple, in-cylinder phenomena such as the mixture formation 
in a PC [17] and pre-ignition initiated by lubricant oil drop-
lets were numerically reproduced [23], although the validity 
of those simulations cannot be secured because of the lack 
of measurements including actual visualization of the torch 
flame in the whole of a MC. There are very few cases in 
which the validity of numerical predictions was examined 
by tracing back the effects of PC orifice specifications on 
the torch flame behaviours in the MC. Moreover, the validi-
ty of the simulation should be examined by comparing it 
with actual visualization data in consideration of the un-
steady nature of lean-burn gas engine’s in-cylinder phe-
nomena such as mixture formation and two-stage ignition 
and combustion process. 

Wakasugi et al. [22] developed a CVCV (Constant Vol-
ume Combustion Vessel) that simulated the combustion 
chamber around the top dead centre of a PC-type gas en-
gine and observed the effects of orifice specifications on the 
torch flame ejection and the combustion process in the main 
chamber. Still, the correlation between them was not con-
cluded due to the lack of physical examination. 

In the study, the above measurement results were nu-
merically confirmed by RANS-type CFD considering the 
larger scale of the target engines, and the mechanism of the 
effects of the orifice specification was successfully repro-
duced and extensively examined in non-combustible ambi-
ent conditions of the MC. 

2. Experimental apparatuses and procedures 
As mentioned, the measurement results acquired by 

Wakasugi et al. [22] were fully adopted for comparison 
with the CFD simulation, since they can be said to be rare 
attempts to investigate the effects of orifice specifications 
by visualizing ejection behaviour of the torch flame from  
a pre-chamber and the following combustion process in  
a main chamber. Although the duplication with the source 
literature is inevitable, the main points for measurement are 
described below. 

Figure 1 and Table 1 show the cross-sectional views of 
the CVCV and its main specifications, respectively. The 
CVCV has a simple pancake-shaped internal volume as  
a Main combustion Chamber (MC) of 240 mm in bore and 
30 mm in height. The MC is nearly equivalent to the clear-
ance volume of a typical medium-speed natural gas engine. 
A Pre-Chamber (PC) with orifices near its bottom is 
mounted on the centre of the CVCV top lid, and the config-
uration of the PC, such as orifice diameter and the number 
of orifices, can be changed by exchanging a PC tip attached 
to the bottom of the PC. The details of tested PC tips will 
be explained later. The PC and MC have independent 

air/fuel mixture intake paths, and each can supply air/fuel 
mixture of different compositions. The bottom wall of the 
MC is entirely made of quartz glass, and the inner surface 
of the MC top lid is mirror-polished. The layout realizes 
full optical access to in-chamber combustion phenomena 
from the bottom window and double-path type shadow-
graph optics.  

 
Fig. 1. Cross-sectional views of the CVCV 

 
Table 1. Main specifications of CVCV 

Main chamber (DMC × MC  H ) 240 mm × 30 mm 

Pre-chamber (DPC × PC  H ) 20 mm × 65 mm 
(upper part w/o PC tip) 

Optical window (Dw × t) 260 mm × 100 mm 
Fused quartz glass 

Max. in-chamber press. 10 MPa 
Ignition device in PC Spark plug 
Mixture supply system PC and MC separated 

3. CFD setup and procedures 
The 3D-CFD simulation by CONVERGE was tried to 

reproduce the above experimental results in the CVCV 
simulating combustion phenomena in a PC-type gas engine. 
Considering the larger scale of target medium-speed en-
gines and the practical CFD usage in the design phase of 
future gas engines, a RANS turbulence scheme was adopted 
to save computational load and time. The details of the 
calculation setup and procedures are as follows. 

The SAGE detailed chemical kinetics solver by Senecal 
[13] was adopted as the combustion model, and the spark 
ignition was modelled by the energy source model. The 
RNG k-ε model was adopted as a typical turbulence model 
in RANS simulation. In general, the SAGE combustion 
model calculates the elementary reaction rate while CFD 
solves the transport equation. However, to reduce the com-
putational expense, this detailed chemistry was only acti-
vated in cells that passed the minimum temperature, and 
HC mole fraction specified in CONVERGE. In addition, 
the multi-zone chemistry model by Babajimopoulos [24] 
was used to expedite the detailed chemistry calculations. 
The reduced primary reference fuel mechanism was used to 
make efficient calculations. The standerd reaction mecha-
nism in CONVERGE was used, and it consists of the re-
duced version of GRI-Mech1.2 by Andrei [9] with an en-
hanced Zeldvich mechanism embedded and consists of 26 
species and 107 reactions for methane. 

Check valve for PC 
Spark plug 
Pre-chamber 
Main chamber 

Press. pickup 

PC tip 

Quartz glass 

Visualization direction of shadowgraph 
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Figure 2 shows the initial meshing of the computational 
domain that models the internal volume of the CVCV. The 
PC and the MC of the CVCV are reproduced with cubic 
cells according to a rectangular Cartesian coordinate. In the 
case of the figure, the reference PC tip is set on the PC 
bottom. As shown in the figure, the orifices of the tested PC 
tips are horizontally bored. 

The cell size was uniformly minimized at 1.0 mm in the 
internal space of the PC including the orifices. Considering 
the unburned gas and the torch flame ejection from the PC 
orifices, groups of cells of a truncated-cone shape were 
attached to the exit of orifices with a minimum diameter of 
about 8 mm and with a spread angle of about 30 degrees as 
shown in the figure. The initial number of cells was set to 
about 275,000. After the start of combustion in the MC, 
however, the Adaptive Mesh Refinement (AMR) was acti-
vated based on the local gradient in temperature and veloci-
ty between the cells, and the AMR automatically contracted 
the minimum cell size to 0.5 mm and increased the number 
of cells to a maximum of 150 million. All the wall tempera-
tures surrounding the CVCV combustion chambers were set 
to 300 K. The heat loss to the wall surfaces was predicted 
by the turbulent heat transfer model based on the boundary 
layer treatment using the nondimensional distance y+ and 
the turbulent kinetic energy. 

For a better understanding of the calculation results, 
preceding jets of unburned PC mixture and following torch 
flames should be distinguished from the ambient gas or the 
mixture in the MC. In the study, the gas components orig-
inating from the PC mixture were identified as marker gas. 

 
Fig. 2. Schematic view of initial meshing of the computational domain for 
the CVCV inner volume with a reference PC tip (Tip #1, see Table 3 and 
 Fig. 3) 

 
The jets of the unburned PC mixture were identified by 

setting the boundary concentration of marker gas to 1.0 

mass%, and the torch flames including the ignited MC 
mixture were identified by setting the boundary cell tem-
perature to 350 K or higher. 

4. Experimental conditions 
Table 2 lists the experimental conditions both for com-

bustion tests and numerical simulations. Photographing 
setups for the combustion tests are also included in the 
lower lines of the table. Following the mixture formation in 
actual PC-type gas engines, the PC is always filled with  
a stoichiometric (PC = 1.0) CH4/air mixture to secure stable 
ignition and strong torch flame ejection. MC gas condi-
tions, however, were determined by the experimental con-
siderations. In the case of non-combustible MC gas, the MC 
is filled with pure nitrogen by shutting off both an oxygen 
valve for artificial air preparation in the primary supply line 
and a CH4 valve in the secondary supply line. In the case of 
MC mixture gas, both the valves are open to prepare  
a CH4/air mixture of an equivalence ratio of MC = 1.7. 

 
Table 2. Experimental conditions 

Gas charging state 1.0 MPa, 300 K 

Fuel gas in PC CH4/air premixture, PC = 1.0 
Ambient gas 
in MC 

N2 (non-combustible) 
CH4/air premixture, MC = 1.7 

PC tips #1#8 on Table 3 

Frame rate 20,000 fps 

Resolution 1024×1024 pixels 

Exposure time 10.0 s 

 
Figure 3 shows a cross-sectional view of the reference 

PC tip: Tip #1. As mentioned above, PC orifices are hori-
zontally bored to make it easy to measure the penetration 
and spread cone angle of the torch flame from the visual-
ized torch flame images through a quartz glass window 
covering the whole bottom surface of the MC. 

 
Fig. 3. Cross-sectional view of the reference PC tip (Tip #1, see Table 3) 

 
Table 3 shows a specification list of eight PC tips identi-

fied as Tip ID: #1~#8. Tip #1 is selected as the reference 
PC tip, in which the orifice diameter; Dori is 3.5 mm, and 
the number of orifices; Nori is set to 8. Tips #2 and #3 have 
Nori of 6 and 10, respectively, and their Dori is determined so 
that the total orifice opening area is almost the same as 
that of Tip #1. For Tips #4 and #5, Nori is set constant at 8 
and Dori is set to 2.5 mm and 5.0 mm, respectively.  

 
 
 
 
 
 

A                                                                               A’ 

Pre-chamber of CVCV Ignition energy input 
volume 

Main chamber of CVCV 

B                                                                                B’ 

cross-sectional view of A-A’ plane 

cross-sectional view of B-B’ plane 

Main chamber 
of CVCV 

Pre-chamber 
of CVCV 

Orifice 
45

 

42 
15 

30 

8


3.
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Table 3. Main specifications of the PC tips 

PC tip ID 

Orifice specifications 
Tip throat diameter 

Dtrt [mm] 
Chamber vol. ratio 

VPC/VMC [%] Diameter 
Dori [mm] 

Length 
Lori [mm] 

Aspect ratio 
(L/D)ori [-] 

Number of holes 
Nori [-] 

Total opening area 
Aori [cm2] 

#1 3.5 7.5 2.14 8 0.770 15 2.3 
#2 4.0 7.5 1.86 6 0.754 15 2.3 
#3 3.1 7.5 2.42 10 0.755 15 2.3 
#4 2.5 7.5 3.00 8 0.393 15 2.3 
#5 5.0 7.5 1.50 8 1.571 15 2.3 
#6 3.5 5.0 1.43 8 0.770 10 2.0 
#7 3.5 7.5 2.14 8 0.770 10 2.0 
#8 3.5 10.0 2.86 8 0.770 10 2.0 

 
Each nozzle tip has a different orifice aspect ratio; (L/D)ori 
ranging from 1.43 to 3.00 and two variations of relative PC 
volume; VPC/VMC at 2.3% (Tips #1#5) or 2.0% (Tips #6 
#8). 

5. Results and discussion 
5.1. Analysis methodology 

In a PC-type gas engine, combustion in an MC pro-
gresses due to the combination of the forced ignition by the 
torch flames and their mixing/combustion promotion effect 
on the MC mixture. To identify the above effects, the 
CVCV can switch the MC ambience to non-combustible 
pure nitrogen or methane-air premixture. Wakasugi et al. 
[22] carried out visualization measurements of the torch 
flame with the MC ambience under both non-combustible 
and combustible conditions. 

In this study, however, as a first step in investigating the 
combustion process of PC-type gas engines, the reproduci-
bility of numerical predictions regarding the influence of 
orifice specifications on torch flame ejection behaviour was 
evaluated by comparing measurement results in non-
combustion conditions with numerical prediction results. 
Moreover, the preceding ejection process of unburned gas 
from the PC, which is difficult to observe with visualization 
experiments was numerically examined. 

5.2. Effects of orifice aspect ratio 
As explained, eight PC tips with different specifications 

were prepared to investigate the influence of orifice speci-
fications, but changing only certain factors is not always 
easy and requires careful consideration of measurement 
results. First, the effects of the orifice aspect ratio; (L/D)ori 
were examined as an example of changing a single specific 
factor of a PC. 

Figure 4 compares the temporal change of the penetra-
tion length and the spreading (cone) angle of the torch 
flame between the measurement results and the simulation 
results when only the aspect ratio was varied in a range of 
(L/D)ori = 1.43, 2.14, and 2.86 by changing Lori = 5.0 mm 
(Tip #6), 7.5 mm (Tip #7), and 10.0 mm (Tip #8) respec-
tively while keeping Nori = 8, Dori = 3.5 mm. Both values 
are averaged over the 8 torch flames from each orifice. The 
displayed time unit: ASOE represents the elapsed time 
since the torch flame started ejecting from the PC. Increas-
ing the aspect ratio extends the penetration of torch flames 
and suppresses their spreading angle. Compared to diesel 
spray, a major feature of torch flame is that there is a high 
inverse correlation between ejection velocity and spread 

angle, but the tendency was relatively small in these cases 
because the ejected momentum was kept the same. It 
should be noted the discrepancy between measurements and 
numerical predictions is large in the early stage of the torch 
flame ejection, and the order of the penetration between 
(L/D)ori = 2.14 and 2.86 is reversed. It may be caused by the 
difficulty in determining the ignition of the unburned me-
thane-air premixture preceding torch flames. In the visuali-
zation, the determination depends on how to distinguish the 
boundary between the unburned mixture and the torch 
flame based on the brightness of the shadowgraph image, 
and in the CFD calculation, it depends on the evaluation of 
the dilution effect by atmospheric nitrogen. Although the 
difference between the two decreases in the late stage of 
ejection as the momentum of the torch flame decreases, 
the influence of underestimation of the measurement seems 
more dominant (See arrows B and C in Fig. 5). As for the 
spreading angle of the torch flame, its trends versus (L/D)ori 
are said to be well reproduced both qualitatively and quanti-
tatively. 

Figure 5 compares the shadowgraph images of the torch 
flame and the visualized results of the numerical prediction. 
The black circle in the centre of the shadowgraph image 
corresponds to the bottom of the PC. The prediction results 
show the area where the temperature surpassed the thresh-
old level in the horizontal cross-section B-B' in Fig. 2. Due 
to the insufficient adjustment of the optical system, false 
information was often superimposed in the shadowgraph 
images as a darkened area of about twice the PC radius 
around the PC (See arrow A in the figure). In addition, 
because of dividing the cylindrical combustion chamber of 
the CVCV with cubic cells, the predicted penetration and 
the shape of the torch flames tend to be different whether 
the direction of mesh division is perpendicular or oblique to 
the torch flame ejection. 

5.3. Effects of throat diameter of nozzle tip 
Second, the effects of the throat diameter of a nozzle 

tip; Dtrt were checked as another example of changing  
a near single PC specification by replacing the reference PC 
Tip #1 (Dtrt = 15 mm) with Tip #7 (10 mm). With this 
exchange, a PC/MC volume ratio; VPC/VMC was also re-
duced from 2.3 % to 2.0 % and the stored energy in the PC 
by 15%, and some throttling effect was given at the same 
time during the flame propagation from a main part of the 
PC to the PC tip. 
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Fig. 4. Effects of (L/D)ori on torch flame penetration and its spreading angle by PC Tip #6 ((L/D)ori = 1.43), #7 (2.14), and #8 (2.86) respectively with  
 Nori = 8 and Dori = 3.5 mm in common, measurement results (left half), and simulation results (right half) 

 

 
Fig. 5. Effects of orifice aspect ratio; (L/D)ori on ejection behaviour of torch flame by PC Tip #6 ((L/D)ori = 1.43), #7 (2.14), and #8 (2.86) respectively 
 with Nori = 8 and Dori = 3.5 mm in common, shadowgraph images (upper row of island), and simulation results (lower row) 
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Figure 6 shows the temporal change of the penetration 
length and the spreading angle of the torch flame compar-
ing the measurement and simulation results. All in all, the 
decrease in Dtrt was observed to cause a slower ejection 
speed from the PC orifice and a wider spreading angle of 
the torch flame. The agreement of both results was qualita-
tively good in these aspects, but the torch flame penetration 
was overestimated especially in the jet-developing process 
of the Dtrt = 10 mm (VPC/VMC = 2.0%) case. The numeri-
cal simulation in the study may overestimate the heat re-
lease rate in the PC and the exaggeration of the throttling 
effect. These suggest that not only the stored energy in the 
PC but also the combustion process and the cross-sectional 
shape are important for predicting the ejection behaviour of 
torch flame. 

5.4. Effects of number of orifices 
Third, the effects of Nori on torch flame behaviour were 

preferentially explored because the number of orifices is an 
important design factor in a PC-type gas engine. It directly 
affects the torch flame distribution and the ignition area in 
the MC mixture. In the study, Nori was set to 6 (Tip #2),  
8 (Tip #1), and 10 (Tip #3) with the total orifice opening 
area; Aori and the PC volume; VPC kept almost constant. So, 
Dori changed to 4.0 mm, 3.5 mm, and 3.1 mm, and 
(L/D)ori changed to 1.86, 2.18, and 2.42 for the Nori = 6, 8, 
and 10 orifice cases, respectively. 

Figure 7 and 8 summarize the measurement and simula-
tion results in the same manner as the previous case. The 

false information was superimposed again in the shadow-
graph images of the Nori = 10 case (See arrow A). Since the 
momentum of a single torch flame is inversely proportional 
to Nori, the Nori = 6 case shows the longest penetration and 
the Nori = 10 shows the shortest. However, the torch flame 
penetration showed little difference until about 1 ms ASOE 
in all cases, then the growth gradient for the 10-orifice case 
got slower around the timing, and the 6-orifice case showed 
a similar behaviour at about 6 ms ASOE. This trend can be 
attributed to the momentum of the individual torch flames. 
The torch flame led by unburned gas in the PC has a sharp-
er tip than two-phase diesel sprays. It suggests the preced-
ing unburned PC mixture could assist the torch flame pene-
tration before slowing down claimed by Zhou et al. [25]. 

The overall reproducibility of the torch flame behaviour 
by the CFD of the study shows good agreement with these 
characteristics of the torch flame. Moreover, prediction 
results for 2 ms ASOE with Nori = 6 hinted that the torch 
flames located in up and down directions in Fig. 6 partially 
quenched at their tip and an unburnt region remains in the 
centre of the tip even after flame development, indicating 
that the ejection intensity of the torch flame can affect the 
combustion process in the MC (See arrow B). Although the 
prediction results successfully reproduce effects on the 
penetration and spreading angle of the torch flame, as well 
as their order among the tested Noris, the predictions overes-
timate the penetration up to around 2 ms ASOE in the early 

 
Fig. 6. Effects of Dtrt n torch flame penetration and its spreading angle by PC Tip #1 (Dtrt = 15 mm, VPC/VMC = 2.3%) and #7 (10 mm, 2.0%) respec-

tively with Nori(= 8) and Lori(= 7.5 mm) in common, measurement results (left half), and simulation results (right half) 
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Fig. 7. Effects of number of orifices; Nori on ejection behaviour of torch flame by PC Tip #2 (Nori = 6, Dori = 4.0 mm), #1 (8, 3.5 mm), and #3 (10, 
 3.1 mm) respectively, with ca. same Aori, measurement results (upper row of island), and simulation results (lower row) 

 
Fig. 8. Effects of Nori on torch flame penetration and its spreading angle by PC Tip #2 (Nori = 6, Dori = 4.0 mm), #1 (8, 3.5 mm), and #3 (10, 3.1 mm) 

respectively, with ca. same Aori, measurement results (left half), and simulation results (right half) 
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images that as Dori increases, the penetration of the torch 
flame decreases and the spreading angle after the torch 
development increases. Unlike the previous experiments 
with almost constant Aori, there was a clear difference 
among the penetrations of the three cases immediately after 
the ejection. This can be explained by the fact that the ejec-
tion speed of the torch flame from orifices could be roughly 
in inverse proportion to Aori or square of Dori, since the 
combustion process in the PC is thought to be the same 
regardless of the nozzle tip specifications. 

5.5. Effects of orifice diameter 
Finally, the effects of the orifice diameter: Dori were in-

vestigated by changing the reference Tip #1 to Tip #4 or 
Tip #5. Dori was 2.5 mm in Tip #4, 3.5 mm in Tip #1, 
and 5.0 mm in Tip #5 keeping Nori(= 8), Lori(= 7.5 mm), 
and VPC/VMC(= 2.3%) at their reference values. The ratio of 
Aori among these PC tips was about 1: 2: 4, and (L/D)ori 
changed from 3.00 through 2.14 to 1.50. So, the effects of 
(L/D)ori should be counted when considering both experi-
mental results. 

Figure 9 and 10 summarize the measurement and simu-
lation results. Again, arrow A in a shadowgraph image of 
the Dori = 5.0 mm case shows that the false information 
was include. It can be seen in the shadowgraph stage of 
ejection and the effects of Nori on the spreading angle. The 
latter may reflect the larger flame contour variation with 
jetting momentum in the spread angle.  

Both the measurement and simulation results showed 
good qualitative agreement with the above behaviour, but 

they do not match quantitatively very well except for the 
reference case of Tip #1. The penetration length was 
unignorably underpredicted in the Dori = 2.5 mm case and 
overestimated in the Dori = 5.0 mm case while the spread-
ing angle was underestimated in the latter case. The reason 
may be that the prediction in this study does not accurate-
ly reflect the stretching and misfiring of a reaction zone 
varied on the ejection speed of the torch flame. In other 
words, in the Dori = 2.5 mm case, the ignitability of the 
preceding PC mixture may be underestimated compared 
to the measurement results. In contrast, it may be overesti-
mated in the Dori = 5.0 mm case. All of these imply the 
importance of investigating the behaviour of unburned gas 
that precedes the torch flame. This will be discussed in 
detail later.  

5.6. Effects of unburned PC mixture ejection 
Figure 11 is an example of the PC configuration of  

4-stroke-cycle lean-burn gas engines. Since the 4-valve 
layout is necessary for high-power-density engines, the PC 
should be in the centre of the combustion chamber, have  
a funnel shape expanding upward, and locate the fuel sup-
ply port and the spark plug on its top surface. This means 
the ignited flame in the PC always propagates from top to 
bottom and a considerable portion of the methane-air mix-
ture inside the PC is discharged being unburned before the 
torch flame ejection. This preceding PC mixture can be the 
origin of the difference between the measured torch flame 
penetration and the predicted one. 

 
Fig. 9. Effects of Dori = 2.5 mm, 3.5 mm, and 5.0 mm on torch flame penetration and its spreading angle by PC Tip #4, #1, and #5 respectively with 
 Nori(= 8) and VPC in common, measurement results (left half), and simulation results (right half) 
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Fig. 10. Effects of orifice diameter; Dori on ejection behaviour of torch flame by PC Tip #4 (2.5 mm), #1 (3.5 mm), and #5 (5.0 mm), respectively 

with Nori = 8 and VPC in common, in the shadowgraph images (upper row of island) and simulation results (lower row) 

 

 
 Fig. 11. Example of cross-sectional view of pre-chamber assembly [4] 

 
Figure 12 compares enlarged views of observed plumes 

of unburned PC mixture in the Nori = 10 case with corre-
sponding ones predicted by the CFD. The latter was visual-
ized as the light yellow iso-surface of 1 mass% of the PC 
mixture (marker gas). The arrows in the shadowgraph im-
ages indicate the position of the visible jet tips of the un-

burned PC mixture. The capture timings of the two are not 
the same due to the difference in storage period. The CFD 
gave so quick diffusion of the PC mixture into the MC in 
advance that the mixture surrounded the outer circumfer-
ence of the PC before the ejection was captured in the 
shadowgraph at 16.0 ms ASOE. After the true ejection 
started, however, penetrations of both experiments seemed 
the same, and their variation among the orifices seemed 
small. Since the diffusion to the MC ambient means dilu-
tion of the preceding PC mixture with inert nitrogen, it is 
expected to affect the ignitability of the mixture by the 
following torch flame. 

Figure 13 collects the predicted behaviours of torch 
flame from the investigation for the effect of Dori with light 
yellow iso-surfaces of the PC mixture superimposed. As 
mentioned in Fig. 11, there was a discrepancy in penetra-
tion length between the observed and predicted torch flame, 
which is presumably due to the lack of reproducibility in 
the entrainment of MC ambient by the ejected PC mixture 
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Fig. 12. Enlarged view of the ejection process of the unburned PC premixture by PC Tip #3 (Nori = 10, Dori = 3.1 mm), measurement results (upper row), 

and simulation results (lower row), arrows in the shadowgraph images 

 
Fig. 13. Predicted relation between the preceding plumes of unburned premixture and the following torch flames by PC Tip #4 (Dori = 2.5 mm), #1 
 (3.5 mm), and #5 (5.0 mm), respectively with Nori = 8 and VPC in common 

 
and in the ignition occurrence from the torch flame. In 
general, the higher ejection speed enhances the MC nitro-
gen entrainment of the PC mixture and the stretch of the 
torch flame, and results in the deterioration of the ignitabil-
ity of the torch flame to the plume of the PC mixture. In the 
Dori = 2.5 mm case, the preceding PC mixture has the 
highest ejection velocity of the three cases, and its entrain-
ment of MC nitrogen progresses since the tip of the premix-
ture decelerates and expands because of the entrainment by 
the time the torch flame starts ejection. The torch flame also 
decelerates significantly as the torch flame travels through 
the unburned premixture, but no ignition of the premixture 
occurs from the torch flame. 

On the other hand, in the Dori = 5.0 mm case, the un-
burned premixture is ignited as early as 2 ms after the torch 
flame ejection, and the flame length increases rapidly, after 
which the torch flame progresses almost entirely into the 
premixture. By Comparing with the combustion visualiza-
tion by the shadowgraph, it is thought that the ignitability of 
the premixture by the torch flame was underestimated in the 
former case and overestimated in the latter. 

 

6. Conclusions 
In this study, the effects of specifications of a pre-

chamber (PC) tip were numerically examined in detail 
based on the comparison with measurement results in  
a constant-volume combustion vessel (CVCV) that simulat-
ed the combustion chamber configuration of a medium-
speed PC-type gas engine. As a first step in investigating 
the combustion process of PC-type gas engines, the repro-
ducibility of CFD predictions regarding the influence of PC 
tip specifications on torch flame ejection was evaluated 
under non-combustion conditions by charging pure nitrogen 
in the main chamber (MC). Moreover, the preceding ejec-
tion process of unburned premixture from the PC was dis-
cussed in some cases succeeding in its visualization. The 
following conclusions were obtained. 
1. The reproducibility of the CFD simulation that consid-

ers the reduction of calculation load for the application 
to a medium-speed gas engine was successfully evaluat-
ed based on measurement results of the torch flame be-
haviour in a constant-volume combustion vessel 
(CVCV) with the same scale as a PC-type medium-
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speed gas engine under non-combustible ambient condi-
tions in an MC. 

2. If other specifications of the PC tips are the same, the 
penetration length of torch flames of a PC-type gas en-
gine is proportional to the ejection velocity or the ejec-
tion momentum of a torch flame, while their spreading 
angle changes inversely. The trends were qualitatively 
and quantitatively reproduced by the applied CFD frame. 
Although the increase in the orifice aspect ratio and the 
decrease in the PC tip throat diameter also give similar 
but relatively weaker trends, the reproducibility of the 
numerical simulation got worse with these parameters. 

3. The numerical predictions consistently tended to overes-
timate the penetration of the torch flame in the early 
stage of the ejection. The discrepancy is probably at-
tributed to the unburned premixture ejection from the 
PC preceding the torch flame. For the applied shadow-
graph optics in the measurements, it was difficult to 
identify the ignited region of the unburned premixture 
by the torch flame, and for the applied numerical predic-
tion, it was difficult to reproduce the entrainment of the 
MC ambient and the ignition process of the unburned 
premixture. 

4. The investigation of the effects of a PC orifice diameter 
showed that the ignition potential of the torch flame 
tended to be overestimated in the larger orifice case of  
a slower ejection speed and less MC ambient entrain-
ment, but it was reversed in the smaller orifice case of  
a higher ejection speed. As for the tip penetration of the 
unburned premixture, detailed observation of the shad-
owgraph images and the visualized prediction results 
were in good agreement, but the simulated penetration 
was somewhat obscure because of the excessive numer-
ical diffusion of the premixture from the orifice into the 
MC ambient and the evaluation uncertainty in the ignit-
ability of the nitrogen-diluted unburned premixture by 
the torch flame. 
As a next step, it is necessary to simulate the whole 

combustion process numerically with the MC charged with 
a lean premixture of CH4/air. By comparing with the exper-
imental results in the MC combustion cases by Wakasugi et 
al. [22], essential flame propagation from the torch flame 
surface into the MC premixture would be numerically clari-
fied, and then a novel and practical index for the combus-
tion-promoting potential of the torch flame such as so-
called “jet intensity” could be formulated based on the PC 
tip specifications. 

 

Nomenclature 
Aori total opening area of PC tip orifices 
AMR adaptive mesh refinement 
ASOE after the start of ejection 
CFD computational fluid dynamics 
CN carbon neutrality 
CPU central processing unit 
CVCV constant volume combustion vessel 
Dori diameter of PC orifice 
Dtrt throat diameter of PC tip 
GHG greenhouse gas 
GRI Gas Research Institute 
IMO International Maritime Organization 
Lori length of PC orifice 
(L/D)ori aspect ratio of PC tip orifice 
MC main combustion chamber 

MEPC Marine Environment Protection Committee 
Nori the number of PC tip orifices 
NG natural gas 
NOx nitrogen oxides 
PC pre-combustion chamber 
RANS Reynolds-Averaged Navier-Stokes equations 
SAGE structural adaptive grid embedding 
SI spark ignition (forced ignition) 
t tickness of oprical window 
TJI turbulent jet ignition 
VMC capacity volume of MC 
VPC capacity volume of PC 
PC global air excess ratio in PC 
MC global air excess ratio in MC 
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ARTICLE INFO  The article is a multi-directional review of the current knowledge in the field of particulate matter emissions 

from motor vehicles, but not related to the combustion process in piston combustion engines. A summary of the 
research results available in the literature was provided regarding the size and composition of particulate 
emissions from abrasive wear of working elements of brake systems and tires. The mechanisms of particulate 
matter formation related to the wear processes of brake pads, discs, and tires were described. Reference was 
made to currently available research results regarding the harmful, toxicological impact on the health of 
chemical components contained in particulate matter, in particular on diseases of the respiratory and cardio-
vascular systems. A critical analysis of various, previously unstandardized measurement and assessment 
methods for the emissions of this particulate matter category was carried out, pointing to future needs. Relating, 
in particular, to the requirements of the new Euro 7 standard. 
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1. Introduction 

Current epidemiological and experimental research on 
environmental pollution related to road traffic more com-
monly focuses on particulate matter (PM). These particles 
range in diameter from a few nanometers to hundreds of 
microns. The evidence obtained in the studies clearly indi-
cated a harmful, toxicological health impact of chemical 
components contained in particulate matter, in particular on 
diseases of the respiratory and cardiovascular systems [2, 
22, 47, 51]. Among all critical risk factors for mortality, 
exposure to ambient fine particulate matter ranks seventh 
(OECD 2017). According to OECD studies, the contribu-
tion of NEE (non-exhaust emissions) to traffic-induced 
particulate matter concentrations in local hotspots may 
exceed 50% [50, 122], which highlights the importance of 
NEE in urban environments. 

PM emitted from motor vehicles are classified based on 
two main sources of origin, i.e. exhaust emissions, which 
represent PM resulting from incomplete combustion of fuel 
and lubricating oil in the combustion chamber, and PM 
emissions not related to the combustion process in the en-
gine resulting from braking processes, tire wear as well as 
the resuspension of particles generated by road traffic [59, 
138, 139, 142]. Non-combustion emissions (NEE) from 
road traffic refer to particles released into the air as a result 
of the wear of the friction elements of the braking system, 
tires, road surface, and road dust re-suspension during vehi-
cle use on the road [10, 39, 42, 46, 110]. The size, chemical 
composition, and emission rate of particles from such 
sources affect the concentration of particles in the atmos-
phere and how harmful they are to human health. Such 
particles have a chemical composition and size different 
from particulate matter in exhaust gases. 

NEE arises regardless of the type of vehicle and the type 
of its drive unit (power source). With the implementation of 
the vehicle exhaust emission control policy and the succes-
sive reduction of permissible emission limits for regulated 
exhaust gas components, the emission of particulate matter 
arising from the combustion process in engines has gradual-

ly decreased, and the relative share of particulate matter 
emissions from brake and tire wear has therefore grown 
unchecked. The concentration of airborne particulate matter 
is often referred to as PM10. These are particles with a di-
ameter of less than 10 µm expressed per unit volume. In 
certain conditions, car brake materials also emit ultrafine 
particles (with diameters below 0.1 µm), and their numeri-
cal concentration is several orders of magnitude greater 
than the concentration of fine particles (PM10) [8, 84, 129, 
155]. 

It was noted in other studies that particulate emissions 
from brake wear in Europe are made up of 30% (PM2.5) and 
40% (PM10) for emissions from sources unrelated to com-
bustion in engines [18, 32, 45, 53]. PM emissions not relat-
ed to the combustion process accounted for a share ranging 
from 30% (PM2.5) and 45% (PM10) in 2010 to 54% (PM2.5) 
and 69% (PM10) in 2020 (after the introduction of DPF 
filters), and will probably exceed 90% in 2040 (Fig. 1) [18]. 
Research results indicate that particles originating from the 
wear of brake friction elements may constitute up to 21% of 
the total amount of PM10 emitted by motor vehicles in 
large urban areas, of which approximately 35-55% is sus-
pended in the air, the remaining portion is usually deposited 
on the brake system elements. or on the road surface [52, 
71, 79, 87, 142, 162]. The tire wear process generates and 
releases particles that consist of degraded tire tread com-
pound (elastomer) mixed with minerals from the road sur-
face. These particles are often called tire and road wear 
particles (TRWP) [56, 83, 134, 152]. Studies conducted 
over the last 10 years show that tire particulate matter emis-
sions range from 0.2 kg/year/capita in countries with low 
vehicle numbers to 5.5 kg/year/capita in countries with high 
vehicle numbers. Therefore, the average is approximately 
0.8 to 1 kg/year/inhabitant [14, 15, 81, 148]. Tire wear 
causes the formation and emission of microplastics, which 
constitute a huge environmental pollution problem.  

Electric vehicles have been gaining increasing populari-
ty for over a dozen years now [13, 78, 126]. The research 
results from various sources regarding the particulate matter 
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emission produced from the wear of brakes and tires vary. 
Some studies indicate that these emissions may be greater 
than the total PM emissions from an internal combustion 
engine vehicle (ICEV) [16, 143]. Many researchers indicate 
that electric vehicles are about 20% heavier than ICEVs due 
to the mass of their batteries, which would be expected to 
cause particulate emissions from increased brake wear, tire 
wear, road wear, and road dust resuspension [1, 131]. 
 
a) 

 
b) 

 
Fig. 1 Changes and forecasts of emissions from exhaust gases and other 
sources (brake, tire, and road wear) and total PM emissions from road 
 transport in the EU27: (a) PM10; (b) PM2.5 [32] 

 
On the other hand, it should be noted that the amount of 

braking done in battery electric vehicles is typically several 
times lower due to the use of a regenerative braking system. 
Despite this, recent studies based on updated emission 
analyzes have shown that the high mass of electric vehicles 
can offset the positive effect of regenerative braking on 
reducing particulate emissions [16, 63, 143]. The results of 
other studies state that electric vehicles' particulate emis-
sions are comparable to conventional ICEVs' emissions 
[150]. Consequently, further research is needed to better 
understand the overall impact of vehicle electrification on 
emissions primarily related to braking and tire wear. 

Emissions of regulated substances, including PM, from 
combustion engines have been restricted based on emission 
limit values for more than 30 years. There are no legal 
restrictions on non-exhaust emissions relating to particulate 
matter emissions and their resuspension. Already, NEEs 
have supplanted exhaust emissions as the largest source of 
PM emissions from road traffic. The growing trend in NEE 
emissions is also indicated by data from EU vehicle emis-
sions analyzes done up to the year 2021 [28, 106] and after 
[6]. Most importantly, this major source of PM emissions 
from road traffic is currently not subject to any legislative 

process. It is therefore essential that future regulations in-
troduce restrictions on NEEs and their contribution to total 
PM emissions. Taking this into account, the European Un-
ion has proposed that the standard currently being devel-
oped for limiting emissions of harmful components from 
motor vehicles – Euro 7 – should include reductions in 
particulate emissions not only from ICE exhaust gases [51, 
142, 149]. However, the biggest problem that remains to be 
solved before the introduction of the new Euro 7 standard is 
the development of a standardized method for measuring 
NEE PM that will ensure obtaining reliable, repeatable 
measurement results.  

The measurement of particulate emissions from NEE is 
a complicated challenge due to the open configuration of 
the vehicle brake system and the tires operating in the area 
of significant air flow influence. As a result, the particles 
are immediately diluted and dispersed by the surrounding 
air. This means that making repeatable measurements be-
comes a complex and difficult task. Moreover, measure-
ment conditions on the road are greatly influenced by a set 
of highly variable parameters. In this regard, performing 
emission measurements in real operating conditions (RDE) 
becomes essential for a better understanding of the actual 
emission behavior and its reliable assessment. This led to 
the establishment of a dedicated Working Group on Particle 
Measurement Program (PMP) for the United Nations Eco-
nomic Commission for Europe (UNECE) to develop  
a dedicated PM measurement methodology for NEE 
sources. Overall, further detailed investigation of PM from 
NEEs is necessary to reduce road traffic-related PM emis-
sions and assess future health risks [1, 51, 142, 149]. 

The aim of this article was to perform a broad literature 
review, systematize the existing knowledge and to critically 
analyze it in the field of NEE. 
 
2. Particulate emissions from brakes and tires 

Non-combustion emissions (NEE) refer to particulate 
emissions released as a result of wear of brake friction 
elements, corrosion processes [52, 53, 162], tire-road sur-
face interactions [69], and particle resorption [106, 127]. 
The vast majority of the brake and tire mass that becomes 
particles is released as the result of abrasion processes. 
Moreover, it has been shown that both sources can emit 
ultra-fine particles through thermochemical processes 
[157]. When assessing the emission of particulate matter, it 
is necessary to take into account not only their mass distri-
bution but also their size distribution, as well as their quali-
ty (e.g., chemical composition and biological effect). The 
amount of emissions and the composition of PM from the 
wear of brake components can vary depending on many 
factors, the most important of which are:  
 composition of the brake pad friction material, which 

may be organic or metallic. When specifying the mate-
rials from which brake pads can be made, the following 
should be mentioned: organic pads without asbestos 
(NAO – non-asbestos organics), low-alloy steel, carbon 
and aluminum [41, 155]. Metallic pads are divided into 
low-metallic (LM) or low-alloy, semi-metallic (SM) and 
fully metallic (rare). The Economic Commission for Eu-
rope (ECE) typically refers to the most representative 
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brake pads for Europe, which are either LM or SM [20, 
26, 105, 132]. The results of previous research have 
shown that replacing ECE pads with NAO pads can re-
duce PM emissions from brakes [84, 129, 140, 159, 
160]. The reduction was approximately 62% for PM10, 
55% for PM2.5, and 64% for PN. It was also shown that 
brake disc wear can be easily reduced by replacing LM 
brake pads with NAO pads [155]. Brake pads described 
as NAO are popular in the USA, Japan, and Korea, 
while brake pads described as ECE are the most popular 
in Europe. Brake discs made of grey cast iron (GCI) are 
often used because of their high melting point, high heat 
storage capacity, as well as damping. Their other ad-
vantages are good castability and machinability [12, 
105]. It is estimated that for brake discs made of grey 
cast iron, cooperating with high emission brake pads of 
the ECE type, the disc contributes to the emission of 
approximately 60% of the total PM mass [60, 64, 130, 
136], while when using ceramic discs, this share can be 
reduced to < 5% [130]. When drum brakes were used, 
the brake drum with GCI contributed approximately 
37% of the total mass of PM emissions [64] 

 type of brake assembly, including discs, drums, their 
sizes, surface structure, and groove depths [41] 

 vehicle operating conditions, including initial speed, 
deceleration rate, fluid pressure acting on the brake pis-
tons, torque, and brake temperatures [41, 75, 128].  
Generally speaking, the processes of brake wear and 

changes in kinetic energy or energy dissipated from the 
brakes are all related [35, 61, 103, 159]. Therefore, in the 
case of specific, identical braking cycles, the wear of brake 
friction elements should be correlated with the load (vehicle 
mass) [33, 143]. Reliably estimated emission factors are 
necessary to calculate with the required precision the con-
tribution of PM emissions to the total PM emissions of  
a vehicle, as well as to estimate the emission reduction 
potential of different brake technologies and materials. To 
determine the emission factors, the required measurements 
shall be carried out both under laboratory conditions (e.g. 
PoD on dynamometer) and in the vehicle (chassis dyna-
mometer, road measurements). In practice, measurements 
can be made using different equipment and test methods 
(most often gravimetric filtration method, optical and elec-
trical meters, etc. ) using different driving cycles [99, 146]. 
Therefore, in the past, various tests were used in which 
different test conditions were expected (ambient tempera-
ture, simulated vehicle mass), and the tests used different 
methods of determining the emission factors. Therefore, 
due to differences in methodology, test formulae and meas-
urement instrumentation used, a direct, reliable comparison 
of the emission factors thus obtained may be subject to 
significant error [38, 52, 57, 93, 95, 116, 119, 122, 125, 
132, 153, 158]. It will not be until the introduction of the 
EU – Global Technical Regulation (GTR 24) on PM emis-
sions from the brakes of light motor vehicles that it will 
become possible to standardize measurement procedures. 
This regulation specifies the test procedure, the necessary 
system requirements, the test conditions, and the method 
and scope of equipment preparation for the WLTP-B test 
cycle using brake dynamometers. Table 1 summarizes the 

mass-dependent emission factors (mg/km/B) or particulate 
emissions (#/km/B) from different sources measured ac-
cording to the requirements of GTR 24 for light vehicles, 
i.e. according to the WLTP-B test cycle. [45]. 

Not the entire mass of the worn brake pad and disc ends 
up suspended in the air as the so-called total suspended 
fraction. It usually constitutes 30–42%, with the majority of 
the airborne fraction being PM10 (usually ≫ 80%) [4, 48, 
60, 62, 68, 95, 116]. The results of the tests showed that 
from a theoretical point of view, about 43% of the fraction 
corresponded to a median mass with a particle diameter of 
approximately 6.3 µm [81]. PM size distributions measured 
in the same study showed that the mass peak was expected 
in the PM range of 3–6 µm [15, 82]. From the analysis of 
the results of many tests carried out in accordance with the 
GTR 24 standard, WLTP-B test cycle [38, 52, 57, 93, 95, 
116, 119, 122, 125, 132, 153, 158], of which some are 
shown in Table 1, the PM2. 5 to PM10 ratio was found to 
be 40% for ECE brake pads, 45% for NAO brake pads, 
59% for CC and HMC brake discs and 60–100% for drum 
brakes [54, 160]. 

The constantly growing share of electrified (hybrid) and 
fully electric vehicles means that more attention ends up 
being paid to measuring their NEEs. On the one hand, it is 
assumed that the NEE value for such vehicles will increase 
due to their higher mass (between 15 and 25%) but on the 
other hand, it should also be assumed that it will decrease 
due to the high rate of regenerative braking and thus the 
lower actual use of friction brakes [16, 67, 133, 143]. So 
far, the number of available research results, based on 
which PM emission factors from brakes in electrified vehi-
cles were determined, is limited [33, 61, 103, 143, 159]. 
Selected results are included in Table 2. In this case, the 
emission factors, which are absolute values, were lower 
than those given in Table 1, where the results were based 
solely on total frictional braking. As a result, compared to 
ICE equivalents, the reductions obtained are usually > 60% 
(Table 2) [45]. 

The emission factors described apply only to particu-
lates (i.e. those that do not evaporate at 350°C) and to total 
particles, without a separate nucleation mode. The volatile 
nucleation mode occurs when the brake friction elements 
exceed the permissible (critical) temperature, usually within 
the range of 165 to 240°C [16, 48, 49, 94, 119, 126]. In 
such cases, the increase in emissions may be several orders 
of magnitude higher and is dependent on local supersatura-
tion rates. Therefore, further tests in accordance with the 
GTR 24 protocol are necessary to confirm the repeatability 
of the results in such cases of brake operation. 

Moreover, in accordance with the current version of 
GTR24, the PM10 emission factors for electrified vehicles 
shall be calculated using the PM emission factor of the 
internal combustion engine vehicle (ICV) using the so-
called friction braking contribution coefficients [55]. For 
plug-in hybrid vehicles (PHEV), the friction braking con-
tribution factor is set at 0.3 and for fully electric vehicles at 
0.15. In practice, both electrification variants have slightly 
higher measured PM emission factors than those used in the 
above calculation method. Properly selected factors are  
a good first approximation for a typical mid-size electrified  
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Table 1. Particle matter emission factors of friction brakes related to vehicle mass (mg/km/B) or number of particulates emitted (#/km/B) measured ac-
 cording to the light vehicle brakes procedure GTR 24, i.e. with the WLTP-B braking cycle, unless otherwise specified 

Year Reference Type Pad Mass 
kg 

PM10 
mg/km/B 

PM2.5 
mg/km/B 

PN  109 
#/km/B 

Comments 

2021 [97, 98] Disc ECE 1700 8.5 4.5 3.5 Medium sedan 
2021 [77] Disc LM 2250 4.7 2.4 1.0 Class J 
2021 [77] HMC LM 2250 2.1 1.2 1.3 Class J 
2021 [77] CC LM 2250 1.4 0.9 0.8 Class J 
2022 [99] Disc ECE 1800 4.5 1.45 3.4 Luxury sedan 
2023 [88, 100] Disc ECE 1600 6.0 2.0 2.2 Class C 
2023 [88, 100] Disc NAO 1600 2.3 0.7 1.0 Class C 
2023 [88, 100] Disc ECE 1668 10.7 3.8 8.6 Class J 
2023 [88, 100] Disc ECE 2623 9.1 3.1 3.3 SUV 
2023 [88, 100] Drum n/a 1253 0.5 0.3 1.7 Super mini 
2023 [101] Disc LM 1660 5.3 2.8 4.3 Class C 
2023 [101] Disc NAO 1660 3.9 2.2 1.8 Class C 
2023 [101] Disc ECE 1660 1.5 0.9 5.1 Class C 
2023 [101] Drum LM 2041 1.1 0.8 2.8 Class C 
2023 [101] Drum NAO 2041 0.3 0.3 0.5 Class C 
2023 [101] Disc ECE 2113 7.6 3.5 3.9 Class J 
2023 [101] Disc ECE 2027 4.1 1.2 2.1 Luxury sedan 
2023 [94] Disc ECE 1840 6.5 1.8 0.5 Japanese market 
B – brake; CC – carbon ceramic; D – disc (GCI); ECE – Economic Commission for Europe; GCI – grey cast iron; HMC – hard metal coated discs; 
LACT – Los Angeles City Traffic; LCV – light-commercial vehicle; LM – low metallic; NAO – non-asbestos organic; SUV – sports utility vehicle. 

 
Table 2. Particulate emission factors from electric vehicle brakes related to vehicle mass (mg/km/V) or number of particulates emitted (#/km/V), percent-
ages in brackets include emission reductions compared to electric vehicles with their ICE counterparts with friction brake only (i.e. regenerative braking 
 disabled) 

Year Reference Type Pad Vehicle or 
Mass 

PM10 
mg/km/V 

PM2.5 
mg/km/V 

PN  109 
#/km/V 

Comments 

2020 [89] Disc NAO 1600 2.0–2.3 1.0–1.4 1.3–8.9 PHEV 
2021 [102] Disc n/a 1800 0.9 – – BEV 
2023 [101] Disc ECE 1660 5.7 (–62%) 3.4 (–57%) 7.3 (–40%) PHEV 
2023 [101] Disc ECE 1660 3.1 (–79%) 2.3 (–71%) 2.1 (–82%) BEV 
2023 [103] Disc ECE 1350 10.5 4.5 141 HEV, Chassis, 

WLTP-E 
2023 [104] Disc ECE 1228 – – 0.5* (–4%) Chassis, WLTP-B 
2023 [104] Disc ECE 1228 – – 0.5* (–65%) Chassis, WLTP-E 
2023 [104] Disc ECE 1228 – – 4* (< 90%) Chassis, RDE 
2023 [80] Disc NAO 1553 0.3 (–86%) 0.14 (–78%) 0.05 (–84%) PHEV, WLTP-B** 
* back-calculated for emissions without regenerative braking and multiplied by 2,83/0,83 to be converted into total emissions related to the brakes of 
the rear axle; ** multiplied by 2.83 to convert to vehicle emissions. n/a = not available. 

.
vehicles. However, given the multitude of different topolo-
gies and performance capabilities of electrified powertrains, 
a single factor per vehicle group will never reliably com-
pare emissions from conventionally powered vehicles to 
electrified vehicles. Therefore, a suitable, dedicated method 
for determining vehicle-specific coefficients is already in 
development and will be added to GTR at a later stage. 

The tire structure includes the following elements: tread, 
tire shoulder, tire side, belt ply, cord ply, inner lining, etc.  

The tire wear process is quite complex, but it can be re-
duced to three main factor groups that influence it: 
 related to the tire (structure, material, wear resistance, 

etc.) 
 related to the vehicle (suspension parameters, load, 

speed, driving force, etc.) 
 related to the environment (road conditions, tempera-

ture, method of operation, etc.). 
The wear mechanism for rubber is very important for 

the tire wear particle generation process, which needs to be 
investigated. In the field of tribology, research on the rub-
ber wear mechanism is relatively mature, including fatigue 
wear, friction wear, adhesive wear, and chemical erosion 
wear [92, 162]. While driving (accelerating, braking, turn-

ing), the tires have direct contact with the ground and sup-
port the vertical, lateral, and tangential load and reversing, 
capsizing, and rolling resistance moments. When tires con-
tact the ground, direct friction and slippage occur, which 
causes micro-cutting and tearing of tires and the road sur-
face. The wear process then progresses between the tires 
and the ground. When the cumulative friction energy in the 
relevant contact area reaches the critical energy, the tire 
surface is damaged; some of this surface is removed in the 
form of abrasive chips [1], and wear occurs. Tire wear 
usually manifests itself in the form of mixed tire and road 
surface wear, each accounting for approximately 50% [34]. 

The share of tire and road wear particles (TRWP) in PM 
emissions was estimated at 5–30%, up to 10% of the tire 
wear weight emits particulate matter in the air with a size of 
< 10 μm [36]. The literature [152] has collected and ana-
lysed data on PM size distribution, including tire wear par-
ticles (TWP) and TRWP. The test results included particle 
sizes from 1 μm up to hundreds of μm for road simulators, 
from about 0. 4 to 20 μm for road tests and above 1 μm up 
to 200 μm from road run-off. The results discussed in [34] 
placed the diameter of TRWP in the range of 4 to 350 µm, 
with an average diameter of 100 µm and a particle density 
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of 1.8 g/cm3. Similar results were presented in [24, 52, 88, 
89, 98]. As in the case of particle size testing from brake 
friction wear, differences in TWP and TRWP measurement 
results occur due to different testing procedures, sampling 
systems, and particle size measurement systems. The re-
search described in [162] showed that the number of parti-
cles consists mainly of ultrafine particles with a maximum 
concentration of 100 nm. The particle mass was mainly 
represented by fine and coarse particles with a maximum 
concentration of 0.5 μm and 1.3–2.5 μm. 

Table 3 compares the degree of tire tread wear and the 
PM emission factor (EF) for cars equipped with different 
drive systems operating in different road conditions. "To-
tal," in this case, indicates the ratio of total tire tread loss 
and the total vehicle traveled distance. The obtained re-
search results have shown that the degree of tire tread wear 
of electric vehicles was 1.2 times greater than that of vehi-
cles powered by combustion engines due to their 20% 
greater weight [94, 161]. At the same time, the degree of 
wear of the tire tread of a vehicle powered by a compres-
sion-ignition engine was 5% higher than in the case of  
a vehicle powered by a spark-ignition engine due to the 
slightly (~2%) greater mass and greater (~20%) engine 
torque. Analyzing the effect of road type, tire tread wear 
rates were 10% and 50% higher on rural roads and high-
ways, respectively, than in urban areas due to the increased 
wear occurring when travelling at high speed. Generally, 
tire tread wear rates have been found to be highest in urban 
areas, followed by highways and rural roads [43, 94]. The 
research did not take into account the impact of braking 
events on tire wear because each tested vehicle moved on 
an asphalt surface at a constant speed, without changing the 
direction of movement and without braking. Based on the 
PM10 and PM2.5 tire wear EFs, it was estimated that tire 
tread wear was responsible for 5% of PM10 particle emis-
sions, 16% of which were classified as airborne PM2.5 parti-
cles [67, 161]. The EF values of PM10 for the SI vehicle, the 
CI vehicle and the electric vehicle were 7.9, 8.4 and 10.1 
mg/V·km, respectively, and the EF for PM2.5 was 1.3, 1.3 
and 1.6 mg/V·km respectively. Typically, the degree of tire 
tread wear was strongly related to the weight of the vehicle 
and the maximum torque of the drivetrain. In the case of the 
tested vehicles, the maximum torque values of the vehicle 
powered by a spark ignition engine, a compression ignition 
engine and an electric vehicle were 265 Nm, 320 Nm and 
395 Nm, respectively [43, 94, 161]. However, since the 
vehicles travelled on the test track at a constant speed, the 
effect of the torque difference on tire wear was negligible. 
Differences in PM EF tire wear depending on vehicle type 
resulted primarily from the difference in vehicle weight 
[161]. 

3. Formation mechanisms of particulate matter not 
related to the combustion process 
Non-combustion particles arise from a variety of vehi-

cle-related sources. The main sources are: 
 Wear of brake friction elements. Emissions resulting 

from brake wear arise both as a result of mechanical 
processes, due to the impact of friction on brake linings 
and discs during braking, as well as volatilization pro-
cesses of brake pad materials as a result of very high lo-
cal temperatures [156]. PM emissions from brakes de-
pend on the type and geometry of the brakes, the wheels 
and the rim. The flow of air through the rims to cool the 
brakes and discs also plays a key role in the wear char-
acteristics. Emissions are also sensitive to the driving 
style of the driver. Studies have shown that PM emis-
sions caused by mechanical processes are usually larger 
and contain particles with larger diameters, and are 
therefore decisive for the volume of PM mass emis-
sions. Emissions resulting from thermal processes in-
clude much smaller particles, they are strongly correlat-
ed with brake temperature and constitute the vast major-
ity of PN concentrations [99, 114, 122, 142, 156, 164]. 
The contribution of PM2,5 typically accounts for about 
one third of the total PM10 emissions from wear of fric-
tion brake components [53]. 

 Tire wear. The surface of the tire in contact with the 
road surface is gradually abraded. This leads to the for-
mation of large amounts of small rubber particles that 
cover a wide range of sizes below 10 micrometers, thus 
contributing to the formation of PM10 and PM2.5. Gener-
ally, emissions from tire wear arise mechanically as  
a result of friction between the tire tread and the road 
surface or as a result of the volatilization of substances 
[53, 99]. Studies show that ultrafine PM concentrations 
are generally low [52, 99] and usually correlate with 
"abnormal" or "extreme" driving conditions [98]. 

 Road surface wear. Friction between the tire surface and 
the road surface not only leads to tire abrasion, but also 
to the abrasion of the road surface. 

 Suspended road dust. Dust from various sources, includ-
ing abrasion products of various vehicle elements, set-
tles on road surfaces. Road dust studies have shown that 
much of it falls within the particle size range PM2,5 and 
PM10. 
The mechanical interactions between the brake pad and 

the disc generates brake wear particles (BWP) of various 
sizes during the braking process [154]. Most studies indi-
cate a unimodal mass distribution of BWP sizes with diam-
eters in the range of 1–10 μm [59, 75, 76, 84, 88, 112]. The 
quantitative distribution of BWP depends on factors such as 

 
Table 3. EFs of non-exhaust tire wear PM emitted from the ICEVs and EV according to road type [161]

Model Tire tread wear rate (g/V·km) Tire wear PM EF (mg/V·km) 
Urban 
areas 

Rural 
roads 

Motorways Total Urban areas Rural roads Motorways Total 
PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 

Gasoline 
ICE 

123.3 135.6 200.0 158.9 6.2 1.0 6.8 1.1 10.0 1.6 7.9 1.3 

Diesel  
ICE 

132.7 141.9 209.5 167.4 6.6 1.1 7.1 1.1 10.5 1.7 8.4 1.3 

EV 160.7 178.1 246.8 201.7 8.0 1.3 8.9 1.4 12.3 2.0 10.1 1.6 
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brake pad material [115, 128] and operation history [35]. 
Moreover, the brake temperature may influence the BWP 
size distribution above the critical brake temperature in the 
range (140°C < Tcrit < 240°C) when the smallest BWPs are 
generated [8, 9, 35, 107]. The research has shown that at 
temperatures T > 185°C, particles with a size of 0.011–
0.029 µm were numerically predominant [110]. Other stud-
ies [8] found that the emission of particles with a size of 
0.011–0.034 µm increased for temperatures in the range of 
165–190°C. It was also found that the average density of 
the particle material slightly depended on the aerodynamic 
diameter of the particle in the range of 0.06–10 µm, which 
means that the mass fraction of ultrafine particles in PM10 
can be assumed to be equal to the volume fraction [8]. To 
sum up, the following statements could be made: 
 The temperature of the brake friction elements has  

a significant influence on the number and mass fractions 
of ultrafine particles [110]. 

 At temperatures below 200°C, ultrafine particles have 
no measurable mass contribution to PM10 [110]. 

 At temperatures above 200°C, the mass share of ul-
trafine particles in PM10 reached several dozen percent. 
This fraction generally increased with temperature and 
decreased with slip duration [110]. 
During the production process, after the pressing ma-

chine, the brake pads are heat treated by scorching. In this 
process, the surface of the blocks is exposed to high tem-
perature (usually above 700°C) for a short time (from sev-
eral dozen seconds to several minutes) [25, 97]. This results 
in the removal of the less thermally stable phenolic resin as 
a result of the carbonization reaction, and its absence in-
creases the brittleness of the surface, which becomes more 
abrasive than the surface of brake pads that were not 
scorched. Higher abrasiveness of the friction surface results 
in faster smoothing of both new pads and new friction sur-
faces of discs, but on the other hand it is responsible for 
greater wear of pads and discs, and therefore increased PM 
emissions when they start to be used. Due to carbonization 
reactions, the friction surface of new brake pads may con-
sist of more condensed organic substances, including vola-
tile and semi-volatile organic compounds. These com-
pounds can evaporate from the friction surface when brak-
ing and be released in the form of ultrafine particles smaller 
than 0.1 μm. A more adhesive nature of the friction phe-
nomenon begins to take place as the contact surfaces be-
come smoother as a result of abrasive polishing accompa-
nied by the formation of a stable friction layer. The pres-
ence of stable primary and secondary contact surfaces is 
believed to be crucial to maintaining the desired friction 
parameters without excessive wear due to abrasion caused 
by the movement of loose abrasive particles [25, 96, 120]. 

Tire wear particulates are produced mechanically as  
a result of shear forces occurring between the tire tread and 
the road surface. The physical properties of such particles 
vary depending on driving style, tire material, road condi-
tion, the weather, etc. [69]. Tribological mechanisms of 
rubber wear are known and understood, including fatigue 
wear, friction wear, adhesive wear, and chemical erosion 
wear [1, 34, 36, 89, 118, 123, 152, 162]. As a result of 
friction and slip, micro-cracks and cracks in the tire and the 

road surface are formed, causing continuous, increasing 
wear. Particulate formation occurs when the accumulated 
local friction energy in the area of contact reaches enough 
energy to damage (critical energy) the tire surface in the 
area of contact with the road surface. Tire wear typically 
occurs simultaneously in different forms, as a mixture of 
tire wear and road surface wear, accounting for about 50% 
of each type of wear. Variable factors influencing tire wear 
include tire characteristics (e.g., its composition, construc-
tion), road surface characteristics and operating method, 
and vehicle characteristics (e.g., speed, cornering method, 
vehicle weight, and power) [11]. The tire operating temper-
ature and the interaction of the tire surface with the road 
surface material are also important [3, 56, 83]. BWP sam-
pling and TRWP (tire and road wear particles) measure-
ments in road conditions may be carried out according to 
various methodologies [30, 66, 121]. Research carried out 
in accordance with the TRAKER method showed that par-
ticles collected behind the front wheels of a car have a PM 
size distribution reaching 2–3 μm, with a high content of 
earth's crust elements, which indicates a high share of PM 
from road wear and dust [17, 88, 90]. 

4. Composition of solid particles not related  
to the combustion process 
Friction elements materials of the braking systems must 

meet several basic requirements, the most important of 
which are high wear resistance, high coefficient of friction, 
and limited noise and vibration [20, 26, 45]. These materi-
als can be broadly divided into organic and metallic. Other 
categories that are usually rarely used are ceramics, carbon 
(only for high brake heating temperatures), and aluminum 
(only for light vehicles and rear brakes) [26]. Brake pads 
consist of various components, the most important of which 
are binders, fillers, friction enhancers, reinforcing fibers 
and lubricants, while the brake disc is usually made of grey 
cast iron with additional coatings to improve performance. 
Fibrous ingredients play a key role in strengthening the 
friction material. Since the ban on asbestos, many different 
new fibers have been developed for use in brake friction 
materials. Among them, organic fibers are based on cellu-
lose, aramid, or natural plants, while inorganic fibers are 
made of metals or minerals. Fibers improve the strength 
and tribological properties of friction materials [45, 132, 
159]. The synergistic effect of different fibers is often 
sought to improve the performance of friction materials [45, 
159].  

Grey cast iron (GCI) is the most commonly used mate-
rial for brake discs used in cars [12, 105, 135]. However, 
GCI has poor corrosion resistance and excessive wear, 
which results in high particulate emissions from the brakes. 
The results of the tests have shown that corrosion of brake 
discs reduces the braking performance by reducing the 
coefficient of friction and, at the same time, significantly 
increases both the number and the mass of particulates 
emitted (between 2 and 30 times compared to a non-
corroded disc under the same test conditions) [44]. Various 
technological processes and conditioning forms (e.g. cryo-
genic, thermal) are used to improve tribological parameters 
and reduce brake disc wear [117, 135]. Another preferred 
solution that may be employed is to apply a special abra-



 

Vehicle related non exhaust particle emissions – Euro 7 requirements 

COMBUSTION ENGINES, 2024;199(4) 21 

sion resistant coating to the disc surface, e.g. a hard metal 
coating (HMC), using tungsten carbide, cobalt or chromium 
carbide [12, 151]. Another option would be to use carbon-
ceramic (CC) brake discs. Despite the high costs, CC and 
HMC discs are becoming an increasingly popular method 
of reducing the amount of particles produced [44, 58, 130]. 
Tires typically consist of rubber/elastomers, fillers, addi-
tives, reinforcing agents and vulcanizing agents, which vary 
depending on the tire type and application [152]. For exam-
ple, truck tires contain about 80% natural rubber, while 
passenger car tires contain only about 15% [21]. Some of 
these can be used as markers for tire wear in the environ-
ment. Such examples include components used in the vul-
canization process, such as 2-(4-morpholinyl)-benzothia-
zole [86] and Zn, [67] or those originating from thermal 
decomposition of tire tread polymers [147] such as styrene, 
isoprene, dipentene, butadiene, vinylcyclohexene, and ben-
zothiazole. Benzothiazoles are used in the ISO standard to 
determine TRWP (tire and road wear particles) [77]. Com-
pared to particles from tires themselves, TRWPs also in-
clude metals from brake linings and road surface materials 
and contain lower concentrations of polymers [3, 83]. 

The large variety in the compositions of currently used 
brake pads causes large differences in the chemistry and 
morphology of the emitted particulates [84, 95, 104, 155]. 
The composition of particulate matter from brakes and the 
degree of their emission are also influenced by the condi-
tions in which braking occurs (pad pressure on the disc 
during braking, disc/pad temperature, and environmental 
conditions, etc.) [41, 75, 84, 88, 104, 111, 127]. Brake 
operations are primarily related to the emission of particu-
late matter Fe, Cu, Zn, Ba, and Sb, which are used as indi-
cators of brake wear [23, 27, 70]. Moreover, gasification of 
the resins contained in brake pads often occurs, and hydro-
carbon particles are formed [27, 41, 128]. In turn, metal 
oxides may be formed as a result of metal oxidation [75]. 
The particle size distribution from brake wear is usually 
homogeneous, with peak particle size ranging from 1 μm to 
6 μm [16, 32, 39, 85, 87]. At the same time, many research-
ers, e.g. [23, 27, 41, 52, 70, 102, 124, 128] note the possi-
bility of bi- or even multimodal PM size distribution with at 
least one peak in the fine and/or ultrafine fraction and in-
creased particulate mass in the PM2.5 range. It is believed 
that these particles are formed by the evaporation, conden-
sation, and aggregation of primary particles and are the 
result of high braking forces and high brake disc tempera-
ture [27, 59]. 

The most important factors affecting the intensity, de-
gree of wear, and the formation of particles emitted by tire 
abrasion are the design and structure of the tire, the chemi-
cal composition of the tire material, wear resistance, tire 
pressure, the size of the contact area with the road surface 
and the tire temperature. Vehicle-related factors include 
driving speed, longitudinal/lateral acceleration, vehicle 
weight and load distribution, suspension type, braking fre-
quency and force, and cornering frequency and sharpness. 
Factors related to the road surface are also important, in-
cluding surface structure, micro and macro texture, porosi-
ty, road dust load, and surface binder (bitumen, cement). 
[36, 52, 69, 91, 98]. 

The chemical composition of PM emitted from tires de-
pends on the composition of rubber/elastomers and fillers 
(black carbon, silica, silanes), the additives used (preserva-
tives, antioxidants), the type of textile and metal reinforce-
ments, and vulcanizing agents (ZnO, S, Se, Te, thiazoles, 
organic peroxides, nitro compounds) and process oils. The 
morphology of particles emitted from tires would classify 
them as circular/dendritic particles [36, 52, 69, 91, 98]. 

5. Methods of particle emission measurement  
Measuring non-exhaust particulate emissions from ICE 

posed a new technological and logistical challenge. The 
reason for this was the complexity of the vehicle and its 
operation as a whole and the difficulty of dynamically 
measuring PM resulting from wear and tear of mechanical 
components of the vehicle’s braking system and running 
gear. [74, 99, 100]. It is necessary to develop a unified 
method for sampling particulate matter emitted from the 
wear of brake and tire friction elements in order to obtain 
representative, reliable, accurate, and repeatable results. So 
far, various researchers have used different, non-standard-
ized methods to sample and measure PM emissions unrelat-
ed to the engine combustion process [35, 61, 99, 103, 143, 
146, 159, 164]. However, each of the methodologies used 
so far has its own set of drawbacks. Laboratory simulations 
of the brake friction elements wear are most often based on 
standard test cycle conditions, but the main disadvantage of 
such measurements is the inability to simulate the course of 
brake activation encountered during real driving conditions 
on the road. In turn, laboratory tests on tire wear do not yet 
use a unified standard test cycle, which makes it difficult to 
analyze the emission characteristics resulting from tire 
wear. Chassis dynamometer tests provide good control of 
the measurement process, but are limited by the possibility 
of obtaining an appropriate sample size and are not repre-
sentative of real braking processes. [37, 74, 100]. Standard-
ized emission factors for each particulate source are used to 
calculate emissions (Table 1). In the case of tires, specific 
emission factors for each vehicle type (car, truck, motorcy-
cle, etc.) are combined with distance travelled statistics to 
generate an emitted mass estimate. Emission factors are 
expressed in mg/vehicle/km with different values for PM10 
and PM2.5. Most countries use the methodology provided in 
the 2016 version of the EMEP/EEA Air Pollutant Emis-
sions Inventory Guidebook (EMEP/EEA, 2016) for estimat-
ing PM emissions from tire and brake wear and road sur-
face wear. This provides a fairly simple approach that com-
bines PM emission factors in milligrams emitted per kilo-
meter (mg/km) for passenger cars, light trucks, heavy goods 
vehicles and two-wheelers with the number of vehicle-
kilometers travelled per year. For Europe, all emission 
factors are collected in the Guidebook [109]. Current emis-
sion factors are based on studies published between 1990 
and 2000 [109], with conclusions based on indirect meas-
urements. Hence, many publications admit that emission 
factors are imprecise, even in the DEFRA report [7]. The 
values given in the guides are indirect measurements, re-
sulting from the total loss of the tire mass (tire weight lost 
is the data being measured, not the mass of airborne parti-
cles specifically). As a result, in 2021, the Working Party 
on Energy and Pollution (GRPE) entrusted the Particle 
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Measurement Programme Informal Working Group (PMP-
IWG) to develop a global technical regulation (GTR) cov-
ering the sampling PM and measurement of PM emissions 
from brake wear of light vehicle (LDV) friction brake com-
ponents for vehicles up to 3.5 t [20, 45, 129]. Similarly, in 
2022, a joint task force was established within the Working 
Party on Noise and Tires (GRBP) and the GRPE to develop 
a procedure for measuring tire wear and assessing the PM 
wear performance of a wide range of tires available on the 
market [19, 129]. These two activities were carried out on 
the basis of the United Nations Economic Commission for 
Europe World Forum for Harmonization of Vehicle Regu-
lations (UNECE WP.29). As part of the work on the GTR, 
PMP-IWG developed the first version of a test methodolo-
gy comprising a set of technical procedures for measuring 
brake PM emissions on dynamometers [129]. These speci-
fications include provisions for the conduct of the test [45, 
129], the methodology for regulating the cooling process, 
the procedure for preparing the brake pads, the measure-
ment of PM and PN emissions and the presentation of the 
results [45, 97, 99]. Throughout this process, it was found 
that the losses of emitted particles between the brake and 
the sampling point must be kept as low as possible. To 
ensure this, isokinetic sampling is necessary, where the 
volume flow used to cool the brake must be precisely 
matched to the extraction or sampling rate of the measuring 
device. This ensures that the measured particle mass values 
are reliable. To ensure that the measurement results can be 
related to actual conditions encountered during vehicle 
operation on the road, the standardized WLTP-B braking 
test cycle has been successfully developed [45, 74, 129]. 
The cycle was established using actual vehicle data, and it 
maps different brake application points over the required 
period of time. This guarantees the repeatability of the 
recorded PM emission resulting from the abrasion of brake 
friction elements. It was assumed that the measurements of 
PM emissions from brakes carried out on the test stand will 
be standardized in the future in the developed WLTP brak-
ing cycle. Due to the fact that a given vehicle model must 
be accurately reproduced on a test bench, the combination 
of the working assembly of brake pads and brake disc with 
the vehicle mass and its distribution has a significant impact 
on the observed wear patterns. These parameters must be 
programmed on a test bench, except for brakes used in 
electric vehicles. In this case, under real operating condi-
tions, regenerative braking ensures that the friction brake is 
used less frequently and therefore PM emissions are lower. 
In September 2021, PMP-IWG organized the first Inter-
Laboratory Study (ILS) to evaluate the newly developed 
methodology. The main ILS results were presented to the 
IWG in March 2022 in the form of six different presenta-
tions [155]. In June 2022, GRPE adopted GTR 24 on  
a broad methodology for measuring PM emissions from 
brakes [53, 69, 74, 95, 145]. The Global Technical Regula-
tion (GTR 24) on PM emissions from brakes of light com-
mercial vehicles includes harmonized measurement proce-
dures. GTR 24 is the world’s first regulation that systema-
tizes and establishes procedures for measuring particulate 
emissions from sources other than ICE exhaust gases. GTR 
24 will be implemented as part of the Euro 7 exhaust emis-

sions regulation, which aims to reduce PM and PN emis-
sions from road transport, both for particulate matter from 
the combustion process in ICE and for particulate matter 
from NEE, and to improve air quality in Europe. 

6. Euro 7 – particles not related to the combustion 
process 
The scope of the proposed Euro 7 standard goes beyond 

the current vehicle type approval requirements contained in 
Euro 6 [45, 74, 129]. The Euro 7 standard extends regulato-
ry requirements to the type approval of braking systems and 
tires, in particular with regard to particulate emissions and 
the occurring abrasion process. The regulation applies to 
tires of classes C1 (passenger cars and commercial vehi-
cles), C2 (light commercial vehicles) and C3 (heavy com-
mercial vehicles), in accordance with UN Regulation 117. 
As a result, the Euro 7 standard will include a requirement 
to limit the maximum emissions of PM10 particulate matter 
from brake pads and tires. Generally speaking, for electric 
cars it will be 3 mg/km, for combustion passenger cars, 
hybrids and hydrogen cars 7 mg/km, and for large vans and 
delivery vehicles 11 mg/km [7, 27]. The Euro 7 emission 
standard will apply for the first time to the type approval of 
new models of light vehicles and their braking systems 2.5 
years after the regulation enters into force – Fig. 2. A year 
later, all newly registered vehicles will have to meet the 
new Euro 7 requirements. Euro 7 heavy goods vehicles will 
apply to new vehicle models 4 years after entry into force, 
and after 5 years to all new vehicles. 

 
Fig. 2 Schedule for the rollout of the Euro 7 standard for vehicles of 
 various categories [27] 

 
Regardless of the final date of introduction of the Euro 7 

standard (currently set for July 1, 2030), brake particle 
limits for heavy goods vehicles will only begin to apply 
from 2030. In the case of tires, abrasion limits will be intro-
duced in July 2028 for class C1 tires, in April 2030 for class 
C2 tires, and in April 2032 for class C3 tires [27]. 

Compared to ICE-powered vehicles, electric and electri-
fied vehicles can reduce PM emissions from brakes by 
using regenerative braking. In practice, this means that 
instead of brakes, an electric motor operating in generator 
mode is used to slow the vehicle down. This technological 
difference was reflected in the requirements of the Euro 7 
standard by establishing lower particulate limits for electric 
vehicles compared to other types of drive systems – Table 4 
[27].  

In the first step, Euro 7 lists particulate matter emission 
limits for passenger cars and light commercial vehicles N₁ 
until the end of 2029. Starting in 2030, the regulation also 
provides particulate emission limits extended to buses and 
trucks of categories M₂, M₃, and N₂, N₃. Particulate emissions 
from braking systems for M₁ and N₁ vehicles will be tested in 
accordance with UN Global Technical Regulation No. 24.8. 



 

Vehicle related non exhaust particle emissions – Euro 7 requirements 

COMBUSTION ENGINES, 2024;199(4) 23 

A test procedure for PM measurements from truck braking 
systems has not been developed yet (Table 4) [27]. 

 
Table 4 Particulate matter emission limits during braking for Euro 7 [27] 
Date Powertrain type Vehicle categories 

M1/N1 
class I & 

II 

N1 
class III 

M2/N2 
and 

M3/N3 

Until  
December 
2029 

Battery electric 
vehicles 

3 mg/km 5 mg/km none 

Other powertrain 
types 

7 mg/km 11 mg/km none 

January 2030 
– December 
2034 

Battery electric 
vehicles 

tbd tbd tbd 

Other powertrain 
types 

tbd tbd tbd 

From  
January 2035 

All powertrain 
types 

3 mg/km tbd tbd 

 
Fig. 3. Dates of introducing tire wear limits through the Euro 7 standard [27] 

 
The Euro 7 standard will also introduce limits on PM 

emissions from tire abrasion. As a consequence, only tires 
with abrasion rates below the Euro 7 limits will receive 
type approval. The required testing procedure and emission 
limits are currently being developed by the United Nations 
Economic Commission for Europe (UNECE) and will be 
introduced as an amendment to the Euro 7 regulations. If 
the UNECE regulation is not adopted in time, the Commis-
sion will be given the authority to develop a procedure for 
assessing PM emissions from tires and setting limits on this 
emission. As shown in Fig. 3, the Euro 7 requirements will 
cover different tire classes at different times – first, C1 tires 
from July 2028, then C2 tires from April 2030, and finally, 
C3 tires from April 2032. The order of introduction will be 
same for all categories. In the first stage, the Euro 7 stand-
ard will apply to new tire models that receive type approval 
for the first time. A year later, new vehicles placed on the 
market will have to be equipped with Euro 7 approved tires, 
and a year later all tires placed on the market must meet 
Euro 7 requirements. 

7. Conclusions 
 Emissions of particulate matter not related to the engine 

combustion process (resulting from wear of brake fric-
tion elements and tire friction processes with the road 
surface) are currently unregulated both in terms of 
measurement methodology as well as emission limits. 

 Non exhaust PM vehicle emissions have already ex-
ceeded PM emissions from exhaust gases as the main 
source of particulate matter emissions from road traffic. 
Despite this, this major source of PM emissions from 
road traffic is currently not covered by any legal regula-
tion to control and limit these emissions. 

 The health risks posed by particulate matter emitted 
from braking systems and tire abrasion are not yet clear-
ly understood in their entirety. This requires multidisci-
plinary research efforts to adopt effective and appropri-
ate evidence-based emissions reduction legislation and 
strategies to protect human health.  

 When taking action to reduce particulate emissions 
resulting from the wear of brake friction elements and 
tire abrasion, the chemical profile of the emissions, as 
well as the total mass and number of particles, should be 
taken into account. 

 With the growing popularity of alternative vehicle 
powertrains, NEEs are increasingly contributing to air 
pollution. This is reflected in mitigation strategies 
through new requirements that will be introduced by the 
Euro7 emissions standard, which plans to take into ac-
count non-combustion emissions for the first time. 

 Measuring particulate emissions not related to the com-
bustion process in the engine presents a new technologi-
cal challenge. This is due to the complexity of the vehi-
cle and its operation as a whole and to the difficulty of 
dynamically measuring particulate emissions caused by 
the wear of both friction brake components and tires. 

 One of the main reasons for the observed inconsisten-
cies in the particulate matter measurements (PM and 
PN) is the lack of a unified, standardized methodology 
for sampling and measuring both particulate matter 
caused by brake elements abrasion and tire wear. 

 Realistic PM coefficients with NEE are necessary to 
reliably calculate the contribution of PM emissions from 
brake and tire wear to air pollution, but also to estimate 
the reduction potential of these emissions through the 
use of new or existing technologies and improved for-
mulae for brake and tire friction components. 

 
 

Nomenclature 
BWP brake wear particles 
CC carbon ceramic 
ECE Economic Commission for Europe 
EF emission factor 
EU European Union 
GCI grey cast iron 
GTR global technical regulation 
HMC hard metal coated discs 
ICE Internal Combustion Engine 
ILS inter-laboratory study 

LACT Los Angeles City Traffic 
LDV light duty vehicles 
LM low-metallic 
NAO non-asbestos organics 
NEE non exhaust emissions   
OECD  Organisation for Economic Co-operation and De-

velopment 
PHEV plug-in hybrid electric vehicles 
PM particle matter 
PMP particle measurement programme 
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PMP-IWG  Particle Measurement Programme Informal 
Working Group  

PoD pin-on- disc 
RDE real driving emission 
SM semi-metallic 

SUV sports utility vehicle 
TRWP tire and road wear particles  
TWP tire wear particles 
UNECE United Nations Economic Commission for Europe 
WLTP Worldwide Light duty Test Procedure 
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ARTICLE INFO  The issue of power supply to electric rail vehicles leads to a separation of the rail network into electrified and 

unelectrified portions, where the sections lacking electrification exclude the operation of electric rail vehicles 
powered from the overhead lines. The potential solution to this problem was found in adding energy storage 
systems to electric rail vehicles to allow them some range of travel beyond the electrified lines. A simulation 
analysis of a special-purpose rail vehicle traveling across a non-electrified section of a railway line was 
conducted to assess the energy consumption rate and the necessary energy storage capacity. Three energy 
storage solutions were simulated, showing the travel range they can provide, with the aim of finding the lowest 
battery capacity solution that would still allow the vehicle to safely complete the simulated drive. The final 
selection of energy storage system capacity was done based on the assumed expected range outside the 
electrified railway weighed against the mass and cost of the extra energy storage system added to the vehicle. 
For a vehicle with a mass of 65 tons, a battery system with a capacity of 600 Ah was found to be sufficient. 
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1. Introduction 

As countries continue to pursue increasingly more pro-
ecological solutions for their industry in an effort to mini-
mize their environmental impact, particularly their carbon 
footprint, solutions based on electrification have become 
the new goal [24]. This solution has not been widely adopt-
ed in road transport before. However, it has been widely 
present in the past for the rail transport sector [1]. The as-
pect of electrification of railway lines has been, so far, 
subdued in line with their perceived economic viability 
[19]. Due to the high cost associated with electrifying and 
maintaining electrified rail lines, conventional solutions 
based on combustion engines have been provided a wide 
range of applications for rail transport. This cost-to-value 
equation has changed with the increasing pressure to decar-
bonize the industry, however [2]. As a result, new solutions 
are needed to fulfill the role of the aging and replaceable 
conventional rail vehicles, especially given the increased 
focus on limiting the exhaust emissions and fuel consump-
tion of rolling stock [6, 12, 14, 20].  

In the case of Poland, the UTK (Office of Rail 
Transport) concluded in its 2022 report that a total of 17.6% 
of the total track length in Poland is prepared for travel at 
the speed of 160 km/h (15.5% at 120–160 km/h and 2.1% at 
speeds exceeding 160 km/h) [26]. Although new invest-
ments were expected for the year 2022, reaching the value 
of almost 11 billion PLN, a portion of which was to be 
spent constructing an additional 789 km of railway lines. In 
the year 2022, a notable lowering of the mean age of pas-
senger rolling stock was observed. This was a reduction in 
mean age compared to 2021 for electric locomotives from 
33.76 to 32.16 years, for diesel locomotives from 43.81 
down to 41.94 years, and for EMUs from 25.79 to 24.43 
years. The youngest group was the dual-drive multiple 
units, at a mean age of 0.82 years. This helps visualize the 

recent rise in popularity of dual-drive systems and other 
vehicles that are neither strictly diesel nor electric. A simi-
lar continued trend was observed for freight rolling stock, 
where the mean age of electric locomotives decreased from 
36.57 to 33.82 years, while for diesel locomotives, the 
mean age lowered significantly from 38.31 down to 33.51 
years. Most importantly, the report notes that about 62.5% 
of the total track length was electrified (12,126 km of 
track), leaving the remaining 37.5% (or 7267 km) non-
electrified. This means that over a third of all track length 
in Poland did not have an overhead catenary. This poses  
a real problem in adjusting the plans of purchasing new 
rolling stock to the realities of the Polish railway network. 
Especially given the low rate of growth of electrified rail-
way length in Poland. Between the years 2020 and 2021, it 
increased by just 210 km (from 11,946 km to 12,156 km). 

Since the easiest solution, of buying more conventional 
vehicles to replace the old ones, would stand in conflict 
with the environmental goals set by most developed coun-
tries, other solutions need to be considered. This problem 
could be solved by simply expanding on the already exist-
ing solutions, such as electric vehicles driving on electrified 
railway lines. This, however, would require substantial 
investment in infrastructure improvement. In order to avoid 
the costs of electrification where possible, the concept of  
a battery powered rail vehicle was introduced. It is a solu-
tion that allows a rail vehicle to partially or temporarily 
operate outside of the overhead power network using its on-
board energy storage systems [7, 17]. This has often been 
introduced in parallel with other solutions based on ultraca-
pacitors or hydrogen fuel cells [16]. Many solutions for 
locomotive energy storage systems have been proposed. 
Spiryagin et al. have concluded that a flywheel system in  
a diesel locomotive could reduce fuel consumption in heavy 
haul operations by as much as 12.4% [22]. For light rail 
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systems, Gee et al. predicted a flywheel solution to offer 
energy savings of 21.6% [10], while Rupp et al. estimated 
31% [18]. Despite these results the flywheel technology has 
many limitations and, along with the further development 
of battery technology, seems to be increasingly less com-
petitive to battery solutions, as noted already back in 2015 
by Spiryagin in [21]. As a result, battery-based energy 
storage was considered the more modern solution. The 
addition of a battery energy storage system on rail vehicles 
opens the option of also integrating supercapacitors into the 
system to allow for braking energy recovery. The energy 
loss on braking represents a large energy waste in rail 
transport. Many studies have been performed, claiming 
various levels of efficacy of such a solution. Mayet et al. 
claimed a 25% fuel consumption reduction when using  
a battery/supercapacitor energy storage system in a diesel-
electric locomotive [13], while Steiner et al. from Bom-
bardier have recorded 30% energy traction savings in  
a light rail vehicle using a similar system [23]. Teymourfar 
et al. reported an even greater 44% energy savings for  
a stationary supercapacitor system on a metro line [27]. 
Despite all of these encouraging results, supercapacitors 
remain heavy and expensive, thus making their use more 
feasible in power substations and stationary systems rather 
than mounting them onto rail vehicles themselves. Ulti-
mately, creating Multi-Purpose Vehicles (MPV) that don’t 
rely primarily on a diesel engine has proven difficult. Some 
examples do exist, such as the first fully electric MPV op-
erating on Citybanan in Stockholm created by company 
Railcare AB. 

The solution discussed in the article is that of a special-
purpose rail vehicle, designed for track maintenance, 
equipped with a diesel engine and a lithium-ion battery 
system that enables it to travel through non-electrified sec-
tions of railway lines. This is done to effectively extend the 
vehicle range beyond the electrified portions of the rail 
network. Effective use of such a power supply system in 
rail vehicles can result in a significant reduction of its car-
bon footprint while eliminating its exhaust emissions [4]. 
The selection of the technological solutions and devices 
that are to provide this ability is a key factor in increasing 
the overall efficiency of rail vehicles. These solutions, the 
type of energy storage systems used, their capacity and 
properties, energy recovery systems [15], and additional 
safety systems all need to be selected with the expected 
parameters in mind, as well as the intended type of opera-
tions the vehicle is to be used for. This can prove particular-
ly difficult for MPVs, as they are often expected to perform 
a diverse range of tasks. Depending on the solution and 
technology used, further optimization of energy manage-
ment (called the Energy Management Strategy or EMS) can 
further magnify the benefit of the chosen technological 
solution [5, 11]. This further complicates attempts to assess 
the overall vehicle efficiency or energy consumption. Fur-
thermore, optimization of the overhead supply system, the 
substations, timetable organization, and driving speed [9] 
can also significantly impact the potential level of energy 
consumption of rail vehicles and maximize the efficiency of 
braking energy recovery up to even 95% [28]. Unfortunate-
ly, these solutions each come with their own drawbacks, 

whether in the form of additional mass or increased cost. 
This means that whatever solutions are considered for any 
given vehicle should be highly contextualized and specific 
to that vehicle’s expected operating conditions and types of 
tasks performed. Minimizing the cost and size of newly 
added technological solutions is the key aspect of finding 
the right balance and maximizing vehicle efficiency. 

Increasing the efficiency of rail vehicles is additionally 
helpful in fulfilling the goals of the Green Rail program 
(Zielona Kolej), which aims to reduce the CO2 emissions of 
rail transport by 85% by the year 2030. It’s initiatives like 
these that promote the development of new energy-saving 
and energy-recovery technologies while also promoting the 
use of electric drive systems in rail vehicles to be powered 
by renewable energy. Similarly, the rail infrastructure is 
also planned to be modernized. Aiming to increase the total 
length of electrified railway lines to 14 000 km by 2030. 
Thus increasing the total share of electrified lines from 
62.5% in 2020, to over 72% by 2030. This would classify 
Poland as the European country with the 7th highest share of 
electrified railway length, behind Bulgaria at 74.4% and 
ahead of Austria at 71.9% (as of 2021) [26]. Due to its 
decreasing ecological impact, rail transport could signifi-
cantly contribute to reducing greenhouse gas emissions 
whenever rail is chosen as the transit method instead of 
road transport. The same report estimated that in 2022, 
about 342.2 million passengers contributed to reducing CO2 
emissions by 2.6 million tons by opting to travel by rail 
instead of using road transport. Further electrification of 
railway lines, along with the modernization of the rolling 
stock operated, especially for vehicles in the dual drive or 
electric categories, should lead to steady improvement in 
the environmental impact of human transport activities. 

2. Aim 
The main goal of the article was to assess the necessary 

energy capacity of an on-board battery system for a proprie-
tary special purpose vehicle. The new vehicle was designed 
as part of a project to be an innovative special hybrid drive 
MPV improved with independent power storage designed 
to transport equipment for the construction, diagnosis and 
measurement of rail infrastructure. The vehicle was ex-
pected to have three independent drive systems: a catenary 
line, a battery system, and an emergency power generator. 
It should reach a travel speed of 160 km/h with a catenary 
line power supply. In case of grid failure or lack of catenary 
lines, it could use its batteries, which can be charged from 
catenary lines while driving or from a charging station 
when parked. The main advantages of the vehicle include 
being able to operate with zero-emissions and a functional 
braking energy recovery system. The energy is to be stored 
and used for propulsion to prolong its operation supported 
by power supplied by batteries. One of the key assumptions 
of the designed vehicle was to ensure it could travel at  
a speed of 60 km/h for at least 30 minutes powered by its 
battery systems alone. This was to ensure emission-free 
transit from one work location to the next, irrespective of 
whether the line is electrified or not. Assessing the viability 
of meeting all the goals and assumptions for the prospective 
vehicle required a number of tests and simulations. 3 drives 
were simulated for different variants of the vehicle. These 
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variants were based on the energy storage capacity of the 
on-board batteries. The battery system was a set of 4, 6, or 
8 batteries for each of the 3 variants, respectively, where 
each battery had a capacity of 100 Ah, nominal voltage of 
666 V DC, max. voltage of 770 V DC, charging current of 
80 A, discharging current of 100 A, and a nominal energy 
of 66.6 kWh. 

3. Data and methods 
The theoretical test drive was designed based on a pro-

prietary program created in the Matlab environment de-
scribed in this section. To solve the vehicle motion equa-
tion, the program operated using the vehicle characteristics, 
the route profile data, the speed limit, and the timetable as 
input provided by the user. The simulation relied on the 
CBTK formula for multiple units and the Röckel formula 
for calculating the resistance in the track curvature in  
a similar process as described in previous research [3]. The 
intended vehicle specifications were also listed (Table 1), 
and the selection and implementation of its drive system 
was discussed in previous research [8, 25]. 

 
Table 1. The target technical specification of the proposed 501EH vehicle 
Parameter Value 
Service mass 65 t 
Max. speed (self-propelled) 160 km/h 
Tractive power 65 kW electric motor; 

340 kW combustion engine; 
100 kWh batteries 

Max track gradient 30‰ 
Gauge 1435 mm 
Max track cant value 180 mm 

 
The three performed simulation drives were labeled as 

drives 1, 2, and 3 for the three vehicle variants having 400 
Ah, 600 Ah, and 800 Ah capacity battery systems, respec-
tively. The three battery sizes were selected based on the 
assertion that the battery’s reserve energy should not drop 
below 300 kWh. Thus the first variant used was given  
a battery system with only 100 kWh excess power to use, 
which was shown to be the approximate power needed to 
travel the distance, based on preliminary calculations. Fur-
ther variants had their battery capacity increased in 200 Ah 
increments. The route selected was based on the driving 
profile of a real rail line often used for testing, which in-
cluded slope, stops, and a gap in catenary in between for  
a length of 30 km of track out of the total of 40 km (Fig. 1). 
The selection of the size of the battery system was to be 
based on which smallest battery system was able to meet 
the requirements set for the new vehicle in the project, 
while ensuring that the vehicle still operates effectively. 
The general problem was to assess the tradeoff between  
a larger energy storage system with greater capacity and 
range, and reducing the vehicle curb weight and cost as 
much as possible. Simulation tests were used to measure 
several parameters, such as: vehicle speed, vehicle accelera-
tion, power at the wheels, sum of motion resistances, main 
circuit power, energy flow through the pantograph system, 
energy balance at the battery system, battery state of charge 
(SoC), and traction force for each of the tested vehicle vari-
ants. The simulated system was described in block form 
(Fig. 2) using known properties and parameters of the sys-

tems and devices used in the design. This assumes inverter 
efficiency of 98%, transformer efficiency of 98%, and trac-
tion engine efficiency of 94%. The battery system was 
assumed to have a 92% overall efficiency of charging and 
discharging for the purposes of the simulation. It should be 
noted that the choice of battery system brand and type may 
cause these parameters to vary. 

 
Fig. 1. Track incline profile for the test route 

 
Fig. 2. Schematic of the energy flow in the vehicle drive system 

4. Simulation results and discussion 
The obtained results indicated that while even the low-

est capacity battery system (of 400 Ah) could successfully 
travel the required 30 minutes at 60 km/h, the depletion of 
the battery SoC had a more significant impact on the avail-
able power output, thus affecting the vehicle traction prop-
erties (Fig. 3). This can be seen in the greater values of 
Power generated at the wheels for drive 3 as compared to 
drive 1, which also resulted in the motion resistance peaks 
correlating with uphill climbs to be shorter, as they were 
being overcome quicker. This also reduced the overall drive 
time from about 44 minutes for drive 1 down to about 41 
minutes for drive 3. It was found that the minimum amount 
of battery energy needed to travel the 30 km distance with-
out overhead supply was slightly less than 100 kWh for the 
simulated track profile (Fig. 4). For each of the drives the 
battery system expended the necessary energy to arrive at 
the other side of the non-electrified track section, and began 
to draw power from the overhead catenary again once it 
became available. This was in line with the expectations, as 
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the vehicle was to be able to recharge purely from the cate-
nary-supplied power. The rate of power drawn and used 
need to be monitored by the BMS, so as not to overheat or 
overload the batteries. This was the side effect of deciding 
to forgo using supercapacitors for their ability to rapidly 
store large quantities of charge and equally rapidly release 
that charge when needed. It was decided that batteries 
alone, although less effective in that regard, would suffice if 
properly managed. 

 

 

 
Fig. 3. Vehicle power at the wheels and movement resistance of the simu-

lation drive for each vehicle variant: a) drive 1, b), drive 2, c) drive 3 

 

 

 
Fig. 4. Energy storage system state of charge and Energy depletion in the 
 simulation drive for each vehicle variant: a) drive 1, b) drive 2, c) drive 3 

 
It should be noted that in each test case the vehicle bat-

teries started fully charged (with ~67 kWh of energy per 
battery), at approximately 465 kWh for 4 battery system, 
400 kWh for the 6 battery system, and 530 kWh for the 8 
battery system. This will not necessarily be the case in real 
operation, as keeping the batteries at full charge most of the 
time can accelerate their degradation. A proper BMS could 
be integrated with the rail network information to enable 
the vehicle to predictively charge up the batteries before 
their full charge is needed while still driving through an 
electrified rail section. The total energy used to travel the 
simulated distance was about 150 kWh. Each vehicle vari-
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ant drew approx. 100 kWh of energy through the panto-
graph and returned over 10 kWh from regenerative braking. 
The mechanical power peaks when driving without an 
overhead power supply were flatter and smoother for vari-
ant 1 (400 Ah) while being higher and more rugged for 
variant 3 (800 Ah). Each vehicle managed to reach its peak 
driving speed of 160 km/h before slowing down to 60 km/h 
for the unpowered section of the track. Stops were added to 
simulate waiting time on crossings or switches (Fig. 5). 

 

 

 
Fig. 5. Vehicle speed profile for the test route using each vehicle variant: 
 a) drive 1, b) drive 2, c) drive 3 

 
The obtained battery charge values at the end of the 

simulated drives show sufficient charge for continued driv-

ing and operation without the overhead power supply. 
Thus, the total remaining charge in the batteries was not the 
limiting factor on its own. However, due to the properties 
of battery systems the available power was affected by the 
battery SoC. It was therefore necessary to account for the 
drop in available traction force as the battery charge de-
creases due to basic battery current-voltage characteristics. 
This effect could be observed by the deeper drops or slower 
increase in vehicle speed for sections where the simulated 
track had an upwards slope. Especially for the section be-
tween the 10–15 km distance from the start point, where the 
train encountered an upwards climb, presenting an unin-
tended drop in travel speed (Fig. 5a and 5b). This effect was 
not observed for the vehicle variant 3, equipped with the 
highest capacity battery system of 800 Ah (Fig. 5c). Thanks 
to the higher power reserve, and a batter response to the 
sudden power demand despite some energy depletion on 
the batteries, such drops in speed can be mitigated to  
a point where they are no longer noticeable. Although it is 
not always a significant enough issue to warrant the extra 
weight and cost of more batteries. 

While a momentary drop in travel speed is unwanted, it 
is to some degree unavoidable. It was noted that vehicle 
variant 2 experienced a travel speed decrease of less than 
5 km/h, which was deemed acceptable given the nature of 
the vehicle operation. Vehicle variant 1, on the other hand, 
was shown to significantly lose speed on the climb (de-
crease of over 20 km/h). Such a drop in speed can be no-
ticeable and may cause unnecessary delays in how the vehi-
cle performs its designated tasks. Ideally, the slowdown 
would not occur, such as in the case of variant 3, where the 
large reserve power still held by the 8 batteries was suffi-
cient to ensure full tractive force. 

Conclusions 
The obtained power characteristics on the vehicle 

wheels indicated that the lower capacity battery system, 
while having sufficient energy to support the whole test 
drive, could not provide the power needed to safely travel 
the whole distance without a notable drop in speed. Such  
a situation was deemed dangerous, especially in the poten-
tial case of a track with a more significant slope. Vehicle 
speed curves show a drop in speed for variants 1 and 2 after 
10 minutes of driving, where the track meets an incline of 
over 15‰. While variant 2 did not slow down more than  
5 km/h, variant 1 slowed down by 25 km/h (down from 60 
km/h), and variant 3 was unaffected. This was mostly 
caused by the drop in usable power due to the lower battery 
charge and the associated voltage drop as the on-board 
battery system charge level was drained when traveling. 
Variant 1 was deemed insufficient in order to ensure 
smooth travel on hilly terrain. Hence the lowest capacity 
battery system needed in such a vehicle was concluded to 
be 600 Ah, as tested for vehicle variant 2. The vehicle 
should be able to climb an incline of 15‰ without signifi-
cant loss of speed even after its batteries were drained by 
driving for 30 minutes. This also ensures a sufficient bat-
tery capacity to support track operations after the vehicle 
arrives at its destination. Ideally the incline could be over-
come with no loss of speed, but this was only possible for 
variant 3, with the highest reserve power thanks to its 8 
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batteries. Such slowdowns may be unacceptable for pas-
senger rail vehicles, as they are jarring to the passengers on 
board, however, sue to the nature of the tested vehicle’s 
operation, the result obtained for variant 2 was deemed 
acceptable. An MPV does not necessarily need to provide  
a completely smooth drive, and most of its work is expected 
to be performed while either stationary or moving at a low 
steady speed. Each of the tested variants used up 100 kWh 
of energy on the 30 km long non-electrified section of the 
track while also recovering about 10 kWh of energy back 
using regenerative braking. This means that the total effec-
tive vehicle range without power supply was approximately 
10% greater than estimated, thanks to the energy recovery 
from braking. 

Further research is planned using a real vehicle proto-
type, to validate the obtained results. Such validation 
should be performed in the form of a real drive on a select-
ed rail section. It should be noted, however, that the chosen 
battery management system (BMS) is expected to have  
a significant effect on the obtained results, as well as any 
energy savings. The BMS defines how effectively the ener-
gy storage system is operated, while the EMS determines 
the overall energy use efficiency in the vehicle. Thus, the 

proper adjustment of these management systems will play  
a key role in increasing the efficiency of the vehicle drive 
system. Such solutions are especially important in order to 
ensure steady and stable operation of the entire energy 
storage system, as well as to monitor its operating parame-
ters to prevent excessive heating or overloading. Another 
aspect would be predictive charging, which should prevent 
the vehicle from regularly moving on electrified railway 
lines with fully charged batteries. For longer term, modern 
lithium-ion batteries prefer to be kept at SoC at no greater 
than 80%. Hence the need to predict when a fully charged 
battery may be needed and charge it up while on the way to 
the non-electrified track section, or work location. 
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1. Introduction 

One of the methods of increasing the overall efficiency 
an Internal Combustion Engine (ICE) is based on reducing 
internal losses. The component of internal ICE losses is the 
friction force, related to the inertia force of the parts mov-
ing in a reciprocating motion. Therefore, reducing the value 
of inertia forces should reduce friction losses in the engine, 
with the value of the friction coefficient remaining un-
changed. The magnitude of the inertial force depends on the 
acceleration on the ICE components moving on the cylinder 
axle and on the mass of these parts. The acceleration value 
depends on the geometry of the crank system and the in-
stantaneous rotational speed of the crank. In the article, the 
author presented the benefits of using the Ti6Al4V titanium 
alloy as a construction material, as a reduction in the masses 
of the crank system (piston and connecting rod). By reducing 
the masses of these components, compared to the factory 
components of the modified engine, the designated inertial 
forces in reciprocating and rotary motion were reduced.  

There are publications describing the use of titanium al-
loys for crank system elements, such as the connecting rod 
[1]. In the article, the authors presented the reduction in 
connecting rod mass achieved by optimizing its shape and 
dimensions. Ti6Al4V titanium alloy was used as the con-
struction material. ANSYS software was used to calculate 
static and fatigue strength. 

The manuscript [4] presents the methodology for using 
CAE software to design a connecting rod. The result of the 
analysis is a change in dimensions and shape in subsequent 
iterations of the connecting rod model subjected to simula-
tions. As a result, a reduction in weight and the maximum 
value of reduced stresses were achieved. 

In the paper [9], the authors presented the results of 
simulation calculations of a connecting rod using the finite 
element method. The computer analysis was carried out to 
determine the cause of failure (breakage) of the connecting 

rod in the existing design of a compression-ignition engine. 
Based on the results of the simulations, it was found that 
the main cause of failure of the connecting rod was a high 
level of stress near the bolt hole. in this zone, the stress 
pile-up is caused by high bolt preload. The use of the FEM 
method made it possible to determine the area of notch 
occurrence. 

The manuscript [5] contains a description of the design 
process and numerical analyzes using ANSYS software to 
design the connecting rod of an ICE. The determination of 
the amount of static stresses was made using the Finite 
Element Method (FEM).  

The paper [6] is concerned with the analysis of fatigue-
damaged pistons. Also, static stress analysis is used to de-
termine the stress distribution during the combustion on 
piston.  

The manuscript [7] covers issues related to the design of 
an ICE piston with thermal load, for different materials. 
FEM were also used in simulation analyses for design the 
piston.  

In their conclusions, the authors of the presented articles 
presented the possibility of using titanium alloy as a con-
struction material for the connecting rod. Some of the 
works determined the weight reduction resulting from the 
use of titanium alloy in selected elements of the crank sys-
tem. However, there is no determined reduced value of 
inertia forces resulting from the use of titanium alloy. This 
is the main goal of this article. Moreover, the author pro-
poses the use of titanium alloy as a construction material 
for the piston of an ICE. the effect of simultaneous reduc-
tion in the mass of both the connecting rod and the piston 
(compared to the factory elements) will be presented in the 
form of a comparison of the course of inertia forces as  
a function of the crankshaft rotation angle, for the rotational 
speed corresponding to the maximum power of the modi-
fied ICE. 
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The object of modernization by the author of the paper 
is the ICE a single-cylinder, 4-stroke unit, powered by 
ethanol, with an eccentric crank system. The parts subject 
to modification are the connecting rod and the piston. The 
selected construction material is Ti6al4V titanium alloy, 
some of its physical parameters are presented in Table 1. 

 
Table 1. Physical properties of the Ti6AL4V alloy (source 

https://asm.matweb.com) 
Parameter Unit Value 
Tensile strength Rm MPa 896 
Yield strength Rh MPa 827 
Young's module GPa 114 
Density g/cm3 4.43 
Thermal conductivity W/m∙K 6.7 
Specific heat capacity J/kG∙K 526 

 
The modified engine is used to power the vehicle run-

ning in the Shell Eco-Marathon (SEM) competition. The 
idea of the international competition for student teams is to 
build vehicles whose goal is to cover the greatest possible 
distance on one liter of fuel. Therefore, all possibilities of 
increasing the efficiency of the combustion engine are de-
sirable and justify the use of an unusual construction mate-
rial, such as titanium alloy, for the connecting rod and pis-
ton. The desirability of minimizing inertial force by design-
ing new parts results from the use of an ICE.  

Selected parameters of the drive unit are included in 
Table 2. 

 
Table 2. Technical data of ICE 

Parameter Unit Value 
Bore D mm 35 
Crankshaft cranking r mm 21.9 
Length of rod l mm 120 
Cylinder axis shift e mm 1.5 

 
Fig. 1. The vehicle taking part in the Shell Eco-Marathon competition 

2. Connecting rod 
2.1. Determining the forces acting on the connecting rod 

From the theory of the structure of the combustion en-
gine, we know that the forces acting on the connecting rod 
come from the pressure in the cylinder and the inertia of the 
parts in translational motion [2]. The effect of the resultant 
force from the combustion pressure and inertia leads to the 

development of compressive and bending stresses on the 
connecting rod (buckling).  

I-beam was chosen as the connecting rod cross-section. 
The cross-sectional markings used are shown in Fig. 2. 

 
Fig. 2. Markings of the connecting rod head cross-section 

 
The preliminary dimensions of the cross-section, select-

ed to determine the masses and inertia loading the designed 
connecting rod, are as follows: B = 12 mm, b = 10 mm, H =  
= 18 mm, h = 14 mm, a = 2 mm. Total mass of the prelimi-
nary connecting rod model was 53.5 g, mass of the rotating 
part 31.3 g and mass of the translational part 22.1 g. Mass 
of the complete stock piston, i.e. with rings, piston pin and 
protection devices is 59 g. The values of these masses were 
then used to determine the value of the inertia force loading 
the connecting rod. 

Figure 3 shows the kinematic diagram of the crank sys-
tem of the ICE being upgraded. 

 
Fig. 3. Diagram of eccentric crank system 

 
According to the simplification used in the study [2], we 

can present the acceleration in translational motion as equa-
tions (1)–(3). This simplification results from the develop-
ment of an infinite trigonometric series, considering the 
first and second harmonics. 

 a = rω2[(cos α +usin α) + λ cos 2α ]      (1) 

u =
e

l
                                             (2) 

λ =
r

l
 (3) 

where: a – linear acceleration, α – crankshaft rotation angle, 
ω – angular rotational speed, u – eccentric shift coefficient 
of the rod length, λ – relative slenderness of the connecting 
rod.  
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The calculations of the acceleration were carried out for 
constant the rotational speed, corresponding to the maxi-
mum power of the ICE, i.e. 5000 rpm.  

The results of the acceleration value as a function of the 
crankshaft rotation angle are shown in Fig. 4. The maxi-
mum value of positive acceleration is 5939 m/s2 and the 
minimum value of negative acceleration is –8591 m/s2. 

 
Fig. 4. Acceleration of translational moving parts as a function of the 
 crankshaft angle 

 
The inertia force for the reciprocating motion was de-

termined from equation (4).  

 Fmr = ∑ mi ∙ an
i=1   (4) 

where: Fmr – inertial force of all parts in sliding motion, mi 
– mass of all crank system components in translational 
motion. 

In ICE, the cylinder pressure as a function of the crank-
shaft rotation angle was determined by simulation using the 
AVL Boost program. The result in the form of a graph 
depending on the crankshaft rotation angle during the pow-
er stroke is shown in Fig. 5. 

 
Fig. 5. Pressure in the cylinder during the combustion stroke 

 

As we can observe in the graph above, the maximum 
pressure in the cylinder is 9.28 MPa and 8 degrees of 
crankshaft rotation are achieved after TDC. 

The pressure force of the gases in the combustion 
chamber was determined from the equation (5). 

Fg = pg ∙ D2 ∙
π

4
  (5) 

where: Fg – combustion force, pg – combustion pressure. 
The resultant force loading the connecting rod is deter-

mined from eq. (6) and (7), considering the sense of the 
determined forces.  

 Ft = Fg + Fmr  (6) 

 Fk = Ft cos β   (7) 

 cos β =
r cos α−e

l
  (8) 

where: Ft – total force on the cylinder axis, Fk – total force 
on the rod axis, β – angle between cylinder and rod axis. 

2.2. Numerical calculations of the connecting rod 
The forces acting on the connecting rod determined in 

the previous subsection were used to perform the Finite 
Element Method (FEM) analysis. The software used to 
create the 3D model and static and fatigue simulation is 
SolidWorks  

The boundary conditions of the analyzed connecting rod 
include support on the cylindrical wall of the connecting 
rod foot bearing, and receiving radial and axial displace-
ment. Additionally, the piston pin axis is connected to  
a virtual wall, which corresponds to the physical contact of 
the piston leading part with the cylinder surface. The load 
was applied to the cylindrical wall of the piston pin sleeve, 
with a parabolic distribution corresponding to the unit pres-
sures in the plain bearing. 

The value of the safety factor was assumed to be 2.5. 
This means a maximum allowable static stress value of 350 
MPa. If the stresses deviated significantly from the assumed 
level, the dimensions of the connecting rod head section 
were corrected and the simulation was repeated. 

The final dimensions of the connecting rod head cross-
section are as follows: B = 11.25 mm, b = 9.45 mm, H =  
= 13.05 mm, h = 9.45 mm. The cross-section of the con-
necting rod at its foot has the following dimensions: H =  
= 26.10 mm, h’ = 22.50 mm. The distribution of reduced 
stresses according to Mises' theory for the performed static 
analysis is shown in Fig. 6. 

Due to the variable loading conditions of the connecting 
rod, fatigue analysis was also used, in accordance with the 
guidelines for using FEM software for the calculation of 
crank system elements contained in [1]. The loading condi-
tions are alternating (tension and compression), and uneven. 
The value of maximum compressive stresses was deter-
mined according to the static stress test. On the other hand, 
the value of tensile stresses was determined by knowing the 
maximum value of the inertia force, according to eq. (4). 

The assumption of the fatigue tests used for FEM was to 
conduct a durability analysis for an assumed number of 
cycles of 100,000. The result is the number of cycles in 
which the tested item will not suffer damage. As you can 
see in Fig. 6, the entire connecting rod has a uniform red 
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color, corresponding to the assumed number of fatigue 
cycles.  

 
Fig. 6. Result of static analysis: reduced stresses according to Mises' 

theory 

 
Fig. 7. Result of fatigue analysis 

3. Piston 
3.1. Determining the forces acting on the piston 

The designed piston uses a single sealing ring and  
a loose pin fit, secured by two spring elements. The initial 
dimensions and shape of the piston were determined based 
on criteria given in [3]. 

The stresses in the piston result from the gas force load 
and the inertia of the piston itself. The gas force acting on 

the bottom of the piston is equal to the force given in eq. 
(5). The inertia force of the piston, similarly to the inertia 
force loading the connecting rod, is determined from eq. (1) 
and (4). The difference is the mass of the component parts 
in eq. (4): in the case of piston load, we only take into ac-
count its mass and the piston rings. 

In addition to the gas force and inertia, the piston is ad-
ditionally loaded with stresses resulting from the thermal 
effect and the force pressing the leading part against the 
cylinder surface. The force pressing the leading part of the 
piston against the cylinder surface is determined from the 
eq. (9). 

 Fn = (Fg + Fmp )sin β  (9) 

where: Fn – force pressing the piston to cylinder, Fmp – 
inertia force of the piston with rings. 

The value of the thermal load resulting from the impact 
of hot combustion products was determined according to 
the method included in [8]. From the known value of cylin-
der pressure (obtained in AVL Boost software), the average 
value was determined. The perfect gas equation was then 
used to determine the average duty cycle temperature (as-
suming no charge loss in the cylinder chamber). Assump-
tions for the calculations: 

1) The medium is in thermodynamic equilibrium at all 
times. This is necessary so that equal values of the intensive 
parameters (pressure and temperature) for the entire com-
bustion chamber can be assumed for calculations once the 
equations of classical thermodynamics are applied. 

2) It is thermodynamically in a closed system (closed 
valves. 

The temperature dependence as a function of the angle 
of rotation of the crankshaft was determined from eq. (10). 

 T(α) =
Pc(α)V(α)

mcRC
  (10) 

Due to the nature of the SEM competition, the operating 
time of the internal combustion engine is relatively short 
(up to 13 seconds), compared to the interruptions in its 
operation (more than 3 minutes) during track driving. Fig-
ure 8 is a graph of driving speed (green line) and engine 
speed (red line) during one vehicle start in the competition.  

 
Fig. 8. Engine rotational speed and vehicle speed during one competition 

start 
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The effect of such a short engine run time is a low ther-
mal load, due to the very short time for heat to affect the 
piston bottom. The effect of such a short engine operating 
time is a low thermal load, due to the very short time for 
heat to affect the piston bottom. The longest the internal 
combustion engine runs is during the start of the vehicle for 
the race. Other engine cycles do not last longer than 10 
seconds. Figure 9 shows the engine speed over time, as 
recorded by the internal combustion engine controller.  

 
Fig. 9. Rotational speed of ICE as a function of time when starting the 
 vehicle from a standstill 

 
The heat transfer coefficient from the working medium 

to the piston bottom was determined from Woschni's exper-
imental formula. The amount of heat transferred by radia-
tion was ignored. The time of the transient thermal test was 
assumed to be the longest time of motor operation, i.e. 13 s. 
The initial temperature of the piston material was assumed 
to be 95°C. The engine is heated to this temperature with 
electric heaters before the start of the competition. The 
temperature distribution is shown in the following Fig. 10. 

 
Fig. 10. Temperature distribution on the tested piston 

The boundary conditions of the strength-analyzed piston 
include support on the cylindrical wall of the piston pin 
bore, accepting radial and axial displacement. In addition, 
the recesses under the piston pin protections received sup-
port from a movable support that receives displacement in 
the direction of the pin axis. The combustion pressure acts 
on the piston bottom and the lower surface of the sealing 
ring groove. The force of inertia of the piston is applied at 
the point of its center of mass. 

The results of the FEM obtained in SolidWorks soft-
ware are shown in Fig. 11. 

 
Fig. 11. Reduced stresses according to Mises theory 

 
The criteria for evaluating the results of FEM simula-

tions are the maximum values of reduced stresses and de-
formations of the piston face. The value of permissible 
reduced stresses was determined similarly to that for the 
connecting rod, with a safety factor of 2.5. In accordance 
with the recommendations of [3], a change of 0.006 mm in 
the diameter dimension was considered as a limit value, 
regardless of whether the diameter of the leading part in-
creased or decreased. Such restrictive values of permissible 
displacements of the piston leading part force the use of 
thicker piston walls, which in turn leads to relatively small 
reduced stresses compared to the permissible ones. 

4. Determination of inertia force 
The value of the inertia forces depends on the magni-

tude of the accelerations acting on the engine components 
moving along the cylinder axis and on the mass of these 
parts. The eq. (1)–(3) determines the dependence of accel-
eration on the instantaneous angular position of the crank-
shaft. Table 3 is a summary of the masses values of indi-
vidual elements of the crank system for the factory and 
modified versions. 

Equation 4 was used to determine the value of the iner-
tia force as a function of the crankshaft rotation angle, both 
for the standard and modified engines. 
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Table 3. Mass data of piston and rod 
Parameter Unit Stock Modified 
Piston, rings, and pin rings  g 59 48 
Rotating part of the connecting rod g 93 36 
Sliding part of the connecting rod g 47 18 

 
Figure 12 shows the dependence of the inertia forces of 

the original and modified crank system. These values were 
determined for a rotational speed of 5000 rpm. 

 
Fig. 12. Force of inertia of engine parts in reciprocating motion 

5. Conclusions 
The use of an innovative construction material in the 

form of titanium alloy Ti6Al4V allows to reduce the masses 
of the crank system components. A particularly noticeable 
difference concerns the connecting rod, for which the total 
mass reduction is around 53% from stock value. Such  
a large difference in mass is the result of twice the density 
of the titanium alloy compared to the construction material 
of the factory element. Greater strength allows for reduced 

dimensions required by permissible stresses. In addition, 
the technology of making the connecting rod outline (re-
moval machining) allows the design of a cross-section that 
allows the transfer of greater bending stresses while mini-
mizing the weight. Obtaining small wall thicknesses with  
a large moment of inertia of the cross-section is an example 
of considering the properties of available manufacturing 
methods at the design stage. 

In the case of the piston, the mass reduction is not so 
significant because the factory component is made of an 
aluminum alloy, a material with a lower density than the 
titanium alloy used. Moreover, during the FEM analysis, 
the criterion of permissible displacements was used, which 
results in low structural effort and, as a result, weight re-
duction. Reducing the mass of the piston is 22% of the 
original piston weight. 

The largest difference in the negative inertia force is 
322 N, which is a 35.8% change from the factory engine's 
inertia force value. The largest difference in positive inertia 
force is 222 N. This is also a 35.8% change from the facto-
ry engine's inertia force value. This is a significant reduc-
tion in the value of the force of inertia in progressive-return 
motion. At the same time, it should be noted that reducing 
the mass of the rotating part of the connecting rod will also 
reduce the moment of inertia of the entire crank system. In 
addition, a reduction in the masses of parts in forward and 
rotary motion, required a reduction in the masses of the 
crankshaft counterweights. As a result, the total reduction 
in the inertia of the entire crankshaft system (including the 
crankshaft after the reduction of the counterweights) will be 
greater than would result from differences in the masses of 
the modified parts alone.  

 

Nomenclature 
FEM finited element method 
ICE internal combusion engine 

SEM Shell Eco-Marathon 
TDC top dead center 
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1. Introduction  

Cold start emissions have received much attention due 
to their adverse impact on air quality and public health. 
Cold start emissions are the emissions a vehicle produces 
when it is started again after being left idle for a while [2]. 
When an engine is first started up, it typically runs ineffi-
ciently, leading to an increase in the emission of pollutants, 
including carbon monoxide, nitrogen oxides, and volatile 
organic compounds. This is known as the cold start prob-
lem [2]. The phrase "cold start emissions" refers to the 
pollution released when a vehicle is first started up after 
being inactive for an extended length of time, generally 
overnight or after a number of hours of not being used. 
Emissions from vehicles that have recently started up tend 
to be higher than those coming from cars that have been 
running for a while. The main cause of this is the engine 
and its parts not having reached the ideal working tempera-
ture yet. The fuel mixture, combustion efficiency, and 
emission control systems may not be operating at their best, 
causing more pollutants to be released into the atmosphere 
[2, 9]. The release of these substances into the air can lead 
to a high level of air contamination and can have a damag-
ing impact on both the health of people and the environ-
ment [1]. The release of these substances can create smog 
and tiny particles, which can result in illnesses related to the 
lungs and heart, in addition to contributing to global warm-
ing [1, 15]. It is essential to take action to solve the issue of 
cold start emissions in order to reduce the amount of emis-
sions from vehicles and enhance air quality. 

The European Union Commission Regulation 
2017/1154 [20] defines cold start as the initial start of the 
combustion engine until the engine has been running for  
a total of 5 minutes. Once the coolant temperature is deter-
mined, the cold start period will finish when the coolant 
reaches 343 K (70°C) for the first time or after the engine 

has been running for a total of five minutes from the time 
the engine was first started [9]. 

Research has indicated that the emissions from vehicles 
used on roads are a major contributor to air contamination 
and can have a detrimental effect on air quality and people's 
wellbeing, especially in metropolitan regions. The Europe-
an Union is taking steps to lower air pollution and reach  
a state of climate neutrality, resulting in new, more strin-
gent laws and regulations on vehicle exhaust. In order to 
comply with these regulations, more advanced exhaust gas 
aftertreatment systems are required. Research has been 
conducted in recent years about emissions from cold start 
operations, illustrating the global significance of this issue 
[12–14, 16, 22]. Additionally [7, 10, 11, 14], NOx emis-
sions from vehicles with gasoline engines should be con-
sidered in future updates to EU regulations [7]. 

In 2016 [8, 9], the European Union implemented the 
first two sets of actual driving emissions (RDE) tests – 
Regulations 2016/427 and 2016/646 – the world's first type-
approved road tests for light duty vehicles. As of September 
2017, the tests have binding emission limitations and use 
portable emission measurement systems (PEMS) to meas-
ure contaminants. The European Commission has begun 
creating two additional RDE programs, which focus on cold 
start emissions, testing for hybrid vehicles, the measure-
ment of particulate emission numbers (PN) on the road, and 
the regular adjustment of aftertreatment systems. This is 
due to a cold start that has a significant impact on emis-
sions, especially in urban areas with frequent short journeys 
and air quality problems [1, 9].  

The latest analysis of [1] shows that the average daily 
distance travelled by passenger cars is not sufficient for the 
vehicle's pollution control system to warm up and become 
fully functional. The resulting high levels of NOx emissions 
during cold-starts from both petrol and diesel engines may 
pose an additional challenge to urban air quality initiatives. 
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At normal temperatures, the amount of emissions re-
leased during a cold engine start-up is much greater than 
when the engine is already warm. In addition, exhaust after-
treatment devices are not effective in reducing emissions 
due to the catalyst failing to reach a temperature necessary 
for activation [9]. 

Diesel engines are commonly employed in the automo-
tive and energy sectors. In order to meet the more demanding 
automotive exhaust emission regulations, newer and more 
advanced engine technologies have been created. Adhering 
to the current standards can be achieved by decreasing the 
emissions produced during combustion and/or improving the 
efficiency of exhaust aftertreatment systems [9]. 

The European Commission (EC) [8, 21] is aiming to 
lower nitrogen oxide (NOx) emissions from diesel automo-
biles through the incorporation of cold start emissions into 
the Real Driving Emissions (RDE) testing process. The 
European Commission (EC) implemented particular regula-
tions concerning cold-starts as part of the third Real Driving 
Emissions (RDE) legislative package due to the fact that 
selective catalytic reduction (SCR) and lean NOx scavenger 
aftertreatment systems can cause heightened NOx emissions 
during cold-start.  

While conducting literature research, the authors paid 
attention to the ambient temperature and its impact on cold 
start emissions. Authors in articles [13, 22, 23] examined 
the effect that various ambient temperatures (–7°C and 
23°C) had on the emission results of vehicles that were 
equipped with both compression and spark ignition engines. 
The purpose of the tests was to investigate whether the 
exhaust emissions during WLTC (Worldwide Harmonized 
Light Duty Vehicles Test Cycle) tests increase in colder 
temperatures in comparison to warmer temperatures [3–7, 
13] and to check for compliance with Euro 6 emission 
standards.. Research shows that ambient temperature has  
a significant impact on cold start emissions. 

The literature analysis shows that the problem of cold 
start emissions is important, and numerous studies confirm 
this. However, more information on cold start emissions in 
a wide temperature range is a significant issue. The novelty 
of this article lies in the detailed analysis of the impact of 
ambient temperature on cold start emissions for various 
pollutants emitted by vehicles. The study conducted by the 
authors using COPERT software to simulate different tem-
perature scenarios and their effect on emissions is a novel 
approach to understanding the dynamics of cold start emis-
sions. By highlighting the significant reduction in emissions 
as temperatures increase, the research provides valuable 
insights into potential strategies to reduce emissions and 
improve air quality in urban areas. This innovative use of 
simulation technology and data analysis adds to the 
knowledge of cold start emissions and provides a basis for 
further research. 

2. Methodology 
Vehicles that do not reach their optimal operating tempera-

ture tend to produce higher levels of air pollution [2]. 
For a given pollutant, engine speed, and initial engine 

temperature, the vehicle's emissions and development over 
time can be broken down into two stages: the first stage 
where emissions diminish due to a gradual rise in either the 

engine or catalyst temperature, and then a stability phase 
when the engine reaches a regular temperature (Fig. 1). The 
initial phase is aligned with time tcold [2].  

 
Fig. 1. The change in the amount of exhaust emitted by a vehicle as it 
 travels distances in real-world settings [2] 

 
The amount of pollution produced in excess when trav-

elling a certain distance at a lower temperature than normal 
operating conditions is referred to as an excess cold emis-
sion. The same engine speed and average driving speed can 
be used to calculate how far a car has gone when driving in 
cold temperatures (as seen in Fig. 1) [2]. In a driving cycle 
involving various engines and vehicles in urban areas, the 
instantaneous emission output becomes much more intri-
cate and irregular. The operating phases and the tempera-
ture rise can both affect the fluctuation in motor rotation 
frequency; this is illustrated in Fig. 1, where the fluctuation 
is much more rapid when the temperature goes up than it 
would be in reality. The difference in emissions from  
a vehicle when the engine is cold compared to when it is 
running hot is referred to as the total cold emissions of the 
vehicle and driving cycle. The amount of emission pro-
duced is dependent on the temperature surrounding it, 
which deviates from the standard temperature for operation. 
The understanding of this idea is dependent on the speed of 
the cycle of accelerations and decelerations being much 
quicker than the temperature increase of the vehicle. Once 
the driving cycle is continued for a sufficient period of 
time, a constant distance must be maintained so that all 
excess cold emissions are accounted for as heat emissions 
on the vehicle's interior. Excess emissions depend on the 
driving cycle and pollutants [2]. 

The authors used COPERT software for this article, as it 
is accepted for creating emissions inventories in European 
nations. This program makes use of the "Tier 3" methodol-
ogy, which computes the complete exhaust emissions by 
separating between emissions released during the thermal 
engine operation ("cold start emissions") and those emitted 
when the engine reaches its regular operating temperature 
("hot emissions"). The equation for the 'Tier 3' methodolo-
gy is provided [15]. 

 ETotal = EHot + ECold  (1) 

where: ETotal – total emissions [g] of any pollutant for the 
spatial and temporal resolution of the application, EHot – 
emissions [g] during stabilized (hot) engine operation, ECold 
– emissions [g] during transient thermal engine operation 
(cold-start) [15]. 
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When a vehicle is first turned on, its emissions are high-
er than when the engine is at its normal operating tempera-
ture. This is referred to as cold start emissions and is ex-
pressed as grams of pollutants per vehicle start. These 
emissions can be compared to the hot emissions released 
when the engine is running normally. The distance travelled 
before reaching stabilized emissions is known as ltrip [15]. 

To measure cold start emissions in a laboratory, a chas-
sis dynamometer must be used together with a driving cycle 
that is lengthy enough to reach balance in the engine's oper-
ating conditions. This driving cycle should imitate the ex-
pected conditions of the vehicle's engine when it is being 
operated. Evaluating the correlation between the initial 
pollution and the chosen parameter (like the speed of the 
vehicle) through the driving cycle should maintain the same 
driving style during both the cold and hot times. It is com-
monly assumed that the majority of cold start emissions 
originate from urban driving, with rural driving as the second 
largest contributor. This is due to the fact that highway con-
ditions are not usually the starting point for many trips [15].  

 ETotal = EUrban + ERural + EHighway (2) 

where EUbran, ERural, and EHighway are the total emissions [g] 
of any pollutant for the respective driving situations. 

The ambient temperature can have a major effect on the 
amount of air pollutants released from both spark ignition 
and compression ignition engine vehicles. Research has 
suggested that there could be a link between the tempera-
ture of the environment and the amount of emissions given 
off during a cold-start. At present, the only emissions that 
are regulated during a vehicle's initial start-up are carbon 
monoxide, hydrocarbons, nitrogen oxides, and total particu-
late matter. For this reason, it is essential to review the 
current EU winter vehicle emissions regulations. Total 
emissions are calculated by combining the activity data and 
the emission factors for each vehicle [15]. The amount of 
emissions released can differ depending on the driving and 
weather conditions. Emissions produced during a cold start 
can be estimated by subtracting the amount of emissions that 
would be released if all vehicles ran with hot engines and 
active catalysts. This is done using a specific formula [17]: 

 ECold,i,k = βi,k ∙ Nk ∙ Mk ∙ ehot,i,k ∙ (
ecold

ehot
|  i,k − 1) (3) 

where ECold,i,k – cold start emissions of pollutant i (for the 
reference year), produced by vehicles of the technology k, 
βi,k – fraction of the mileage driven with a cold engine (or 
the catalyst operated below the light-off temperature) for 
pollutant i and vehicles of the technology k, Nk – number of 
vehicles [veh] of the technology k in circulation; Mk – total 
mileage per vehicle [km/veh] in vehicles of the technology 
k,  ehot,i,k – hot emission factor for pollutant i and vehicles 
of the technology k, ecold

ehot
|  i,k – cold/hot emission quotient 

for pollutant i and vehicles of the technology k. 
The β parameter is affected by the temperature of the 

environment, the way the vehicle is used, and the average 
distance travelled before emission levels stabilize (ltrip). The 
methodology followed the guidelines set out by the 2006 
IPCC Guidelines for National Greenhouse Gas Inventories 

and EMEP/EEA air pollutant emission inventory guidebook 
2019 [17] which serve as basic guidelines for inventories of 
greenhouse gases and air pollutants [15] indicate that ltrip is 
usually increased [15]. In accordance with the above guide-
lines, ltrip was adopted for passenger cars – 12 km and for 
light duty vehicles – 12 km. 

The introduction of stricter emissions standards for cata-
lyst petrol vehicles has shortened the amount of time need-
ed for the catalyst to reach light-off temperature. As a re-
sult, the mileage driven under cold start conditions is lower. 
The β-parameter is also affected by the degree of emission 
control legislation for petrol catalyst vehicles [17].  

The quantity of emissions released in cold or hot condi-
tions is known as the eCOLD/eHOT ratio and is impacted by 
the surrounding temperature and the type of pollutant being 
examined. While the model used in the original version of 
this methodology is still applied to the calculation of emis-
sions during cold-starts, more current ratios were included 
in the last revision of this chapter for cars with catalytic 
converters [17]. 

Cold start emissions are usually only connected to urban 
driving, but a percentage can be ascribed to rural driving 
when the mileage driven with an engine that is not at the 
optimal temperature (β-parameter) is greater than the mile-
age driven in urban areas (SURBAN). This means that equa-
tion (4) needs to be modified, which produces the following 
result [17]: 
If i,k > SURBAN 

 
ECOLD URBAN;i,k =  SURBAN; k ∙ Nk ∙ Mk ∙

eHOT URBAN; i,k ∙ (
ecold

ehot
|  i,k − 1)

          (4) 

It is thought that the mileage driven in urban areas is 
equivalent to warming up the engine, while any additional 
emissions are a result of driving in rural areas. Equation (4) 
is an extreme example for a national inventory, and only 
happens when a tiny amount is given as ltrip. It is also note-
worthy that the urban hot emission factor is used for both 
variations of eq. (4). The overall emissions of N2O and CH4 
should not be distinguished based on where they were re-
leased. The determination of these emissions is based on 
four types of driving conditions: 'cold urban', 'hot urban', 
'rural', and 'highway'. This algorithm outlines the process 
for determining the emission of pollutants, particularly 
methane (CH4). It is especially important to estimate CH4 
emissions because NMVOCs are calculated by taking the 
difference between VOCs and CH4. To begin, it is neces-
sary to determine if the portion of the mileage driven under 
non-stabilized engine temperature (represented by the β 
parameter) is greater than the portion of the mileage at-
tributed to urban conditions (SURBAN). For each vehicle type 
(j) and pollutant (i, either CH4, N2O), this calculation is 
expressed in the following way [17]: 
if βi,k  > SURBAN;k  

 ECOLD URBAN;i,k =  βi,k ∙ Nk ∙ Mk ∙ eHOT URBAN;i,k  (5) 

where: SURBAN;k – mileage share attributed to urban condi-
tions for vehicle technology k, SRURAL;k – mileage share 
attributed to rural conditions for vehicle technology k, 
SHIGHWAY;k – mileage share attributed to highway conditions 
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for vehicle technology k, eCOLD URBAN;i,k – urban cold start 
emission factor for pollutant i, by vehicle technology k, 
eHOT URBAN;i,k – urban hot emission factor for pollutant i, by 
vehicle technology k, eHOT RURAL;i,k – rural hot emission 
factor for pollutant i, by vehicle technology k, eHOT HIGH-

WAY;i,k – highway hot emission factor for pollutant i, by 
vehicle technology k. 

It is important to note that all of the emissions values 
found in the COPERT model have been obtained through 
laboratory testing that follows the WLTP driving cycle 
[15]. In this paper, the authors investigated the impact of 
changes in ambient temperature on the cold start emissions 
carbon dioxide (CO2), nitrous oxide (N2O), methane (CH4), 
nitrogen oxides (NOx), non-methane volatile organic com-
pounds (NMVOC), hydrocarbons (treated as volatile organ-
ic compounds – VOC), total particulate matter (TSP) and 
particle number (PN) in passenger cars and light duty vehi-
cles.  

The authors analyzed the average monthly temperatures 
in Poland in the years 2015–2021. The maximum and min-
imum average temperatures were adopted for the analysis 
and are presented in Table 1. 

 
Table 1. Average monthly temperatures in Poland in 2015–2021 

 2015 2016 2017 2018 2019 2020 2021 
Average minimum temperature 

Jan. –1.3 –5.9 –7.6 –2 –8.5 –2.3 –7.9 
Feb. –2.4 1.4 –2.2 –6.4 –6.4 –4.5 –5.2 
Mar. 1.3 1.9 3.6 –2 –4.7 –4.5 –4.3 
Apr. 5.1 6.7 4.6 9.5 –1.5 0.9 –3.8 
May 9.9 10.8 11.1 13.4 1.9 1.6 1.3 
Jun. 14 15.4 15.6 14.6 6.4 7.8 10.6 
Jul. 16.9 16 12.7 16.2 8.3 9 10.4 
Aug. 18.2 14.5 16.9 17.3 8.7 11.3 7.7 
Sep. 12.3 12.9 10.8 12.3 5.2 7.8 7 
Oct. 2.8 4.8 6.8 8 1.7 2.1 2.1 
Nov. 3.7 1.3 1.2 2.4 –3 1 –1.3 
Dec. 1.8 –2.5 –1.2 –1.8 –5 –3.2 –6 

Average maximum temperature 
Jan. 2.9 –0.3 0.1 3.3 1 4.6 0.7 
Feb. 2.1 4.9 1.9 –1.7 4 5.8 0.2 
Mar. 6 5.2 7.6 1.9 6.3 5.8 4.8 
Apr. 9.4 9.9 8.6 14.3 10.9 10.7 7 
May 13.9 16 15 18.3 14.9 12.4 12.9 
Jun. 18 19.5 19.3 19.7 22.8 19.3 20.7 
Jul. 21.3 20.3 19.9 21.4 20.9 19.3 22.3 
Aug. 23.2 19 20.3 22 20.9 21.1 18.1 
Sep. 15.8 17.7 14.6 16.7 14.6 16.1 15.8 
Oct. 9.2 9.1 11.5 11.5 11.2 11.7 10.6 
Nov. 7.1 4.9 6.2 6.1 6 7.9 6.9 
Dec. 6.7 3.9 3.6 3.9 3.6 3.3 1.2 

 
Based on the temperature values in Table 1, the authors 

decided that simulations are performed assuming ambient 
temperatures from –10°C to +20°C with 5°C intervals. 

Simulations were carried out by using the COPERT 
software, assuming that vehicles from each type of passen-
ger cars travelled 10,000 km in each vehicle’s category: 
passenger cars (PC) and light duty vehicles (LDV). 

The authors checked how the external temperature af-
fects cold start emissions from PC and LDV, but there was 
no division into Euro standards and fuel type. The result of 
the simulations is the sum of emissions caused by passenger 
cars of all classes (Mini, Small, Medium, Large) and for all 
types of fuels (petrol, diesel, LPG and CNG) and Euro 
categories (Pre-Euro-Euro 6) and by light duty vehicles also 
of all classes (N1-I, N1-II and N1-III) and for all types of 
fuels (petrol, diesel) and Euro categories (Conventional-
Euro 6). 

According to the above information, simulations were 
carried out for one vehicle that travelled 10,000 km. 

In addition, a study was carried out to show the change 
in total emissions depending on the ambient temperature in 
urban areas where cold start emissions have the greatest 
impact. 

3. Results 
Figures 2–9 show the influence of ambient temperature 

on cold start emissions in all driving conditions (urban, 
rural, highway). Dependence is present for passenger cars 
and light duty vehicles. In Tables 2–9, pollutant emissions 
in urban areas in the cold and hot phases are shown. 

The methane emission dependence for the cold start 
phase presented in Fig. 2 clearly shows that the emission 
decreases with increasing temperature. The difference be-
tween –10°C and +20°C is 74% for passenger cars and 64% 
for light duty vehicles. For methane, cold start emissions 
from passenger cars are approximately 30% higher than for 
light duty vehicles. 

 
Fig. 2. The dependence of methane (CH4) emissions from cold start on the 
 ambient temperature 

 
Table 2 shows the impact of temperature on emissions 

in the cold and hot phases in urban areas. It is clearly visi-
ble that in the city emissions in the cold start phase are 
much higher than in the hot phase. At temperatures –10°C 
and –5°C, the emission from the hot phase is equal to or 
close to 0. The differences in CH4 emissions for other tem-
peratures between the phases are up to 41 times. 

The carbon dioxide emission dependence for the cold 
start phase presented in Fig. 3 clearly shows that the emis-
sion decreases with increasing temperature.  

The difference between –10°C and +20°C is 226% for 
passenger cars and 238% for light duty vehicles. For carbon 
dioxide, cold start emissions from passenger cars are ap-
proximately 40% smaller than for light duty vehicles. 
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Table 2. Change of methane (CH4) emissions in the cold start and hot 
 phases depending on the ambient temperature 
Temperature 

[°C] 
PC CH4 emission [g/km] LDV CH4 emission [g/km] 

cold hot cold hot 
–10 0.024 0.000 0.017 0.000 
–5 0.022 0.001 0.015 0.000 
0 0.021 0.001 0.014 0.000 
5 0.019 0.002 0.013 0.001 

10 0.017 0.002 0.012 0.001 
15 0.016 0.003 0.011 0.001 
20 0.014 0.004 0.010 0.002 
15 0.012 0.004 0.009 0.002 
20 0.019 0.002 0.013 0.001 

 
Fig. 3. The dependence of carbon dioxide (CO2) emissions from cold start 
 on the ambient temperature 

 
Table 3 shows the impact of temperature on emissions 

in the cold and hot phases in urban areas. It is unmistakable 
that emanations within the cold start are much higher within 
the city than within the hot phase. At –10°C and 0°C, the 
emanation from the hot stage breaks even with or near light 
duty vehicles. The differences in carbon dioxide outflows 
for other temperatures between the stages are substantial.  

 
Table 3. Change of carbon dioxide (CO2) emissions in the cold start and 
 hot phases depending on the ambient temperature 

Temperature 
[°C] 

PC CO2 emission [g/km] LDV CO2 emission [g/km] 
cold hot cold hot 

–10 37.380 0.000 49.625 0.000 
–5 32.315 0.001 45.081 0.000 
0 27.349 0.001 38.012 0.000 
5 22.790 0.002 31.532 0.001 

10 18.638 0.002 25.641 0.001 
15 14.892 0.003 20.337 0.001 
20 11.552 0.004 15.621 0.002 
15 8.619 0.004 11.494 0.002 
20 22.752 0.002 31.489 0.001 

 
The nitrous oxide emission dependence for the cold start 

phase presented in Fig. 5 clearly shows that the emission 
decreases with increasing temperature.  

The difference between –10°C and +20°C is 64% for 
passenger cars and light duty vehicles. 

Table 4 shows the impact of temperature on emissions 
in urban areas' cold and hot phases. The emissions in the 
city are much higher in the cold start phase than in the hot 
phase. At –10°C and –5°C, hot phase emissions are at or 
near zero. The difference in nitrogen oxide emissions at 

other temperatures between phases can be up to 4 times, 
especially for passenger cars and 121 times for light duty 
vehicles at –5°C. 

 
Fig. 4. The dependence of nitrous oxide (N2O) emissions from cold start 
 on the ambient temperature 

 
Table 4. Change of nitrous oxide (N2O) emissions in the cold start and hot 
 phases depending on the ambient temperature 
Temperature 

[°C] 
PC N2O emission [g/km] LDV N2O emission [g/km] 

cold hot cold hot 
–10 0.002 0.000 0.004 0.000 
–5 0.002 0.001 0.004 0.000 
0 0.002 0.001 0.004 0.000 
5 0.002 0.002 0.003 0.001 

10 0.002 0.002 0.003 0.001 
15 0.002 0.003 0.003 0.001 
20 0.001 0.004 0.003 0.002 
15 0.001 0.004 0.002 0.002 
20 0.002 0.002 0.003 0.001 

 
The non-methane volatile organic compounds emission 

dependence for the cold start phase presented in Fig. 5 
clearly shows that the emission decreases with increasing 
temperature.  

 
Fig. 5. The dependence of non-methane volatile organic compounds 
 (NMVOC) emissions from cold start on the ambient temperature 

 
The difference between –10°C and +20°C is 650% for 

passenger cars and 596% for light duty vehicles. 
Table 5 shows the impact of temperature on emissions 

in the cold and hot phases in urban areas. Emissions in the 
city are significantly higher during the cold start than dur-
ing the hot phase. The emission from the hot phase is equal 
to or nearly equal to zero for temperatures between –10°C 
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and 0°C. At –5°C, there are variations in non-methane 
volatile organic compound emissions for passenger cars up 
to 17 times and light duty vehicles up to 486 times between 
the phases. 

 
Table 5. Change of non-methane volatile organic compounds (NMVOC) 
emissions in the cold start and hot phases depending on the ambient tem-
 perature 

Temperature 
[°C] 

PC NMVOC emission 
[g/km] 

LDV NMVOC emission 
[g/km] 

cold hot cold hot 
–10 0.312 0.000 0.233 0.000 
–5 0.257 0.001 0.202 0.000 
0 0.205 0.001 0.164 0.000 
5 0.159 0.002 0.130 0.001 

10 0.117 0.002 0.099 0.001 
15 0.081 0.003 0.072 0.001 
20 0.042 0.004 0.035 0.002 
15 0.014 0.004 0.011 0.002 
20 0.158 0.002 0.129 0.001 

 
The nitrogen oxides emission dependence for the cold 

start phase presented in Fig. 6 clearly shows that the emis-
sion decreases with increasing temperature.  

The difference between –10°C and +20°C is 195% for 
passenger cars and 319% for light duty vehicles. 

 
Fig. 6. The dependence of nitrogen oxides (NOx) emissions from cold start 
 on the ambient temperature 
 
Table 6. Change of nitrogen oxides (NOx) emissions in the cold start and 
 hot phases depending on the ambient temperature 

Temperature 
[°C] 

PC NOx emission [g/km] LDV NOx emission [g/km] 
cold hot cold hot 

–10 0.051 0.000 0.120 0.000 
–5 0.043 0.001 0.098 0.000 
0 0.035 0.001 0.073 0.000 
5 0.030 0.002 0.061 0.001 

10 0.025 0.002 0.049 0.001 
15 0.021 0.003 0.039 0.001 
20 0.017 0.004 0.030 0.002 
15 0.015 0.004 0.024 0.002 
20 0.030 0.002 0.062 0.001 

 
Table 6 shows the impact of temperature on emissions 

in the cold and hot phases in urban areas. The contrast be-
tween emissions during cold and warm phases in urban 

areas is evident. In temperatures of –10°C and –5°C, emis-
sions during warm starts hover around zero or are negligi-
ble. The disparity in nitrogen oxide emissions between the 
two phases varies significantly across different tempera-
tures, reaching up to 42 times for passenger cars and 480 
times for light duty vehicles at –5°C. 

The particulate matter emission dependence for the cold 
start phase presented in Fig. 7 clearly shows that the emis-
sion decreases with increasing temperature.  

 
Fig. 7. The dependence of total particulate matter (TSP) emissions from 
 cold start on the ambient temperature 

 
Table 7 shows the impact of temperature on emissions 

in the cold and hot phases in urban areas. It is clearly visi-
ble that in the city emissions in the cold start phase are 
much higher than in the hot phase. At temperatures –10°C 
and –5°C, the emission from the hot phase is equal to or 
close to 0. The differences in particulate matter emissions 
for other temperatures between the phases are up to 42 
times for passengers’ cars and more than 480 times for light 
duty vehicles at –5°C. 

 
Table 7. Change of total particulate matter (TSP) emissions in the cold 
 start and hot phases depending on the ambient temperature 

Temperature 
[°C] 

PC TSP emission [g/km] LDV TSP emission [g/km] 
cold hot cold hot 

–10 0.010 0.000 0.032 0.000 
–5 0.008 0.001 0.027 0.000 
0 0.006 0.001 0.020 0.000 
5 0.004 0.002 0.014 0.001 

10 0.003 0.002 0.009 0.001 
15 0.001 0.003 0.005 0.001 
20 0.000 0.004 0.001 0.002 
15 0.000 0.004 0.000 0.002 
20 0.004 0.002 0.015 0.001 

 
The particle number emission dependence for the cold 

start phase presented in Fig. 8 clearly shows that the emis-
sion decreases with increasing temperature.  

The difference between –10°C and +20°C is 64% for 
passenger cars and light duty vehicles. 

Table 8 shows the impact of temperature on emissions 
in the cold and hot phases in urban areas. The disparity is 
evident in urban environments, where emissions during 
cold start significantly surpass those during warm phases. 
At a temperature of –10°C, emissions during warm phases 
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are either zero or negligible. The contrast in particle num-
ber emissions between the two phases varies across differ-
ent temperatures, with differences of up to 42 times for 
passenger cars and 480 times for light duty vehicles at  
–5°C. 

 
Fig. 8. The dependence of particle number (PN) emissions from cold start 
 on the ambient temperature 

 
Table 8. Change of particle number (PN) emissions in the cold start and 
 hot phases depending on the ambient temperature 

Temperature 
[°C] 

PC PN emission [g/km] LDV PN emission [g/km] 
cold hot cold hot 

–10 91.736 0.000 82.627 0.000 
–5 86.466 0.001 82.088 0.000 
0 80.444 0.001 76.368 0.000 
5 74.421 0.002 70.649 0.001 

10 68.399 0.002 64.930 0.001 
15 62.377 0.003 59.211 0.001 
20 56.355 0.004 53.493 0.002 
15 50.333 0.004 47.776 0.002 
20 73.829 0.002 70.087 0.001 

 
The hydrocarbons emission dependence for the cold 

start phase presented in Fig. 9 clearly shows that the emis-
sion decreases with increasing temperature.  

 
Fig. 9. The dependence of hydrocarbons (VOC) emissions from cold start 
 on the ambient temperature 

 
The difference between –10°C and +20°C is 536% for 

passenger cars and 485% for light duty vehicles. 
Table 9 shows the impact of temperature on emissions 

in the cold and hot phases in urban areas. The difference is 
evident within urban settings, where emissions during cold 

start notably exceed those during warm phases. At tempera-
tures of –10°C and –5°C, emissions during warm starts are 
virtually zero or negligible. Variations in hydrocarbon 
emissions between the two phases at other temperatures can 
reach up to 42 times for passenger cars and surpass 480 
times for light duty vehicles at –5°C. 

 
Table 9. Change of hydrocarbons (VOC) emissions in the cold start and 
 hot phases depending on the ambient temperature 

Temperature 
[°C] 

PC VOC emission [g/km] LDV VOC emission [g/km] 
cold hot cold hot 

–10 0.332 0.000 0.250 0.000 
–5 0.275 0.001 0.217 0.000 
0 0.221 0.001 0.178 0.000 
5 0.173 0.002 0.142 0.001 

10 0.131 0.002 0.110 0.001 
15 0.093 0.003 0.082 0.001 
20 0.052 0.004 0.045 0.002 
15 0.023 0.004 0.019 0.002 
20 0.173 0.002 0.141 0.001 

 
In Fig. 2–9 and are shown a comparison of a cold start 

emissions for CO2, N2O, CH4, NOx, NMVOC, VOC, TSP 
and SPN23, depending on the ambient temperature. The 
modelling showed that cold start emissions of all pollutants 
are highly influenced by variations in the ambient tempera-
ture. We can see that the levels of all modelled pollutants 
and cold start emissions have gone down. COPERT soft-
ware was utilized to carry out the simulations, and the am-
bient temperatures ranged from –10°C to 20°C with 5°C 
intervals. 

All of the simulations are conducted using COPERT 
software, assuming ambient temperatures from –10°C to 
+20°C, with 5°C intervals.  

The results presented in Tables 2–9 show that for tem-
peratures from –10°C to –5°C in city traffic, there are only 
emissions from the cold start phase for both passenger cars 
and light duty vehicles, which indicates that with the model 
used ltrip parameter, even after driving 12 km, the engine 
still does not heat up to the optimal temperature. Only at  
a temperature of 0°C do emissions from the heated engine 
begin to appear, but they are over 41 (for PCs) and 486 (for 
LDVs) times lower than in the cold start phase. 

4. Conclusions 
Similarly, to the research conducted by [3, 13, 15], it 

can be seen that as the temperature increases, cold start 
emissions decrease for all pollutants, which was also prov-
en by simulation tests. 

As shown in Fig. 2–9, changing the ambient tempera-
ture reduces emissions of CO2, N2O, CH4, NOx, NMVOC, 
VOC, TSP and PN during cold start for each vehicle cate-
gory. 

The simulations show how important it is to reduce 
emissions from the cold start phase. Emissions in this phase 
are much higher than in the case of emissions from the 
engine heated to the appropriate temperature. This is espe-
cially important in cities, where these emissions have the 
greatest impact on human health. 

In summary, ambient temperature significantly impacts 
cold start emissions under various driving conditions for 
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passenger cars and light duty vehicles. Simulation results 
using COPERT software show that as temperature increas-
es, emissions of carbon dioxide, nitrogen oxides, methane, 
nitrogen oxides, non-methane volatile organic compounds, 
hydrocarbons, total particle mass, and particle number de-
crease during cold start for both vehicle categories. The 
study highlights the importance of reducing emissions dur-
ing the cold start phase, particularly in urban areas where 
these emissions significantly impact human health. Further 
testing on vehicles adjusted to appropriate temperatures is 
recommended to understand better and reduce cold start 
emissions. 

It is therefore important to take effective action to re-
duce emissions during the cold start phase, especially in 
urban areas where these emissions significantly impact air 
quality and public health. It is essential to address cold start 
emissions to improve air quality and reduce negative im-
pacts on health and the environment. 

Further research and testing on vehicles is also recom-
mended to confirm the simulation results and explore po-
tential solutions to reduce cold start emissions. By address-
ing cold start emissions and implementing effective policies 
and regulations, we can work to minimise the impact of 
vehicle emissions on air quality and public health. Action is 
needed to reduce cold start emissions and improve air quali-
ty to benefit people and the environment. Additionally, 
continuous monitoring and regulation of vehicle emissions, 
particularly on cold start operations, is essential to achiev-
ing environmental goals and improving air quality in urban 
areas. 

The authors also see the need to carry out tests on a real 
vehicle, which will be conditioned to an appropriate tem-
perature and then tested on a chassis dynamometer and in 
real driving conditions. 

 

Nomenclature 
CH4  methane  
CO2  carbon dioxide 
COPERT  COmputer Programme to calculate Emissions 

from Road Transport 
EC  European Commission 
N2O  nitrous oxide  
NMVOC  non-methane volatile organic compounds 
NOx  nitrogen oxides  

PN  particle number 
RDE  real driving emissions 
SCR  selective catalytic reduction 
TSP  total particulate matter  
VOC (HC)  hydrocarbons (treated as volatile organic 

compounds  
WLTP  Worldwide Harmonised Light Vehicle Test 

Procedure 
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GTM-120 micro gas turbine engine noise identification 
 
ARTICLE INFO  Micro gas turbine engines are a popular subject in research activities; most of them consider performance 

measurements and vibration analysis, which are related to operating running engines. Operating even small-size 
engines causes potential risk to operator health. The research problem was to identify the acoustic flow field 
from the front and back of an operating GTM-120 engine. Research was divided into three parts: identify noise 
at various rotational speeds, identify the acoustic field of the engine, and identify noise levels at additional 
points. Obtained results identifies noise, from such a small engine, is at a range of 67 to 109 dBC, which is 
harmful and unpleasant to people that are within a radius of 15 meters from the engine. The final conclusion is 
that installing a muffler for any size of turbomachinery should be mandatory. 
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1. Gas turbine and micro gas turbine engines noise 

The noise spectrum in a gas turbine engine is unique, 
with characteristics that are a result of the engine design 
and its operation. All engine components (i.e. fan, compres-
sor, combustor, turbine, and exhaust system) contribute to 
the overall broadband noise. In comparison to piston en-
gines, gas turbine engines are continuous cycle engines that 
take place simultaneously in all stages of the Bryton cycle. 
The relative noise level for individual sources will vary not 
only due to different engine operating conditions. Turbine 
noise can be associated with two categories: internally 
generated noise, usually resulting from the operation of 
rotating engine parts, and externally generated jet noise. 
Noise sources are strictly related to engine design form. For 
example, in high-flow turbofan engines, the fan is responsi-
ble for the noise generation. It’s size and airflow are up to 
five times greater than the airflow through the engine core. 
Noise generated by the fan and compressor propagates 
throughout the intake duct and the engine inlet that is going 
through the front of the engine. Noise from the combustor 
and turbines exits the engine through the jet pipe. 

 
Fig. 1. Turbofan engine noise sources [1] 

 
Figure 1 presents the main sources of noise in a turbofan 

engine, along with the direction of noise emissions. 

1.1. Internal noise – turbomachinery noise 
Internal noise generated by rotor components is similar 

and largely depends on the rotor tip blade speed. They vary 

based on the speed of sound criteria – Mach number M. For 
subsonic blade tip speeds regime, the main source of noise 
is pressure pulsations on the blade profiles that arise from 
the turbulent airflow. At static conditions, random changes 
in the pressure and velocity of the intake air can be ob-
served resulting from natural atmospheric turbulence or 
turbulence caused by nearby structures. The compressor 
intake section composition – depending on engine layout 
(turbofan, turbojet, turboprop) – adds to the complexity of 
the obtained acoustic spectrum. Operating at flight condi-
tions, airflow is more uniform – less turbulent. Rotating at 
supersonic speeds, the source of noise is shock waves gen-
erated at the edges of the blades. The distance between the 
turbomachinery stages also affects the generated noise. The 
combustor is a generator of engine noise. Noise, from the 
combustor, passes through the jet pipe. It is not an easily 
distinguishable component. The acoustic spectrum assigned 
to the combustor is very similar to that of the mixing 
streams, which makes it easy to confuse them. For angles 
corresponding to the angles of refraction propagating from 
inside the engine through to the jet mixing area, it is possi-
ble to determine both the level change and the distinct spec-
tral shape associated with combustion and other internal 
sources. Generated noise is the result of very turbulent 
processes taking place in the combustion chamber. In other 
cases, it is the result of changes in the temperature of gases 
leaving the combustion chamber which affects other engine 
components – turbine, and jet pipe generated noise. No one 
has developed a definitive predictive procedure that consid-
ers all the observed features of gas turbine engines [17]. 
Micro gas turbine noise tests have shown that the noise 
level remains at 80 dB. It should be considered that the 
presented MGT (micro gas turbine) was based on a turbo-
charger. Radial turbines have lower rotational speeds that 
would significantly lower noise emissions [11]. 

1.2. External noise 
Jet noise is related to the process of mixing exhaust gas-

es with the atmosphere. Sound sources related to impact 
noise in an ineffectively expanded supercritical stream (Fig. 
2). For engines operating at subcritical flow speeds, the 
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generated noise will only concern the processes of mixing 
the exhaust stream with the atmosphere. The vortices af-
fecting the mixing process vary significantly as they move 
away from the outlet nozzle (growing along the stream and 
losing speed). For engines reaching supercritical flow 
speeds, shock noise is superimposed on stream mixing 
noise as a secondary source [17]. 

 
Fig. 2. Source of jet noise [1] 

 
The most important factor influencing the noise, result-

ing from the mixing of exhaust gas streams with the atmos-
phere, is the velocity of the flowing exhaust gases. A sec-
ond factor that also affects the overall noise is the exhaust 
gas temperature. The noise level will increase with the mass 
air flow (proportional to air density). The effect of speed 
can only be roughly estimated by taking the exhaust gas 
velocity value. For high exhaust gas velocities (approx. 
400–500 m/s), the intensity of the emitted noise increases 
with the eighth power of the exhaust velocity; for low ve-
locities (approx. 200 m/s), the intensity increases with the 
second power. Conventional turbojet engines are character-
ized by small cross-sections, relatively low air mass flow, 
and very high exhaust gas velocities. For them, the domi-
nant sound source was the exhaust gases mixing with the 
surroundings.  

1.3. Methodology and testing 
Measurement methods for turbine engine acoustics are 

carried out for the purpose of creating engine acoustic mod-
els. The data collected in this manner can be used for en-
gine certification or for further design modification. The 
most well-established method of collecting data for the 
purpose of creating an acoustic model of an engine is the 
empirical method. The noise spectrum obtained during 
engine testing contains the spectrum of all sources contrib-
uting to the overall engine noise. Therefore, the first step in 
creating an acoustic model is to subtract the jet noise (esti-
mated by prediction or by extrapolation from model data) 
[14]. The acoustic tests are carried out at open spaces. Fig-
ure 3 presents the measurement site located in an open 
space. The measurement station consists of: an engine 
mounted on a tripod, a turbulence control system (TCS), 
and a measurement system – a microphone system. To 
avoid turbulence resulting from air turbulence reflected 
from the ground, the engine must be mounted at the appro-

priate height. The TCS is positioned upstream of the engine 
intake to reduce atmospheric turbulence. The stand itself 
must also be sufficiently far from acoustic obstacles. 

 
Fig. 3. RR Trent on a test stand no.11 equipped with a TCS system [2] 

 
As the measurements are carried out outdoors, it is im-

portant to monitor atmospheric conditions, for example, 
wind speed and direction, ambient temperature, atmospher-
ic pressure, ground temperature, etc. Test stand no. 11 Rolls 
Royce is shown in the drawing (Fig. 3), the entire meas-
urement platform has the ability to rotate 360° thanks to the 
hydraulic drive, which enables it to be adjusted according 
to the blowing wind. The entire measurement system is 
controlled from the control room and consists of three ele-
ments: a system control station – System Control Work-
station – for initiating and controlling the noise measure-
ment system and all processes; a weather monitoring com-
puter – displaying current weather conditions, an analysis 
computer – allowing analysis (viewing or printing) of saved 
data [2]. 

The microphone arrangement depends on the type of re-
search being conducted (Fig. 4). For example, the meas-
urement system of the DGEN380 engine has 29 micro-
phones placed on a 20 m long arc, the center of which coin-
cides with the axis central engine. In addition, the right side 
of the engine was positioned in line with the engine axis 
foldable – a nine-bar system with a diameter of 2.5 m 
(6 microphones on each beam) [16]. 

 
Fig. 4. DGEN 380 test stand. a) top view or microphone array form in arc, 

b) directional noise measurement, c) ray form measurement [8] 

2. Micro gas turbine noise 
2.1. Test engine 

The research object was the GTM-120 micro-scale gas 
turbine engine. It is a single-spool gas turbine engine. The 
design is a 1R-1 – single-stage radial compressor, and sin-
gle-stage axial turbine (Fig. 5). This layout is relevant to the 
early designs like Turbomecca Marbore (J-69) engines. 
This type of internal structure is still used by APUs (Auxil-
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iary Power Units) or in simplified engines dedicated to 
drones.  

 
Fig. 5. GTM-120 turbojet engine [3] 

 
Due to this design’s affordable price, engines of this 

class are used in research university test facilities [4, 5, 13]. 
The total length of the engine is 265mm and the maximum 
diameter is 110 mm. This engine operates on Jet-A1 kero-
sene fuel and is controlled by a provided standard Project 
ECU control system. The engine rotor rotational speed in 
operating conditions reaches 32 to 120 thousand rpm from 
idle to the maximum thrust. Engine parameters at maximum 
conditions are thrust 12 daN, fuel flow – 440 ml/min. The 
engine’s electric starter was disassembled due to the front 
of the compressor’s interaction with the starter structure (air 
start configuration).  

2.2. Test methodology 
Experimental tests of the engine acoustic field were per-

formed in an open space (Fig. 6). The reasons for conduct-
ing the research using this method were due to the follow-
ing: lack of availability of the anechoic chamber, and to 
incorporate of safety measures aimed at protecting the 
health of the people conducting the research. A micro-class 
jet engine with an airflow of 0.2 kg/s is able to fill a room, 
with a volume of 25 m2, with exhaust gases in less than 146 
seconds, which is a serious health hazard. When performing 
acoustic tests in an open space, one should remember about 
certain limitations resulting from conducting this type of 
research. The measurement station itself should be at least 
3.5 meters away from any reflective surfaces that could 
disturb the measurements by generating reflections of 
acoustic waves. Another factor worth considering is the 
level of the general acoustic background noise at the place 
of testing. If it’s possible, the background sound pressure 
level should be measured with the sound source turned off. 
If the background noise is 10 dB more or less than the noise 
level produced by the source, the error from neglecting the 
background noise is less than 0.5 dB. 

If the background noise is 20 dB more or less than the 
noise level of the measured source, the measurement error 
is less than 0.1 dB. In this case, the background noise level 
will have a negligible impact on the measurements. If the 
difference between the background noise level and the 
source noise level is less than 3 dB, accurate measurement 
of the noise level at the source is very difficult. A solution 
to perform more accurate measurements in the case of high 
background noise levels may be to move the microphone 
closer to the measured sound source [10]. Increasing the 
difference between the measured noise level and the back-

ground noise could be difficult due to high exhaust gas 
temperatures – in the case of measuring noise from the back 
of the engine. 

 
Fig. 6. GTM-120 turbojet at an open space test area 

 
The research was carried out during the holiday season 

in an empty car park. The measurement station prepared for 
the research is shown in the drawing (Fig. 8). The test site 
was a car park; there were no obstacles in the engine oper-
ating zone, the presence of which would significantly affect 
measurement disturbances. The day was sunny. Ambient 
conditions during the study were: air temperature of 22oC, 
pressure 1018 hPa, and calm conditions 0–1, according to 
the Beaufort scale. 

 
Fig. 7. Noise measurement procedure 

 
The scope of the conducted research was divided into 

three parts. The first one was to measure the noise levels for 
specific engine speeds. The next part concerned measuring 
the acoustic field of the compressor and turbine. The final 
part provided the opportunity to measure the noise level of 
omitted points of particular interest that were not covered 
by previous measurements (Fig. 7). 
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Fig. 8. Test stand configuration a) acoustic field compressor/turbine, 
 b) various rpm configuration, c) far noise configuration 

 
The measurement station for the tested acoustic field of 

the compressor and turbine is shown in (Fig. 8a). The array 
of measurement points is located 4 m from the front of the 
compressor and 5 m from the front of the turbine. To meas-
ure the acoustic field of the compressor, 64 points spaced 
1m apart were used, and for the turbine, 40 measurement 
points were used. 

Initial engine run “run zero” was used to identify the 
baseline noise level. Initial point (Fig. 8b) was chosen, they 
were placed at a point 0.5 m away from the engine axis to 
avoid interactions with the main part of airflow and for 
safety reasons. The initial distance was 4m from the front of 
the compressor, and 12 m from the turbine’s front. The 
First part of research: the measurement of the noise level at 
various rotational speeds was carried out for two different 
configurations – the setting was different depending on 
whether the measurement concerned a compressor or  
a turbine (Fig. 8b) – black dot points. Second part: acoustic 
noise measurements for the compressor and turbine were 
carried out at a constant rotational speed that was set at 
100,000 rpm. Measurements at each point lasted 30 sec-
onds, then the meter was set to the next measurement point; 
the setting was different depending on whether the meas-
urement concerned a compressor or a turbine. The third 
part was conducted to measure the noise level far away 
from the engine to identify safe/unsafe conditions. An addi-
tional consideration was to measure the noise near the com-
bustor – point A (Fig. 8c).  

3. Results 
3.1. Noise measurement in characteristic points 

For the analysis to be carried out, it is necessary to veri-
fy whether the measured results at selected points (Fig. 8c) 
are reliable; there is also a horizontal measurement of the 
acoustic background. This measurement was performed 
with the device’s turned and non-operational engine. The 
average value measured was 51 dBC. This value is shown 
in a collective graph of the examined points, denoted by (T) 
with the marked average standard deviation (Fig. 9). The 

average measured value of the noise level for the combus-
tion chamber (A) was 109 dBC. The average noise level 
measured at the engine axis for the compressor (B) was 98 
dBC. For the turbine, the average measured noise level at 
point (C) was 77 dBC, while at point (D) 70 dBC. The 
collected data is presented in Fig. 9. The average standard 
deviation for the results of the tested measurement points 
was also considered. The noise level for the combustion 
chamber and compressor are significantly higher than the 
background noise level – greater than 20 dBC, hence the 
negligible measurement error (less than 0.1 dBC [5]). Tur-
bine noise levels in the engine axis are closer to the back-
ground noise level, but they can still be considered reliable 
– a difference of 10 dBC introduces an error of approxi-
mately 0.5 dBC [5, 2]. 

 
Fig. 9. GTM-120 engine noise levels at selected points. 

3.2. Noise level measurement for variable rotational 
speeds 

Figure 10 presents the compressor noise level in relation 
to the various rotational speeds along with the average 
standard deviation. It was observed that as the rotational 
speed increases, the sound pressure (noise) level increases. 
This phenomenon is noticed in both the compressor and the 
turbine. That is a qualitative indicator that research was 
conducted the proper way.  

 
Fig. 10. GTM-120 engine compressor noise levels at various rotational 
 speeds 
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Considering turbine measurements (Fig. 11), there is a 
noticeable difference in the noise level in comparison to the 
compressor side of the engine. The noise from the turbine is 
noticeably lower. This is largely due to the significant dif-
ference in the distance of the measurement point from the 
sound source (Fig. 8). During the test we followed the rule: 
safety first.  

 
Fig. 11. GTM-120 engine turbine noise levels at various rotational speeds 

3.3. Measurement of the noise level of the compressor 
and turbine acoustic field 

To identify the acoustic array, we need to follow the 
numbering rule of selected points – Fig. 12. Measurement 
starts from the left-hand side and progresses by adding the 
next measurement (column direction) to the right-hand side. 
After completing the column, an addition matrix row is 
considered. 

The difference in adding a row to the noise measure-
ment matrix is the direction of measurement. For the com-
pressor, measurements are taken while moving away from 
the noise source. For the turbine, measurements are taken 
while moving towards the noise source. If there is any risk, 
it is possible to stop the measurement procedure. 

 
Fig. 12. Acoustics array for compressor & turbine noise measurements 

 
Figure 13 presents the average measured noise level for 

compressor – specific points. According to the measure-
ment procedure, it can be concluded that the conditions of 
the study were sufficiently stable, and the measurement 
errors obtained did not affect the results significantly. The 
highest value was measured at the axis closest to the front 

of the compressor, and its value was 97 dBC. The lowest 
value was recorded at the point furthest from the front of 
the compressor; its value was 87 dBC. The difference be-
tween the average highest measured value and the lowest is 
10 dBC. 

 
Fig. 13. Results for acoustics array for compressor noise measurements 

 
The presented acoustic flow field (Fig. 14) informs us 

that the area with the highest values is not symmetrically 
distributed relative to the engine axis (on the graph between 
points 4 and 5). This phenomenon reveals the non-axial 
angle of air inflow into the rotor, which is the nature of the 
centrifugal compressor’s design. GTM-120 engines were 
based on Garret T04B – series 409179 – compressor 
wheels. Additional disturbances in the measured acoustic 
field may be caused by changing environmental conditions 
resulting from the place where the test was carried out – the 
open space. The lowest measured value is greater than the 
acoustic background by 26 dBC, thus the measurement 
error can be considered negligible, and the results are relia-
ble; in short, the acoustic background does not significantly 
affect the result values. 

 
Fig. 14. Results of the acoustics flow field for compressor noise measure-

ments (dBC) 
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The turbine noise measurements (Fig. 15), similar to the 
results of the compressor (Fig. 13), present average meas-
ured noise levels at the individual measurement points. The 
measured noise levels are noticeably lower than in the case 
of measurements of the compressor. It should be remem-
bered that the measurement field was moved away from the 
noise source (turbine side) by one meter when compared to 
the measurements carried out for the compressor. The high-
est measured value for the turbine field was 92 dBC. The 
smallest measured value was 84 dBC. The acoustic back-
ground did not significantly affect the results. 

 
Fig. 15. Results for acoustics array for turbine noise measurements 
 
It was identified that the character of the acoustic field 

for the turbine is not similar to the appearance of the com-
pressor acoustic field. The main reason is the different 
characteristics of sound formation at the inlet and outlet of 
the engine. 

 
Fig. 16. Results of the acoustics flow field for turbine noise measurements 

(dBC) 
 
The noise referred to the turbine side in comparison to 

the internal noise – machine noise, also includes the noise 
referred to as external that results from the turbulent flow 

and mixing of exhaust gases with the atmosphere. As in the 
case of a compressor, the appearance of the acoustic field is 
influenced by the non-axial turbine geometry and the strong 
effect of turbine stator-rotor interactions. The final effect is 
magnified by the elements (three) that hold the central body 
of the jet pipe cone. This results in the "silent bands" that 
can be observed in Fig. 16. The turbine flow field corre-
sponds to the result obtained by Lee et al. [9], where the 
flow field is also asymmetric without rotor stator interac-
tion due to test model configurations. The main difference 
between the acoustic field of the compressor and the turbine 
would be the result of a design configuration. The compres-
sor is designed using the rotor-stator configuration and the 
turbine follows the stator-rotor scheme. The compressor 
acoustic field is dominated by reflections between the com-
pressor wheel and compressor case. The turbine acoustic 
field is dominated by the stator-rotor interaction and jet 
pipe interaction. That phenomenon is consistent with the 
results published by Tanaka [15]. They correspond to the 
theory of turbomachinery according to the relative Mach 
number at the compressor inlet. 

4. Summary 
Knowing the basic processes of noise generation in a jet 

engine, we can expect that the main source of noise will be 
the engine exhaust. The noise level from the engine exhaust 
consists of all the turbomachine noises, including noise 
from the combustion chamber resulting from violent com-
bustion processes, and the jet noise resulting from the tur-
bulent mixing of exhaust gases with the atmosphere. The 
literature states that sound levels for jet engines are 150 dB 
[6]. Considering the size of the tested engine, we can expect 
lower sound levels, which are related to low-pressure ratios 
and a thermodynamically inefficient design.  

Obtained results of the analysis that characterize noise 
generation in micro-class turbine engines allow one to 
move away from the hypotheses. Based on facts – experi-
mental data – the noise level in the vicinity of the running 
engine was determined and visualized (Fig. 13, 15). As 
expected, the results obtained are significantly lower than 
those in the literature – representing sound levels for full-
size engines. The obtained measurements can be considered 
reliable. The lowest difference between the obtained meas-
urements and the acoustic background was around 10 dBC, 
the measurement error in this worst-case scenario remains 
at the level of approximately 0.5 dBC, which is considered 
negligible. Analysis of the acoustic field allows for deter-
mining the tendency of noise propagation for a jet engine, 
thus determining safety zones. After analyzing the results 
obtained by the acoustic field (Fig. 14, 16), there is the 
conclusion that working with micro gas turbines could be 
dangerous, or at least unpleasant [7]. The average noise 
level obtained for the compressor is from 87 dBC to 97 
dbC; for the turbine, it is from 84 dBC to 92 dBC. In both 
cases, the measured noise level is harmful to humans. Noise 
above 70 dBC, over a prolonged period of time, may start 
to damage your hearing. Loud noises above 120 dBC can 
cause immediate harm to your ears according to the Centers 
for Disease and Control Prevention. The highest sound 
level was obtained near the combustion chamber, which 
was also the point closest to the engine. The impact of the 
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received noise level of 109 dBC is already very harmful 
and may cause severe disruption of the nervous system and 
permanent hearing damage. Other sources categorize “noise 
pollution” and noise above 105 dB as “traumatic”, the 
range between 90 to 105 dB as “threatening”, and noise 
below 80 dB as safe [12]. Therefore, any operator should 
use appropriate protective measures to avoid unpleasant 
effects resulting from a long-term stay in the risk zone. 
According to Fig. 8, the minimum safe distances to stay in 
the area of a micro class engine without protective 
measures should be no less than 12 m from the compressor 
side and at least 15 m from the turbine side. Staying within 
5 meters of the engine will damage the hearing of an opera-
tor. Final recommendation for future research is to measure 
noise in order to determine its direction relative to the en-
gine. Inside, near the combustor, install a muffler to sup-
press the sound level, and install additional protective muf-
flers when long-term engine operation is considered. It is 
also worth considering vibration measurement to allow the 
identification of machine noise and the diagnostic of the 
engine. As a warning for gas turbine operators, an author 
diagram of hearing loss is presented. 

Working in a gas turbine environment as a maintenance 
engineer and scientist for twenty years has caused hearing 
loss of about 29 % in the left ear and 8% in the right ear 
(Fig. 17). Final recommendation is that, even for micro 

turbo machinery, a properly silenced test facility is essen-
tial. According to scientific reports, approximately 33% of 
working-age adults with a history of occupational noise 
exposure have audiometric evidence of noise-induced hear-
ing damage, and 16% of noise-exposed workers have mate-
rial hearing impairment [16]. Obtained results lead to the 
final conclusion that any type of micro gas turbine engine 
should be obligatorily tested at a prepared facility that al-
lows one to separate operators from the noise source. 

 
Fig. 17. Author audiometry results provided by Medyk medical center 

 

Nomenclature 
APU auxiliary power units 
dB decibels 
dBC decibels in C scale 

MGT micro gas turbine 
TCS turbulence control system 
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ARTICLE INFO  The article presents the classification of motor fuels into conventional and unconventional. The concept of 

replacement fuels is formalized as fuels that can replace conventional petroleum fuels for spark ignition and 
self-ignition engines without any structural or regulatory changes. The criteria for qualification of unconven-
tional fuels as replacement fuels are presented. This article also introduces the results of empirical research 
conducted on a single-cylinder research engine powered by diesel fuel and rapeseed methyl esters (RME) in the 
summer version and winter versions. The engine was tested, and the combustion phenomenon in the cylinder was 
analyzed. Very similar engine properties were observed for diesel fuel and rapeseed methyl esters in the summer 
version, while greater differences were found for rapeseed methyl esters with winter additives. In light of the 
empirical research and the physicochemical properties of the fuels, it is concluded that RME warrants consider-
ation as a replacement fuel for engines with self-ignition, especially in the case of biofuel in the summer version. 
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1. Introduction 

In today's era, the use of fuels in internal combustion 
engines has emerged as a pressing global concern. The 
widespread utilization of energy sources poses a substantial 
environmental threat, impacting human health and acceler-
ating the depletion of fossil resources essential for energy 
production. This situation markedly fuels socio-political 
tensions, driven by disparities in resource accessibility. 

As a result, within the energy-related economy, there is 
currently a significant interest to explore broader avenues 
for obtaining accessible energy resources [2, 3, 9, 14, 15, 
20–26, 28]. This is primarily driven by environmental pro-
tection issues [1, 13, 16–19, 29, 30] and the energy security 
of states and state structures, ultimately impacting the quali-
ty of human life. Therefore, this constitutes a global issue 
for sustainable civilizational development. 

2. Classification of motor fuels and formalization 
of the concept of replacement fuels 
Energy carriers encompass various substances, phenom-

ena, objects, or devices utilized to meet civilization's energy 
demands [12]. Among these, fuels play a pivotal role by 
facilitating energy acquisition through combustion. This 
process involves an exothermic oxidation-reduction reac-
tion, swiftly releasing heat that emits electromagnetic radia-
tion within the visible frequency range – an intensity delin-
eated as the threshold of luminescence. In this context, fuel 
operates as the reducing agent in the combustion reaction, 
interacting with an oxidizer, chiefly oxygen from the ambi-
ent air (though certain heat engines, like rocket engines, 
might utilize alternative oxidizing agents). 

Due to the widespread use, engine fuels can be catego-
rized in the following manner [12]: 
 conventional 
 unconventional. 

Typically, conventional motor fuels refer to those spe-
cifically designed for standard adaptation by manufacturers 

of internal combustion engines. These fuels primarily stem 
from crude oil processing and predominantly include motor 
gasoline and diesel fuels. Unconventional fuels constitute 
an array of alternative options utilized to drive internal 
combustion engines, expanding beyond the traditional hy-
drocarbon-based choices (e.g., natural gas-based fuels [3, 
26] and gas derived from petroleum [22]) and others de-
rived from petroleum processing and other mineral re-
sources encompass a spectrum of materials, including those 
derived from the refinement of biological raw materials 
(e.g., fuels based on biological oils – B20 and B100 – for 
self-ignition engines [10, 11, 15, 19, 20], ethanol-based 
fuels: E95 – for self-ignition engines [13, 14, 21] and E85 
for flex-fuel spark-ignition engines [13, 30], and so-called 
biogas-based biomethane [26]), as well as synthetic fuels 
[24, 25]. 

Replacement fuels are unconventional fuels that can be 
used instead of conventional fuels: motor gasoline for en-
gines with spark-ignition and diesel fuel for engines with 
self-ignition without structural or regulatory changes to the 
engines [12]. 

Several fundamental criteria evaluate unconventional 
fuels based on their compliance with substitute fuel condi-
tions. These criteria can generally be classified as follows 
[12]: 
 criteria derived from assessing the physicochemical 

properties guiding the selection of fuels for engine run-
ning 

 criteria derived from assessing the processes within 
internal combustion engines fueled by the considered 
fuels 

 criteria derived from assessing the performance charac-
teristics of internal combustion engines fueled by the 
considered fuels. 

3. Research methodology 
The objective of the study was to evaluate the extent to 

which it is justified to consider bio-origin fuels – rapeseed 
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methyl esters (RME) as replacement fuels regarding diesel 
fuel. 

The empirical research methodology encompassed stud-
ies conducted on the AVL 5402, a single-cylinder research 
engine with self-ignition capabilities. The study utilized the 
AVL Single Cylinder Test Bed [5–7] and relied on AVL 
PUMA [6] and AVL Concerto [4] software for data record-
ing and analysis. 

The empirical research was carried out at the Depart-
ment of Vehicles and Automotive Engines of the Vehicle 
and Machine Exploitation Institute at the Faculty of Me-
chanical Engineering of the Kazimierz Pułaski University 
of Technology and Humanities in Radom. The research was 
conducted by Skrzek from the Department of Vehicles and 
Automotive Engines at the Vehicle and Machine Exploita-
tion Institute of the Faculty of Mechanical Engineering at 
the Kazimierz Pułaski University of Technology and Hu-
manities, along with engineers Jagiełło and Juwa – gradu-
ates supervised by Chłopek from the Faculty of Automotive 
and Construction Machinery Engineering at the Warsaw 
University of Technology [10]. The development of the 
empirical research program involved the researchers and 
Chłopek and Zakrzewska the Institute of Environmental 
Protection – National Research Institute [10, 11]. 

The apparatus used for the research complies with the 
requirements of the following regulations: Directive 
1999/96/EC of the European Parliament and of the Council 
of 13 December 1999, Regulation (EC) No 715/2007 of the 
European Parliament and of the Council of 20 June 2007, 
and Commission Regulation (EC) No 692/2008 of 18 July 
2008. 

The fundamental data of the AVL 5402 engine are pro-
vided in Table 1. 

 
Table 1. Basic information on the AVL 5402 engine 

Number of cylinders 1 

Cylinder diameter 85.01 mm 

Piston stroke 90.00 mm 

Displacement 511.00 cm3 

Combustion system Self-ignition 

Timing Four-valve 

Compression ratio 17.0–17.5 

Engine power system Direct injection, single injector, 
tray system (Common Rail) 

Maximum net power, non-
supercharged 

6 kW 

Maximum net power, super-
charged 

16 kW 

Rated speed 4200 min–1 

Injection pressure 180 MPa 

 
The AVL 5402 engine, thanks to the use of special head 

gaskets, allows for the adjustment of compression ratio. 
Special openings in the cylinder head enable the introduc-
tion of cameras into the combustion chamber and observing 
the combustion process of the mixture. The engine is 
equipped with an exhaust gas recirculation system and 
sensors allowing, among other things, the measurement of 
pressure in the combustion chamber and exhaust gas tem-

peratures. Thanks to the installed injection equipment and 
accompanying software, it is possible to modify the en-
gine's fuel supply algorithm. The research utilized a two-
phase fuel injection. 

The research program entailed the engine operating stat-
ically across a range of engine speeds (from 1200 rpm to 
3600 rpm) at intervals of 400 rpm. Primary measurements 
encompassed diverse parameters: 
 engine speed 
 torque 
 mass fuel consumption rate 
 mass air consumption rate 
 carbon monoxide (CO) volumetric concentration 
 hydrocarbons (HC) volumetric concentration 
 nitrogen oxides (NOx) volumetric concentration 
 particulate matter (PM) mass concentration 
 indicated pressure recorded in the crankshaft rotation 

angle 
 exhaust gas temperature. 

The engine was fueled with: 
 classic diesel fuel – ORLEN VERVA 
 biofuel B100 with an additional summer blend, desig-

nated as RME-S 
 biofuel B100 with an additional winter blend designated 

as RME-W. 
Table 2 presents a comparison of the basic physico-

chemical properties of the tested fuels. 
 

Table 2. Physical and chemical characteristics of fuels 

Characteristics Unit 
Fuels 

ORLEN 
VERVA 

RME 
-S 

RME 
-W 

Density kg/m3 832.5 880.0 880.0 
Calorific value MJ/kg 43 38 39 
Cetane number LC 55.6 57.3 57.3 
Kinematic viscosity at 40°C mm2/s 2.87 4.50 4.49 
Elemental composition of the 
fuel:  

carbon content mass of 
the fuel, mass fraction % m/m 0.837 0.772 0.772 

hydrogen content of fuel, 
mass fraction  % m/m 0.149 0.120 0.120 

oxygen content of fuel, 
mass fraction % m/m 0.014 0.108 0.108 

sulfur content of fuel, 
mass fraction  ppm 7.5 3.0 3.0 

Cold filter plugging point 
(CFPP) deg C –28 –15 –20 

Flash point deg C 65 101 101 

 
In Figure 1 to 6, a comparison of the basic properties of 

fuels is presented: 
 elemental composition of fuels: mass content of carbon 

– uC, hydrogen – uH and oxygen – uO 
 calorific value – Wf 
 density –  
 cetane number – LC 
 kinematic viscosity at 40°C –  
 temperature of cold fuel filter plugging – tb. 
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Fig. 1. Composition of the fuels in terms of elemental content: mass frac-

tion of carbon – uC, hydrogen – uH and oxygen – uO 

 
Fig. 2. Calorific values of the fuels tested – Wf 

  
Fig. 3. Density of the fuels tested – 

 
Fig. 4. Cetane number of the fuels tested – LC 

 
Fig. 5. Kinematic viscosity of the fuels tested at 40°C –  

 
Fig. 6. Temperature of cold fuel filter plugging of the fuels tested – tb 
 
RME biofuels have a significantly higher mass fraction 

of oxygen – nearly ten times higher than the content found 
in diesel fuel, consequently, the calorific value of RME is 
over 10% less than that of diesel fuel. The density of RME 
surpasses that of diesel fuel by approximately 6%. Howev-
er, RME has a higher tendency for auto-ignition – a cetane 
number greater by about 1.7. The kinematic viscosity of 
RME fuels at 40°C is much higher compared to diesel fuel 
– the relative difference is almost 60%. There are notable 
variations in the cold filter plugging point temperatures, 
particularly in the properties of RME biofuels, notably the 
summer variant – RME-S, which demonstrates considera-
bly inferior characteristics. 

4. The results of empirical research 
Figures 7 to 13 present the results of empirical research 

and their analyses. 
Figures 7 to 9 show external speed characteristics of 

fundamental parameters characterizing the engine's proper-
ties:  
 energetic parameters: torque – Me and effective power – Ne 
 economic parameters related to fuel consumption: gen-

eral efficiency – e. 
Because of the lower calorific value in bio-based fuels, 

the engine's torque and effective power are lower when 
fueled by RME compared to diesel fuel. Yet, the variance 
in the summer fuel is minor, attributable to the engine's 
overall higher efficiency when running on RME-S com-
pared to RME-W fuel. 
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Fig. 7. External speed characteristic of the torque – Me; n – engine speed 

 
Fig. 8. External speed characteristic of the effective engine power – Ne; n – 

engine speed 

 
Fig. 9. External speed characteristic of the general efficiency – ηe; n – 
 engine speed 

 
Figures 10 and 11 depict the relative change δ in the av-

erage emissions value across the speed domain per unit. 
The use of bio-origin fuels results in a relative decrease 

of approximately 30% in the mean value within the speed 
domain of the engine for CO and PM emissions. For HC 
and NOx, the comparative variance is around 10%, wherein 
for RME-S fuel, there is a decrease in unit emissions, while 
for RME-W fuel, there is an increase. 

Cylinder pressure indication data recording involved 
capturing 20 cycles of indicated pressure in each test point 
within the crankshaft rotation domain. A set of 20 recorded 
indicated pressure profiles at each measurement point is 
considered as a realization set of the stochastic process of 
indicated pressure at that point. The recordings were made 

with a resolution of 1 deg1 of crankshaft rotation and with-
in the range (–30–90) degrees for the top dead center posi-
tion of the piston corresponding to combustion, with a reso-
lution of 0.1 deg. To reduce the influence of high-frequency 
noise in the signals, a second-order Savitzky-Golay filter 
was applied for signal processing [8, 27].  

 
Fig. 10. The relative change – δ of the a mean value in the engine speed 

domain – AV of emissions: CO – eCO and HC – eHC 

 
Fig. 11. The relative change – δ of the mean value in the engine speed 
 domain – AV of emissions: NOx – eNOx and PM – ePM 

 
The engine was indicated. Each registered pressure trace 

was treated as a realization of a stochastic process. Figures 
12 and 13 display a contrast between the indicated pressure 
and its derivative concerning the crankshaft rotation angle 
for the analyzed fuels at the point of maximum torque oper-
ation. 

There is a clear resemblance between the indicator dia-
grams for diesel fuel and rapeseed methyl esters with sum-
mer additives, while the indicated pressure for rapeseed 
methyl esters with winter additives is lower. There's a dis-
tinct variance observed in the derivative of indicated pres-
sure concerning the crankshaft rotation angle. 

Drawing from the documented indicated pressure pro-
files and engine-specific details concerning fuel parameters, 
according to the AVL Concerto algorithm, the following 
profiles were determined: specific heat release, rate of heat 
release, and agent temperature – an exemplary graph for 
ORLEN VERVA fuel for maximum torque operation is 
shown in Figure 14. The crankshaft rotation angles corre-
sponding to the start of fuel injection, auto-ignition, maxi-
mum indicated pressure, and maximum agent temperature 
are marked on the graphs. 

Once more, there was a distinct likeness observed be-
tween diesel fuel and rapeseed methyl esters with summer 
blend, whereas there was a difference in the case of rape-
seed methyl esters with winter blend. 

 

                                                           
1 Since the work uses angle differentiation, "deg" rather than "º" is used to 
denote the degree to avoid the symbol "º" in the denominator of the unit 
of measurement of derivative with respect to an angle. 
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Fig. 12. Indicator diagram – indicated pressure – pg for the maximum 
 torque 

 
Fig. 13. The derivative of the pressure against the angle of rotation of the 

crankshaft – pg/d for the maximum torque 

 
Fig. 14. Indicated pressure – pg, temperature of the working medium – Tg, 
unit heat emission rate – δq/dα, unit heat emission – q, injector opening 
control voltage – U for the maximum torque for the ORLEN VERVA fuel; 
SOI – fuel injection start angle, SOC – combustion start angle, pgmax – 
maximum indicated pressure, Tgmax – maximum temperature of the work-
 ing medium 

 
The empirical research yielded the following formulated 

conclusions: 
1. Effective power and torque of the combustion engine 

are greater for diesel fuel, slightly lower for biofuel in 

the summer version, and significantly lower for biofuel 
in the winter version. 

2. The utilization of rapeseed methyl esters (RME) led to a 
noticeable decrease in emissions of CO and PM emis-
sions – by approximately 30%. For HC and NOx, the 
relative change was around 10%, whereas for summer 
fuel, there was a decrease in unit emissions, and for 
winter fuel, an increase was observed. 

3. Similar general efficiency was observed for the combus-
tion engine running on diesel fuel and biofuel with 
summer blend. However, for biofuel with winter blend, 
the overall efficiency was noticeably lower. 

4. Considering the similarity criteria applied in this study 
regarding the analyzed combustion processes, a signifi-
cant resemblance was noted in the assessed characteris-
tics between ORLEN VERVA and RME-fuels. 

5. The characteristics determined for RME-W fuel, in most 
cases, deviate from the analogous characteristics of oth-
er fuels, despite the substantial resemblance in the phys-
ical and chemical properties of both types of biofuels. 
This situation primarily arises from the properties of the 
biofuel with summer blend and biofuel with winter 
blend used for rapeseed methyl esters. 

5. Conclusions 
Based on the conducted research and presented consid-

erations, the following conclusions have been formulated: 
1. Renewable energy sources are taking on a more signifi-

cant role in society's development. Special attention is 
given to the development and practical implementation 
of unconventional fuels compared to conventional hy-
drocarbon fuels for internal combustion engines. Pri-
marily, these fuels consist of bio-based fuels resulting 
from biomass processing. 

2. The general principle is the effect of using bio-based 
fuels, leading to a reduction in carbon monoxide and or-
ganic compound emissions. Additionally, for engines 
with self-ignition, a decrease in particulate matter emis-
sions is observed. Typically, using esters of plant oils in 
self-ignition engines may lead to increased nitrogen ox-
ide emissions. This can be mitigated by using alcohols 
and their derivatives. 

3. To comprehensively evaluate the effects of employing 
biofuels on emissions and engine properties, a detailed 
study of the combustion process via engine indication is 
required. This study conducted such research for esters 
of plant oils compared to traditional diesel fuel. The re-
search results confirmed the effectiveness of such stud-
ies, particularly the positive ecological effects of using 
bio-based fuels in terms of emissions. 

4. A practical implication drawn from the conducted re-
search is the assertion that bio-based fuel – rapeseed 
methyl esters – might be regarded as a replacement fuel 
for diesel fuel [12], especially for rapeseed methyl es-
ters with fuel additive packages for summer use. 

 
 

Nomenclature 
AV average value 
B100  fuel – vegetable oil methyl esters 

B20 20% V/V vegetable oil methyl esters blended with 
diesel fuel 
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e specific brake emission 
LC cetane number 
Me (engine) torque 
n engine speed 
Ne effective (engine) power 
pg indicated pressure 
pgmax maximum indicated pressure 
q unit heat emission 
RME rapeseed methyl esters 
RME-S  rapeseed methyl esters with summer additive 
RME-W rapeseed methyl esters with winter additive 
SOC combustion start angle 
SOI fuel injection start angle 
tb cold filter plugging point (CFPP)  
Tg temperature of the working medium  

Tgmax maximum temperature of the working medium  
U injector opening control voltage  
uC carbon content mass of the fuel, mass fraction 
uH hydrogen content mass of the fuel, mass fraction 
uO oxygen content mass of the fuel, mass fraction 
V/V volume fraction 
Wf calorific value 
 angle of crankshaft rotation 
d relative change 
dq/d  unit heat release rate 
e  general efficiency 
  kinematic viscosity of fuel 
  density of fuel 
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Adopted LTO cycle to operational conditions at Polish airports 
 
ARTICLE INFO  The aim of this article is to take into account specifications of the airport area in the LTO test when the impact 

of the air transport at the airport-proximate area is analysed. The LTO test doesn’t consider the specifications of 
e.g. airport manoeuvring area and length of taxiways. The LTO test calculation methodology requires 
knowledge of aircraft engine parameters, such as thrust, specific fuel consumption and emission values indexes. 
Based on the data contained in the Engine Emissions Database (ICAO), the parameters of the LTO test can be 
determined. The main analysis element was to conduct a taxiing simulation using the CKAS MotionSim5 Flight 
Simulator to indicate the operational taxiing time at individual Polish airports. Statistically significant differ-
ences were found between the emissions of selected exhaust gas components in the regulation LTO test and the 
operational LTO test. Analyzes were carried out concerning three different propulsions that are most often used 
by carriers serving the largest number of passengers in Poland. The analysis covers current research topics, 
which are reflected in the presented discussion of the obtained results and their relation to conducted analysis 
by the scientific community in the area of aviation impact on the environment. 

 
Received: 19 January 2024 
Revised: 25 March 2024 
Accepted: 10 April 2024 
Available online: 6 August 2024 

Key words: LTO cycle, operational conditions, sustainability air transport, air transport impact 
 
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/) 
 
 
1. Introduction 

The dynamic development of transport systems is an 
important factor influencing the improvement of the eco-
nomic world. For many years, one of the most important 
aspects of transport has been the assessment of its impact 
on the natural environment [13]. A significant issue in 
terms of the dynamics of air transport development is coun-
teracting its harmful effects, achieving climate neutrality 
and reducing dependence on fossil fuels. The European 
Environment Agency puts the responsibility of air transport 
at around 4% of total greenhouse gas emissions in the Eu-
ropean Union. On the other hand, they indicate an increase 
in the responsibility of air transport for greenhouse gas 
emissions by 146% over the years 1990-2019 [3]. Accord-
ing to European Union Aviation Safety Agency (EASA) 
reports, CO2 emissions from all EU airports amount to 147 
million tons (2019), of which emissions from long-haul 
flights (over 4000 km) are approximately 6% [5]. They 
account for half of the CO2 and NOx emissions in European 
air transport [1]. 

Carbon dioxide emissions, which directly contribute to 
the greenhouse effect, are relate to the combustion process 
in aircraft engines. The dominant units are the drives of 
passenger and transport aircraft, medium and long-range, 
which obtain mechanical energy from the combustion of 
aviation kerosene [19]. As indicated in one of the articles 
regarding Athens airport more than 6500 kt of CO2, almost 
28 kt of NOx, about 18 kt of CO, almost 1.5 kt of HC and 
0.3 kt of PM total have been released into the atmosphere 
during the total operating time of the airport [2]. Systems 
and projects gradually introduced into civil aviation, such 
as Single European Sky Air Traffic Management Research 
(SESAR) and Carbon Offsetting and Reduction Scheme for 
International Aviation (CORSIA), are aim at reducing CO2 
emissions in air transport. The above-mentioned projects, 
through activities such as more effective management of 
airspace, its capacity and the introduction of flexible route 

planning (an example is the Free Route Airspace project 
conducted by SEASAR), contribute to reducing emissions of 
harmful exhaust components from air transport. CORSIA is 
a global offsetting mechanism that aims to compensate for 
the increase in carbon dioxide emissions above 2020 levels, 
from international aviation. CO2 offsetting involves calcu-
lating the emissions created during a flight and converting 
them into the purchase of project credits that aim to remove 
an equivalent amount of CO2 from the atmosphere else-
where. One of the articles showed, using the example of 
Antalya International Airport, that aircraft of the B737 
family are found to have the highest global warming poten-
tial and environmental cost, with values of 630,633.3 GWP 
and 39,723.4 Euros, respectively [4]. The guidelines set by 
CORSIA and SESAR projects contribute to stabilizing 
carbon emissions from the aviation sector by implementing 
new technologies, improving operational efficiency and 
infrastructure, and gradually replacing fossil fuels with 
fuels from renewable sources. In the above-mentioned 
processes, it is also important to estimate the quantitative 
emissions of individual exhaust gas components, especially 
in areas surrounding the airport. Quantitative estimation of 
aviation emissions of combustion products is determined 
based on the landing and take-off cycle (LTO test). The test 
methodology is base on individual phases of the flight op-
eration performed by the aircraft. The entire LTO test cycle 
lasts almost 33 minutes, of which the taxiing time is 26 
minutes, which constitutes 78% of the entire cycle duration 
[18]. The LTO test does not take into account the specifica-
tions of the airport maneuvering area, the length of taxi-
ways, and does not take into account the nature of a given 
airport.  

The article focuses on a comparative analysis of the 
three propulsions most often used in the fleet of carriers 
that serve the highest number of passengers in domestic and 
international regular traffic at Polish airports. The analysis 
concerns the standard taxiing phase (following legal regula-
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tions) of the LTO test and operational taxiing, where the 
time of the mentioned phase is adapted to the actual infra-
structure of a given airport. 

2. Materials and methods 
In the LTO test, the parameters depend on the phase of 

the flight operation and are specified by the legislator [19]. 
The emission values of toxins in gases emitted by jet en-
gines are determined depending on the maximum thrust for 
take-off, in the range of 85% for climb, in the range of 30% 
for approach and 7% of maximum thrust for taxiing (Table 
1) [8, 9, 18]. 

 
Table 1. Characteristic of time and thrust for LTO cycle [9, 18] 

LTO phase Thrust [%] Phase time [min] 
Take-off 100 0.7 
Climb 85 2.2 
Approach 30 4.0 
TAXI/Idle 7 26 

 
The LTO test calculation methodology requires 

knowledge of aircraft engine parameters, such as thrust, 
specific fuel consumption and emission values and indexes. 
Based on the data contained in the Engine Emissions Data-
base created by ICAO [10, 17], the parameters of the LTO 
test can be determined. The largest and most recognizable 
aircraft manufacturers in the world are Boeing and Airbus. 
These aircraft models constitute the largest percentage of 
the aircraft fleet used by airlines [16]. Low-cost carriers 
(LCC) offer air transportation services at lower prices than 
traditional airlines. One way to reduce costs is to standard-
ize the aircraft fleet, which reduces the operating costs of a 
given fleet. An example of a traditional carrier is LOT 
Polish Airlines, which offers aircraft in its fleet of various 
models from Boeing and Embraer [16]. The most passen-
gers served at Polish airports in 2022 were: Ryanair 37% 
market share, LOT Polish Airlines 23.5% market share, 
Wizzair 21.2% market share [16]. For each carrier, the type 
and model of the aircraft that most often operates on the 
Polish market and the corresponding drive were selected 
(Table 2). 

 
Table 2. Type and model of aircraft for each airline 

Airline Type of aircraft Propulsion 

Ryanair B737 8200 LEAP-1B CFM International 
(LEAP) 

LOT Polish 
Airlines Embraer 195 GE CF34-10E turbofans (GE) 

Wizzair Airbus A321neo PW1133G-JM (PW) 
 
For each of the indicated propulsion, using data from 

the ICAO Database [11], emission indicators and fuel con-
sumption for the taxiing phase are present (Table 3). 

 
Table 3. Emission indicators in taxi/idle phase for chosen propulsions 

Compound GE LEAP PW 
HC [g/kg] 6.39 0.71 0.05 
CO [g/kg] 49.98 16.19 17.89 
NOx [g/kg] 3.51 4.74 6.98 
PM [mg/kg] 13.42 0.23 7.04 
FF [kg/s] 0.084 0.089 0.099 

 

The next step was to conduct a taxiing simulation using 
the CKAS MotionSim5 Flight Simulator at all airports in 
Poland in order to indicate the operational taxiing time at 
individual airports. This is an advanced flight simulation 
device that can simulate the work of light aircraft class: 
with one piston engine, two piston engine, turboprop engine 
and jet engines. The LTO regulation taxiing operation co-
vers the route from landing to arrival at the passenger ter-
minal (taxi/idle in phase) and the route from the passenger 
terminal to the runway (taxi/idle out phase). For each air-
port in Poland simulated taxi/idle in and out phase. 
Taxi/idle phase was mapped using infrastructure schemes 
(in according to Aeronautical Information Publication AIP 
Poland) of each airport and according to taxi ways leads to 
passenger terminal. A jet propulsion module was used to 
conduct the simulation, and the speed of taxiing operations 
was assumed to be 28 km/h (15 kt). This is the standard 
speed for taxiing operations at the airport. During the simu-
lation of taxi/idle in phase time of operation was measured 
and multiplied by 2 for an estimated time of the whole LTO 
operational taxiing phase. Table 4 shows the times deter-
mined on the basis of simulations for each airport in Po-
land. 

 
Table 4. Time in minutes for taxi operation for each airport. Airport were 

marked by ICAO code 

Airport Time 
[min] Airport Time 

[min] Airport Time 
[min] 

EPWA A 17.4 EPWA K 15.8 EPGD 8.68 

EPWA B 19.4 EPWA L 19.4 EPKT 9.32 

EPWA C 13.2 EPWA M 17.4 EPKK 10.92 

EPWA D 16.8 EPWA N 19.4 EPZG 4.5 

EPWA E 10.4 EPWA O 13.2 EPSC 4.5 

EPWA F 12.4 EPWA P 16.8 EPLB 8.4 

EPWA G 6.2 EPMO 8.68 EPLL 11.88 

EPWA H 9.8 EPSY 8.04 EPRA 5.78 

EPWA I 20 EPPO 10.92 EPRZ 9 

EPWA J 22 EPBY 9.66 EPWR 4.5 
 
Since Warsaw Chopin Airport is the largest airport in 

Poland, is responsible for 35% of all traffic and is the only 
airport in Poland with two runways, several different taxi-
ing scenarios have been prepared for it. For the analyses, 
the 16 scenarios were adopted – the longest taxiway takes 
6.8 km, the shortest 1.9 km and the average occurs 4.8 km. 
It’s caused that taxi time is from 3 to 11 minutes [9]. The 
analysis and preparation of scenarios for the EPWA airport 
were presented in detail in one of the authors' publications 
[15]. The last step was to calculate emissions in the opera-
tional LTO test (O_LTO) and the standard the LTO test 
(R_LTO). Emission in LTO cycle is calculated using the 
formula: 

 EPC = TIM/60 × FFR × EF × NE (1) 

where: EPCpol,mode – emissions per cycle for a particular, 
mode [g/phase], TIM – time in mode [h/phase], FFR – fuel, 
flow rate [kg/h], EF – emission factor [g/kg], NE – number, 
of engines on aircraft [–]. 
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3. Results 
Based on calculated results, the authors prepared Fig. 1–3, 

which present the mass of gaseous harmful compounds in 
exhaust gases obtained in the taxi cycle and estimated for 
each airport and each propulsion. Additionally, for each of 
the analyzed exhaust gas compounds, tests for normality of 
distributions (Shapiro-Wilk test) and tests for the signifi-
cance of differences (Wilcoxon test) were performed, using 
a sample prepared for all airports and scenarios. None of 
the compounds had a normal distribution. However, it was 
important from the point of selecting significance tests. 
Significance tests between the results for taxi operation in 
R_LTO cycle and O_LTO cycle showed statistically signif-
icant differences at the p-value < 0.05 level for each of the 
analyzed compounds.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 1. Emission [g/phase] of harmful compounds from GE CF34-10E 
 turbofans for each airport and scenario, (a) CO, (b) HC, (c) NOx, (d) PM 

Figure 1 shows the emission of selected exhaust gases for 
the GE engine, which is used on aircraft most often operated 
by LOT Polish Airlines. As you can see, the differences in 
emission levels for R_LTO and O_LTO are large. 

In the case of Chopin Airport, the best scenario is sce-
nario G. In the case of CO emissions, the reduction ranges 
from 3000 to 12,000 g/phase for each airport. Hydrocarbon 
emissions using operational conditions will be reduced by 
200–1400 g/phase. The reduction in nitrogen oxide emis-
sions is from 100 to 750 g/phase. However, the mass 
amount of particulate matter emitted by the GE engine 
during the operational LTO test conditions is less than  
0.5–3 g/phase. Figure 2 shows the emissions of selected 
exhaust gases for the LEAP engine, which is used on air-
craft operated most often by the low-cost airline Ryanair. 

 
(a) 

 
(b) 

 

(c) 

 

(d) 

Fig. 2. Emission [g/phase] of harmful compounds from LEAP-1B from 
CFM International for each airport and scenario, (a) CO, (b) HC, (c) NOx, 
 (d) PM 
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As can be seen, the difference in emission levels for 
R_LTO and O_LTO is very large. In the case of CO emis-
sions, the reduction ranges from 1000 to 3500 g/phase for 
each airport. Hydrocarbon emissions using operational 
conditions will be reduced by 50–160 g/phase. The reduc-
tion in nitrogen oxide emissions is from 300 to 1200 
g/phase. However, the mass amount of particulate matter 
emitted by the LEAP engine during operational LTO test 
conditions is less than 0.03–0.05 g/phase. Figure 3 shows 
the emission of selected exhaust gases for the PW engine, 
which is installed on Wizzair’s aircraft. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3. Emission [g/phase] of harmful compounds from Pratt&Whitney 
PW1133G-JM for each airport and scenario, (a) CO, (b) HC, (c) NOx, (d) 
 PM 

The difference in emission levels for R_LTO and 
O_LTO is very large. CO emissions are reduced by 1000–
4500 g/phase, depending on the airport. Hydrocarbon emis-
sions using LTO operating conditions will be reduced by 
0.5–1.75 g/phase. The reduction in nitrogen oxide emis-
sions is from 500 to 1750 g/phase. However, the mass 
amount of particulate matter emitted by the PW engine 
during the operational conditions of the LTO test is lower 
than 3 to 14 g/phase. Figure 4 shows the percentage reduc-
tion in emissions for each of the analyzed components. Due 
to the time variable used in formula (1), the reduction for 
each component will be the same percentage. 

 
 Fig. 4. Reduction of each analysed compound emission for each airport 

 
As can be seen, the highest emission reduction occurs 

for the EPWR (Wroclaw), EPZG (Zielona-Gora) and EPSC 
(Szczecin) airports. For EPZG and EPSC airports, this is an 
expected result, due to the fact, that these are airports with 
one of the smallest numbers of passengers transported in 
Poland, so the infrastructure of these airports isn’t highly 
developed. On the other hand, EPWR airport belongs to the 
group of airports that served at least 1 million passengers in 
2022. A similar situation applies to the airport in Katowice 
(EPKT), Gdansk (EPGD) and scenario G at the Warsaw 
Chopin Airport (EPWA). The next step in the analysis was 
to compare and contrast the results obtained for each cho-
sen propulsion. For this purpose, the analyzed variables 
were standardized (emissions for individual exhaust gas 
compounds).  

Standardization enabled a numerical comparison of the 
analyzed propulsion units despite significant differences in 
the obtained emission values. Based on the calculated aver-
ages, charts were prepared showing the emission of each 
analyzed compound for each of the three compared drives 
(Fig. 5). Figure 5 shows the emission levels of selected 
exhaust gas components for each analyzed drive unit. As 
you can see, the GE unit, used mainly in the LOT Polish 
Airlines fleet, emits the largest amount of CO and HC and 
the lowest amount of NOx. The LEAP engine used in the 
Ryanair fleet emits the lowest amount of PM, while the CO 
is emitted in larger amounts by GE and PW units. On the 
other hand LEAP unit emitted the highest values of PM. 
The PW engine, used mainly in the Wizzair fleet, is charac-
terized by the highest emissions of NOx. CO emissions 
reach a higher value for the PW unit than for the LEAP 
unit.  
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(a) 

 

(b) 

 

(c) 

Fig. 5. Characteristic of compounds emission for each propulsion using 
 standardization 

 
The PW1133G-JM engine is the newest engine in terms 

of other units. It has the highest value of the double-flow 
rate and is designed with a fan reduction gear. This engine 
is most often found in the configuration of the Airbus 
A321neo aircraft. The value of the double-flow ratio is 
12:1, i.e. for every 13 units of air sucked into the engine, 12 
units bypass the core and do not participate in the combus-
tion process [20, 21, 23]. The Pratt & Whitney engine pro-
duces the lowest emissions relative to the thrust produced, 
which means high engine operating efficiency. Continuous 
improvement of aircraft structures, construction and modi-
fication of combustion chambers and other elements used in 
aircraft engines has a significant impact on reducing emis-
sions and improving the efficiency of engine units [15, 20, 
23]. 

4. Discussion 
To make accurate exhaust emission calculations from 

all modes of transport, the actual conditions should be con-
sidered. For example in road transport the emission meas-
urements are performed in real driving conditions to receive 
the data in similar conditions in which the vehicle is operat-
ed by the user [18]. In aviation the regulation LTO cycle 
conditions present engine operation parameters during four 

phases, so this test procedure is proper in case of aircraft 
engines comparison. However, the same procedure is taken 
into account for calculations of the environmental impact of 
air transport to airport-proximate areas. For the taxiing 
phase, operational times at individual airports will be sig-
nificantly different from those contained in the procedural 
regulations. The operational taxiing time of 26 minutes may 
apply to some of the largest airports in Europe, such as 
Istanbul, Amsterdam or Paris [17]. For Polish conditions 
and all smaller and medium-sized European airports, the 
time of 26 minutes used in assessing the impact of emis-
sions from air transport on airport-proximate areas will be 
completely inadequate. In article indicated statistically 
significant differences between the emissions of selected 
exhaust gas components, which confirm legitimacy of op-
erational conditions in the LTO aspect. EPWA airport 
served 14.5 million passengers in 2022, which is a larger 
number than airports in e.g. Barcelona or Copenhagen, and 
half of the passengers served at the largest airport in Europe 
– Istanbul [17].  

Based on the research results, it was shown that LTO 
operating time is a very important aspect in analyzing the 
impact of air transport on airport-proximate areas. For EP-
WA airport, the best scenario is scenario G [9]. The loca-
tion of the passenger terminal and arrival or departure pro-
cedures from the airport, as well as the location of taxi-
ways, are key importance in this case. The above-mentio-
ned factors mean that even an airport with relatively high 
passenger traffic (taking into account Polish conditions) can 
reduce the amount of exhaust gas components emitted 
through appropriate infrastructure and procedures. The 
issue of the impact of air transport on airport-proximate 
areas is actively discussed by the scientific community due 
to the dynamic development of aviation and emerging regu-
lations aimed at limiting exhaust emissions [6, 7, 14, 22, 24, 
25]. One of the articles discussed emissions at the Bejing-
dax International Airport. The article showed that among all 
aircraft types, the B738 emitted the most CO2, as it ac-
counted for almost half of all the flights. The air quality 
simulations showed that the air pollutant diffusion range 
was concentrated within 15 km of the airport and the sur-
rounding areas. The contribution of airport emissions to 
NOx concentrations was most apparent under the most 
unfavorable meteorological conditions [22]. One of the 
articles showed, using the example of Antalya International 
Airport, that aircraft of the B737 family are found to have 
the highest global warming potential and environmental 
cost, with values of 630,633.3 GWP and 39,723.4 Euros, 
respectively [4]. This is consistent with the research pre-
sented in the article. It was pointed out that the B737 emit-
ted a larger amount of selected exhaust gas components 
compared to the Airbus A321neo. On the other hand, apart 
from the direct impact of air transport on airport-proximate 
areas, scientists also consider other sources of pollution 
occurring at the airport. One of the articles showed that 
motor vehicles including taxis and parking vehicles are  
a major source of air pollutants in the hub [7]. Another 
authors marked, that the impact of airport operations on  
a particular number concentration in the adjacent neighbor-
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hood is comparable to the combined impact of busy roads 
in the area [24].  

The presented considerations are intended to highlight 
the importance of operational conditions in analyzes related 
to the impact of air transport on emissions in airport-
proximate areas and to demonstrate that the types and mod-
els of aircraft used by airlines are of great importance in 
local emissions of exhaust gas components. This is indicat-
ed by the emission of propulsions units made in this article. 

5. Conclusions 
The article presents considerations regarding the opera-

tional conditions of airports, that should be taken into ac-
count when assessing the impact of air transport on airport-
proximate areas using the LTO test. Statistically significant 

differences were found between the emissions of selected 
exhaust gas components in the regulation LTO test and the 
operational LTO test. Analyzes were carried out concerning 
three different propulsions that are most often used by car-
riers serving the largest number of passengers in Poland.  

Presented analyzes are important in the context of the 
dynamic development of aviation and developing projects 
aimed at neutralizing exhaust emissions into the atmos-
phere. The analysis covers current research topics, which 
are reflected in the presented discussion of the obtained 
results and their relation to conducted analysis by the scien-
tific community in the area of aviation impact on the envi-
ronment. 

 

Nomenclature 
AIP compression ignition 
CORSIA  Carbon Offsetting and Reduction Scheme for 

International Aviation 
EASA European Union Aviation Safety Agency 

ICAO International Civil Aviation Organisation 
LCC low-cost carriers 
LTO landing and take off 
SESAR Single European Sky ATM Research 
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Prospects for the development of drivetrain systems in trucks 
 

ARTICLE INFO  The article presents the directions of development of drive systems in trucks. A database of vehicles and their 
technical data was developed. This data contains information about the drivetrain configuration. The external 
characteristics of the engines and the structure of the drivetrain were analyzed. It was found that the factors 
determining development are primarily economic and ecological aspects. It was noticed that, based on the 
configuration of the drive system, vehicles can be divided according to their purpose and type of transport. 
Vehicles intended for international transport are characterized by low gears and engines that achieve high 
torque at low engine speeds. Construction vehicles and vehicles intended for oversize transport are character-
ized by large gear ratios and torque amplification systems. The structure of electric vehicle drive systems is 
different from conventional vehicles. Gearboxes usually have two gears, and drive axles may have integrated 
engines located next to the main gear or in the final drive position. The study also made it possible to outline the 
problem of the short range of such cars and the need for further work on increasing it. 
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1. Introduction  

The key function of drivetrain systems is to transmit 
torque and rotational speed to the vehicle's drive wheels. 
Trucks perform specific tasks which causes these systems 
to be highly personalized. The purpose of customization of 
powertrain systems is to ensure the effectiveness, durability 
and efficiency of the vehicle at an appropriately high level 
required by the company. The essence of personalization is 
to adjust technical parameters and components to the spe-
cific requirements of the user. Depending on the intended 
use of the vehicle, deviations from standard configurations 
may affect elements such as: the engine, gearbox, drive axle 
or axles (depending on the required needs, the vehicle may 
be equipped with multiple drive axles), and drive support 
systems. 

The configuration of the vehicle depends on the coun-
try, road quality and type of road surfaces, daily distance 
the vehicle covers, the type of cargo being transported, its 
weight, the topographical characteristics of the routes, and 
operating costs. Simultaneously work is being conducted on 
hydrogen technology and electric drive systems in heavy-
duty trucks [20, 21]. The reduction of vehicle emissions is 
associated with certain challenges, including the increase in 
the vehicle's own weight due to the use of additional 
equipment [2, 13, 15, 25]. On the other hand, there is pres-
sure from owners to reduce weight in order to increase 
payload capacity. 

The article highlights the changes that have occurred in 
powertrain systems in recent years and shows the differ-
ences in the configuration of powertrain systems in trucks 
depending on their intended use. 

1.1. Characteristics of the division of trucks 
Trucks as previously mentioned are vehicles that have 

various applications. Therefore, these vehicles can be clas-
sified on the basis of their purpose [3]. Each group of vehi-
cles will be characterized by specific differences in their 
configuration. There are many vehicles that, due to their 

specific features of the drivetrain, become specialized vehi-
cles which normally are not used in different transport tasks 
that are intended. An example of such specialized configu-
rations are trucks intended for long-distance transport on 
regular routes running through areas with gentle elevations 
of the ground. In this case, the drivetrain can be selected in 
such a way as to minimize fuel consumption, thereby re-
ducing the company's operating costs associated with mate-
rial and energy consumption as much as possible [8, 9, 14]. 
This is an example of a vehicle that in mountainous terrain 
will generate problems such as high fuel consumption, low 
average speed due to insufficient power, increase drivers’ 
stress levels due to time pressure and the need for greater 
concentration on the road. 

Another example of a specialized configuration is trucks 
designed for oversized loads - the priority is to efficiently 
transfer high torques to the ground via multiple drive axles. 
Another category of heavy-duty vehicles to mention is 
dump trucks used in the construction industry. These vehi-
cles are characterized by a short, compact, multi-axle chas-
sis, often with multiple drive axle systems for both steering 
and driving axles. 

Ballast tractors, in contrast to distribution or long-haul 
transport vehicles, are equipped with a greater number of 
drive axles. Besides the increased number of wheels capa-
ble of transmitting high torque these vehicles are often 
featured in hub reduction gears. 

Furthermore, there are cases in which vehicles also dif-
fer in the type of used clutch. Examples of this can be the 
aforementioned tractors used for transporting heavy, non-
standard loads or construction vehicles. Examples would 
include the above-mentioned truck used to transport heavy, 
abnormal loads, or construction vehicles. 

Depending on the needs, various types of gearboxes can 
be used in vehicles. Currently, the most popular type is the 
automated transmission. Among newly sold vehicles, only  
a small percentage feature a manual transmission. Despite 
the significant popularization of automated gear shifting, 

http://orcid.org/0000-0001-5188-4342
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there is not only one possible clutch variant in vehicles. 
Cars can now be equipped with a traditional single-disc or 
double-disc dry clutch or a turbo retarder clutch, enabling 
more smoother transmission of high torque during uphill 
starts and effective vehicle braking of the vehicle when 
going downhill. 

Truck manufacturers mostly use components from other 
manufacturers that specialize in the production of specific 
drivetrain components. Gearboxes are mostly manufactured 
by companies such as ZF, Eaton or Voith. In the European 
market, the most commonly encountered gearboxes are ZF 
AS-Tronic and Traxon, which have gained significant pop-
ularity in vehicles manufactured by f. ex. MAN, DAF, 
IVECO. There is a group of manufacturers including 
VOLVO, MERCEDES-BENZ and SCANIA who have 
chosen to develop their own designs. The use of gearboxes 
made by external suppliers provides economic benefits, and 
these vehicles are often more cost-effective to operate due 
to the use of components produced on a larger scale [12]. 

1.2. Electric drive solutions in heavy-duty vehicles  

1.2.1. Hybrid module 
Reducing the pollution emitted by different cars is  

a crucial aspect in the European Union. One of the ways to 
lower the emissions is to reduce the fuel consumption. To 
do this, hybrid modules can be used. Below (Fig. 1), a kin-
ematic scheme of an typical module that can be installed in 
commercial vehicles.  

 
 Fig. 1. Kinematic scheme of the P1 hybrid module [5] 

 
The next photo (Fig. 2) shows the technical solution of 

the module mounted between the engine and the gearbox, 
developed by Schaeffler. The device can perform several 
functions. By installing an electric motor inside the fly-
wheel, it is possible to support the operation of the drive 
system by generating additional torque. Depending on the 
version of the installed module, it also enables maneuvering 
at low speeds and provides propulsion in the initial phase of 
movement without involving a combustion engine [18]. 

1.2.2. Electric vehicle drive module 
These modules are complete devices used in ICE vehi-

cles. Their compact design allows for the installation of the 
system in the location where a traditional gearbox is usually 
mounted. This allows manufacturers to offer two drive 
versions of the vehicle on one platform. Both electric and 
internal combustion engine vehicles do not require any 

structural changes in the frame and other drivetrain compo-
nents. An example of a powertrain module, such as the ZF 
CeTrax, incorporates an electric motor, a three-speed gear-
box, gear shifting actuators, an inverter and an ECU. 

Despite its small size, the engine can deliver up to 340 
kW of continuous power [22, 23]. 

 
Fig. 2. A cross-sectional view of Schaeffler heavy duty hybrid module 
 P1 

 
 Fig. 3. Combined drive module ZF CeTrax  

1.2.3. Drive axles for electric vehicles 
Electric vehicles come in various powertrain configura-

tions. They can feature traditional setups similar to those in 
internal combustion engine vehicles designed for freight 
transport, using gearboxes, drive shafts and axles to trans-
mit power. In this case, electrical modules such as the 
above-mentioned ZF CeTrax are used (Fig. 3). This system 
is primarily used in vehicles that share a common platform 
for different powertrain types, significantly reducing pro-
duction costs. 

A vehicle equipped with a drive axle with a built-in 
electric motor as example the Alison eGEN POWER 100s 
(Fig. 4) will be built in a different way. Electrified drive 
axles can be divided into two types depending on the place 
the electric motor or motors are installed: 
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1. With a centrally located engine – this is a solution in 
which an electric motor is placed at the input to the 
main transmission. There are designs in which two mo-
tors are mounted on both sides of the transmission and 
with integrated gearboxes. The advantage of this solu-
tion is that it frees up space in the vehicle between the 
frame rails where a gearbox is usually located In the 
case of emergency vehicles, this may be particularly 
important because the lack of a drive shaft and gearbox 
allows this space to be used to accommodate additional 
equipment (for example, in a fire truck) or by lowering 
the fire extinguishing water tank. This solution also en-
ables the installation of larger traction battery packs. 

2. With engines placed in the hubs of the drive axle – the 
axle is without a differential or final drive. The location 
of two independent motors in the hubs allows to differ 
the wheel speeds. This solution offers even greater 
space savings compared to a centrally located motor. 
Locating the engines in the hubs partially frees up space 
between the vehicle's wheels. This makes it possible to 
lower the floor level between the side members or, in 
the case of city buses, lower the floor level and create  
a low-floor vehicle with the floor at one level along the 
entire length of the vehicle. 

 
Fig. 4. Alison eGEN POWER 100s – electric drive axle with a centrally 
located motor; where: 1 – disc brake caliper; 2 – brake chamber; 3 – shift 
 selector unit; 4 – electric motor; 5 – main gear with differential 

1.2.4. Active trailer axles 
Trailers for heavy-duty vehicles can be equipped with 

an energy recuperation system integrated into the axle. The 
low rolling resistance of the axles ensures that the vehicle 
rolls freely and does not affect fuel consumption. These 
axles can be fitted in various trailers as example reefers, 
walking floor trailers or curtain trailers. The trailers with 
these axles are equipped with battery packs which replace 
pallet boxes in traditional constructions. In reefer trailers 
the traditional refrigeration unit can be replaced by an elec-
tric one. It is already proven that these types of axles pro-
vide enough electricity for the refrigeration unit for the 
whole day when the trailer is used for typical local and city 
distribution [16]. 

In trailers with walking floor systems that use axles like 
the one shown on photo (Fig. 5), electric hydraulic pumps 
are installed in contrast to traditional walking floor trailers 

which need to be hooked up with tractors with additional 
hydraulic pumps. These types of axles can not only provide 
in electricity the mentioned above receivers but they can 
also assist in propelling the vehicles. SAF Holland offers an 
axle with an integrated motor generating 120 kW of power 
and 320 Nm of torque. Even though these axles are de-
signed for trailers, they can be a good basis for developing 
a trailing axle for a hybrid truck. This will simplify the 
drivetrain's design while maintaining its conventional form, 
and the additional axle can function as an independent ex-
ecutive component controlled by a common controller. It is 
estimated that by implementing such an axle in a road vehi-
cle it is possible to save up to 4,000 liters of diesel fuel per 
year [17]. 

 
Fig. 5. Electric trailer axle with a build in electromotor for energy recuper-
ation: 1 – electric motors; 2 – brake chamber; 3 – brake caliper and 
 disc brake; 4 – wheel hub; 5– air suspension bellow; 6 –shock absorber 

2. Methodology 
In order to determine the prospects of the development 

of drive systems, it was necessary to create a vehicle data-
base. Due to the variety of vehicle configurations, it was 
decided to assign each vehicle to a group corresponding to 
the type of transport performed. Each vehicle has been 
assigned at least one symbol graphically representing the 
type of transport performed (Table 1). The analysis exam-
ined the properties of elements such as engine displace-
ment, maximum power and torque, gearbox type and its 
gears, drive axle ratios, the presence of differential and 
gearbox, and their gears. 

  
Fig. 6. Classification of HDV 

 
In order to better illustrate the division into the specified 

vehicle categories, additional graphics have been developed 
showing the specialization of HDV (Fig. 6) and the use of 
electric drives (Fig. 7). 
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Table 1. List of trucks, their technical data and driveline parameters 
 Made/ model Purpose of use Engine Power 

[kW/RPM] 
Torque 

[Nm/RPM] 
Gearbox Gear 

ratios 
Type of 
gearbox 

Drive axle 
ratio 

Rub 
gear 
ratio 

1 IVECO X-
WAY 440X48 

4X2 HI-
TRACTION 

 

 
 

FPT Cursor 11 353/1900 2300/970 ZF 
12TX2210TD 

RAXON  

16.69–
1.00 

Automated 2.85 – 

2 DAF XF 480 
4X2 

 
 

Paccar MX13 355/1600 2350/ 
900-1365 

ZF 16S2300 
ECO-

SPLITTER  

16.41–
1.00 

Manual 2.38 – 

3 IVECO 
TRAKKER 

4X4 

 
 

FPT N67 206/1950-
2500 

1000/1250-
1950 

ZF 6S1005 
ECO-LITE 

6.75– 
0.78 

Manual 6.95 0.525 

4 DAF XF 480 
4X2 LOW-

DECK 

 
 

Paccar MX13 355/1600 2350/ 
900-1365 

ZF 12TX2210 
TD TRAXON  

16.69–
1.00 

Automated 2.05 – 

5 IVECO 
TRAKKER 
450KM 8X8 

 
 

FPT Cursor 10 331/1450-
1900 

2200/ 
900-1450 

ZF16S 2220 
TO 

13.8– 
0.84 

Manual 4.67 N/A 

6 SCANIA P280 
6X2 

 

Scania DC9 206/1400-
1900 

1400/ 
1000-1400 

G25CM1 20.8– 
0.78 

Automated 3.8 – 

7 SCANIA P450 
4X2 

 
 

Scania DC13 331/1340-
1800 

2350/ 
900-1340 

GRS905R 16,41-
1,00 

Automated 2.35 – 

8 DAF CF 8X4  
 

Paccar MX13 340/1450-
1700 

2300/N/A ZF 16S2500 13.8– 
0.84 

Manual 4.05 N/A 

9 MERCEDES-
BENZ 

ACTROS 3363 
LS SLT 6X4 

 
 

Mercedes-
Benz OM473 

460/1700 3000/1100 G280-16 11.7– 
0.69 

Automated 4 1.333 

10 VOLVO FE 
6X2 ELEC-

TRIC* 

 
 

  130/N/A   – – – – – 

11 MERCEDES-
BENZ 

UNIMOG 
U5023 4X4 

Terrain vehicle OM 934 LA 170/N/A 900/1400 UG 100/8 9.57– 
0.74 

Automated 2.55 – 

12 Pepper Actros 
MP3** 

 
 

ZF CeTrax 175/0-8500 2170/– ZF CeTrax 3.36 Automated 2.84 – 

13 DAF LF  
 

Paccar PX-5 157/2300 850/ 
1200-1500 

ZF 6S800 6.58– 
0.78 

Manual 3.73 – 

* Range: max. 275 km        ** Range: max. 220 km         
 
In addition to physically existing vehicles, the list also 

includes vehicles proposed by configurators available on 
manufacturers' websites. After entering basic data such as 
forecasted mileage, type of transport (distribution, interna-
tional transport etc.), topography of the routes on which the 
truck will travel and the type of vehicle frame, the applica-
tion selects the parameters of the drive system. All parame-
ters are selected in such a way that the vehicle exhibits the 
highest possible efficiency. 

 
Fig. 7. Possible applications of electrical components depending on the 
 tasks performed 

 
The group of specialized vehicles includes cars such as 

a fire truck or the Mercedes-Benz Unimog, which is  

a heavy off-road vehicle, designed to work in difficult ter-
rain. One vehicle that stands out significantly from the 
others is the Actros SLT, designed for transporting over-
sized cargo. 

3. Results discussion  
Table 1 presents a list consisting of various vehicles 

with different configurations. The analysis was conducted 
on base of technical parameters of drive systems. 

3.1. Engines 
Due to the key role of the drive unit in the drive system, 

the values of maximum torque, maximum power and dis-
placement were analyzed. A clear observation emerges 
from the comparison of the parameters of the ICE used. 
Despite numerous solutions and different applications, the 
main parameters can be divided into four groups: 
1. Small – power 160–170 kW; torque 0.9–1 kNm 
2. Medium – power approx. 200 kW; torque 1.4–1.5 kNm 
3. Large – power 330–350 kW; torque approx. 2.3 kNm 
4. Extra large – power 460–500 kW; torque approx. 3 kNm. 

Table 2 presents a list of engines used in the vehicles se-
lected for analysis, taking into account the division accord-
ing to engine. In the lower part of the table are shown en-
gines used in electric vehicles included in Table 1. 

Vehicles with a lower GVW are equipped with smaller 
engines. Reduction in performance resulting from the need 
to meet exhaust emission standards. Trucks equipped with 
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them have slightly different engine characteristics. The 
maximum torque is achieved at higher RPMs than in mid-
size and large engines. This is closely related to the com-
bustion process and corresponds to the range of the lowest 
specific fuel consumption. 

Electric motors installed in heavy-duty trucks generate 
less power, but they achieve very high torque values com-
pared to the engine power. It should also be mentioned that 
these engines can operate at very high rotational speeds, 
providing high torque values in almost the entire revolution 
range. 
 

Table 2. Values of basic operating parameters of the analyzed engines 
Vehicle Max. power 

[kW] 
Max. torque 

[Nm] 
Max. 
rpm 

Engine dis-
placement 

  
Small engines  

11 170 900 2600 5.1 
13 157 850 2500 4.5 
3 206 1000 3150 6.7 

Mid-size engines  
6 206 1400 2200 9.3 

Large engines  
1 353 2300 2250 11.1 
2; 4 355 2350 1800 12.9 
5 331 2200 2150 10.3 
7 331 2350 2100 13.0 
8 340 2300 1700 12.9 
9 460 3000 1700 15.6 

Electric motors  
10 130 N/A  N/A 
12 175 2170 8500 N/A 

3.2. Gearboxes 
Among the vehicles included in the list, 62% are 

equipped with automatic or automated gearboxes. The use 
of automatic control primarily allows to elimination the so-
called human factor and achieves maximum drive transmis-
sion efficiency in all traction conditions. The predominance 
of automatic gearboxes proves the declining popularity of 
manual gearboxes.  

 
 Fig. 8. Percentage share of gearbox manufacturers – based on Table 1 

 
It can therefore be expected that in the upcoming years, 

the number of vehicles equipped with a manual gear shift-
ing system will become even smaller, and the total number 
of vehicles with this technical solution will be only a small 
percentage. For many years, truck manufacturers have pre-
ferred to install proven and well-known units from well-
known manufacturers (Fig. 8). Most truck brands outsource 
the development of mechanical transmissions to companies 
that supply this component. The most popular manufacturer 
on the European gearbox market is ZF. This company fo-

cuses on the production of ready-made technical solutions 
for drive systems. Their products are installed in as many as 
62% of the vehicles included in the analysis. 

 
 Fig. 9. Numbers of gears – based on Table 1 

 
It can be concluded that trucks conventional use 12- and 

16-speed gearboxes (Fig. 9). The number of gears is usually 
determined without taking into account the crawler or re-
verse gears. The least frequently used solutions in trucks 
are fourteen- and eight-speed gearboxes. The appearance of 
the 14-speed gearbox is due to the construction of the 
G25CM1 gearbox. This is a gearbox in which the first two 
gears take over the role of the crawler gears. 

Among the gears with 16 gears, 75% are manually con-
trolled. Considering the declining popularity of manual 
gearboxes, it can be concluded that transmissions with such 
a number of gears will become increasingly rare in the 
coming years. They will only be used in specialized vehi-
cles for example in ballast tractors. 

All 12-speed gearboxes are automated. Taking into ac-
count the increase in the number of vehicles equipped with 
twelve-speed gearboxes and the fact that 100% of them are 
automated, it can be expected that in the near future, mainly 
twelve-speed gearboxes will be installed in trucks. 

Among the analyzed vehicles, 64% is equipped with an 
overdrive gear. Overdrive gear allows reducing engine 
RPM when driving at a constant speed, which combined 
with a wide range of maximum torque and obtaining high 
values at low rotational speeds, will lead to reduced fuel 
consumption. 

3.3. Main gear 
Reducing the main transmission's gear ratio results in  

a decrease in the engine speed at the same driving speed, 
which allows for reduced fuel consumption. 

Each vehicle in the list has a different drive axle ratio 
value. In most vehicles without overdrive, gears around 
2.3–2.8 are common. Trucks equipped with overdrive usu-
ally have higher final drive ratio values. If a low final drive 
ratio were also used in such a vehicle, a situation could 
arise in which the engine would not be able to generate  
a high enough torque to enable the vehicle to move in the 
highest gear. 

Vehicles with very specific applications, such as ballast 
tractors moving with very heavy loads, are equipped with 
hub gears. 

ZF
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3.4. Devices supporting the operation of the drive  
system 

Devices supporting drive systems, such as active axles 
in semi-trailers, do not currently constitute a very large 
population due to the fact that they are relatively new de-
signs – they appeared in the offer of semi-trailer manufac-
turers a few years ago. During road tests conducted by the 
BMW concern, it was shown that Krone semi-trailers 
equipped with an active axle system reduce fuel consump-
tion even up to 40% [1, 10]. In addition to supporting vehi-
cle propulsion, these systems enable to power up receivers 
mounted in semi-trailers. For example, in a refrigerated 
vehicle, this allows the reefer to be powered, thus obtaining 
significant benefits in the form of no pollutant emissions 
and no unwanted sound, which is particularly desirable in 
urban distribution where deliveries often take place in the 
morning. Considering the benefits that their use can bring, 
they will become much more popular in the coming years 
[6, 19]. 

4. Conclusions 
Climate protection will lead to more common adoptions 

of new solutions [7, 11]. Currently, road toll tariffs depend-
ing on the carbon dioxide emission class are being intro-
duced in two EU countries [24]. This will undoubtedly 
motivate us to replace the fleet with a more fuel-efficient 
one, which will contribute to the increased use of micro-
hybrid systems and active axles in semi-trailers. 

In the context of road charges tied to CO2 emissions, 
electric vehicles seem to be the best choice because they 
will benefit from very large discounts. may drive further 
efforts to extend the range of electric heavy-duty vehicles. 

Currently, the technology of storing electrical energy in 
battery packs allows a driving distance of approximately 
300 km in optimal conditions. In winter, this range is re-
duced due to low temperatures. 

A way to increase the range of electric vehicles may be 
to use a hydrogen cell and "Hydrozine" fuel, commonly 
known as formic acid. Intensive work is conducted to use 
hydrogen as a fuel, which also allows for increasing the 
range of electric vehicles [4]. 

Observing contemporary trends in the design of power-
trains in trucks, the following conclusions can be drawn: 
1.  The gearbox offer is dominated by automated transmis-

sions. 12- and 16-speed gearboxes are most often used 
in trucks. The aim is to lower the top gear in order to re-
duce fuel/energy consumption. Manual transmissions 
are systematically being pushed out of the market. 

2.  The increasing flexibility of drive units, the populariza-
tion of automated control and the use of electric motors 
make it possible to reduce the number of gears in gear-
boxes. New forms of energy storage are being devel-
oped to extend the range of electric vehicles. 

3.  Further development of hybrid modules makes it possi-
ble to simplify the design of drive systems. This module 
can be used as an electronic clutch, torsional vibration 
damper or starter for an internal combustion engine. 

4. Additional powertrain support systems gain popularity 
due to increasing torque in phases of increased load and 
reducing overall exhaust emissions. Systems of this type 
use primarily electricity for propulsion. They can be 
seen as transitional solutions before the full implemen-
tation of electric drivetrains in this vehicle category. 

 

Nomenclature 
CNG compressed natural gas 
ECU electronic control unit 
GVW gross vehicle weight 

HDV   heavy-duty vehicles 
ICE internal combustion engine 
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Performance analysis of electric motor for Formula Student race car 
 
ARTICLE INFO  Formula Student presents a unique engineering challenge for students offering them a platform to introduce 

innovative ideas related to control algorithms and electric drives. This article presents design of the electric 
motor made by PWR Racing Team and its expected performance characteristics derived from the simulation. 
Developed control algorithm of tractive system implemented in SpeedGoat – a control computer based on 
Simulink – is introduced as well as adaptation of this algorithm for research on a torque transducer. Results 
from measurements gathered through this system are presented and compared to theoretical expectations 
offering insights into the real-world performance of the electric motor made by Formula Student team. 
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1. Introduction: the influence of Formula 1  

on automotive development 
Formula 1 (F1) is not merely a spectacle of speed and 

precision; it is a crucible of innovation that has significantly 
influenced automotive technology. This high-stakes motor-
sport, with its relentless pursuit of performance and effi-
ciency, has driven advancements that permeate the broader 
automotive industry. This essay delves into the scientific 
and technical aspects of how F1 has shaped automotive 
development, focusing on engine technology, materials 
science, aerodynamics, electronics, and safety systems. 

One of the most significant contributions of F1 to auto-
motive engineering is the development of hybrid power 
units. Introduced in 2014, F1's hybrid engines combine  
a traditional internal combustion engine (ICE) with an En-
ergy Recovery System (ERS) that captures and reuses ener-
gy. This technology has directly influenced the hybrid sys-
tems used in modern road cars. The ERS in F1 recovers 
energy from both braking (via the MGU-K or Motor Gen-
erator Unit-Kinetic) and heat from the turbocharger (via the 
MGU-H or Motor Generator Unit-Heat). This recovered 
energy is stored in batteries and can be deployed to boost 
performance. In consumer vehicles, similar hybrid systems 
improve fuel efficiency and reduce emissions. The princi-
ples of energy recovery and hybridization seen in F1 are 
evident in the regenerative braking systems and electric 
motors of hybrid and electric cars. For example, Toyota's 
Prius, a leading hybrid vehicle, employs regenerative brak-
ing to enhance fuel efficiency, a concept that owes much to 
the advancements pioneered in F1. 

F1's adoption of turbocharging to boost engine power 
without increasing engine size has had a profound impact 
on road car engines. Turbochargers compress the intake air, 
allowing more oxygen to enter the engine, thereby increas-
ing power output from a smaller engine displacement. This 
principle of downsizing, where smaller engines deliver the 

power of larger ones, is now common in the automotive 
industry.  

Modern cars, such as the Ford EcoBoost series, use tur-
bocharged engines to achieve a balance between perfor-
mance and fuel efficiency. The lessons learned in managing 
heat, pressure, and durability in F1 turbo engines have been 
directly applied to improve the reliability and efficiency of 
road-going turbocharged engines. 

The use of carbon fiber reinforced polymer (CFRP) in 
F1 car construction has revolutionized automotive materials 
science. CFRP offers a remarkable strength-to-weight ratio, 
which is crucial for both performance and safety. F1 cars 
use carbon fiber extensively in their chassis and bodywork 
to reduce weight while maintaining structural integrity. 

This technology has transitioned into high-performance 
road cars and even some mainstream vehicles. The BMW 
i3 and i8, for instance, utilize carbon fiber in their construc-
tion to improve efficiency and performance. The light-
weight nature of carbon fiber reduces overall vehicle 
weight, enhancing fuel efficiency and handling characteris-
tics. 

F1 teams have also pioneered the use of advanced metal 
alloys to withstand extreme conditions. Titanium, for ex-
ample, is used in F1 for its excellent strength-to-weight 
ratio and resistance to high temperatures. These materials 
are now used in critical components of road cars, such as 
engine valves, connecting rods, and exhaust systems. The 
aerospace-grade alloys used in F1 enhance durability and 
performance in consumer vehicles. 

Aerodynamics is a critical factor in F1 performance, in-
fluencing speed, stability, and fuel efficiency. F1 teams 
utilize Computational Fluid Dynamics (CFD) to design and 
optimize aerodynamic components. CFD simulations allow 
engineers to predict how air flows over the car and identify 
areas for improvement. 

These techniques have been adopted by automotive 
manufacturers to design more aerodynamically efficient 
road cars. Enhanced aerodynamics reduce drag, improving 
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fuel efficiency and high-speed stability. The streamlined 
shapes and underbody designs of modern cars owe much to 
the aerodynamic research conducted in F1. For instance, the 
drag coefficient of production cars has significantly de-
creased over the years due to these advancements. 

F1 has also been a testing ground for active aerodynam-
ic systems, which adjust aerodynamic elements in real-time 
to optimize performance. The Drag Reduction System 
(DRS) in F1 is a notable example, reducing drag to increase 
straight-line speed. 

Similar concepts are now seen in high-performance road 
cars, such as active rear spoilers and adjustable front split-
ters. These systems enhance performance by dynamically 
adjusting the car's aerodynamic profile based on driving 
conditions. The Porsche 911 Turbo S, for example, features 
an active rear spoiler that adjusts to improve downforce or 
reduce drag as needed. 

The sophisticated electronic control systems developed 
for F1 cars have had a significant impact on road car tech-
nologies. F1 cars are equipped with telemetry systems that 
monitor and transmit vast amounts of data in real-time. 
These systems optimize engine performance, monitor tire 
conditions, and adjust suspension settings dynamically. 

This technology has paved the way for Advanced Driver 
Assistance Systems (ADAS) in consumer vehicles. Features 
such as adaptive cruise control, lane-keeping assist, and 
automated emergency braking rely on advanced sensors and 
control systems. The real-time data processing and control 
algorithms developed in F1 have directly contributed to the 
development of these systems, enhancing safety and driving 
convenience. 

F1's development of traction control and electronic sta-
bility systems has been instrumental in improving road car 
safety and performance. Traction control systems prevent 
wheel spin during acceleration, while stability control helps 
maintain vehicle stability during cornering. 

These technologies have become standard in modern 
vehicles, enhancing safety by helping drivers maintain 
control in various driving conditions. The principles of 
electronic stability control (ESC) and anti-lock braking 
systems (ABS) in road cars are rooted in the control tech-
nologies refined in F1. 

Safety is paramount in F1, and the sport has led to sig-
nificant advancements in crash safety technologies. The 
carbon fiber monocoque chassis used in F1 provides  
a strong and lightweight survival cell that protects the driv-
er. These monocoques are designed to withstand severe 
impacts and provide a safe environment for the driver. 

The concept of a strong passenger cell has been adopted 
in road car design, leading to the development of rigid 
passenger compartments that protect occupants during  
a crash. Crumple zones, which absorb and dissipate impact 
energy, are another innovation inspired by F1. These zones 
deform in a controlled manner to reduce the forces trans-
mitted to occupants, enhancing crash safety. 

F1 has also pioneered advances in fire safety, crucial 
given the high-speed, high-risk nature of the sport. F1 cars 
use fire-resistant materials and advanced fire suppression 
systems to protect drivers in the event of a crash. 

These innovations have influenced the design of road 
cars, particularly in the use of fire-resistant materials and 
improved fuel system safety. Modern vehicles incorporate 
advanced materials and safety systems to reduce the risk of 
fire and enhance occupant protection during a crash. 

F1's focus on sustainability has led to innovations that 
benefit the broader automotive industry. The shift towards 
hybrid power units in F1 reflects a commitment to reducing 
environmental impact. The development of efficient hybrid 
systems and energy recovery technologies in F1 has accel-
erated the adoption of similar technologies in road cars. 

Moreover, F1 is exploring the use of sustainable materi-
als and biofuels, which could further influence automotive 
manufacturing. The emphasis on reducing carbon emissions 
and improving energy efficiency in F1 aligns with global 
efforts to combat climate change and promote sustainable 
transportation. 

The intense competition and strict regulations in F1 
drive teams to maximize efficiency in all aspects of car 
performance. This focus on efficiency has led to advance-
ments in engine design, aerodynamics, and materials that 
contribute to more fuel-efficient road cars. The principles of 
reducing energy loss and optimizing performance are fun-
damental to both F1 and consumer vehicle design, driving 
continuous improvements in fuel economy and emissions 
reduction. 

The suspension systems in F1 cars are designed for op-
timal performance and handling under extreme conditions. 
Innovations such as active suspension and advanced damp-
er technology have been developed to enhance stability and 
control. These technologies have been adapted for road 
cars, leading to advanced suspension systems that improve 
ride comfort, handling, and safety. Active suspension sys-
tems, for example, adjust damping rates in real-time to 
provide the best possible handling and comfort based on 
driving conditions. High-performance vehicles, such as the 
Mercedes-Benz S-Class, use similar technology to offer  
a balanced blend of comfort and performance. F1 has also 
driven advancements in braking technology, with a focus 
on improving stopping power and reducing brake fade. The 
use of carbon-ceramic brake discs in F1 offers superior 
performance compared to traditional steel brakes. These 
high-performance braking systems provide consistent brak-
ing force and are resistant to high temperatures. 

Carbon-ceramic brakes are now used in high-perfor-
mance road cars, providing drivers with enhanced braking 
performance and durability. The principles of brake cooling 
and energy management developed in F1 have also influ-
enced the design of modern braking systems, ensuring 
reliable and efficient braking under various conditions. 

The influence of F1 extends beyond technology and 
safety to shape automotive culture and consumer expecta-
tions. The sleek, aerodynamic designs of F1 cars inspire the 
aesthetics of many road cars. Manufacturers incorporate 
motorsport-inspired elements, such as aggressive styling, 
aerodynamic features, and sporty interiors, to appeal to 
enthusiasts and convey a sense of performance and speed. 

F1’s emphasis on performance and competition has 
shaped consumer expectations and marketing strategies in 
the automotive industry. Manufacturers leverage their in-
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volvement in F1 to promote their brand and showcase their 
technological prowess. Success in F1 is seen as a testament 
to a manufacturer’s engineering excellence, and this suc-
cess is often used in marketing campaigns to highlight the 
performance and reliability of their vehicles. 

2. Formula Student 
Formula Student is an engineering project that involves 

a team of students constructing a high-performance race car 
within a single year. Meeting the requirements of the com-
petition rules adds an extra layer of complexity, demanding 
teams to navigate a delicate balance between innovation, 
adherence to safety standards, and the race against time to 
attain success in this highly competitive arena. Originating 
in an era dominated by internal combustion engine vehicles, 
Formula Student has undergone a significant transformation 
in response to prevailing trends in the automotive industry, 
characterized by a discernible shift towards the prominence 
of electric vehicles. This transformation is motivated by  
a heightened awareness of environmental issues [5], legal 
motivations [13], and the continuous advancements in elec-
tric vehicle effectiveness, for example, for urban operating 
conditions [10, 11]. 

For well-established teams like the PWR Racing Team, 
a scientific club associated with the Wroclaw University of 
Science and Technology, initially excelling in the era of 
combustion engines, the evolving requirements and escalat-
ing electrification within Formula Student present a signifi-
cant challenge. In response to that shift, the team has con-
structed its own electric motor prototype due to their specif-
ic application requirements, choosing Interior Permanent 
Magnet Synchronous Motor (IPMSM) [1, 8, 17]. Addition-
ally, an appropriate control algorithm had to be developed – 
given the restricted maximum power derived from the accumu-
lator [2], the optimization of electric motor control emerges as  
a crucial area for competitive engagement. 

The Maximum Torque Per Ampere (MTPA) control al-
gorithm is frequently employed in the automotive industry, 
particularly within the context of electric vehicle powertrains, 
enhancing the overall efficiency and effectiveness of Interior 
Permanent Magnet (IMP) machines [9]. This algorithm prior-
itizes the optimization of the drive system’s efficiency by 
aiming to achieve the maximum torque output while mini-
mizing the electrical current (ampere) consumption [3]. By 
reducing the amount of current used, MTPA limits copper 
losses, mitigating the negative effects of temperature varia-
tion [12]. The Maximum Torque Per Ampere control method 
can be used in constant torque region [14, 16]. 

In order to effectively use the Maximum Torque Per 
Ampere method, employing a rotational rotor reference 
frame is highly advantageous. Using Clarke transform, 
three phase currents (U, V, W) are firstly converted into  
a two-axis stationary stator frame (α, β). Subsequently, Park 
transforms, considering the actual position of the rotor, 
changes it to a two-axis reference frame (d, q) that rotates 
synchronously with it. Here, the d-axis (direct) indicates the 
direction of the permanent magnet flux, while the q-axis 
(quadrature) is orthogonal to it [4, 7]. 

Using a d-q frame is extremely helpful in control be-
cause it provides an easy way to control the motor torque in 
terms of two separate components. The first one results 

from the interaction between magnetic flux and the stator 
current along the q-axis. Meanwhile, the second component 
is the reluctance torque, which is directly related to the 
difference between the q-axis and d-axis inductance of the 
stator [3, 15]. 

The Maximum Torque Per Ampere aims to maximize 
electro-magnetic torque given by eq. (1) choosing optimal 
values of Id and Iq subject to (2) and (3) [6]. 

 Te =
m

2
∙

p

2
(ψdIq − ψqId) (1) 

 ωs√(ψd
2 + ψq

2) ≤ Vs (2) 

 √Id
2 + Iq

2  ≤ Ismax (3) 

where m is a number of phases, p is a number of poles, ψdψq 
are d-q axis flux linkages, IdIq are d-q axis peak current 
components, Vs and Is are stator voltage and current. 

In this article electric motor control algorithm for For-
mula Student race car is proposed. Then after introducing 
necessary modifications for controlling a motor on torque 
transducer its performance was measured and analyzed. 

3. Tractive system and control algorithm  
The Tractive System consists of two IPMSM positioned 

in the rear wheels, coupled with a planetary gearbox, two 
inverters, and the battery located in the vehicle behind the 
driver, similar to the main control computer. 

 
Fig. 1. Scheme of the Formula Student car’s tractive system with rear 

wheel drive 
 
The motor was designed by the team according to spe-

cific requirements and conditions to capitalize on its 
uniqueness. Initially, rule specifications and accumulator 
design were considered as constraints for voltage and pow-
er. Subsequently, utilizing vehicle dynamics simulation, the 
maximum torque of the motor was defined to optimize 
performance on Formula Student tracks. Once the maxi-
mum motor torque was established, the power base speed 
could be determined. Considering additional factors such as 
limited space in the rear wheels, available materials, and 
technical feasibility, the motor design underwent iterative 
refinement to meet the set design goals. The final motor 
performance simulated in MotorCAD software is illustrated 
in Fig. 2, and simulation results are gathered in Table 1. 
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Fig. 2. Motor simulated torque-speed curve 

 
The control system utilizes the Speedgoat computer, 

based on the Simulink platform, which serves as the main 
control unit mounted in the car. This system reads data from 
sensors, implements algorithms specified in the competition 
regulations, and manages the operation of the drivetrain. 

Driver requests, transmitted through the Accelerator Pe-
dal Position Sensor, are transformed into percent of maxi-
mum torque. Then, input value is processed by Torque 
Vectoring (TV) and Traction Control (TC) algorithms, 
considering the regulatory power limitations. Based on the 
motor speed read from the resolver and the desired torque, 
appropriate values of d-q axis current are selected from 
lookup tables. These values serve as a reference for the 
current regulator in the inverter, enabling precise control 
over the operation of the vehicle’s motors. The control 
algorithm diagram for the vehicle’s motors, executed by the 
Main Control Unit and inverter, is presented in Fig. 3. 

 
Fig. 3. Motor Control System executed by Main Control Unit and invert-

ers, second pair of inverter and motor is controlled similarly 
 
Reference values of currents were computed using Mo-

torCAD software. Through electromagnetic simulation of 
the motor, current values for maximum torque were deter-
mined for 1650 operating points using eq. (1)–(3). Values 
for the whole range of motor speed are presented in Fig. 4 
and 5, as well as the simulated output of torque given in 
Fig. 6. 

 

 
Fig. 4. Simulated values of q axis peak current 

 
Fig. 5. Simulated values of d axis peak current 

 
Fig. 6. Simulated output of torque for computed values of peak currents 

4. Experimental setup  
The parameters of tested motor are presented in Table 1. 

 
Table 1. Theoretical parameters of measured motor 

Motor type IPMSM 
DC Bus voltage 538 V 
Maximum possible torque 41.4 Nm 
Speed limit for constant torque 11467 rpm 
Torque constant (kT ) 0.253596 Nm/A 
Back EMF constant (ke) 0.352145 V/rpm 
Number of phases 3 
Number of poles 8 
Inductance of phase Ld/Lq [µL] 161/218 
Flux linkage ψd/ψq [mWb] 43/32 
Motor controller Cascadia Motion PM100DZ 
Gear ratio 9.8 
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The motor control algorithm was adjusted to conduct an 
experiment, separating the part responsible for Maximum 
Torque Per Ampere control from other algorithms such as 
Torque Vectoring and Traction Control. Additionally, power 
limitation was excluded from the research. The experiment 
involved iterating the stator current values. Using lookup 
tables implemented in MCU, appropriate peak currents in 
the d-q axis were sent to the inverter. This process was 
repeated for different speeds specified in the table, allowing 
for the measurement of real torque values correlated with 
the given currents. 

The torque and speed measured by the torque transducer 
were recorded as analog signals using a power analyzer. 
Additionally, current and voltage probes were connected to 
the three phases and power supply cables, enabling the 
measurement of currents, voltages and power. The temper-
ature of the motor was monitored at various points on its 
surface and through a sensor placed in the winding. Fur-
thermore, the temperature of the planetary gearbox was 
read using an analog input in Speedgoat computer. During 
the tests, a thermal camera was also used to capture images, 
and the motor’s operation was recorded. Setpoints were 
logged in Speedgoat and all signals from the inverter and 
motor were recorded in the datalogger. The measurement 
setup is presented in Fig. 7. 

5. Results  
Torque values produced for given d-q axis currents were 

measured in the constant torque region for this motor, and 
the outcomes are illustrated in Fig. 9. It is evident that the 
measured torque consistently falls below the simulated 
values, with the maximum achieved torque reaching 31.8 
Nm. This represents a notable 23.2% discrepancy com-
pared to the predicted values. Notably, the torque recorded 
at various speeds within the constant torque region remains 
nearly constant for identical currents. 

A visual comparison with the simulated values is de-
picted in Fig. 10. Beyond the observed lower torque con-
stant in the measured data, the relationship is not strictly 
linear. The proportionality factor decreases with higher 
currents. It could be caused by increasing temperature dur-
ing measurements as well as saturation. In Figure 11 the 
difference between measured and expected torque is pre-
sented according to the formula: 

∆=
Tmeasured

Tsimulated

 

 
Fig. 8. The tested motor coupled with a planetary gearbox mounted on the 

torque transducer 

 
Fig. 9. Measured torque for computed values of peak currents 

 
As shown, results are the most consistent for the middle 

range of measured currents with the maximum value of 
81.3% for stator current Is = 126.9 A and motor speed ω =  
= 3000 rpm. For low current values, the difference is signif-
icant, primarily due to lower efficiency in this operational 
range. Similarly, at high current values, the measured 
torque becomes more divergent, owning to the aforemen-
tioned impact of temperature and saturation. 

 

 
Fig. 7. The measurement setup 
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For obtained results from torque transducer, expanded 
uncertainty estimated with a level of confidence of 95% (k 
= 2) is respectively U(T) = 4.3 Nm and U(ω) = 3.7 rpm. 

 
Fig. 10. Comparison between simulated and measured values of torque 

Conclusions 
The motor prototypes were thoroughly examined, and a 

comparison was made between the simulated and actual 
performance characteristics. The research revealed signifi-
cant discrepancies between the simulated and measured 
torque due to prototype execution errors. The torque was 
proportionally lower due to reduced turn number. However, 
control using MTPA yielded higher values compared to 
control without it. 

The proposed control algorithm is suitable for use in the 
race car because it employs lookup table values instead of 
recomputation for each change in torque, which is advanta-
geous in this application given the rapid changes in desired 

torque. Use of SpeedGoat as the Main Control Unit is bene-
ficial as it allows for easy integration with other algorithms on 
the vehicle, such as Torque Vectoring and Traction Control 
and facilitates frequent modifications during the testing phase.  

 
Fig. 11. Difference between simulated and measured values of torque 
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1. Introduction 

High-speed trains are the most modern and advanced 
technology for moving passengers in land transport. Their 
main advantage is that they achieve high speeds, usually 
from over 200 to 300 km/h, which significantly shortens the 
travel time in relation to the time needed to cover the same 
distance by conventional trains. On the other hand, they are 
serious competition for high-speed air transport. 

High-speed railways require special wagons and loco-
motives as well as appropriate infrastructure with much 
larger turning arcs, which are very durable and have a 
strong subgrade. Thus, as a rule, this type of infrastructure 
is built from scratch, and only in a few cases is the existing 
infrastructure adapted to the needs of high-speed rail. For 
the operation of high-speed rail, not only special trains and 
railway lines are needed, but stations and separate ticketing 
systems are also needed. 

It should be emphasized that the implementation of in-
vestments to perform transport in this technology is very 
capital-intensive. Nevertheless, the required large expendi-
tures for development are compensated by: 
 high comfort and short travel time 
 a huge impact on the economic development of regions 

and the country 
 high level of safety and relatively low level of negative 

impact on the natural environment in relation to other 
transport branches 

 high energy efficiency 
 low external costs. 

The above-mentioned basic premises resulted in the fact 
that in the rich countries of Western Europe and Asia, 
transport using this technology is developing dynamically. 

The research period ended in 2020 in order to eliminate 
the negative impact on the economy of the effects of the 
global COVID-19 pandemic. The idea was for the research 
to be based on the main development trend and not be ob-
scured by side causes. 

2. General characteristics of the country 
Japan is an island country located in the eastern part of 

Asia. The archipelago consists of four main islands: Hok-
kaido, Honshu, Shikoku and Kyushu, as well as about four 

thousand smaller ones. The country is located between the 
western Pacific Rim and the Sea of Japan, through which it 
borders with: 
 China – from the south-west and west (Ryukyu Islands 

area) through the East China Sea 
 the Republic of Korea – through the Korean Strait 
 Russia – from the north through the Strait of La Pérouse 

(Hokkaido–Sakhalin region) connecting the Sea of Ja-
pan with the Sea of Okhotsk. 

 
Fig. 1. Location of Japan [7] 

 
The Japanese islands lie both within the seismically ac-

tive orogenic zone and at the junction of three tectonic 
plates, within the so-called the Ring of Fire of the Pacific. 
Most of Japan is covered by mountains. According to the 
Japan Meteorological Agency, there were more than 110 
active volcanoes in the country in 2018, including 10 sub-
marines [14]. 

About 50 volcanoes erupted in the period 1900–2016 
[37]. The largest population centres are therefore in the 
lowlands – between the cities of Nagoya and Osaka and 
Tokyo. 
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Japan's total population was 125.50 million inhabitants 
(16% of the world's population) in 2021 [34]. Japan is char-
acterized by a high population density, in 2020 it reached 
the value of 338.2 people/km². Of the 47 prefectures of 
Japan, the largest population was in Tokyo Metropolis 
(14.05 million), followed by Kanagawa, Osaka, Aichi, 
Saitama, Chiba, Hyogo and Hokkaido prefectures – a total 
of 63.98 million inhabitants, which accounted for over 50% 
the entire population. The population density in the Tokyo 
metropolis was the highest among the prefectures of Japan 
and amounted to 6,402.6 people/km², i.e. almost 18.9 times 
more than the national average. 

Japan is recognized around the world as one of the lead-
ers of modern technologies. An excellent example of their 
use in practice is the development of high-speed rail since 
1964, when the world's first Tōkaidō Shinkansen line was 
launched. 

3. The level and assessment of the economic  
situation based on basic economic variables  
for the years 2002–2020 
Japan's economy is one of the largest economies in the 

world, currently in third place behind the economies of the 
United States and China [6]. At the same time, Japan is the 
most indebted country in the world after the United States 
[41]. 

Among the most developed industries in Japan are the 
automotive, electronics, machinery, pharmaceutical, steel 
and chemical industries. Industries crucial to the country's 
security also include petrochemicals, bio-industries, ship-
building and aerospace. The products in which Japan is  
a technological leader include, among others, semiconduc-
tors, optical fibres and biochemistry [25]. At the same time, 
the domestic manufacturing industry increased its involve-
ment in global production chains, moving production bases 
abroad in order to reduce manufacturing costs and avoid 
currency fluctuations [36]. 

The economic situation of Japan in 2002–2020 is pre-
sented in Table 1. 

Analysing the data contained in Table 1, it should be 
stated that, similarly to other world economies, a clear 
deterioration of the economic situation occurred in 2008–
2009 during the global economic crisis and in 2020 due to 

the outbreak of the COVID-19 pandemic, when economic 
activity fell as a result of sanitary restrictions, slowing 
down consumption and investment. 

In the years 2002–2020, the inflation rate remained at  
a similar level, while unemployment after 2010 never ex-
ceeded 5%, reaching less than 3% in 2020. 

In terms of international trade, Japan ranks fifth in the 
world. The most important trade and investment partner is 
the United States. 

In 2019, the largest export partners were the United 
States (19%), China (18%), South Korea (6%), and Taiwan 
(6%), while in imports, China (23%), the United States 
(11%) and Australia (6%). The weak domestic demand of 
the Chinese economy and the stagnation of global demand 
(including in the United States and Europe), as well as the 
unprecedented economic slowdown caused by the global 
COVID-19 pandemic, resulted in, in the last two years,  
a weakening in some areas of exports and production. 
However, the upward trend in domestic demand was main-
tained, supported by factors such as improved employment 
and income situation and strong corporate profits. 

In 2021, business activity in Japan was restricted peri-
odically to prevent the spread of infection. Although the 
economy was recovering, the rate of growth was slow [36]. 

Figure 2 presents a study based on a sixth-degree poly-
nomial showing the effects of socio-economic activity 
expressed in the value of Japan's gross domestic product in 
the years 2002–2020. 

 
Fig. 2. Development of Japan's GDP in 2002–2020, in USD million [28] 

 
Table 1. Basic macroeconomic indicators of the Japanese economy in 2002–2020 (annual changes in %) [37] 

Details 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 
GDP 0.3 1.7 2.4 1.3 1.7 2.2 –1.0 –5.5 4.7 –0.5 
Private consumption 1.3 0.6 1.3 1.5 0.9 0.8 –1.1 –0.9 2.3 –0.5 
Unemployment (rate in %) 5.4 5.3 4.7 4.4 4.1 3.9 4.0 5.0 5.0 4.6 
Inflation (in %) 2.8 2.5 2.4 2.6 2.7 2.5 3.7 0.6 1.8 2.9 
Current account balance (% of GDP) 2.6 3.1 3.7 3.5 3.8 4.7 2.8 2.7 3.8 2.1 
Exports of goods and services (% of GDP) 7.9 9.6 14.4 7.1 10.3 8.7 1.6 –23.4 24.9 –0.1 
Imports of goods and services (% of GDP) 0.8 3.4 8.5 5.9 4.7 2.3 0.7 –15.6 11.3 5.7 

 
Details 2012 2013 2014 2015 2016 2017 2018 2019 2020 
GDP 1.7 1.4 0.0 1.6 0.8 1.7 0.6 0.0 –4.5 
Private consumption 2.0 2.6 –0.9 –0.2 –0.4 1.1 0.2 –0.5 –5.3 
Unemployment (rate in %) 4.3 4.0 3.6 3.4 3.1 2.8 2.4 2.4 2.8 
Inflation (in %) 2.2 1.6 1.7 0.7 1.2 2.3 2.6 2.1 1.4 
Current account balance (% of GDP) 1.0 0.9 0.8 3.1 3.8 4.2 3.2 3.4 2.9 
Exports of goods and services (% of GDP) 0.1 0.8 9.3 3.2 1.6 6.6 3.8 –1.5 –11.8 
Imports of goods and services (% of GDP) 5.5 3.2 8.1 0.4 –1.2 3.3 3.8 1.0 –7.2 
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The values of the gross domestic product of Japan in the 
analyzed years were characterized by an upward trend with 
a noticeable decrease during the global financial crisis, 
which peaked in 2007–2009. Emerging from the crisis, the 
Japanese economy continued the development from before 
2007, which was characterized by a continuous increase in 
GDP in the following years. 

The credibility of the above study was checked with the 
R2 agreement coefficient, which reached the value of 0.982. 

4. Transport in Japan 
In Japan's general transport infrastructure, the road net-

work is the best developed, with a length of 1 227 000 km. 
km. The second place is occupied by rail transport, with  
a total length of the network of 27.3 thousand km. km, with 
the vast majority of electrified railway lines (15.7 thousand 
km). The length of the pipelines is 4.7 thousand km. km, 
and inland waterways 1.8 thousand. km (Table 2). 

 
Table 2. Transport infrastructure in Japan in 2020 (in km) [36] 

Type of transport infrastructure Length 
Railway lines 27 311 
Roads 
Highways 
National roads 
Regional roads 
Municipal roads 

1 227 000 
9 100 

56 000 
130 000 

1 033 000 
Inland waterways 1 770 
Pipelines 4 734 

 
Almost all freight transport is carried out by cars and 

cargo ships, while rail transport is the most important in 
passenger transport. 

The road infrastructure includes 9.1 thousand km of mo-
torways, 56 thousand km of national roads, 130 thousand 
km of regional roads, and 1 033 000 km of municipal roads. 
Roads are managed by the Ministry of Land, Infrastructure, 
Transport and Tourism (MLIT). 

The operator of Japanese railway lines with a total 
length of 27.3 thousand km. km is in the vast majority of 
Japan Railways Group [41]. Shinkansen high-speed rail 
lines run through the most important industrial, political, 
cultural and financial centers [11], with rail connections to 
the four largest islands of the archipelago (Fig. 3). 

Inland waterway transport plays a marginal role in the 
movement of goods [41]. The main problem limiting the 
possibility of using inland waterways is their swift current 
and large seasonal fluctuations in the water level, which is 
mainly caused by the mountainous topography of Japan. 
Due to topographic features, inland waterway transport 
developed near coastal regions where wider channels and 
calmer river currents allowed it [35]. 

 
Fig. 3. The network of railway connections in Japan [30] 

 
There is a total of 4,734 km of pipelines in Japan, main-

ly used to transport LNG [41]. Japan, like China, is almost 
entirely dependent on gas imports due to its small domestic 
production [15]. The existing and planned pipeline net-
works in Japan are shown in Fig. 4. 

 
Fig. 4. Existing and planned pipeline networks in Japan [21] 

 
Table 3 shows the transport performance performed in 

the years 2002–2020 by land transport. 
The analysis of both the transport infrastructure and the 

volume of transport performance shows that in the years 
2002–2020, road transport was of dominant importance in 
the transport of goods by land. A much lower level in rela-
tion to road transport was reached in the period under ex-
amination, measured by the volume of transport perfor-
mance carried out by pipelines and rail transport. It should 
be noted, however, that road transport, measured by the 
volume of transport performance, decreased in 2010 and, 
for the following years, remained at a similar level. Issues 
in the field of cargo transport have been discussed in more 
detail in the book "Transport Technologies" [24]. 

 
 

Table 3. Transport performance in Japan in 2020 (in billion tkm) [36] 
Mode of transport 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 
Road 312 322 328 334 346 355 345 333 243 233 
Rail 22 23 23 23 23 23 22 21 20 20 
Pipeline 60 62 63 63 62 61 58 58 59 58 

 
Mode of transport 2012 2013 2014 2015 2016 2017 2018 2019 2020 
Road 209 214 210 204 210 211 210 214 212 
Rail 20 21 21 21 21 22 19 20 20 
Pipeline 56 55 52 53 53 51 49 47 48 
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The transport intensity of Japan in the years 2002–2020 
using the sixth-degree polynomial and the exponential 
function curve is shown in Fig. 5 and 6. 

 
Fig. 5. Japan's transport intensity calculated using a sixth-degree polyno-

mial  
 
The analysis of the curve calculated on the basis of  

a sixth-degree polynomial allows us to conclude that the 
transport intensity of Japan in the analyzed period remained 
at a low, stable level. The coefficient of conformity R2 was 
0.933. 

 
Fig. 6. Japan's transport intensity calculated using the exponential function 

curve 
 
Figure 6 shows the curve of the exponential function il-

lustrating the development of the transport intensity of the 
Japanese economy in the analyzed period. The R2 coeffi-
cient is 0.842 [35]. 

Comparing the studies, it can be concluded that the 
study based on the sixth-degree polynomial, in this case, is 
characterized by more reliable results, as indicated by the 
higher result of the R2 coefficient of agreement. 

Transport intensity in the analyzed period remains at  
a low level with a downward trend. This means a stable 
cost of producing and moving individual goods, which in 
turn results in stable prices. On this basis, it can be con-
cluded that Japan takes appropriate rationalizing and limit-
ing measures to increase transport intensity and maintains it 
at a constant level [26]. 

5. Characteristics of the high-speed railway 
Japan is considered the home of high-speed rail, as well 

as the first country to face the challenges of such an innova-
tive technical and structural design. The implementation of 
the project began in 1958 with the approval by a special 
government commission of the plan to build the Tokyo–
Osaka line [11]. The world's first high-speed line, the 
Tōkaidō Shinkansen, opened in October 1964 for the Tokyo 
Olympic Games. This line, 515 km long, runs from Tokyo 
to Osaka via Nagoya and Kyoto. Its initial maximum speed 

was 210 km/h [8]. Currently, in Japan there is a whole 
system of high-speed rail called Shinkansen, reaching 
speeds of up to 320 km/h. 

The high debt of the Japanese State Railways related to 
the construction of high-speed lines, which – despite the 
growing number of passengers – was not compensated by 
the proceeds from ticket sales, forced the Japanese govern-
ment to decide in 1987 to privatize the railway and intro-
duce its shares to the stock exchange. Such a move made it 
possible to repay the loans taken out for the implementation 
of this investment [11]. At the same time, Japanese railways 
were privatized by dividing them into six passenger opera-
tors, forming the Japan Railways Group, and one freight 
operator: 
 East Japan Railway Company 
 Central Japan Railway Company 
 West Japan Railway Company 
 Hokkaido Japan Railway Company 
 Shikoku Japan Railway Company 
 Kyushu Japan Railway Company 
 Japan Freight Railway Company. 

Each of the above-mentioned passenger transport com-
panies operates in a specific area of the country (Fig. 7), 
while the Japan Freight Railway Company provides freight 
services on the entire national network. The restructuring of 
the railroad has already yielded profits in the first year of 
operation under the new rules. 

 
Fig. 7. Territorial range of passenger railway operators in Japan [19] 
 
Initially, the state retained its shares in each of these 

companies, but in 2000, the process of complete privatiza-
tion of JR Central, JR East, and JR West began, which was 
completed in 2003, 2002, and 2004, respectively [11]. 

6. Technical solutions in trains and locomotives  
– power supply methods 
The decision to build a high-speed railway was a big 

challenge for its creators. In addition to designing the route 
itself, an important element was the appropriate rolling 
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stock. It was necessary to develop a completely new type of 
trains, for which the following assumptions were made: 
 number of wagons – from 12 to 16 
 axle load – approx. 16 tons 
 train weight – approx. 800 tons [11]. 

Due to the weight of the train, it was impossible to use  
a traditional locomotive, and the decision was taken to use 
the so-called traction unit. It consisted in installing electric 
motors along the entire length of the train. Each motor was 
a DC motor with relatively low power (185 kW). 

Series 0 Shinkansen 
The first generation of trains designed to transport pas-

sengers on high-speed lines were Shinkansen series 0 trains. 
The weight of each car was 64 t, and the axle load, as as-
sumed, was 16 t. A pantograph, transformer, rectifier and 
other electrical equipment were mounted on every second 
car. The trains were powered by 25 kV at 50 Hz, with all 
wagon axles powered by 185 kW (248 hp) traction motors, 
giving a maximum operating speed of 220 km/h (137 mph). 
Originally, the trains consisted of 12 sets. However, some 
were extended to 16 sets. To ensure sufficient sound insula-
tion, the windows of the carriages were equipped with triple 
glazing. 

The train could take 1,208 passengers in second class, 
and 132 passengers in the first class, while the seating ar-
rangement was as follows: 
 2+3 in class 2 
 2+2 in class 1. 

At the head of the train, under a cover in the shape of  
a hemisphere, there was a coupler, after disassembly of 
which the train could be towed (Fig. 8). 

 
Fig. 8. A series 0 Shinkansen train at the Kyoto Railway Museum [3] 
 
The 0-series trains were in operation between 1964 and 

2008, with a total of approximately 3,216 sets produced, 
which ran on the Tokaido and Sanyo routes. The last 6-car 
sets were used by JR West on the service between Shin-
Osaka and Hakata and on the Hakata-Minami line. 

Series 100 Shinkansen  
The series 0 had many successors, one of them was the 

series 100 Shinkansen, operated from 1986 to 2012. The 
nose profile of the train in series 100 was more pointed than 
in series 0. Light alloy body sheathing was replaced with 
steel. In the 16-set trains, not all members were powered; 
the sections at each end were unpowered, as were the two 
two-level middle sections. 

 
Fig. 9. Shinkansen 100 series train [20] 

 
The power of the traction motors was 230 kW (in series 

0–180 kW), while the power of the entire train was 11,040 
kW (in series 0–11,840 kW). A new solution has been in-
troduced where the brakes use eddy currents. The train 
reached a maximum speed of 220 km/h. 

Double-deck cars were used in the train for the first time 
– on the upper deck, there was a restaurant section with 
kitchen facilities, and on the lower deck, there was a small 
buffet. The number of seats in the second class (standard) 
was 1,153, while the first class (green) was 168. Series 100 
trains ran on the Tokaido and Sanyo route [11]. 

Series 300 Shinkansen 
Another high-speed train in Japan was the Shinkansen 

series 300. It was introduced into production and operation 
in the 1990s, and was withdrawn in 2012. Compared to the 
older type of trains, a number of changes and improvements 
have been made to the structure. A more aerodynamic 
shape was introduced, which allowed for a significant (by 
about 20%) reduction in air resistance. Light steel alloys 
were used for the production of the train, thanks to which 
the weight of the 16-car set was reduced to about 710 tons 
(in the 0 series, the weight was 925 tons). The moderniza-
tion of the structure also resulted in a reduction of the axle 
load to approx. 11.3 t. 

 
Fig. 10. Series 300 Shinkansen train [38] 

 
The maximum speed of the train was 270 km/h. The 

train could take 1,323 passengers (200 in the green class 
and 1,123 in the standard class). The train ran on the Tokai-
do and Sanyo routes. 

The biggest change for the 300 series was the replace-
ment of DC motors with AC motors (three-phase asynchro-
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nous motors) and the use of kick starting. These motors 
were much lighter than DC motors, more powerful, and 
took up much less space. This made it possible to reduce 
the number of powered cars to 10. The introduction of  
a new type of engine also required the development of new 
electronic equipment and a computer controlling the entire 
system. 

In the 300 series, bogies of a different design were also 
used, omitting the bolster beam, which was present in older 
generations. The box rested on air cushions. 

Thanks to weight reduction, new engines, and a number 
of other improvements and innovations, it was possible to 
shorten the travel time between individual stations. For 
example, the average travel time from Tokyo Central Sta-
tion to Shin-Osaka Station in 1992-1993 was 2 hours 54 
minutes, the maximum speed was 220 km/h, while the 
average was 177 km/h. This increased the attractiveness of 
this type of transport for passengers [11]. 

Series E5 Shinkansen  
The research program for the E5 series was initiated in 

2002 to design a train that could reach speeds of 360 km/h. 
The rolling stock is produced by a consortium of Hitachi 
and Kawasaki companies [5]. The train consists of two 
units, each consisting of four driving cars and a steering car 
without a drive. In the case of this model, the hull sheathing 
was made of reinforced aluminium sections. As a result of 
air flow tests, the characteristic shape of the head car was 
extended to 15 m. 

 
Fig. 11. Series E5 Shinkansen train [22] 

 
The construction uses three TM212 transformers with  

a unit power of 3130 kVA, the voltage of which is convert-
ed into 32 three-phase MT207 traction motors with a unit 
power of 300 kW. Two pantographs type PS208, located on 
the roofs of carriages No. 3 and 7, are used to collect electric-
ity. The trains are powered with a voltage of 25 kV 50 Hz. 
The weight of each of the 10 powered cars is 47 t (42.7 t 
without the drive), and the total weight is 453.5 t. The trains 
are equipped with the DS-ATC traffic safety system. The 
maximum speed they reach is 320 km/h [13]. 

The trains can carry 731 passengers at a time, including 
658 in the standard class, 55 in the green class and 18 in the 
luxury gran class, which was introduced for the first time in 
the trains of this series. 

The E5 series is operated by the East Japan Railway 
Company. The trains were introduced to Tohoku routes in 
March 2011 and Hokkaido routes in March 2016. 

Series E7/W7 Shinkansen  
One of the newer high-speed trains running on Japanese 

railway lines is the Shinkansen of the E7/W7 series, built in 
2013. The production of the kits was jointly developed by 
Kawasaki Heavy Industries, Hitachi Kasado and other Jap-
anese companies. 

The external appearance of both the E7 and W7 series 
(in terms of painting and overall shape) is virtually identi-
cal. The difference is that the E7 sets are operated by the 
East Japan Railway Company and have a number starting 
with the letter F, while the E7 sets are operated by the West 
Japan Railway Company and have a number starting with 
the letter W. 

 
Fig. 12. Series E7 Shinkansen train [22] 

 
The sets consist of 12 cars, of which 10 are powered 

cars. The hull sheathing of the train is made of aluminium, 
the front of the train is designed in an aerodynamic shape. 
Thanks to the use of four airbags, the car body could be 
placed on the bogie. A distributed drive was used to move 
the train; each driving car had 4 three-phase motors, each 
with a power of 300 kW. Two PS208A pantographs located 
on the roofs of the cars No. 3 and 7 were used to collect the 
current. 

The trains are powered by 25 kV 50/60 Hz. The total 
weight of the train is 543 t. The trains are equipped with the 
DS-ATC and RS-ATC traffic safety systems. The maxi-
mum speed they achieve is 260 km/h [27]. 

Each train has 934 seats, including 853 in standard 
class, 63 in green class and 18 in gran class (apart from the 
Tsurugi configuration, which does not have gran class 
[20]). Economical LEDs were used to illuminate the com-
partments. The seats can be adjusted individually using an 
electric adjustment system. The train also has a compart-
ment for a mother with a child and a compartment for  
a person requiring special care. 

Trains operate on the following routes: Tokyo–Nagano 
(E7 from 2014 and W7 from 2015), Tokyo–Kanazawa and 
Toyama–Kanazawa (from 2015), as well as Tokyo–Niigata 
and Tokyo–Echigo–Yuzawa (from 2019). The route to 
Kanazawa with a length of 454 km is covered in 2 hours 
and 30 minutes. The maximum speed of the train is reached 
in the Takasaki–Kanazawa section.  
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7. Line infrastructure for high-speed trains 
Currently, Shinkansen trains can run at a maximum 

speed of 320 km/h. Due to the high speed they reach and 
the aerodynamic shape of their beaks, they are called "bul-
let trains". 

Each Shinkansen line includes fast, semi-fast and local 
trains. Train traffic is mainly on conventional steel rails 
mounted on concrete sleepers, with the fastest ones using 
dedicated tracks to avoid collisions with slower trains and 
only stopping at major stations [34]. In order for the trains 
to run at their maximum speed (up to 320 km/h), the 
Shinkansen tracks do not have sharp curves and, moreover, 
do not cross other railway lines at the same level. 

Existing high-speed rail lines allow trains to move at 
speeds above 200 km/h, and the most modern solutions 
even allow for speeds exceeding 300 km/h. Such perfor-
mance would be impossible if not for the appropriate linear 
infrastructure. Among the basic design parameters for the 
Shinkansen line, the following are distinguished: 
 track gauge 1067 mm and 1435 mm 
 cant 290/330 mm 
 radius of the horizontal curve (2500 m for the speed of 

270 km/h, 4000 m for the speed of 320 km/h) 
 longitudinal inclination 25/35‰ 
 vertical curve radius 10,000 m (5,000 m on sections 

where the maximum speed is 250 km/h) 
 width of the intertrack 1.435 m. 

Turnouts are an important structure of high-speed lines. 
On the Shinkansen lines, the solution is to locate the turn-
outs very close to the ends of the platforms. High-speed 
turnouts are not used, and trains move at a relatively low 
speed on the existing turnouts. The inner radius of the larg-
est turnouts used on the Shinkansen is 1,106 m [39]. 

The above-mentioned parameters, combined with ap-
propriate service, as well as care for travel comfort and 
safety, have a real impact on the number of passengers who 
decide to use train services in Japan. The Shinkansen lines 
are in a phase of continuous development. Currently, sever-
al investments are planned to provide for the creation of 
new connections, which will be discussed later in the arti-
cle. Despite the great benefits resulting from traveling by 
high-speed rail, Shinkansen lines account for only a few 
percent of all trips made by rail. 

 
Fig. 13. Total rail passenger transport, including the Japan Railways 

Group, in 2010–2020, in billions [35] 
 

Figure 13 presents the number of passengers using rail-
way services in general and Japan Railways Group in 2010–
2020. In the analyzed period, the number of passengers using 
the services of the Japan Railways Group accounted for 
almost 40% of all rail transport passengers and was systemat-
ically increasing every year, with the exception of slight 
decreases in 2014 and 2019. A clear slowdown occurred in 
2020, i.e. in the first year of the COVID-19 pandemic. 

8. Ways of financing 
The current structure of Japanese railways is the result 

of the privatization of the national railway, which was 
completed in 2004, forced by a financial deficit, which was 
caused by high expenses incurred for the construction and 
launch of the Shinkansen. Three out of seven privatized 
companies (Central JR, East JR, West JR) are profitable 
and do not receive state subsidies. They are listed on the 
Tokyo Stock Exchange. In addition, rail operators are prof-
itable in real estate around their rail stations, and they also 
make profits from servicing shopping centers, restaurants 
and hotels. At the same time, profitable Shinkansen lines 
and express trains subsidize the smaller, non-profit lines 
they operate [3]. Other companies (especially JR Hokkaido 
operating in the north of the country), unprofitable due to 
the small number of transports on smaller islands, receive 
subsidies from public funds and all remain state property. 
Most of the funding for the development of new Shinkan-
sen lines is contributed by central and local governments. 

In accordance with the existing cost-sharing rules, 
members of the former state-owned Japan Railways group 
lease high-speed train infrastructure from the Japan Rail-
way Construction, Transport and Technology Agency 
(JRTT) – an independent government agency established in 
2003 under a parliamentary act that deals with the construc-
tion of new Shinkansen lines and providing state-of-the-art 
technology for railway expansion projects (including tun-
nels and bridges) and other transportation projects through-
out Japan [2]. 

In 2019, lease payments were calculated on the basis of 
estimated revenues from railway operations over 30 years. 
On the other hand, costs other than lease payments were 
shared between the central government and local govern-
ments 2:1 [29]. 

Since 2014, Japanese railways have been promoting 
their own technology of high-speed rail lines on the interna-
tional arena (e.g. in the United States or India), which in the 
future may undoubtedly help find new customers willing to 
purchase their systems [19]. 

9. Plans and directions of further development 
Huge sums, counted in billions of dollars, invested in the 

expansion and development of Shinkansen did not stop Japan 
from working on new technology – a super-fast maglev train 
moving without contact between the vehicle and the track, 
thanks to electromagnetic lift obtained by repulsion or attrac-
tion of permanent magnets or a system of electromagnets laid 
in the track and placed in the vehicle. The maglev, starting its 
journey, initially moves on rubber wheels, thanks to which 
the magnets under the train interact with the magnets of the 
runner. When the train reaches 150 km/h, the magnetic force 
lifts it to a height of 100 mm. At the same time, friction is 
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eliminated so that ever higher speeds can be achieved. The 
same magnetic forces that lift the train also move it forward 
and keep it centered in the track. 

During the experimental tests of the L0 using Supercon-
ducting Maglev (SCMAGLEV) technology, a maximum 
speed of 603 km/h was recorded, which was a world record 
in this range [16]. 

 
Fig. 14. Test run of the Maglev L0-950 train [31] 

 
Japan's first magnetic rail line (SCMAGLEV) will be 

the Chuo Shinkansen connecting Tokyo to Osaka. It is 
performed by JR Central, the operator of the Tokaido 
Shinkansen. The planned speed of trains on this route 
would be up to 505 km/h, which would reduce the travel 
time from 2 hours and 22 minutes to only 67 minutes. Con-
struction of the Chuo Shinkansen began in 2014 with an 
estimated cost of at least $90 billion. The planned date for 
launching the connection to Nagoya is 2027 and to Osaka, 
2045. Chuo Shinkansen will be an alternative to the 57-
year-old Tokaido Shinkansen – the oldest, most crowded 
and operated high-speed line in Japan [13]. 

The nationwide Shinkansen high-speed railway is in  
a phase of continuous development. 

In the fall of 2022, a new section of the Nishi Kyushu 
Shinkansen line connecting Nagasaki with Takeo–Onsen 
was commissioned. Of the five stations on this route, two 
were built from scratch, especially for the needs of this line. 
It is the shortest Shinkansen high-speed rail line in Japan in 
terms of length (its total length is 66 km). Ultimately, the 
entire line is to connect Hakata with Nagasaki [40]. 

 
Fig. 15. Map of the existing Shinkansen network and new lines [33] 

Currently, the Hokuriku Shinkansen line is being extend-
ed with another connection between the cities of Kanazawa 
and Tsuruga. It is estimated that the opening will take place 
in 2024, and the connection will be about 125 km long. Of 
the six stations, five will be added to the existing stations, 
and Echizen–Takefu Station will be built from scratch. Con-
struction of the last section of this Osaka–Kyoto line is 
scheduled to start in 2030, with its exploitation scheduled for 
2045 [17]. The Hokkaido Shinkansen line will be extended 
by 2031 with a section connecting Shin–Hakodate–Hokuto 
and Sapporo. The total length of the newly constructed sec-
tion will be 212 km. The route will include 17 tunnels (80% 
of the new route) with a total length of 168.9 km, viaducts 
(30.3 km), and bridges (5.3 km) [17]. 

The existing Shinkansen lines and the location of the 
planned new connections are shown in Fig. 15. 

10. Summary – benefits and effects of high-speed 
rail transport 
Investing in high-speed railways brings a number of 

benefits, such as shortening the travel time between the 
largest agglomerations or greater convenience for passen-
gers. In addition, it is a beneficial solution for the natural 
environment, which can be confirmed by the success of 
such lines in, among others, Japan or Western European 
countries, e.g. in the Federal Republic of Germany [23]. 

Although high-speed rail travel times may seem longer 
than air transport, there are a number of factors that make it 
more attractive, including: 
 faster and easier access to the station, which in the case 

of high-speed rail is usually located in the city center 
 connections from the center to the center of large ag-

glomerations 
 price 
 frequency of connections 
 more freedom to work with a computer 
 no requirements as to the weight and dimensions of 

hand luggage [9]. 
High-speed railways also have many significant ad-

vantages in terms of environmental impact. These include: 
 relatively low level of land occupation, especially in 

comparison with road transport (on average 3.2 ha/km 
of line, with 9.3 ha/km of motorway) 

 high energy efficiency both compared to car transport 
(about 3.4 times higher) and air transport (about 8.5 
times higher) 

 low level of CO2 emissions 
 low external costs (about 9 times lower than those gen-

erated by passenger cars and 5 times lower than in air 
transport) [4]. 
A fundamental element of a developed high-speed rail-

way system is a high level of safety, which is guaranteed by 
advanced technical systems. Very often, a high-speed rail-
way line is an attraction in itself, which attracts tourists to 
the places where it is located and additionally causes eco-
nomic growth in such regions. In addition to the advantages 
in terms of time, convenience and environment, high-speed 
rail also has a huge impact on the development of the re-
gions and countries in which it operates, as it is an im-
portant element of an efficient transport system [4]. 
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Comparison of the strength of popular thermoplastic materials used in 3D printing 
– PLA, ABS and PET-G 

 
ARTICLE INFO  This paper presents the results of a comparative analysis of three prevalent materials used in 3D printing. PLA 

(Polylactic Acid), ABS (Acrylonitrile Butadiene Styrene), and PET-G (Polyethylene Terephthalate Glycol). The 
study includes strength testing using a tensile testing machine. Beginning with the selection of the input material 
used in the 3D printing process, the research aimed to provide insights into the strength properties of these 
materials. Autodesk Fusion 360 software was used for the precise design of the 3D model, ensuring suitability 
for subsequent tensile testing. The physical samples were then printed using 3D printing technology. The 
samples were subjected to a strength examination using a tensile testing machine. The data collection phase 
recorded and compiled the results of each strength test, forming the foundation for a comprehensive analysis. 
Using statistical methods and comparative analyzes, the data were thoroughly examined, allowing the derivation 
of conclusive observations and insights into the comparative strengths of PLA, ABS, and PET-G. The findings 
not only contribute to a deeper understanding of material performance but also provide a guide for material 
selection in 3D printing applications, guiding future research endeavors and industry applications in the ever-
evolving landscape of additive manufacturing. 
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1. Introduction 

With the continuous progress of technology, the indus-
try connected with its production has undergone a great 
change. The emergence of Industry 4.0 has started a new 
era, where the fusion of cutting-edge technologies meets 
traditional manufacturing, reshaping the essence of produc-
tion methods. One of the trends of this transformative wave 
is connected to additive technologies and advances in mate-
rials; this is a change in the way people think, design, and 
produce. It is related to Industry 4.0, which assumes the 
synergy between digital advances and physical systems [1]. 
This fourth industrial revolution represents a holistic evolu-
tion, including interconnected cyber-physical systems, the 
Internet of Things (IoT) [2], cloud computing [27], and 
cognitive computing [8]. These elements are converged to 
optimize processes, improve efficiency, and introduce more 
innovation in manufacturing and everyday life. Industry 4.0 
also includes the development of additive technologies, 
covering a spectrum of techniques such as 3D printing [19], 
bioprinting [11], and advanced manufacturing methodolo-
gies [18, 23, 28, 36]. These technologies transcend the 
limitations of conventional manufacturing by enabling 
layer-by-layer construction, empowering designers and 
engineers to materialize designs with precision and custom-
ization. This change not only expedites production but also 
leads to material innovation that was previously unimagi-
nable. Material innovation, as another element of the revo-
lution, opens new possibilities. The ability to craft and 
manipulate materials at the microscopic level has redefined 
material properties, durability, strength, and functionality. 
Additive manufacturing, when paired with novel materials, 
including bioderived substances, is driving industries to-
wards innovation and sustainability. 

2. Engines and 3D printing  
Industry 4.0 opens new possibilities for new research on 

engine topics, and the range of topics is broad, starting from 
studies on materials [33], through types of fuel [31], to 
emissions issues [32]. 3D printing is also a highly develop-
ing direction for research and practical application. 3D 
printing opens new possibilities in the field of vehicles and 
their engines. In the literature and practice, there are more 
and more examples of replacement of vehicle elements, and 
even engines parts, with elements and parts printed from 
popular filaments on a 3D printer. Products that come from 
additive manufacturing processes have broad industrial 
applications, including the automotive sector. The adapta-
bility and mechanical properties of materials used as inputs 
in 3D printing make them pertinent for manufacturing 
components within engines and vehicles. Examples of 3D 
printing applications in the mentioned areas: 
 components for the gas-discharge chamber of electric 

engines [24] 
 solid fuel block mold geometries for hybrid engines [6] 
 different gaskets in engines [29] 
 air intake manifolds [30] 
 pistons for engines [5] 
 engine o-rings [12].  

The adaptability and mechanical properties of materials 
used in 3D printing make them highly relevant for manu-
facturing components within engines and vehicles. This 
diversity is exemplified by various applications in the en-
gine sector. For instance, 3D printing is utilized to fabricate 
components for gas-discharge chambers in electric engines, 
enabling precise customization. Additionally, it enables the 
creation of intricate mold geometries for solid fuel blocks in 
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hybrid engines, enhancing efficiency. Also, 3D printing is 
employed in producing customized gaskets tailored to spe-
cific engine requirements. Moreover, it facilitates the manu-
facturing of air intake manifolds with optimized designs, 
leading to better engine efficiency. Furthermore, 3D print-
ing allows for the crafting of high-strength, lightweight 
pistons, consequently enhancing engine performance and 
fuel efficiency. It also enables the production of customized 
engine o-rings for reliable sealing and functionality. These 
diverse applications underscore the adaptability and poten-
tial of 3D printing in producing a wide array of components 
and parts within the engine sector, offering increased cus-
tomization, efficiency, and functionality in the manufactur-
ing process. 

These diverse applications illustrate the adaptability and 
potential of 3D printing in producing a wide array of compo-
nents and parts within the engine sectors. The ability to tailor 
design, material selection, and manufacturing processes via 
3D printing continues to revolutionize the production of 
various elements in vehicles and their engines, offering in-
creased customization, efficiency, and functionality. 

On the one hand, there are wide possibilities for using 
3D printing in engines, and on the other hand, there is pro-
gress in input materials used in 3D printing. These two 
areas should be combined in research. Namely, the first 
stage in the above-mentioned areas should be research on 
the properties and capabilities of 3D printing materials that 
will be used in engines. For this reason, the authors under-
took research on the strength of various materials used in 
3D printing in order to focus on the production of selected 
engine components in the next stages. The strength testing 
stage is extremely important. This article presents only 
preliminary research on the strength of materials, which is 
only a fragment of larger research. 

Based, on the above, the authors decided to conduct re-
search in the field of comparing the strength of materials 
used for 3D printing. The authors selected the three most 
popular materials, PLA, ABS and PET-G, and conducted 
tests on their strength. Research included the preparation of 
a 3D model for the samples, the printing of the samples in 
each material, and carrying out strength tests on a tensile 
testing machine. After completing this stage of research, the 
authors analysed the results and drew conclusions.  

3. Materials and methods 
3.1. Research methodology 

The methodology of the research included several steps: 
 Step 1: Material selection: the initial phase involved  

a meticulous selection process to identify and choose 
the most prevalent materials in the 3D printing area. 
PLA (Polylactic Acid), ABS (Acrylonitrile Butadiene 
Styrene), and PET-G (Polyethylene Terephthalate Gly-
col) were chosen due to their widespread use, distinct 
properties, and relevance in various industries. 

 Step 2: Design of the 3D model: to ensure consistency 
and accuracy in testing, the 3D model for the samples 
were designed using Autodesk Fusion 360 software. The 
model was the step before printing the samples, so the de-
sign had to be suitable for a tensile testing machine. 

 Step 3: printing process: using 3D printing technology, 
the designed models were fabricated into physical sam-
ples using each of the selected materials – PLA, ABS, 
and PET-G. This step also included setting the printing 
parameters.  

 Step 4: sample preparation: after printing the samples 
underwent meticulous post-processing to eliminate any 
inconsistencies or imperfections that could potentially 
impact the strength testing phase. 

 Step 5: strength testing: the strength examination was 
conducted using a tensile testing machine capable of 
performing various mechanical tests. This step also in-
cluded setting the machine's input parameters for 
strength tests – before examination began.  

 Step 6: data collection: after each strength test, the com-
puter generated the test results. Therefore, this stage of 
the research included the generation and collection of 
data from each strength test.  

 Step 7: data analysis: the data collected from the 
strength tests were comprehensively analyzed, employ-
ing statistical methods and comparative analyzes. Based 
on the analysis of the test results, conclusive observa-
tions and insights were drawn regarding the compara-
tive strengths of PLA, ABS, and PET-G. 

3.2. Model designing 
Autodesk's Fusion 360 software was used to prepare the 

model of the sample used in the experiment. Figure 1 pre-
sents a design in accordance with the E8/E8M-16a stand-
ard, with dimensions of L = 200 mm, C = 16 mm, and W =  
= 16 mm. 

 
Fig. 1. A design of a round tensile specimen 

 
Figure 2 shows a visualization of the sample in the form 

of a three-dimensional render. 

 
Fig. 2. A three-dimensional render that is a visualization of a sample 
 prepared in Autodesk's Fusion 360 software 

3.3. Materials 
A 3D printer allows you to produce different objects 

from specific materials. Popular polymer materials used for 
3D printing are PLA, PET-G and ABS [35]. The study 
tested the strength of these materials. 
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3.3.1. PLA 
It is a polymer produced from lactic acid [25]. It is a bi-

odegradable material produced from renewable sources 
[20]. PLA is considered a non-toxic material, [13] but the 
authors of the article "Photolytic degradation elevated the 
toxicity of polylactic acid microplastics to developing 
zebrafish by triggering mitochondrial dysfunction and 
apoptosis." point out that PLA microplastics have a higher 
toxicity after degradation, in the context of a threat to 
aquatic ecosystems [21]. PLA prints are hard and brittle. 
The melting point of PLA filaments is low, about 175oC 
[37]. It is one of the most popular materials for 3D printing. 
It is often used in home or school 3D printers. 

3.3.2. PET-G 
It is a polyethylene terephthalate with the addition of 

glycol [10]. It is also a frequently used material in 3D print-
ing. It has high resistance to damage and is malleable [26]. 
It is a material that biodegrades quickly, is harmless to 
humans and does not exhibit significant toxicity [7]. Prints 
made of PET-G material are stiff and have a glossy surface. 
It is worth noting the low hygroscopicity of this material, as 
well as its elasticity and lower shrinkage [3]. It is also often 
used in home and school 3D printers.  

3.3.3. ABS 
It is an acrylonitrile-butadiene styrene [34]. Also often 

used in 3D printing. It is a durable material, but at the same 
time, it has an easy ability to process [17], e.g., by drilling 
or grinding it. ABS printing produces harmful fumes, which 
is why ABS 3D printing should be done with adequate 
ventilation [22]. ABS also has a high degree of thermal 
shrinkage, compared to a low degree of thermal shrinkage 
in the case of PLA and PETG materials. This can lead to 
the so-called warping of ABS prints [9]. The coating of 
objects printed with ABS material can be smoothed with 
acetone, but this changes the structure and mechanical 
properties of the prints [13]. 

3.4. 3D printing process 
Samples were printed from three types of materials: 

PLA, PET-G and ABS. The printing process was carried 
out according to the specifics of the manufacturer of a giv-
en 3D printer. For each 3D printer, the same sample output 
3D model was used.  

Samples made of PET-G material were printed on  
a Prusa i3 MK3S+ printer, and materials PLA and ABS 
were used in an Anycubic 4MAX pro printer. These are 
models of 3D printers that allow you to print from such 
materials. The 3D model was prepared for printing using 
Slicer and Ultimaker Cura software, which saved the model 
in a format known to a 3D printer. The Slicer program used 
was Prusa Slicer. In this program, printing parameters such 
as layer height and infill pattern have been assigned. Then, 
the file prepared for the 3D printer was saved on a memory 
card, which was placed in the 3D printer. The appropriate 
project was selected from the 3D printer menu to start the 
3D printing process. After its completion, the model was 
properly described (Fig. 3).  

 
Fig. 3. Printed and labeled samples 

3.4.1. 3D printing settings 
The 3D models were printed from each material in three 

different versions. Models with a layer height of 0.1 mm, 
0.2 mm and 0.3 mm. A grid infill pattern and an infill den-
sity of 20% were used in all 3D prints. The models were 
printed vertically, and there was no need for supports. An 
extruder nozzle with a diameter of 0.4 mm was used. Speed 
of printing was adjusted by slicer software depending on 
used material and the print move types. The speed of print-
ing the PETG model with 0.1 mm layer height is presented 
in Fig. 4. The nozzle and print bed temperatures have been 
adjusted to the characteristics of the material being used. 
For PLA material, the nozzle temperature was in the range 
of 210–215oC, and the printbed temperature was 60oC. For 
PET-G material, the nozzle temperature was 230oC, and the 
printbed temperature was in the range of 85–90oC. For ABS 
material, the nozzle temperature was 235oC, and the print-
bed temperature was 95oC. 

 
Fig. 4. Speed of printing PETG model with 0.1mm layer height  

3.4.2. Filaments used during the 3d printing process 
3D models were printed with PLA, PET-G and ABS 

materials.  
For PET-G models, filament Devil Design PET-G Yel-

low was used. This filament has a diameter of 1.75 mm. 
Referring to the manufacturer's product card [38], this fila-
ment has a diameter tolerance of ±0.05 mm and an oval 
tolerance of + 0.02 mm. The recommended nozzle tempera-
ture during printing is in the range of 220–250oC, and the 
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recommended printbed temperature is in the range of 70–
80oC. However, the manufacturer of the Prusa 3D printer, 
in its profile for the Devil Design PET-G filament, speci-
fied a nozzle temperature of 230oC and a printbed tempera-
ture in the range of 85–90oC. 

For PLA models, filament Devil Design PLA Bright 
Yellow was used. This filament has a diameter of 1.75 mm. 
Referring to the manufacturer's product card [39], this fila-
ment has a diameter tolerance of ±0.05 mm and an oval 
tolerance of + 0.02 mm. The recommended nozzle tempera-
ture during printing is in the range of 200–235oC, and the 
recommended printbed temperature is in the range of 50–
60oC.  

For ABS models, filament Devil Design ABS+ White 
was used. This filament has a diameter of 1.75 mm. Refer-
ring to the manufacturer's product card [40], this filament 
has a diameter tolerance of ±0.05 mm and an oval tolerance 
of + 0.02 mm. The recommended nozzle temperature dur-
ing printing is in the range of 230–240oC, and the recom-
mended printbed temperature is in the range of 90–100oC. 

3.5. Characteristics of the machine 
For the research, we used the Universal Material Test-

ing Machine (Fig. 5) named model QC-503M2F (100kN). 
The manufacturer of the machine used for testing declares 
that it meets the following features [11]: 
 compliance with standards: ISO 7500-1, ASTM E4, 

ASTM D-76, DIN5122, JIS B7721/B7733, EN 1002-2, 
BS1610, GB T228 

 this series model is able to withstand a load of more 
than 100 kN  

 qualified for ASTM, ISO, JIS, GB standard 
 application to plastics, textiles and metals 
 max capacity: 100 kN 
 force units: gF, kgF, N, kN, tons 
 pressure: kPa, MPa, bar, mm-Aq, mm-Hg 

Measurement parameters: 
 specimen diameter: 10 mm 
 preload: 15 N 
 minimum force from which we check the condition 50 N 
 test speed: 15 mm/min. 

 
Fig. 5. Jaws of the QC-503M2F Universal Testing Machine, general view  

Other features described by the manufacturer [4]: 
 automatic reading of load cell property information 
 automatic reading of information from the displacement 

sensor 
 force display, displacement display, time display, stress 

display, and strain display 
 external analog input (2-channel simultaneous voltage 

or current readout) 
 test force automatically reset 
 self-definable test force calibration 
 breakage detection 
 automatic return 
 force overload protection. 

4. Results 

4.1. Results of strength examination  
The subject of the study were samples made of PETG, 

ABS and PLA, made in the 3D printing technique.  
Samples with a diameter of 10 mm and a filling of 20% 

(characterized by lower material consumption, which trans-
lates into lower cost and shorter time of printing the sam-
ple) were tested. The technique of layered printing with 
layer thicknesses was used: 
 0.1 mm 
 0.2 mm 
 0.3 mm. 

A static tensile test of the material was used for the 
tests. 

Tests at room ambient temperature, about 20⁰C, allowed 
us to draw many conclusions. The tested samples were 
characterized by similar strength compared to the steel 
sample, which is the comparative material: 
 PETG 6 MPa 
 PLA 5.8 MPa 
 ABS 5.4 MPa 
 steel reference sample 480 MPa. 

According to a scientific website Matweb, the tensile 
strength of beforementioned materials is approximately:  
 PETG 45 MPa [14] 
 ABS 38 MPa [15] 
 PLA 60 MPa [16]. 

4.2. Analysis of results 
It can be noted that the obtained in the study tensile 

strength of PETG, PLA, and ABS materials are several 
times lower than values from the scientific website Mat-
web. This could be due to 20% filling of 3D models and as 
a consequence of the layering nature of 3D printing. It 
should be noted that the break has always occurred between 
the layers. The obtained results are different because this 
research was meant to be unique in terms of testing not the 
material itself but the use of this material in the context of 
3D printing. 

The ABS material in our measurements had the least 
tensile strength, which agrees with the data presented, while 
PLA and PETG had similar values, so further testing on a 
larger number of samples is indicated. The lowest tensile 
strength was found in the printed plastic with a layer of 0.3 
mm. A selected graph of a material PETG is presented in 
the Fig. 6. 
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Fig. 6. Diagram showing the result of the tensile test of a PETG sample 

with a density of 20 % and a printing layer of 0.3 mm 
 
ABS plastic (Fig. 7) is characterized by the highest 

elongation, up to 5%, with an average tensile force of ap-
prox. 5.4 MPa. This proves that the material is highly plas-
tic, maintaining optimal tensile strength. The highest 
strength up to 6 MPa, ABS achieves for a layer with  
a thickness of 0.1 mm. 

The elongation before tearing tested by us was: 
 PETG 2.5% 
 PLA 1.1% 
 ABS 3.4%. 

 
Fig. 7. Diagram showing the result of the tensile test of an ABS sample 
 with a density of 20 % and a printing layer of 0.1 mm 

 
PLA material (Fig. 8), printed with a layer of 0.1 mm, 

has the highest tensile strength of approx. 7.5 MPa and the 
highest plasticity of approx. 1.5% compared to prints with  
a different layer thickness. PLA is characterized by the 
highest rigidity, hardness, and abrasion resistance among 
the tested materials. 

The non-uniform course of diagrams, especially for 
ABS and PET-G plastics with a characteristic step, visible 
around 2/3 of the elongation (Fig. 7 and 8), may result from 
the influence of internal forces on or between polymer 
chains. It is advisable to perform additional tests for the 

above-mentioned materials with a filling of up to 80%. This 
will make it possible to compare the results of strength and 
plasticity as well as the reaction of plastics to statically 
increasing mechanical load. 

 
Fig. 8. Diagram showing the result of tensile testing of a PLA sample with 

a density of 20 % and a printing layer of 0.1 mm 

5. Conclusions 
Summarizing the results of the research, it can be con-

cluded that the used testing machine is also suitable for 
testing polymers intended for 3D printing, and its selection 
turned out to be right. The results of the tests allow to com-
pare the strength of 3D models printed from PLA, PET-G, 
and ABS. An important conclusion is that the selection of 
3D printing parameters, as well as the selection of the pol-
ymer material used, affects the durability of the printed 
models. Changing the height of the 3D printing layer causes 
a change in the strength of a given model. It is advisable to 
explore the research, e.g. by comparing 3D prints with  
a different degree of filling. 

To improve the quality of the designed materials, their 
properties can be tested when the 3D printing model will be 
made with thicker layers or using two different materials. 

The research presented in the article is only the initial 
stage of larger research on the strength of materials used in 
3D printing. Expanding from the foundational strength 
testing of PLA, ABS, and PET-G materials, future research 
will focus on optimizing these materials for engine-specific 
conditions, possibly through composite formulations or 
altered manufacturing processes. Subsequent stages will 
involve fabricating actual engine components via 3D print-
ing and subjecting them to rigorous performance tests simu-
lating real-world engine stresses. Additionally, analyzing 
the lifecycle and environmental impact of these materials 
and fostering collaborations with engine manufacturers 
would ensure alignment with industry needs and sustainable 
advancements in additive manufacturing for engine compo-
nents. 
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Selection of the method for determination of ignition delay of hypergolic  
propellants 

 
ARTICLE INFO  Ignition delay is one of the most important parameters characterising hypergolic propellants. This parameter 

has a strong impact on thruster operation, especially during the cold start. Ignition delay influences the intensity 
of pressure rise and its peak values during the start of a thruster. High-pressure levels cause stress inside the 
chamber wall, which directly affects durability and safety. One of two measurement techniques is usually chosen 
to determine the ignition delay: visual and pressure-based methods. Visual methods are based on high-speed 
imaging and subsequent image analysis. In the pressure-based method, the pressure trace is analysed. In this 
study, both techniques were used together and compared in terms of ignition delay determination of hypergolic 
propellants igniting during the drop tests. The advantages and disadvantages of both techniques were indicated 
and described. In the setup used in the study, the visual method was found to be more accurate and reliable. 
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1. Introduction 

The ignition delay of hypergolic propellants is usually 
determined by a so-called drop-test method where a drop of 
oxidiser (or fuel) is dropped into the fuel (or oxidiser) pool 
[1–5, 7–9, 12, 18, 19, 23–25, 33, 34, 37–39]. In such an 
arrangement, the ignition delay is determined as the time 
between the contact of the oxidiser with the fuel and the 
start of combustion (SOC). In this study, we focus on the 
determination of SOC.  

Alfano et al. [2] used a high-speed camera, two photodi-

odes and a laser diode to determine the ignition delay and 

chemical delay in the drop tests. Based on the registered sig-

nals, they identified the moment of droplet impact, gas emis-

sion near the surface, and light emission from combustion. 

Blevins et al. [3] used high-speed photography and 
Schlieren techniques to determine hypergolic ignition delay 
between hydrogen peroxide (an oxidiser) and N,N-di-
methylbutylamine and N,N-dimethylhexylamine (fuels). 
The amines were mixed with a catalyst (cobalt II 2-ethyl-
hexanoate) and mineral oil, acting as a stabiliser (prepared 
as mixtures in a 65% to 35% ratio). The catalyst and stabi-
liser constituted 5% of the final fuel mixture. The Schlieren 
imaging enabled the visualisation of enhanced gas-phase 
generation, which was associated with the decomposition 
time. Thus, the reported results included both decomposi-
tion delay and ignition delay. 

Another work utilising the drop test method to measure 
ignition time delay was conducted by Kang et al. [20]. They 
tested the ignition of three different fuels with hydrogen 
peroxide (90%, 95%, and 98%) acting as oxidiser. To 
measure the ignition delay, they used a high-speed camera 
with an additional halogen lamp to illuminate falling drop-
lets. Mahakali et al. [24] also used the drop-test method 
with a high-speed camera to determine the existence of 
ignition and ignition delay for a group of fuels (triglyme, 
dimethyl formamide, and dimethyl sulfoxide) with the 
addition of sodium borohydride (in various concentrations). 

They used hydrogen peroxide with a concentration between 
87.4% and 88.5% as the oxidiser. 

McCrary et al. [25] employed the drop test technique 
with a high-speed camera to measure the ignition delay of 
synthesised fuels with various oxidisers (99.5% white fum-
ing nitric acid (WFNA), inhibited red fuming nitric acid 
(IRFNA), and 70% nitric acid (NA). In their setup, the 
oxidiser drops were dropped onto samples of the fuels. 
Ramachandran et al. [34] used the drop test technique to 
measure ignition time delay for WFNA and amine-borane 
with a high-speed camera and an LED light array to illumi-
nate the fuel sample and the oxidiser.  

Wang and Thynell [37] used a similar method to meas-
ure the ignition delay of MMH with three different mixtures 
of nitric acid and water (30% H2O, 10% H2O, and WFNA). 
However, they also measured signals from thermocouples 
(located at two distances from the fuel pool), photodiodes, 
and a microphone. They compared the measurements from 
the photodiode with the signal from the microphone and 
thermocouples. The signals correlated differently depend-
ing on the propellant type, exhibiting sensitivity to the fuel-
oxidiser interaction type. 

Zarbo et al. [38] studied the effect of humidity and wa-
ter on the reaction between two pairs of fuel and oxidiser: 
MMH-RFNA and TEAB (triethylamine borane)-WFNA. 
The measurements were conducted in a dedicated and de-
veloped drop-test stand using a high-speed camera, a piezo-
electric sensor to detect droplet impact, and a photodiode to 
detect the onset of ignition. Zhan and Shreeve [39] also 
used the drop-test method with a high-speed camera to 
determine the ignition delay of nine fuels (with three boron-
based additives) with WFNA. 

Ak et al. [1] used a high-speed camera to measure the 
ignition delay for 85% hydrogen peroxide and ethanola-
mine in open-cup drop-test experiments. They assessed the 
influence of oxidiser and fuel temperature on the ignition 
time delay. Chambreau et al. [4] applied Fourier-transform 
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infrared (FTIR) absorption spectroscopy using a rapid-scan 
spectrometer to observe drop-test experiments for 1-propar-
gyl-3-methyl-imidazolium dicyanamide or MMH with WFNA 
or RFNA. Chowdhury et al. [5] used the drop test with 
high-speed photography to observe photodiode signal and 
laser-induced fluorescence to study the mixing between the 
liquids. In the drop tests, they used two fuels: 1-ethyl-3-
methyl-imidazolium dicyanamide and 1-butyl-3-methyl-
imi-dazolium dicyanamide, reacting with 70% and 90% 
WFNA. 

Coil [7] used the drop test to study the ignition of gelled 
methyl ethyl imidazolium dicyanamide (fuel) with nitric 
acid (oxidiser). They applied high-speed photography and  
a photoresistor to determine the ignition delay. Dambach et 
al. [8] used the drop-test technique with a high-speed cam-
era to observe the ignition process of several selected fuels 
with RFNA and determine ignition delay. Davis and Yil-
maz [9] used a high-speed camera and photodiode to ob-
serve the ignition delay of hydrazine and hydrogen perox-
ide in the drop tests. 

Jyoti et al. [18] used the drop-test method with a high-
speed camera to measure the ignition delay of gelled etha-
nol and 90% hydrogen peroxide. Kang et al. [20] also em-
ployed the drop test with a high-speed camera for a prelim-
inary approximation of the ignition time delay of a devel-
oped fuel with 95% and 98% hydrogen peroxide. Zhao et 
al. [40] used a high-speed camera in a drop test to observe 
the ignition and combustion process of specially prepared 
compounds with HNO3. 

Park et al. [31] utilised a drop-test technique with a la-
ser, photodiode, and fast camera to observe the ignition 
delay of 95% hydrogen peroxide with LiNO3 and NH4NO3. 
In their tests, the fuels contained different amounts of water 
(0.5%, 1.0%, 5.0%, and 20%). Several high-speed cameras 
(infrared, monochrome, and colour) and sensors with  
a laser and LED lamp were used by Nath et al. [30] in drop 
tests of hydrogen peroxide and high-density polyethylene 
mixed with NaBH4. Mota et al. [27] used three high-speed 
cameras operating in visible, schlieren, and infrared spectra 
(IR) modes to observe the ignition delay in drop tests of 
several selected fuels with hydrogen peroxide. Khomik et 
al. [22] also employed a high-speed camera to observe the 
ignition time delay in open-cup drop tests. 

Pourpoint and Anderson [33] tested the ignition delay of 
catalytically promoted fuels with highly concentrated hy-
drogen peroxide (92% to 98%) using an impinging jet appa-
ratus with a high-speed camera. James et al. [16] also used 
a high-speed camera to observe the ignition delay in im-
pinging-jets tests with gelled hypergolic propellants. Simi-
larly, DeSain et al. [10] used a fast camera to determine the 
ignition time delay in their experiments. He et al. [14] also 
employed a high-speed camera to observe the ignition of 
gelled hydrogen peroxide with various fuels. 

As far as ignition delay studies are concerned, there are 
two main methods that are usually used for the determina-
tion of the start of combustion: visual [3, 5, 8, 9, 12, 16, 18, 
19, 23, 24] and pressure-based [11, 15, 29, 32]. Visual 
observation has one strong advantage – one recording can 
be used for both the determination of the time of contact 
between an oxidiser and a fuel and the start of combustion 

[1, 25, 33, 34, 37, 39]. With a known frame rate and a num-
ber of frames between these two detected incidents, ignition 
delay can be calculated. The second method is based on 
data analysis from a pressure sensor. The pressure inside 
the chamber increases during combustion in a constant 
volume chamber. The time, which represents the beginning 
of combustion, may be defined by the intersection of two 
lines. The first line represents the average pressure before 
combustion, while the second is tangent to the pressure curve 

at its maximum slope. For the detection of the instant contact 

(between the oxidiser and the fuel), we used high-speed 

cameras. However, some researchers use photodiodes [9].  
The presented literature shows that, in the drop tests, the 

optical methods are preferred. However, most studies on 
hypergolic ignition were performed in an open environ-
ment. The pressure-based method, in turn, is only applica-
ble in enclosed-volume research devices, such as constant-
volume chambers [17, 29], rapid-compression machines 
[26], or shock tubes [11, 15]. Both of these techniques 
could be applied in this study, as the drop tests were per-
formed in a constant volume vessel. It should be noted that 
other methods for estimating ignition delay also exist. 
Szwaja and Szymanek [35] also used registered pressure 
trace, but indirectly. First, they calculated heat release, 
which was then used to determine ignition delay. Chwist 
[6], in turn, used ANSYS Chemkin Pro for this purpose, 
which numerically calculates ignition delay.  

The goal of the study was to assess and compare both 
methods in terms of determining the ignition delay of hy-
pergolic propellants by the drop-test method. The data from 
the pressure sensor and high-speed camera images were 
taken simultaneously. Thus, both methods were used to 
determine ignition delay for the same cases, and a direct 
comparison of these two methods could be made.  

For this verification, prospective “green” propellant was 
chosen, as these kinds of fuels and oxidisers have received 
much attention recently [28, 36]. Pyridine (with the addi-
tion of a catalyst) was used as a fuel, while the HTP (high-
test peroxide, also named RGHP – rocket grade hydrogen 
peroxide [9]) was selected as an oxidiser.  

As discussed earlier, most researchers conducted their 
experiments in an open environment, which means that the 
reported results were limited to atmospheric conditions [5, 
8, 10, 16, 18, 20, 23, 24]. Only a small part of studies have 
investigated the effect of pressure and temperature on igni-
tion delay [9, 10, 33]. The verification tests presented here 
were performed for different environmental pressures (0.1, 
1, and 2 MPa absolute pressure) and fuel temperatures (295 
and 353 K) to make our comparison more universal. In all 
tests, the oxidiser temperature was 293 K (in a syringe). Ak 
et al. [1] performed experiments that showed low depend-
ence on ignition delay from oxidiser temperature and high 
dependence on fuel temperature.  

2. Materials and methodology 
2.1. Experimental setup 

The research was performed using a specially modified 
constant-volume chamber initially designed for spray tests 
of marine engine injectors [13]. The chamber was adapted 
for the drop-test method by providing an oxidiser dosing 
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unit (Fig. 1) and a fuel pool with a temperature control (Fig. 
2). The chamber was pressurised with air. The droplet re-
lease and the ignition process were observed through the 
quartz window by the high-speed camera. The test chamber 
was also equipped with fast-access entry, which allowed us 
to refill the fuel after each test.  

The dosing system was composed of a high-pressure sy-
ringe, a holder for the syringe, which also holds a linear 
module with a stepper motor (Fig. 1). The stepper motor 
drives the linear module coupled with the syringe. The 
holder was designed to eliminate vibrations generated by 
the stepper motor. 

 
 Fig. 1. Modified constant volume chamber for drop-test studies 
 

The vessel was also equipped with a pressurised gas de-
livery system, an electric heater, and a thermocouple with  
a temperature controller. The thermocouple was placed one 
millimetre under the bottom of the fuel pool.  

Two holes in the chamber were filled by quartz win-
dows. One window was used to illuminate falling droplets, 
while the second one provided optical access for a high-
speed camera. The fuel pool was made of stainless steel, 
and it was thermally insulated from the bottom of the 
chamber. The electric band heater was wrapped around the 
fuel pool (Fig. 2).  

  
 Fig. 2. Fuel pool with a heater for temperature control 

 
The pressure inside the chamber was measured by a pi-

ezoelectric pressure transducer (KISTLER 601CA). The 
pressure and temperature signals were recorded by a data 
acquisition system (DEWETRON DEWE-50-PCI-16). The 

pressure signal was recorded at a frequency of 10 kHz. The 
pressure transducer, charge signal converter and amplifier 
were configured to measure pressure within the range of 0-
5 MPa (absolute). The data acquisition started 1 second 
before the trigger signal and ended 0.5 seconds after that 
signal. The trigger signal was generated based on the pres-
sure measurement – when the pressure increase was higher 
than two kilopascals (above the environmental pressure) for 
at least three milliseconds. 

High-speed camera (Photron SA 1.1) operated at  
a frame rate of 10 kHz. This frame rate allowed us to de-
termine the moment of self-ignition with an accuracy of 0.1 
ms. In order to capture contact of a drop with a pool and the 
start of combustion, the camera was set to continuous re-
cording and storage mode (operating in a loop limited by 
the camera memory). The trigger signal was set at the end 
of the recording. These settings enabled the recording of 
more than 1 second, which was enough to capture both the 
moment of contact of the fuel with the oxidiser and the start 
of combustion.  

2.2. Visual analysis 
Based on the recorded images, the time of contact be-

tween the oxidiser droplet and the fuel, as well as the mo-
ment of occurrence of visible effects of the combustion 
process (identified here as the start of combustion), were 
determined. Two effects of combustion could be noticed, 
i.e., increased emission of visible light (Fig. 3) or fast in-
creasing expansion of gases, which caused braking of the 
fuel surface (Fig. 4).  

  

Fig. 3. Beginning of combustion with light emission (two consecutive 
 frames) 
 

  
Fig. 4. Beginning of combustion with a brake of the liquid surface caused 
 by decomposition or combustion gases (two consecutive frames) 

 
With determined time of contact and SOC as well as 

known frame rate, the ignition delay (ID) was calculated 
according to the equation (1): 

9 mm 9 mm 

9 mm 9 mm 
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 ID =
nign−ncon

f
  (1) 

where: nign – number of the frame with the identified start 
of the combustion; ncon – number of the frame with the 
identified beginning of contact between the oxidiser drop 
and the fuel pool;  f – frame rate. 

2.3. Pressure-trace analysis 
In the pressure-based method, SOC is determined based 

on the analysis of the recorded pressure curve. For this 
purpose, two lines need to be drawn. The first line corre-
sponds to the average pressure level before combustion. 
The second one is tangent to the pressure curve at its maxi-

mum slope, associated with the fastest pressure increase due 

to the combustion process. The time at the intersection of 

these two lines is defined as the start of combustion (Fig. 5). 

 
Fig. 5. Example pressure trace in the chamber, with a cross of two lines to 
determine the start of combustion; time measured from the start of the data 
 acquisition 
 

Note that the time reported in Fig. 5 was measured from 
the start of the data acquisition. To calculate the ignition 
delay, the time of contact between the oxidiser and the fuel 
needs to be determined as well. However, based on pressure 
trace analysis, it is impossible to determine the moment of 
contact between oxidiser and fuel. It is necessary to use 
high-speed imaging anyway. These two measurement 
methods need to be used together and synchronised in order 
to combine the data obtained by them. With a known start 
of combustion and a time of contact of the oxidiser with the 
fuel, the ignition delay can be determined. 

2.4. Measurement procedure 
The measurement procedure included the following 

steps: 
1.  Setting the temperature of the pool (temperature was 

measured by type J thermocouple placed 1 mm below 
the bottom of fuel pool) 

2.  Opening and cleaning the chamber and windows 
3.  Filling up the syringe with HTP (if needed) 
4.  Filling the pool with the fuel 
5.  Closing and pressurising the chamber 
6.  Setting up data acquisition and trigger mode 
7.  Moving the syringe piston for dropping a drop of the 

oxidiser 
8.  Saving data (camera recording, pressure data) 
9.  Scavenging the chamber and releasing the combustion 

gases into the exhaust-extraction duct. 

Steps 2–9 were repeated seven times for each measure-
ment point. 

3. Results 

3.1. High-speed imaging  
Based on recorded images for pyridine and HTP, the ig-

nition delay was calculated. (as described in chapter 2.2). 
Figure 6 shows the determined ignition delay obtained at 
three different environmental pressures and for two differ-
ent fuel temperatures.  

 
Fig. 6. Ignition delay; calculated using SOC determined by high speed-
 imaging for two different fuel temperatures 

3.2. Pressure-based SOC determination 
The ignition delay was also determined using recorded 

pressure data for the same cases. In this procedure, the 
ignition delay was calculated by combining two methods. 
The moment of contact of the oxidiser droplet and fuel in 
the pool was determined by the high-speed camera, while 
the SOC was determined based on pressure recording (as 
described in section 2.2). The results of the calculations for 
two different fuel temperatures are presented in Fig. 7. 

 
Fig. 7. Ignition delay versus absolute pressure for two different fuel tem-
 peratures (SOC determined by pressure-based method) 
 

In the current setup used for drop-test studies, the mass 
of the fuel was small compared to the volume of the cham-
ber (and thus the mass of the enclosed air). Moreover, ener-
gy initially released in one point of the chamber (at the 
droplet impact point) couldn’t rapidly increase temperature 
and pressure. The whole fuel needed to be consumed until 
the pressure change was high enough to distinguish it from 
the noise signal. Thus, the values presented in Fig. 7 are 
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much higher than those obtained with the visual method 
(see Fig. 6). 

4. Discussion 
This section aims to discuss the advantages and disad-

vantages of the two techniques that were used.  
With increasing temperature of the fuel pool, self-

ignition delay decreases. This effect could be strengthened 
by the increasing concentration of catalytic additives in the 
fuel due to its intensive evaporation at high temperatures. 
The effect of fuel evaporation at high temperatures leading 
to an increased concentration of the catalytic additive (man-
ifested by the white colour of the fuel pool) is shown in Fig. 
8. The brighter colour of the droplet suggests that the tem-
perature from the pool influenced the oxidiser as well, 
which supposedly started to decompose already during the 
free fall. 

T = 295 K T = 353 K 

  
Fig. 8. Droplet of the oxidiser and the fuel pool for different fuel tempera-
 tures at 1 MPa absolute pressure 

 
The fuel evaporation seemed to be decreased at in-

creased pressure inside the chamber, which is presented in 
Fig. 9.  

 

0.1 MPa 1 MPa 2 MPa 

   

Fig. 9. Droplet of the oxidiser and the fuel pool at different pressures; fuel 
 temperature 353 K 

 
Regardless of these issues, other aspects could also be 

the reason for the poor repeatability of the results. One of 
them is the lack of temperature compensation in the pres-
sure transducer. In some cases, droplets splashed from the 
pool and fell onto the sensor’s surface, causing pressure 
curve breakdown (a sudden pressure drop). This effect is 
shown in Fig. 10. An additional issue during the estimation 
of SOC from the pressure curve is the shape of the recorded 
data. The recorded data was affected by a strong noise sig-
nal. Thus, the data from the piezoelectric transducer needed 
to be filtered. For this purpose, a simple moving average 
filtering algorithm with five symmetrical points was used. 
With repeating filtration cycles, filtered curves became 
smoother, but the large time-scale pressure changes were 
also affected. These were extended in time. The influence 

of the number of filtrations on the pressure curve is pre-
sented in Fig. 11. Note that time is measured from the be-
ginning of the recording. 

 
Fig. 10. Pressure curve breakdown caused by the droplet impact onto the 
 sensor’s surface 

 
Fig. 11 Example pressure curve – raw data (no filtration) and filtered 
 versions; time measured from the start of the data acquisition 

 
Due to the effects of filtration on the large time-scale 

pressure features, the ignition delay was also affected. The 
ignition delay dependence on the number of filtration cy-
cles is shown in Table 1. 

 
Table 1. Ignition delay for different numbers of filtrations calculated from 

the same pressure curve 
No. of filtrations Ignition delay [ms] 
0 18.9 
10 46.6 
100 51.4 
1000 45.9 
10000 34.7 
100000 16.5 
1000000 –80.7 

 
Due to the strong noise signal determination of SOC for 

non-filtrated data, it is strongly problematic. Increasing the 
filtration number, in turn, advances the SOC. With an in-
creasing number of filtration over 102, the estimated ignition 
delay decreases even to nonphysical results, as in the case of 
106 filtration. It might be speculated that the other type of 
filtration could perform better, and the issue of advancing the 
SOC could be avoided. However, the Butterworth filter used 
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in a similar setup also resulted in a delayed start of combus-
tion compared to the visual ignition effects [21].  

The other issue affecting the quality of pressure data, 
specifically the signal-to-noise ratio, was a decreasing 
combustion intensity with increasing fuel temperature. This 
was mainly caused by the evaporation of the fuel. This 
effect had a much lower influence on the optical method 
than on the pressure-based technique. An example pressure 
curve (environmental pressure: 1 MPa, fuel temperature 
353 K) after 1000 cycles of filtrations is presented in Fig. 
12. As one may observe, the shape of the curve is entirely 
different than that shown in Fig. 11 (environmental pres-
sure: 2 MPa, fuel temperature: 333 K). In that case, the start 
of combustion could not be appropriately determined using 
the pressure data. 

 
Fig. 12. Determination of SOC for 0.1 MPa absolute pressure and fuel 
 temperature of 353 K 

 
All presented reasons caused low repeatability of the re-

sults, especially those obtained using the pressure-based 
method to determine the start of combustion. The coeffi-
cient of variation for both methods is shown in Fig. 13. 

 
Fig. 13. Coefficient of variation of ignition delay for visual (dashed lines) 
 and pressure-based methods (solid lines) 

 
High-speed imaging-based ignition delay determination 

provided high repeatability of the results. The cases where 
the result deviated from the average could be associated 
with a specific aspect of the measurement, e.g. imprecise 
impingement point. Table 2. shows the cases when the 
droplet didn’t impinge in the center of the fuel pool and 
reports the measured ignition delay. It also shows the aver-
age ignition delay (for seven repetitions) determined at the 
corresponding measurement point.  

Table 2. Droplet impingement location and the corresponding ignition 
delay values 

Parameters (fuel temper-
ature and pressure in the 

chamber) 

A photograph 
of droplet 

impingement 

Measured 
ignition 
delay 

Average 
ignition 
delay 

T = 295 K 
p = 2 MPa 

 

3.1 ms 2.2 ms 

T = 333 K 
p = 1 MPa 

 

2.2 ms 1.6 ms 

 
An additional issue during the data analysis was related 

to the droplet oscillation. Figure 14 shows the evolution of 
the oscillating droplet prior to the impingement. The time 
displayed in each photograph represents the time remaining 
to the contact between the oxidiser and fuel.  

 
t = –62.7 ms t = –47.7 ms t = –32.7 ms t = –17.7 ms t = –2.7 ms 

     
 Fig. 14. Evolution of the oscillating droplet prior to the impingement 

 
When using the visual method, the aspect of the oscillat-

ing droplet could be evaluated quantitatively by determin-
ing the droplet’s geometrical features at the instant of the 
impingement, as was done in our previous study [21]. If the 
pressure method is applied, high-speed imaging would also 
be required.  

In general, the repeatability of the results obtained using 
pressure-based SOC determination was much worse than that 
observed for visual SOC determination. Moreover, the igni-
tion delay values obtained using the pressure-based method 
are much higher than those obtained by the optical method. 

These observations suggest that the pressure-based 
technique is not acceptable for quantitative ignition delay 
measurement in the current setup. 

5. Conclusions 
Simultaneous image acquisition and pressure measure-

ments enabled the direct comparison of two approaches for 
the start of combustion (and ignition delay) determination. 
Moreover, the study revealed other aspects which should be 
addressed when performing drop tests at high temperatures. 
The crucial aspect is that the delay between the fuel deliv-
ery and the test cannot be too long due to fuel evaporation 
and increasing concentration of the additive. 

In terms of the start of combustion and ignition delay 
determination, the presented analysis allows us to conclude 
that the visual method is more reliable, accurate and better 
suited for the setup and propellants used in the study – 
mainly due to the relatively large volume of the test cham-
ber (compared to the amount of fuel and the size of the 
fuel-oxidiser contact zone). 

The advantages of this method were summarised as fol-
lows: 
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 high repeatability of measurement results 
 no need for synchronisation of a high-speed camera 

with a pressure transducer 
 easier evaluation of test quality (size and shape of the 

droplet, place of droplet impact, amount of fuel in the 
pool, etc.). 
The main disadvantage of this technique is the need for 

a manually generated trigger signal, which could be over-
come by using an additional photodiode triggering system. 

The advantages of the pressure-based method are as fol-
lows: 
 automatic trigger generation based on pressure 
 additional information on combustion process dynamics. 

In the setup used in the study, the pressure-based meth-
od had several disadvantages that make this method useless 
for ignition delay determination, especially when quantita-
tive measurement is needed: 
 high noise signal  need for filtration 
 sensitivity to droplets splashing onto the pressure sensor 

surface 

 the necessity of using the optical technique for the de-
termination of the time of contact between the fuel and 
the oxidiser 

 low repeatability of results. 
Based on the observed features of both techniques, the 

visual method shall be considered a better and more accu-
rate option for ignition delay determination of hypergolic 
propellants. The optical method is sufficient to determine 
the ignition delay without any additional instrumentation. 
However, even in the visual determination of SOC, the 
pressure signal can be useful for triggering and data-
collecting automation.  
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Nomenclature 
FTIR  Fourier-transform infrared 
HTP  high-test peroxide 
ID  ignition delay 
IRFNA inhibited red fuming nitric acid 
MMH monomethylhydrazine 
NA  nitric acid 

RFNA  red fuming nitric acid 
RGHP  rocket grade hydrogen peroxide 
SOC  start of combustion 
TEAB  triethylamine borane 
WFNA white fuming nitric acid 
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Correlation relationships of processes in the combustion engine in the RDE test 

 
ARTICLE INFO  The article presents considerations on the processes taking place in the combustion engine in the real driving 

operating conditions of a vehicle performing the RDE (Real Driving Emissions) test. The tests were carried out 
using a passenger car with a spark-ignition engine. The processes considered in the article were related to the 
engine operating states, exhaust emissions and fuel mass consumption, and the vehicle velocity, which 
determines the engine operating conditions. The RDE test was carried out using PEMS (Portable Emissions 
Measurement System) equipment, and the following variables were recorded: vehicle velocity, control, engine 
speed, relative torque and relative engine power, emission pollutant intensity of carbon monoxide, 
hydrocarbons, nitrogen oxides and carbon dioxide, the intensity of particle number and the fuel mass 
consumption intensity. The recorded signals were digitally processed, and the statistical properties of the 
variables and the mutual relation between the engine operating states were examined. The properties of the 
measured variables were investigated in the entire RDE test and in its constituent phases: the first, 
corresponding to vehicle traffic in cities, the second – outside cities, and the third – on highways and 
expressways. The pollutant specific distance emission and the particle number specific distance as well as the 
specific distance fuel mass consumption were determined in relation to the average vehicle velocity, and based 
on these results, the exhaust emissions and fuel mass consumption characteristics were created. Correlational 
studies of the considered variables were also performed. Pearson's linear correlation coefficients for the 
combinations of the measured variables were determined.  
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1. Introduction 

The processes occurring in combustion engines, charac-
terizing their exhaust emissions and fuel mass consumption, 
are among the basic operational properties of engines [11, 
12, 17]. These processes are determined by the engine op-
erating states: control, engine speed, load, which can be 
measured using torque, and the engine's thermal state [11, 
12, 17]. 

The operating states of a vehicle engine are determined 
by the vehicle's velocity and traffic resistance, which de-
pend on, among others, the type and inclination of the road 
surface, as well as on the vehicle velocity, environmental 
conditions and temperature, which primarily influence the 
time it takes for the engine to reach a thermally stable state 
after an engine cold start [11, 12, 17]. 

In dynamic operating conditions, the relationship be-
tween the operational properties of combustion engines and 
their operating states takes the form of operators (or more 
specifically, the form of functionals) [11, 12, 17], and not 
as functions with numerical values [7]. For this reason, 
these properties generally differ under all conditions, mak-
ing it necessary to test the engines under comparable condi-
tions, in the case of automotive applications, determined by 
the vehicle velocity. Of course, the actual operating condi-
tions of combustion engines are largely undetermined and, 
as a consequence, the operational properties in such condi-
tions should be generally treated as random [9, 28, 29]. In 
such a case, probabilistic characterization of these variables 
can be assessed, such as probability density [9, 28, 29] or 
frequency characteristics [9, 28, 29]. 

This study aimed to assess the following: 
 vehicle velocity 

 engine steering 
 engine speed 
 relative engine torque 
 relative effective power 
 emission pollutant intensity of carbon monoxide, hydro-

carbons, nitrogen oxides and carbon dioxide 
 particle number intensity 
 fuel mass consumption intensity 
in the driving conditions of a passenger car in the RDE 
(Real Driving Emissions) test [20, 39], the phases of which 
characterize the vehicle's traffic: in cities, outside cities and 
on highways and expressways. 

The nature of vehicle traffic in the RDE test corre-
sponds to typical conditions of vehicle operation. Such 
conditions are taken into account in the pollutant emission 
assessment [21], which additionally considers driving in 
cities separately between driving in cities with traffic con-
gestion and driving in cities without traffic congestion [8]. 

The aim of this research was to learn about selected 
properties of the studied processes. These properties were 
primarily: 
 statistical characteristics of the measured variables [9, 

25], in particular: 
 average value considering the test phases 
 their distribution characteristics 
 coefficient of variation, enabling the assessment of 

dynamic properties while taking into account test 
phases 

 characteristics of pollutant specific distance emission, 
particle number specific distance and specific distance 
fuel mass consumption of the vehicle depending on the 
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average velocity in individual test phases and through-
out the whole test 

 Pearson's linear correlation coefficient [30, 31] of the 
combination of measured variables. 
These properties were examined for the entire test and 

for individual test phases. Such tests were intended to ena-
ble the assessment of the sensitivity of variable properties 
to changes in vehicle operating conditions. 

The innovative aspect of the conducted study is the fact 
that testing the measured variables properties was possible 
based on test results in a single test, unlike the commonly 
used standards for assessing the variable properties, engine 
operating conditions, exhaust emissions, and fuel mass 
consumption, which normally require obtaining data from 
multiple tests, corresponding to the variety of vehicle oper-
ating conditions [1, 2, 10, 18, 23]. 

Of particular note were the correlation studies [13–16] 
of variables characterizing exhaust emissions and fuel mass 
consumption, as well as variables of engine operating states 
and the vehicle velocity that determines them. The goal of 
these studies was to assess the interdependence of these 
values, which is particularly important when attempting to 
reduce the exhaust emissions of all pollutants and fuel mass 
consumption. 

2. Literature review 
Research of combustion engines properties in RDE tests 

has been the subject of many publications [3–6, 12, 22, 26, 
33, 38]. The amount of new research increased over the 
recent years, thanks mainly to the introduction of portable 
exhaust emission testing equipment [32], which enabled 
previously unheard-of possibilities for testing vehicles in 
real operating conditions [36, 37]. 

Papers [3–5] present the research results of vehicle ve-
locity, the operating states of the internal combustion en-
gine and the processes characterizing the exhaust emissions 
in the RDE test, carried out in real driving conditions of the 
vehicle. The engine properties were tested in static and 
dynamic states. The obtained results confirmed that dynam-
ic states have a greater influence on engine exhaust emis-
sions. 

The research results presented in [6] were obtained in 
the NEDC (New European Driving Cycle) [21, 39] and the 
Malta test, developed at the Poznan University of Technol-
ogy. These tests were performed on a chassis dynamometer. 
The exhaust emission results of carbon monoxide, hydro-
carbons and nitrogen oxides were provided relative to the 
static and dynamic states of the combustion engine. Dy-
namic states were determined depending on the value of the 
positive or negative derivative of torque and engine speed 
with respect to time. It was found that the impact of dynam-
ic states on the exhaust emissions was greater in the Malta 
test, which was due to the fact that this test was based on  
a faithful simulation of velocity in the time domain. 

Paper [12] concluded that internal combustion engines, 
as systems described by nonlinear models, do not have any 
properties that would not depend on their current state. The 
study contains the test results of a vehicle engine in dynam-
ic states determined by the value of vehicle acceleration in 
vehicles driving tests simulating the real operation of pas-
senger cars. During the tests, exhaust emissions and fuel 

mass consumption values were averaged for individual 
vehicle states. It was found that the investigated processes 
were very sensitive to both dynamic states and the type of 
vehicle driving tests performed. 

The RDE testing procedure, tested in [22], included: ve-
hicle selection and preparation, route design, route imple-
mentation, route verification and calculation of values char-
acterizing the exhaust emissions, pollutant specific distance 
emission and the particle number specific distance. 

Paper [26] presents the results of a four-cylinder turbo-
charged compression-ignition engine tests, belonging to the 
Euro 6 category, with a rated power of 126 kW. The tests, 
conducted on an engine dynamometer, were simulating the 
engine operating states in a light truck in the RDE test. The 
emissions of carbon monoxide, hydrocarbons, nitrogen 
oxides and carbon dioxide were measured. A procedure was 
developed to test the responsivity of engine properties to 
engine operating states depending on the driver's behavior. 

The aim of [33] was to assess energy consumption and 
exhaust emissions from passenger cars equipped with vari-
ous drive systems in real operation. Passenger cars with 
combustion engines of various emission classes, as well as 
the latest hybrid vehicles and electric vehicles, were used in 
the tests. This enabled a comparative assessment of energy 
consumption in various road traffic conditions, with partic-
ular emphasis on the urban phase, as well as the entire RDE 
test. The test results were analyzed to identify changes in 
fuel mass consumption and exhaust emissions that could be 
assigned to the technological progress of the vehicles. 

The paper [38] describes the use of the Moving Average 
Window Method (MAW) and the load-averaging method to 
process the emission results of a light truck and its combus-
tion engine in the RDE test. Empirical tests were carried out 
using a fleet of 10 vehicles. The use of both methods of aver-
aging measurement results produced comparable results. 

Correlational studies have a very extensive literature 
covering a wide range of applications, especially in medi-
cine and genetics [19, 24, 27, 35]. Regarding the operation-
al properties of combustion engines, however, the literature 
is relatively poor [13–16]. 

Authors of the paper [13] stated their goal was to exam-
ine the relationship between the emission of individual 
exhaust components (carbon monoxide, hydrocarbons, 
nitrogen oxides and carbon dioxide), fuel mass consump-
tion and various dynamic conditions of engine operation. 
Empirical data was obtained by testing a passenger car with 
a spark-ignition engine on a chassis dynamometer in 12 
different driving tests, both type approval and special tests. 
The results indicated that the strongest correlation occurred 
between carbon dioxide and hydrocarbon emissions and 
between fuel mass consumption and hydrocarbon and car-
bon dioxide emissions. The weakest correlation was found 
between carbon monoxide and nitrogen oxide emissions. 
The appropriate dimensionless characteristic of dynamic 
driving conditions turned out to be the average vehicle 
velocity. The correlation between hydrocarbon emissions 
and the average vehicle velocity was considered to be the 
strongest, while the correlation between nitrogen oxide 
emissions and the average vehicle velocity was found to be 
the weakest. 
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The correlation studied in [14] was between the emis-
sion pollutant intensity and the operating conditions of  
A spark-ignition engine in a passenger car was tested on  
a chassis dynamometer in many dynamic tests, both type 
approval and special tests. The engine properties were stud-
ied in various static and dynamic states.  

The general conclusion was that similar relationships 
and correlations that occur for carbon monoxide emissions 
were also present for hydrocarbon emissions. 

Research results obtained in the paper [15] concern ex-
haust emissions from the compression-ignition engine of  
a light truck. The tests were carried out using a vehicle on  
a chassis dynamometer in the ECE R83 test with a warm 
engine start. The values of emission pollutant intensity were 
recorded, followed by a correlation analysis. The theories 
of Pearson, Spearman, Kendall and Kruskal were used in 
the study. The analysis showed a clear correlation between 
the tested variables. The probability of accepting the hy-
pothesis of there being no correlation was zero, with an 
accuracy of at least six decimal places. The exception was 
the correlation test between carbon monoxide and carbon 
dioxide emission pollutant intensity, for which the probabil-
ity of accepting the no-correlation hypothesis was approxi-
mately 5% at most. 

Paper [16] presents the exhaust emission test results de-
pending on the engine operating states that determine the 
emissions. The tests were carried out on an engine dyna-
mometer using a Cummins 6C8.3 compression ignition 
engine under NRTC (Non-Road Transient Cycle) test con-
ditions. Pearson's linear correlation, Spearman's rank corre-
lation, Kruskal's gamma correlation and Kendall's tau corre-
lation theory were used to analyze the correlation between 
the studied datasets. The obtained results indicated that it 
was statistically justified to treat the examined pairs of 
datasets of physical quantities as strongly correlated. More-
over, it was found that the values of the engine operating 
states had a similar impact on the emission pollutant inten-
sity of carbon monoxide and hydrocarbons, while their 
impact on the emission pollutant intensity of nitrogen ox-
ides was completely different. When it comes to carbon 
monoxide and hydrocarbon emissions, the factor with the 
greatest influence was found to be the engine speed. The 
engine torque and useful power had the greatest impact for 
nitrogen oxide emissions. 

The reviewed available literature indicated that so far 
there was a small number of publications on the study of 
the properties of vehicle velocity, engine operating states, 
exhaust emissions and fuel mass consumption due to their 
statistical properties and mutual correlation relationships, 
especially in real operating conditions of vehicles. 

3. Method 
The research method consisted of: 

1. Carrying out empirical tests of a passenger car in real 
driving conditions in the RDE test. 
Measuring and recording the data for: 

 vehicle velocity 
 engine steering 
 engine speed 
 relative engine torque 

 relative effective power 
 emission pollutant intensity: carbon monoxide, hydro-

carbons, nitrogen oxides and carbon dioxide 
 particle number intensity 
 fuel mass consumption intensity. 
2. Processing the obtained raw results of empirical tests to 

remove gross errors and reducing the share of high-
frequency noise in the recorded signals thanks to the use 
of low-pass filtering. A second-stage Savitzky-Golay 
filter was used for filtration [34]. 

3. Studying the relationships between engine operating 
states, such as engine steering, engine speed, relative 
engine torque, and relative effective power, throughout 
the test and in its individual phases. 

4. Determination of the pollutant specific distance emis-
sion, the particulate matter number specific distance and 
the specific distance fuel mass consumption of the vehi-
cle throughout the test and in its individual phases. 

5. Correlation studies of the following processes: engine 
operating states, intensity of emission pollutant, particle 
number intensity and fuel mass consumption intensity 
of the vehicle. 

6. Formulation conclusions based on research results. 
Engine steering in automotive applications is the rela-

tive value of the vehicle's engine steering setting, i.e. the 
engine steering pedal (accelerator pedal). 

Relative torque is defined as the ratio of torque and 
torque on the external characteristic for the same engine 
speed. 

Similarly, the relative effective power is the ratio of the 
resultant power to the net power on the external characteris-
tic for the same engine speed. 

The individual phases of the RDE test are: 
 first phase, corresponding to urban driving – labelled – 

RDE – U 
 second phase, corresponding to extra-urban driving – 

labelled – RDE – R 
 third phase, corresponding to driving on motorways and 

expressways – labelled – RDE – H. 
The test vehicle was a passenger car with a four-

cylinder turbocharged spark-ignition engine, equipped with 
an automatic transmission. The engine was of the Euro 6 AP 
emissions class [20, 39]. 

Tests in real driving conditions in the RDE test were 
carried out using PEMS equipment [32]. A Semtech DS 
analyzer [36] and a TSI 3090 EPSS™ (Engine Exhaust 
Particle Sizer™ Spectometer) analyzer [37] were used to 
measure the exhaust emissions. 

The equipment used in the tests was in line with the ap-
proval procedures requirements. 

4. Test results 
Figures 1–11 present the results of empirical research 

filtered with a low-pass filter. 
Figure 1 shows the vehicle velocity in the RDE test.  
In the first part (0–3732 s), the driving velocity was typ-

ical of urban driving. The average velocity was 24.3 km/h, 
and the maximum velocity was measured at 58.9 km/h. 
Between the time points 3732 s and 5469 s, the driving 
conditions resembled those on city outskirts, or suburban 
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areas. The average velocity of the vehicle was 57.7 km/h 
and the maximum velocity was measured at 85.1 km/h. The 
third driving phase corresponded to motorway and ex-
pressway driving at (5469 –6000s). The average velocity in 
the third test phase was 107.2 km/h, and the maximum 
velocity was measured at 118.9 km/h. The average velocity 
throughout the test was 41.3 km/h. The variation coefficient 
of velocity was the highest in the first test phase – and 
equalled 0.73, in the second phase it was 0.37. In the third it 
reached 0.13, and the test average was 0.76. 

Figure 2 shows the engine steering in the RDE test. 

 
Fig. 1. Vehicle velocity in the RDE test 

 
Fig. 2. Engine steering in the RDE test 

 
The average steering value was 0.56, the maximum val-

ue was 0.96, and the coefficient of variation was 0.18. The 
most dynamic properties of the steering process were ob-
served in the second phase of the test – the coefficient of 
variation was 0.17, while in the first phase it was 0.11, and 
in the third phase – 0.10. 

Figure 3 shows the engine speed in the RDE test.  
The engine speed is characterized by high variability. 

The coefficient of variation of the engine speed in the test 
was 1.08, in the first phase – 1.39, in the second – 0.79, and 
in the third – 0.18, so the least dynamic properties of the 
engine speed could clearly be found in the third test phase. 

 
Fig. 3. Engine speed in the RDE test 

 
Figure 4 shows the relative engine torque in the RDE 

test. 

 
Fig. 4. Relative engine torque in the RDE test 

 
The coefficient of variation of the relative torque in the 

test was 1.06, in the first phase – 1.38, in the second – 0.79, 
and in the third – 0.14. By far, the least dynamic properties of 
the relative torque were observed in phase three of the test. 

Figure 5 shows the relative effective engine power in 
the RDE test. 

 
Fig. 5. Relative effective engine power in the RDE test 
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By far the highest average relative effective engine 
power was – understandably – in the third phase of the test. 
The coefficient of variation of the relative effective power 
in the test was 1.23 in the first phase – 1.59, in the second – 
0.89, and in the third – 0.25. 

Figures 6–9 present the emission pollutant intensity in 
the RDE test, and Fig. 10 – the particle number in the RDE 
test. 

 
Fig. 6. Carbon monoxide emission pollutant intensity in the RDE test 
 
The average carbon monoxide emission pollutant inten-

sity in the test was 0.0023 g/s, in the first phase of the test – 
0.0022 g/s, in the second – 0.0023 g/s, and in the third – 
0.0031 g/s. No significant differences were found in the 
average carbon monoxide emission pollutant intensity value 
in individual test phases. The coefficient of variation of 
carbon monoxide emission pollutant intensity in the test 
was 1.46 in the first phase – 1.57, in the second – 1.33, and 
in the third – 1.17. The most dynamic properties of the 
carbon monoxide emission pollutant intensity occurred in 
the first phase of the test, which was related to the cold start 
of the engine. 

 
Fig. 7. Hydrocarbon emission pollutant intensity in the RDE test 

 
The average hydrocarbon emission pollutant intensity in 

the test was 0.00050 g/s, in the first phase of the test – 
0.00037 g/s, in the second – 0.00075 g/s, and in the third – 
0.00067 g/s. The coefficient of variation of the hydrocarbon 

emission pollutant intensity in the test was 0.89 in the first 
phase – 0.82, in the second – 0.74, and in the third – 0.82. 
No significant differences were found in the coefficient of 
variation values of the hydrocarbon emission pollutant 
intensity in individual test phases nor in the test as a whole. 

 
Fig. 8. Nitrogen oxides emission pollutant intensity in the RDE test 
 
The average nitrogen oxide emission pollutant intensity 

in the test was 0.0067 g/s, in the first phase of the test – 
0.0051 g/s, in the second – 0.0096 g/s, and in the third – 
0.0074 g/s. The coefficient of variation of nitrogen oxide 
emission pollutant intensity in the test was 1.57, in the first 
phase – 1.28, in the second – 1.55, and in the third – 1.66. 
The lowest average value of the nitrogen oxide emission 
pollutant intensity was observed in the first phase of the test 
for the lowest engine load, which was related to the lowest 
driving velocity in this phase. 

 
Fig. 9. Carbon dioxide emission pollutant intensity in the RDE test 
 
The average carbon dioxide emission pollutant intensity 

in the test was 1.51 g/s, in the first phase of the test – 1.00 
g/s, in the second – 2.42 g/s, and in the third – 2.07 g/s. The 
relatively high average value of the carbon dioxide emis-
sion pollutant intensity in the first phase of the test was 
related to the high fuel mass consumption resulting from  
A cold engine starts. The coefficient of variation of carbon 
dioxide emission pollutant intensity in the test was 0.89, in 
the first phase – 0.87, in the second – 0.63, and in the third 
– 0.80. 
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Fig. 10. Particle number intensity in the RDE test 

 
The average particulate number intensity in the test was 

1.091E+11 1/s, in the first phase of the test – 1.0044E+11 
1/s, in the second phase – 1.313E+11 1/s, and in the third 
phase – 9.714E+10 1/s. No significant differences in the 
average particle number intensity values was found in the 
individual test phases. The coefficient of variation of par-
ticulate number intensity in the test was 1.51, in the first 
phase – 1.31, in the second – 1.91, and in the third – 0.96. 

Figure 11 shows the vehicle fuel mass consumption in-
tensity in the RDE test. The average fuel mass consumption 
intensity of the vehicle in the test was 0.57 g/s, in the first 
phase of the test – 0.40 g/s, in the second – 0.89 g/s, and in 
the third – 0.69 g/s. The coefficient of variation of the fuel 
mass consumption intensity of the vehicle in the test was 
0.81 in the first phase – 0.73, in the second – 0.59, and in 
the third – 0.80. 

The carbon dioxide emission pollutant intensity and the 
fuel mass consumption intensity were approximately linear-
ly related. 

 
Fig. 11. Fuel mass consumption intensity of the vehicle in the RDE test 

5. Results analysis 
Figures 12–15 show the relationships between the engine 

operating states in the RDE test. The average values were 
marked on the charts: for the whole test the point was la-
belled as RDE, for the first phase, corresponding to urban 
driving – RDE – U, for the second phase, corresponding to 
driving in rural areas – RDE – R, and for the third phase 
corresponding to motorway and highway driving – RDE – H. 

 
Fig. 12. Relationship between engine steering and engine speed in the 
 RDE test 

 
The relationship between engine operating states in the 

RDE test and the engine speed was similar for: engine 
steering, relative torque and relative effective power. The 
sets of operating states were characterized by significant 
dispersion, which resulted from the large coefficient of 
variation, as shown in Fig. 2–5. For all variables in Fig. 12–
14, both the independent variables and the dependent varia-
bles, their average values were typically the smallest for the 
first phase, slightly larger for the whole test, even larger for 
the second phase and the largest for the third phase. 

Table 1 presents the statistical characteristics [25] of the 
vehicle velocity, pollutant specific distance emission, parti-
cle number specific distance and specific distance fuel mass 
consumption for the test as well as for its individual phases. 
The tables contain the following dimensionless statistical 
characteristics: 
 Min – minimum value 
 Max – maximum value 
 R – range 
 AV – average value  
 M – median 
 D – standard deviation 
 K – kurtosis 
 S – skewness 
 W – coefficient of variation. 

 
Fig. 13. The relative engine torque vs the engine speed in the RDE test 
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Fig. 14. Relative effective engine power vs engine speed in the RDE test  

 
Very large statistical differences were found in vehicle 

velocity, engine operating states and emission pollutant 
intensity, particle number intensity and fuel mass consump-
tion intensity of the vehicle. Significant differences were 

also noted between the results of the whole test and its 
individual phases. 

It should be noted that: 
 the distributions of the emission pollutant intensity and 

the particle number intensity as well as the fuel mass 
consumption intensity of the vehicle throughout the test 
and in its individual phases were viscokurtic 

 vehicle velocity distributions were leptokurtic in indi-
vidual test phases, and their distribution was platykurtic 
throughout the test as a whole 

 the distributions of exhaust emissions, particulate num-
ber and fuel mass consumption of the vehicle through-
out the test and in its individual phases were character-
ized by left-sided asymmetry 

 in the case of vehicle velocity and internal combustion 
engine operating states, there was a significant variation 
in distribution asymmetry throughout the test and in its 
individual phases 

 the coefficients of variation values for the nitrogen 
oxide emission pollutant intensity and the particle num-
ber intensity were the highest, which proves the strong-
est dynamic properties of these variables 

 
Table 1. the statistical characteristics of the tested variables for the test as well as for its individual phases 

 v s n Mer Ner ECO EHC ENOx ECO2 EPN qF 
 km/h  min-1   g/s g/s g/s g/s 1/s g/s 

RDE 
Min 0 0 0 0 0 0 0 0 0 0 0 
Max 118.9 0.93 2529 1 1 0.043 0.0037 0.092 8.93 2.49E+12 2.98 
R 118.9 0.93 2529 1 1 0.043 0.0037 0.092 8.93 2.49E+12 2.98 
AV 41.3 0.56 611 0.30 0.17 0.002 0.0005 0.007 1.51 1.09E+11 0.57 
M 38.6 0.51 312 0.17 0.05 0.001 0.0004 0.003 1.02 6.62E+10 0.42 
D 31.4 0.10 659 0.32 0.21 0.003 0.0005 0.010 1.35 1.65E+11 0.46 
K –0.23 1.49 –1.26 –1.43 –0.11 32.68 8.71 18.69 3.05 76.19 2.69 
S 0.60 1.35 0.51 0.46 1.00 4.41 2.41 3.82 1.57 6.85 1.49 
W 0.76 0.18 1.08 1.06 1.23 1.46 0.90 1.57 0.89 1.51 0.81 

RDE – U 
Min 0 0 0 0 0 0 0 0 0 0 0 
Max 58.9 0.80 1758 1 1 0.043 0.0020 0.049 5.78 7.74E+11 2.01 
R 58.9 0.80 1758 1 1 0.043 0.0020 0.049 5.78 7.74E+11 2.01 
AV 41.3 0.56 611 0.30 0.17 0.002 0.0005 0.007 1.51 1.09E+11 0.57 
M 66.0 0.53 963 0.49 0.23 0.001 0.0006 0.004 2.25 6.72E+10 0.83 
D 21.3 0.10 632 0.31 0.21 0.003 0.0006 0.015 1.52 2.50E+11 0.53 
K 0.97 0.10 –1.52 -1.61 –1.03 12.16 4.68 9.21 1.34 45.41 0.86 
S –1.33 0.81 –0.10 -0.14 0.32 3.06 1.97 2.97 0.95 6.06 0.80 
W 0.52 0.17 1.04 1.04 1.19 1.35 1.10 2.25 1.01 2.29 0.93 

RDE – R 
Min 0 0.38 0 0 0 0 0 0 0 2.09E+07 0.02 
Max 85.1 0.92 2460 1 1 0.022 0.0036 0.092 8.76 2.49E+12 2.98 
R 85.1 0.54 2460 1 1 0.022 0.0036 0.092 8.76 2.49E+12 2.96 
AV 57.7 0.58 801 0.40 0.23 0.002 0.0007 0.010 2.42 1.31E+11 0.89 
M 66.0 0.53 963 0.49 0.23 0.001 0.0006 0.004 2.25 6.72E+10 0.83 
D 21.3 0.10 632 0.31 0.21 0.003 0.0006 0.015 1.52 2.50E+11 0.53 
K 962 923 885 846 808 769 730 692 653 615 24377 
S –1.33 0.81 –0.10 –0.14 0.32 3.06 1.97 2.97 0.95 6.06 0.80 
W 0.37 0.17 0.79 0.79 0.89 1.33 0.74 1.55 0.63 1.91 0.59 

RDE – H 
Min 24.8 0.5 0 0 0 0 0.0001 0 0.02 1.05E+10 0.01 
Max 118.9 0.93 2529 1 1 0.019 0.0037 0.082 8.93 5.65E+11 2.97 
R 94.2 0.45 2529 1 1 0.019 0.0036 0.082 8.92 5.54E+11 2.97 
AV 107.2 0.77 1654 0.77 0.56 0.003 0.0007 0.007 2.07 9.71E+10 0.69 
M 109.8 0.78 1654 0.80 0.57 0.002 0.0005 0.003 1.63 6.77E+10 0.54 
D 14.2 0.08 300 0.11 0.14 0.004 0.0006 0.012 1.65 9.28E+10 0.55 
K 1.10 0.39 –1.35 –1.60 –0.47 12.18 4.62 9.17 1.23 45.54 0.80 
S –3.80 –0.55 –1.10 –3.58 –0.26 1.96 2.51 3.54 1.16 1.83 1.16 
W 0.13 0.10 0.18 0.14 0.25 1.17 0.82 1.66 0.80 0.96 0.80 
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 the relationship between the mean and median values of 
individual processes varied throughout the test and in its 
individual phases. 
Such a significant variation in the dimensionless statis-

tical characteristics of the emission pollutant intensity and 
the particle number intensity as well as the vehicle's fuel 
mass consumption intensity indicated a significant impact 
of the engine operating states, determined by the vehicle 
velocity, on these variables. In the case of the emission 
pollutant intensity and the particle number intensity, this 
was due to very low values of these quantities, sometimes 
near the determination limit. 

Table 2 shows the vehicle's average velocity, pollutant 
specific distance emission, particle number specific dis-
tance and specific distance fuel mass consumption of the 
vehicle throughout the test and in its individual phases. 

 
Table 2. Pollutant specific distance emission, particle number specific 
distance and specific distance fuel mass consumption of the vehicle 
 throughout the test and in its individual phases 
 vAV bCO bHC bNOx bCO2 bPN q 
 km/h g/km 1/km g/km 
RDE 41.3 0.195 0.033 0.465 90.2 9.07E+12 36.02 
RDE – U 24.3 0.332 0.056 0.789 153.1 1.54E+13 61.16 
RDE – R 57.7 0.070 0.023 0.290 73.0 3.95E+12 26.87 
RDE – H 107.2 0.015 0.003 0.037 10.2 4.81E+11 3.41 

 
Figures 15–20 present the characteristics of pollutant 

specific distance emission, particle number specific dis-
tance and specific distance fuel mass consumption of the 
vehicle depending on the average speed in individual test 
phases and in the test as a whole. The datapoint sets were 
approximated with an exponential function. The approxi-
mating function was chosen due to the small number of 
points. 

 
Fig. 15. Carbon monoxide pollutant specific distance emission relative to 
 average velocity 

 
The determined characteristics show a clear regularity, 

consistent with established knowledge, such as with charac-
teristics created by conducting numerous empirical tests 
with different average velocity. Similar characteristics of 
exhaust emissions and fuel mass consumption are also 
commonly obtained using software such as HBEFA  
INFRAS [23] or COPERT [18]. 

 
Fig. 16. Hydrocarbons pollutant specific distance emission relative to 
 average velocity 

 
Fig. 17. Nitrogen oxides pollutant specific distance emission relative to 
 average speed 

 
Fig. 18. Carbon dioxide pollutant specific distance emission relative to 
 average velocity 

 
Table 3 presents Pearson's linear correlation coefficients 

between the measured variables. 
Figures 21–31 present Pearson's linear correlation coef-

ficients between the measured variables. Figure 21 shows 
the correlation coefficient between the vehicle velocity and 
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the other variables. The Pearson linear correlation coeffi-
cient of the vehicle velocity was the greatest, as would be 
expected, with the engine operating states – the largest 
value being with the engine steering (0.49). 

 
Fig. 19. Particle number specific distance emission relative to the average 
 velocity 

 
Fig. 20. Specific distance fuel mass consumption relative to average 
 velocity 

 
Figure 22 shows the linear correlation coefficient be-

tween engine steering and the other variables. The Pearson 
linear correlation coefficient values of the vehicle velocity 
with the emission pollutant intensity of carbon monoxide 
and nitrogen oxides as well as with the particle number 
intensity were the smallest – in all these cases the obtained 
correlation coefficients were less than 0.1. 

 
Fig. 21. Pearson's linear correlation coefficient of the vehicle velocity and 
the following variables: vehicle velocity, engine steering, engine speed, 
relative engine torque, relative engine effective power, engine fuel mass 
consumption intensity, emission pollutant intensity of: carbon monoxide, 
hydrocarbons, nitrogen oxides and carbon dioxide, and particle number 
 intensity 

 
Fig. 22. Pearson's linear correlation coefficient of the engine steering and 
the following variables: vehicle velocity, engine steering, engine speed, 
relative engine torque, relative engine effective power, engine fuel mass 
consumption intensity, emission pollutant intensity of: carbon monoxide, 
hydrocarbons, nitrogen oxides and carbon dioxide, and particle number 
 intensity 

 
The largest value of the Pearson linear correlation coeffi-

cient of the engine steering was for the engine operating states 
– the value of the correlation coefficient was greater than 0.7, 
then the value for the engine steering correlation was large also 
for the vehicle velocity – at almost 0.5. The correlation coeffi-
cient of the engine steering with the particle number intensity 
was the smallest and slightly negative (–0.07). 

 
Table 3. Pearson's linear correlation coefficients between the measured variables 

  v s n Mer Ner ECO EHC ENOx ECO2 EPN q 
v 1.00 0.49 0.39 0.38 0.44 0.03 0.25 0.08 0.30 0.07 0.27 
s 0.49 1.00 0.74 0.73 0.86 0.06 0.18 0.07 0.19 –0.07 0.15 
n 0.39 0.74 1.00 0.94 0.96 –0.02 0.15 0.05 0.19 0.02 0.17 
Mer 0.38 0.73 0.94 1.00 0.94 –0.02 0.16 0.05 0.19 0.00 0.16 
Ner 0.44 0.86 0.96 0.94 1.00 0.00 0.17 0.05 0.21 0.00 0.17 
ECO 0.03 0.06 –0.02 –0.02 0.00 1.00 0.38 0.37 0.32 0.11 0.30 
EHC 0.25 0.18 0.15 0.16 0.17 0.38 1.00 0.91 0.93 0.27 0.90 
ENOx 0.08 0.07 0.05 0.05 0.05 0.37 0.91 1.00 0.81 0.25 0.79 
ECO2 0.30 0.19 0.19 0.19 0.21 0.32 0.93 0.81 1.00 0.30 0.98 
EPN 0.07 –0.07 0.02 0.00 0.00 0.11 0.27 0.25 0.30 1.00 0.30 
q 0.27 0.15 0.17 0.16 0.17 0.30 0.90 0.79 0.98 0.30 1.00 
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Figure 23 shows the linear correlation coefficient be-
tween the engine speed and the other variables. 

 
Fig. 23. Pearson's linear correlation coefficient of the engine speed and the 
following variables: vehicle velocity, engine steering, engine speed, rela-
tive engine torque, relative engine effective power, engine fuel mass 
consumption intensity, emission pollutant intensity of: carbon monoxide, 
hydrocarbons, nitrogen oxides and carbon dioxide, and particle number 
 intensity 

 
The largest Pearson linear correlation coefficient of the 

engine speed was found for the engine operating states, 
primarily for the relative effective power and relative 
torque – the value of the correlation coefficient for those 
was greater than 0.9, so the correlation can be considered 
very strong. The correlation between the engine speed and 
the engine steering was much weaker – the obtained corre-
lation coefficient was less than 0.75. The weakest correla-
tion was found between the engine speed and the emission 
pollutant intensity, particle number intensity and fuel mass 
consumption intensity. For carbon monoxide emission 
intensity, the correlation coefficient was slightly negative  
(–0.02). 

Figure 24 shows the linear correlation coefficient be-
tween the relative engine torque and the other variables. 

 
Fig. 24. Pearson's linear correlation coefficient of the engine torque and 
the following variables: vehicle velocity, engine steering, engine speed, 
relative engine torque, relative engine effective power, engine fuel mass 
consumption intensity, emission pollutant intensity of: carbon monoxide, 
hydrocarbons, nitrogen oxides and carbon dioxide, and particle number 
 intensity 

 

The largest Pearson linear correlation coefficient of the 
relative engine torque was found for the engine operating 
states, primarily with the engine speed and relative effective 
power – the coefficient value was calculated to be 0.94. The 
value of the correlation coefficient for engine steering was 
lower – at 0.73. The smallest correlation coefficient was, as 
in the case of engine speed, with the carbon monoxide 
emission intensity – in this case the correlation coefficient 
was slightly negative and reached –0.02. 

Figure 25 shows the linear correlation coefficient be-
tween the relative effective power of the engine and the 
other variables. 

The nature of the correlation coefficient of the relative 
effective power with the other variables was very similar to 
that of engine speed and relative torque. 

Figures 26–29 present the linear correlation coefficients 
of emission intensity of pollutants and the other variables. 

 
Fig. 25. Pearson's linear correlation coefficient of the engine relative 
effective power and the following variables: vehicle velocity, engine 
steering, engine speed, relative engine torque, relative engine effective 
power, engine fuel mass consumption intensity, emission pollutant intensi-
ty of: carbon monoxide, hydrocarbons, nitrogen oxides and carbon diox-
 ide, and particle number intensity 

 
Fig. 26. Pearson's linear correlation coefficient of the carbon monoxide 
emission pollutant intensity and the following variables: vehicle velocity, 
engine steering, engine speed, relative engine torque, relative engine 
effective power, engine fuel mass consumption intensity, emission pollu-
tant intensity of: carbon monoxide, hydrocarbons, nitrogen oxides and 
 carbon dioxide, and particle number intensity 
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Fig. 27. Pearson's linear correlation coefficient of the hydrocarbon emis-
sion pollutant intensity and the following variables: vehicle velocity, 
engine steering, engine speed, relative engine torque, relative engine 
effective power, engine fuel mass consumption intensity, emission pollu-
tant intensity of: carbon monoxide, hydrocarbons, nitrogen oxides and 
 carbon dioxide, and particle number intensity 

 
The values of the Pearson's linear correlation coefficients 

of the carbon monoxide emission pollutant intensity with the 
emission pollutant intensity of other substances and the fuel 
mass consumption intensity of the vehicle were similar. All 
were between 0.3–0.4. The correlation with the particle num-
ber intensity was much weaker – the value of the correlation 
coefficient was only 0.11. Moreover, the correlation between 
the carbon monoxide emission intensity and the engine oper-
ating states and vehicle velocity was very weak. 

There was a very strong correlation between the hydro-
carbon emission intensity and the emission pollutant inten-
sity of nitrogen oxides, carbon dioxide and fuel mass con-
sumption intensity – the value of the correlation coefficient 
was found to be greater than 0.9. The correlation with the 
carbon monoxide emission pollutant intensity was weaker – 
the correlation coefficient was equal to 0.38, and even 
weaker with the particle number intensity where the corre-
lation coefficient was 0.27. The correlation of hydrocarbon 
emission intensity with engine operating states and the 
vehicle velocity was stronger than in the case of carbon 
monoxide emission intensity. 

 
Fig. 28. Pearson's linear correlation coefficient of the nitrogen oxides 
emission pollutant intensity and the following variables: vehicle velocity, 
engine steering, engine speed, relative engine torque, relative engine 
effective power, engine fuel mass consumption intensity, emission pollu-
tant intensity of: carbon monoxide, hydrocarbons, nitrogen oxides and 
 carbon dioxide, and particle number intensity 

The strongest correlation was observed between the ni-
trogen oxide emission intensity and the hydrocarbon and 
carbon dioxide emission intensity as well as with the fuel 
mass consumption intensity – the correlation coefficient 
values were between 0.8–0.9. The correlation of the nitro-
gen oxide emission intensity was stronger with the carbon 
monoxide emission intensity – the correlation coefficient 
value was 0.37 than with the particle number intensity (the 
correlation coefficient was 0.25). 

Predictably, the strongest correlation was between the 
carbon dioxide emission intensity and the fuel mass con-
sumption intensity of the vehicle – these processes are 
known to be approximately linearly related. 

 
Fig. 29. Pearson's linear correlation coefficient of the carbon dioxide 
emission pollutant intensity and the following variables: vehicle velocity, 
engine steering, engine speed, relative engine torque, relative engine 
effective power, engine fuel mass consumption intensity, emission pollu-
tant intensity of: carbon monoxide, hydrocarbons, nitrogen oxides and 
 carbon dioxide, and particle number intensity 

 
Figure 30 shows the linear correlation coefficient of the 

particle number intensity and the other variables. There was 
also a very strong correlation between the carbon dioxide 
emission intensity and the emission pollutant intensity of 
hydrocarbons and nitrogen oxides. The value of the correla-
tion coefficient of the carbon dioxide emission intensity 
with both the carbon monoxide emission intensity and par-
ticle number intensity was 0.3. The value of the correlation 
coefficient of carbon dioxide emission intensity with engine 
operating states and the vehicle velocity was also similar – 
in the range of 0.2–0.3. 

The value of the correlation coefficient of the particle 
number intensity with the emission pollutant intensity of 
carbon dioxide, hydrocarbons and nitrogen oxides, as well 
as the fuel mass consumption intensity was in the range of 
0.25–0.3, lowest among them for the emission intensity of 
carbon monoxide (0.11). The correlation of the particle 
number intensity with the engine operating states and the 
vehicle velocity was very weak. 

Figure 31 shows the linear correlation coefficient be-
tween the fuel mass consumption intensity and the other 
variables. 

The nature of the correlation between the fuel mass con-
sumption intensity of the vehicle and the other variables 
was understandably very similar to that of the carbon diox-
ide emission intensity that was strongly correlated with it. 
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Fig. 30. Pearson's linear correlation coefficient of the particle number 
intensity and the following variables: vehicle velocity, engine steering, 
engine speed, relative engine torque, relative engine effective power, 
engine fuel mass consumption intensity, emission pollutant intensity of: 
carbon monoxide, hydrocarbons, nitrogen oxides and carbon dioxide, and 
 particle number intensity 

 
Fig. 31. Pearson's linear correlation coefficient of the engine fuel mass 
consumption intensity and the following variables: vehicle velocity, engine 
steering, engine speed, relative engine torque, relative engine effective 
power, engine fuel mass consumption intensity, emission pollutant intensi-
ty of: carbon monoxide, hydrocarbons, nitrogen oxides and carbon diox-
 ide, and particle number intensity 

Conclusions 
Testing engines of road vehicles in real operating condi-

tions provides the opportunity to obtain information about 
the engine properties that significantly exceed similar in-
formation that could be gained using tests in laboratory 
conditions. The possibilities of performing such tests were 
reduced due to technical limitations, especially in the field 
of exhaust emission tests. However, since the development 
of portable emission measurement systems (PEMS), these 
limitations have been significantly reduced. Nevertheless, 
financial constraints remain, as exhaust emissions and fuel 
mass consumption testing in real operating conditions tends 
to be a relatively expensive type of research. 

The data obtained from the conducted research was ana-
lyzed, leading to the following conclusions: 
1. The operating conditions of the combustion engine in 

the RDE test vary significantly in the phases corre-
sponding to different traffic conditions: in cities, outside 
cities and on highways and expressways. This applies to 
all the following processes: engine steering, engine 
speed, relative torque and relative effective power. The 

influence of the engine speed on the engine operating 
states in the RDE test was similar. The sets of operating 
states were characterized by considerable dispersion, 
which resulted from their high coefficient of variation. 
Engine operating states vary greatly. For all engine op-
erating states their average values were typically the 
smallest for the first test phase, larger for the entire test 
average, even larger for the second phase, and the larg-
est for the third test phase. 

2. There are very large statistical differences in vehicle 
velocity, engine operating states and emission pollutant 
intensity, particle number intensity and fuel mass con-
sumption intensity of the vehicle, as well as large differ-
ences in the entire test as compared to its individual phas-
es. The large differences in the dimensionless statistical 
characteristics of the emission pollutant intensity and the 
particle number intensity as well as the vehicle's fuel 
mass consumption intensity indicate a significant sensi-
tivity of these values to the changes in engine operating 
states, which are determined by the vehicle velocity. 

There was a significant difference in the nature of 
the data points distributions of the studied variables: 
these were viscometric distributions for the emissions 
pollutant intensity and the particle number intensity as 
well as the fuel mass consumption intensity by the vehi-
cle and engine steering. However, for the vehicle veloci-
ty, engine speed, relative torque and relative effective 
power, the distributions were platykurtic in most phases. 

The distribution of the data points of emission pollu-
tant intensity, the particle number intensity and the fuel 
mass consumption intensity throughout the test and in 
its individual phases was characterized by left-sided 
asymmetry. In the remaining cases, the asymmetry of 
distributions varied. 

The strongest dynamic properties were for the nitro-
gen oxide emission intensity and particle number inten-
sity, which resulted from the highest value of their coef-
ficient of variation. 

The relationship between the mean and median val-
ues of individual variables varied significantly through-
out the test and in its individual phases. 

3. The vehicle's emission and fuel mass consumption char-
acteristics have shown a clear regularity that is con-
sistent with expectations, e.g., with characteristics de-
termined from empirical studies conducting multiple 
tests at different average velocities. The characteristics 
of exhaust emissions and fuel mass consumption deter-
mined using software such as HBEFA INFRAS or 
COPERT were also similar. 

4. Significant differences in the correlations of the studied 
variables were found. The engine operating states and 
the vehicle velocity were closely correlated with each 
other and much less correlated with the corresponding 
values of exhaust emissions. The correlation of varia-
bles describing the exhaust emissions also turned out to 
be varied. The least correlated variable with the emis-
sion pollutant intensity of hydrocarbons, nitrogen ox-
ides, carbon dioxide and the fuel mass consumption in-
tensity was the carbon monoxide emission intensity and 
the particle number intensity. These results were quite 
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surprising, because previous studies usually showed 
significant consistency in the results of emission tests 
with reducing properties: carbon monoxide and hydro-
carbons in relation to the results of emission tests of 
substances with oxidizing properties such as nitrogen 
oxides, whereas in the case of this study, this regularity 
was not confirmed. 
It would be advisable to consider the possibility of con-

tinuing research on the subject of this article. The following 
activities were proposed: 
1. Carrying out empirical test with a larger number of 

repetitions. This would make it possible to assess the 
repeatability of research results, and in the case of a sig-

nificantly larger number of tests, to treat research results 
in a probabilistic manner. 

2. Carrying out studies for various driving test types, de-
termined as a result of empirical tests in various traffic 
conditions, corresponding to driving in traffic conges-
tion, in urban areas without traffic congestion, outside 
cities and on highways and expressways. 

It would be particularly useful to perform empirical 
tests for various vehicle velocity, which would corre-
spond to driving in specific conditions. 

3. Performing drive tests for road vehicles of categories 
other than passenger cars, such as: light trucks, trucks, 
city buses, long-distance buses and L category vehicles 
(motorcycles and mopeds, quads and microcars). 

 

Nomenclature 
AV  average value operator 
b  specific distance pollutant emission/specific 

distance particulate number 
CO  carbon oxide 
CO2  carbon dioxide 
COPERT COmputer Programme to calculate Emissions 

from Road Transport 
D standard deviation 
E  pollutant emission intensity/particle number 

intensity 
EPSS™  Engine Exhaust Particle Sizer™ Spectrometer 
HBEFA  Handbook Emission Factors for Road Transport 
HC  hydrocarbons 
INFRAS  Infrastruktur-, Umwelt- und Wirtschaftsberatung 
K  kurtosis 
M  median 

Max  maximum value 
Mer  relative engine torque 
Min  minimum value 
n  engine speed 
Ner  relative engine effective power 
NOx  nitrogen oxides 
PEMS  Portable Emissions Measurement System 
PN  particle number 
qF  fuel mass consumption intensity 
R  range/dispersion 
RDE  Real Driving Emissions 
s  engine steering 
S  skewness 
t  time 
v  vehicle velocity 
W  coefficient of variation 
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Numerical investigation of pre-chamber holes diameter geometry on combustion 
parameters in a hydrogen-powered Turbulent Jet Ignition engine 

 
ARTICLE INFO  The search for substitutes for conventional fuels leads to the use of non-hydrocarbon fuels or synthetic fuels. 

One of them is hydrogen. The use of hydrogen in combination with a two-stage charge formation system leads 
to the combustion of lean ( > 1) or very lean ( > 3) charges. The simulation tests carried out were aimed at 
determining the best configuration of the chamber connecting the pre-chamber with the main combustion 
chamber. Three variants of the diameter of the holes connecting the chambers were selected (d = 0.5; 1.0 and 
1.5 mm) in combination with different fuel doses fed to the pre-chamber. A passive chamber (qo_PC = 0 mg) 
and an active chamber (qo_PC = 0.4 and 1.2 mg) were used with a constant fuel dose to the main chamber 
(qo_MC = 6 mg). The research was conducted using AVL Fire 2022.1 software using the moving mesh of the 
LDV engine. Based on the simulation work, the most favourable conditions for conducting the process were 
determined, taking into account the thermodynamic effects of the process and acceptable levels of nitrogen 
oxide concentration. The resulting correlation maps of chamber hole sizes and fuel doses supplied to the pre-
chamber can serve as a preliminary basis for selecting control options for hydrogen combustion in the TJI 
system. 
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1. Introduction 

In the context of growing environmental concerns and 
the finite nature of fossil fuel resources, the quest for alter-
native fuels have become a pivotal focus in the field of 
automotive and energy engineering. Traditional fossil fuels, 
while efficient and energy-dense, contribute significantly to 
greenhouse gas emissions and air pollution, exacerbating 
climate change and posing serious public health risks. To 
mitigate these adverse effects, researchers and engineers are 
increasingly exploring sustainable and cleaner fuel options. 

Among the various types of alternative fuels, com-
pressed natural gas (CNG), hydrogen, and ethanol have 
emerged as prominent contenders. Each of these fuels of-
fers unique advantages and challenges, making them sub-
jects of extensive study and development. CNG, primarily 
composed of methane, is a cleaner-burning alternative to 
gasoline and diesel, producing fewer carbon emissions and 
particulates. Hydrogen, on the other hand, stands out for its 
potential to produce zero emissions when used in fuel cells 
or internal combustion engines, emitting only water vapor 
as a byproduct. Ethanol, derived from biomass, presents  
a renewable option that can be integrated into existing fuel 
infrastructures with relative ease. 

This study focuses specifically on hydrogen as a fuel, 
due to its high energy content per unit mass and its potential 
to significantly reduce the carbon footprint of transporta-
tion. The utilization of hydrogen in internal combustion 
engines (ICEs) and fuel cells represents a promising path-
way toward achieving near-zero emissions. However, the 
adoption of hydrogen-powered engines requires a compre-
hensive understanding of its combustion characteristics, 
efficiency, and associated technical challenges. 

It is projected [37] that the global market for hydrogen-
powered internal combustion engines will reach $35 billion 

by 2030 and approximately $89 billion by 2040, with  
a Compound Annual Growth Rate (CAGR) of 9.78% dur-
ing the forecast period of 2030–2040 (Fig. 1). Hydrogen-
powered internal combustion engines (usually modified 
versions of traditional gasoline engines) will be essential 
for vehicle propulsion. These engines, utilizing new tech-
nologies (e.g., two-stage combustion – TJI), can offer near-
zero emissions while simultaneously promoting the devel-
opment of hydrogen infrastructure worldwide. 

The major players operating in the hydrogen combus-
tion engine market are Honda, Toyota, Komatsu, JCB, 
BMW, MAN and others. The market for hydrogen internal 
combustion engines is rapidly growing due to swift re-
search and development, as well as the use of hydrogen as  
a clean fuel. This growth is further driven by an increasing 
number of government initiatives aimed at promoting the 
use of fuel cell vehicles, which in turn fuels the market for 
hydrogen internal combustion engines. 

 

Fig. 1. Hydrogen combustion engine market (US billion) [37] 
 
Due to its geographical position, North America is ex-

pected to have a significant share in the market for hydro-
gen-powered internal combustion engines in the upcoming 
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timeframes. This is driven by increasing investments in 
research and development aimed at creating cutting-edge 
solutions and meeting end-user requirements. Additionally, 
U.S. government programs promoting eco-friendly energy 
sources are fostering market expansion across the region. 
Although hydrogen internal combustion engines are still in 
the early stages of development, policymakers are encour-
aged to support their adoption due to the adverse effects of 
CO2 emissions in both industrialized and developing coun-
tries, such as the United States and China. The European 
government has called on manufacturers to reduce CO2 
emissions in new road vehicles by approximately 30% 
starting in 2030. Similar emission reduction targets have 
been set by the United States and China. 

  
Fig. 2. Hydrogen combustion engine market share by region (in %) [37] 

 
The hydrogen-powered internal combustion engine 

market is expected to experience the highest growth in the 
Asia-Pacific region during the forecast period (Fig. 2). This 
growth is driven by the expansion of key market players in 
the region and rising fuel prices, which will propel market 
development in the coming years. 

Germany, the Netherlands, Poland, Italy, France, Spain, 
the United Kingdom, and Belgium are the eight largest 
hydrogen producers [45] in Europe (Fig. 3). These coun-
tries account for 74% of hydrogen produced through re-
forming processes, 83% of hydrogen generated as a by-
product, 65% of hydrogen produced via water electrolysis, 
and nearly 100% of hydrogen produced through reforming 
combined with carbon capture. 

 
Fig. 3. Top 8 EU countries in terms of hydrogen production capacity by 
 production process [45] 

2. Hydrogen combustion engines 
2.1. Hydrogen combustion with MPI and DI 

The combustion of gaseous fuels (CH4 and H2) in inter-
nal combustion engines (SI and CI) primarily offers the 
potential to reduce the emissions of toxic exhaust compo-
nents (Table 1). Moreover, these fuels can be relatively 
easily utilized in dual-fuel engine systems, significantly 
enhancing their potential for combustion or co-combustion. 
A comprehensive comparison of dual-fuel engines (pow-
ered by gasoline or diesel with hydrogen) was presented by 
Algayyim et al. [1]. Many examples pertain to typical CI 
engines and the addition of hydrogen up to 100%. 

 
Table 1. Differences in the properties of low- and zero-emission fuels [2, 4, 9, 11, 13, 15, 22, 24, 30, 31, 47, 51] 

 

Parameter CNG H2 (Hydrogen) Ethanol 

Chemical composition and 
source 

The dominant component is  
methane (CH4) 

The simplest element, produced by 
electrolysis, steam methane reform-

ing, or biomass gasification 

Ethyl alcohol, produced by fermenta-
tion of plants (corn, sugarcane) 

Emissions and environmental 
impact 

CO2 emissions are about 53.1 
kg/GJ, NOx emissions are 90% 

lower than CI engines, and particu-
late emissions are 98% lower 

No CO2 emissions; emissions during 
hydrogen production depend on the 

method (e.g., electrolysis can be zero 
if renewable energy is used) 

CO2 emissions are about 70% lower 
than gasoline; NOx emissions may be 

higher than gasoline 

Calorific value ~50 MJ/kg ~120 MJ/kg ~27 MJ/kg 
Efficiency in internal com-
bustion engines About 20–25% (like gasoline) FC: about 50–60% 

ICE: about 30–40% About 30–35% 

Infrastructure cost Relatively small High (especially for storage  
and distribution) 

Small (can be mixed with gasoline 
and use existing infrastructure) 

Number of stations Medium (developing) Low (developing) High (in countries with developed 
biofuel production) 

Production cost ~4–5 USD/GJ 
2–6 USD/kg (steam methane reform-

ing), 4–5 USD/kg (electrolysis  
from renewable sources) 

0.5–1 USD/dm3 (biomass) 

Operating cost Relatively low due to lower fuel 
costs 

High due to production and infra-
structure costs 

Higher than gasoline due to lower 
calorific value 

Safety 
Flammable gas under high pressure, 

requires appropriate tanks and 
safety systems 

Highly flammable, stored under high 
pressure or cryogenically, requires 

special precautions 

Less flammable than gasoline,  
but still requires appropriate  

safety measures 

Research comparison of 
engines 

Engines must be specially adapted 
for natural gas combustion 

High material requirements for high 
temperatures and combustion control 

Can operate on ethanol with minor 
modifications compared to gasoline 

engines 

Combustion process simula-
tion comparison 

Indicates lower exhaust emissions 
compared to conventional CI and SI 

engines 

High energy efficiency and no CO2 
emissions 

Better efficiency than gasoline,  
but higher NOx emissions 
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The laminar combustion speeds of methane and gasoline 
at  = 1 obtain quite similar values (about 0.5 m/s) [6]. How-
ever, hydrogen under similar conditions achieves a laminar 
combustion rate approximately 10 times higher. The high 
flameability range, the very low ignition energy, and the high 
laminar flame speed make hydrogen produce a fast and short 
combustion event, fulfilling the requirements of an almost 
ideal combustion process – the isochoric combustion. 

Direct injection of hydrogen increases the possibility of 
its combustion and at the same time increases the thermal 
efficiency of the process. Research by Wang et al. [49] indi-
cate an efficiency value of 43.1% (in a turbocharged engine) 
with a compression ratio of approximately 14.5 (at  = 1.7). 

2.2. Fuel combustion in TJI  
The two-stage combustion process increases the possibil-

ity of burning lean charges by using multi-point ignition and 
the possibility of effective ignition of the charge in the pre-
chamber [56]. Positive results of methane combustion in an 
engine fueled with CH4 are obtained in the range of lean fuel 
combustion (up to  = 2.2) [35, 55, 58]. The combustion of 
CH4 with hydrogen supplied to the pre-chamber causes the 
combustion of ultra-lean charges with  = 5.2 [55] (Table 2).  

Hydrogen combustion in engine systems concerns ex-
cess air coefficients ranging up to 2.0 (conventional system) 
[12, 32, 38] and up to 4 (with TJI system) [5, 34]. 

Ammonia is increasingly used in combustion engines 
(up to 0.1 m/s at  = 1.0) [56]. The limitation of using only 
ammonia as a fuel is the very low laminar combustion rate. 
For this reason, dual-fuel systems are becoming more and 
more common in the TJI system.  

There are many solutions for co-combustion of fuels us-
ing a two-stage combustion system (PC–MC): hydrogen-
methane [26, 55]; hydrogen-ethanol [40, 41]; hydrogen-
methanol [33]; hydrogen-diesel fuel [27, 28]; hydrogen-
ammonia [17, 50 56, 57] or mixtures [18, 43]. All of them 
are based on the large flammability range of hydrogen and 
its high combustion rate, which ultimately leads to the 
combustion of lean or ultra-lean charges. 

2.3. The influence of the geometry of the pre-chamber 
on fuel combustion 

The pre-chamber, which is characterized by a specific 
volume, number and size of flow channels and their method 
of connection with the main chamber, has a significant 
impact on the initial quality of the combustion process 
(Table 2).  

Aoyagi et al. [3], in experimental and simulation studies 
of CH4 combustion, indicate that increasing the diameter of 
the holes reduces the flame outflow speed and, at the same 
time, increases the flame torch cone angle. Increasing the 
length/diameter ratio (L/D) also increases the discharge 
velocity but decreases the flame cone angle. An increase in 
the number of holes (with an almost unchanged flow sur-
face area) indicates a limitation of the outflow speed with  
a large number of holes (10 pcs.). Despite such changes, the 
flame torch cone angle remained practically unchanged (the 
diameters were 4.0, 3.5, and 3.1 mm, respectively). 

Research conducted by Jeelan Basha et al. [20] con-
cerned the process of analyzing CH4 combustion in RCM 
with a variable diameter of the single outlet hole of the pre-

chamber (up to 1 to 4 mm). It was found that changes in the 
combustion process (at  = 2.5) were observed only with  
a large hole diameter (4 mm), characterized by a limited 
combustion pressure. The highest HRR value was observed 
at d = 3 mm. Increasing the hole diameter resulted in  
a delay in the pressure increase after ignition. The analysis 
of flame angles indicates that they increase when the di-
ameter of the holes increases (similar results were obtained 
in research [3]). 

The use of different geometries of pre-chambers (6 vari-
ants) was analyzed in experimental engine tests [35] when 
powered by variable gas. It was found that multi-parameter 
optimization shows the best effects of using a pre-chamber 
containing both radial and radial holes (similar hole configu-
rations were also studied in [14]). The research was carried 
out in terms of exhaust emissions and indicated engine effi-
ciency with a variable fuel dose fed to the pre-chamber. The 
values of the excess air coefficient were in the range of  =  
= 1.32–1.65, at n = 1500 rpm and IMEP ~7 bar. 

Simulation studies [25] on methane feeding in the range 
of changing the hole diameter (from 1.4 to 2.2 mm) indicate 
that the best solution in terms of combustion pressure and 
HRR is the value of 1.6 mm.  

Guo et al. [14] found that during methane combustion, 
changing the diameter of the holes from 2.6 to 1.3 almost 
doubles the flow velocity of the torch (from 220 to 140 m/s) 
and increases the pressure difference in both chambers from 
0.13 to 0.16 MPa. 

The diameter of the discharge holes has less impact on 
the hydrogen combustion process. Research conducted by 
Liu et al. [26] indicates much greater differences in com-
bustion pressure when using an active or passive chamber 
than when changing the hole diameter from 2 to 3 mm. 
When using a passive system, combustion at  = 3 and 
higher causes a slow process. With an active system, this 
situation occurs only when  = 5. 

Motor research conducted by Tomić et al. [46] (when 
powered by gasoline) confirmed that the indicated efficiency 
data showed that a larger orifice area (OA) or larger orifice 
diameter at constant pre-chamber volume and orifice number 
is more favorable regarding the indicated efficiency.  

The selection of the ammonia combustion chamber fo-
cuses on much smaller differences in the variants of the 
individual sizes of the pre-chamber. Research by Cui et al. 
[10] concerned changes in  the range 1.0–1.4. The influ-
ence of the volume of the pre-chamber is significant in the 
range of lean loads (the greater the leanness, the more de-
layed combustion in a smaller volume, at a similar level of 
maximum pressure). Similarly to the combustion of me-
thane, increasing the diameter of the holes when burning 
ammonia (from 2 to 3 mm) increases the range of the burn-
ing torches (by over 100%).  

Simulation analysis of the angle of rotation of the dis-
charge holes during gasoline combustion indicates that the 
degree of charge swirl is very important [16]. Straight 
channels do not show swirl, but turning the outflow by 30 
degrees causes the swirl ratio to reach a value of 10. The 
tests showed that the highest HRR values were obtained 
when the holes were turned by an angle of 25 degrees, 
which resulted in SR = 8. 
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Table 2. Examples of solutions for the geometry of the initial combustion chamber (with the number of holes greater than 1) 

No. Reference Volume PC  
[cm3/% vol.] No.  diameter Fuel Type of engine Pre-chamber 

1 Brunel University [7] 
(2019) 1.0/1.27% at TDC 6  1.25 mm gasoline, Et optical engine active 

2 University of Naples [5] 
(2024) 1.9/0,3% 6  1.15 mm gasoline simulation active 

3 University of Zagreb [46] 
(2023) 2.4/4.07% at TDC 6  1.30 mm gasoline engine active 

4 Marquette University [54] 
(2024) 2.0/1.94% at TDC 2  2.3 mm E10-E90 simulation active 

5 Sandia National Laborato-
ries [39] (2021) 4.66 8  1.6 mm (angle 130 deg) Natural gas 

(95% CH4) 
optical engine active 

6 KAUST [44] (2021) 5.07/2.5% at TDC 2 row  6  1.5 mm (angle 134 deg) CH4 optical engine active 
7 ETH [53] (2019) 1.0 4  1.2 mm (angle 120 deg) CH4 RCEM passive 

8 Shanghai Jiao Tong 
University [21] (2020) – 6  2.9 mm CH4 CVC active 

9 PUT [35] (2019) 1.826/0.35% at TDC 7  1.5 mm (radial) + 3  1.4 mm (axial) CH4 engine active 

10 Kyushu University [3] 
(2024) 2.3% 10  3.1 mm CH4 CVC passive 

11 EMPA [43] (2020) 1.8/0.5% at TDC 7  1.5 mm CH4/HCH4 engine active/passive 

12 Beijing Institute of Tech-
nology [52] (2018) 1.5 6  1.0 mm H2 CVC active 

13 PUT [36] (2024) 2.29/0.45% at TDC 6  1.5 mm H2 engine passive 

14 Shanghai Jiao Tong 
University [57] (2024) – 6  1.4 mm (angle 140 deg) H2 (PC) 

NH3 (MC) simulation active 

15 Universidade Federal de 
Minas Gerais [40] (2019) 0.88/2.2% at TDC 4  1 mm (angle 45 deg) + 1  2 mm 

(axial) 
H2 (PC) 
Et (MC) engine active/passive 

 

 
3. Purpose and scope of engine research work 

The aim of the research is to determine the thermody-
namics of the hydrogen combustion process, considering 
geometric changes in the flow channels and the variable 
fuel dose fed to the pre-chamber. Such control allows (1) to 
change the use of the pre-chamber from passive to active, 
(2) to change the thermodynamics of hydrogen combustion, 
(3) to change the amount of inter-chamber flows of the 
charge and to simultaneously change the fuel-air ratio in the 
pre-chamber. The size of the dose administered to the pre-
chamber slightly changes the global value of the excess air 
coefficient, but significantly defines this value in the pre-
chamber. 

4. Research methodology 
4.1. Research object 

Simulation tests were carried out using AVL Fire 
2022.1 software. A movable combustion chamber mesh 
was used (Fig. 4) with the parameters presented in Table 3. 
The mesh represents the combustion chamber of the cylin-
der with a displacement of 510.7 cm3. The mesh consists of 
a pre-chamber, a main chamber, and outflow holes. The 
mesh is divided into sections that represent the elements of 
the moving mesh. 

The authors used the combustion chamber without con-
sidering the engine's intake and exhaust channels due to the 
simplicity of the model and the implementation of direct 
fuel injection. This approach appears in many publications 
[19, 21, 29]. The conditions for starting the compression 
process correspond to the conditions of the research engine, 
so the representation of a typical combustion engine has 
been preserved.  

Figure 5a shows the location of the injector. Due to the 
lack of engine intake and exhaust channels (the model con-
siders only the closed space of the cylinder), fuel injection 
into the main chamber was carried out by placing the injector 

Table 3. Combustion chamber and mesh parameters 
Parameter Unit Value 
S mm 90 
D mm 85 
Vcyl (TDC) cm3 557 
Vcyl (BDC) cm3 47,2 
VPC cm3 1.61 
Max number of cell (TDC) – 32 k 
Max number of cell (BDC) – 138 k 
Surface cell size (min) mm 0.2 

 

 

  
Fig. 4. View of the combustion chamber with elements marked 

pre-chamber inter-chambers nozzles hemi chamber 
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at an angle between the valves. Fuel was injected into the 
pre-chamber with a vertically placed injector next to the 
spark plug (Fig. 5b). This location of the injector may cause 
some of the gas to enter the main chamber. The angularly 
placed injector in the main chamber causes the gas to mix 
with the air, whose Turbulent Kinetic Energy (TKE) is 
initially 10 m2/s2. The fuel injection start time was set at 
550 deg. The end of injection was simulated at an angle of 
600 deg. An angular time of 50 deg was set for both com-
bustion chambers, primary and main (at n = 1500 rpm, the 
injection duration is approximately 5.55 ms). The initial 
values enable fuel injection at low pressure (in the works 
[32, 36], such injection was carried out at a pressure of 3–7 
bar). The ignition angle for all cases was set at 711 deg  
(9 deg bTDC). This ignition angle prevents the maximum 
combustion pressure from occurring too early and heat 
release around 5–10 deg aTDC. 
 
a) b) 

  
Fig. 5. View of the combustion chamber with the location of the injector 

marked: a) in the main chamber; b) in the pre-chamber 

4.2. Research methodology 
Combustion process tests were carried out in the range 

from 540 to 800 deg CA. It was assumed that the beginning 
of the cycle begins at an angle of 360 degrees. This is since 
it is possible to analyze the valve coverage from the previ-
ous calculation cycle. For this reason, TDC (hot) is at 720 
deg. The boundary conditions are included in Table 4. 
These conditions apply to low boost pressure (which results 
from the assumed intake pressure value). It is sufficient to 
achieve a high charge depletion in the engine's main com-
bustion chamber (MC). 

 
Table 4. Boundary conditions 

Parameter Value 
Pressure 100 000 Pa 
Density 1.19 kg/m3 
Temperature 293.15 K 
Turb. kin. energy (TKE) 0.001 m2/s2 
Turb. length scale 0.001 m 
Turb. diss. rate 0.00519616 m2/s3 

 
The combustion process was analyzed using the models 

included in Table 5. A typical value of rotational speed was 

assumed (n = 1500 rpm). The combustion module in the 
form of the Turbulent Flame Speed Closure Model [23] was 
used. The essence of this model is the determination of the 
reaction rate based on an approach depending on parame-
ters of turbulence, i.e., turbulence intensity and turbulent 
length scale, and of flame structure like the flame thickness 
and flame speed [23, 48]. 

Model k-epsilon usually yields reasonably realistic pre-
dictions of major mean-flow features in most situations. It 
is particularly recommended for a quick preliminary esti-
mation of the flow field or in situations where modeling 
other physical phenomena, such as chemical reactions, 
combustion, radiation, and multi-phase interactions, brings 
uncertainties that outweigh those inherent in the k-ε turbu-
lence model.  

 
Table 5. Simulation parameters 

Run mode Crank angle 
Start angle 540 deg 
End angle 800 deg 
Engine speed 1500 rpm 
Min/max iteration 5/20 

Module activation 

Species transport 
Combustion (Turbulent Flame Speed 

Closure Model) 
Emission (Extended Zeldovich) 

Spray 
Turbulence model k-epsilon 
Wall treatment Hybrid Wall Treatment 
Heat transfer wall model Standard Wall Function 

 
The tests were carried out according to a 3 × 3 matrix, in-

cluding different diameters of the pre-chamber holes (0.5, 
1.0, and 1.5 mm) along with different doses of fuel fed to the 
pre-chamber. Fuel doses with values 0, 0.4, and 1.2 mg were 
adopted to achieve combustion with a passive chamber 
(qo_PC = 0 mg) and an active chamber (qo_PC > 0 mg).  

5. Analysis of the influence of geometry and fuel 
dose on the combustion process 

5.1. Analysis of fast-varying processes 

Cylinder pressure 
Tests on the compression pressure and combustion of 

hydrogen were carried out in a closed combustion chamber 
(charge exchange was not analyzed). The modeled sections 
of the moving mesh allowed for the assessment of the pres-
sure in the pre-chamber (PC) and main chamber (MC). 
Small holes in the pre-chamber (d = 0.5 mm – Fig. 3a) 
cause significant attenuation of the pressure in the pre-
chamber. At the ignition angle (711 deg), the pressure val-
ues are 20.7 bar (PC) and 32.0 bar (MC), respectively. In 
this way, P = 11.3 bar pressure difference is obtained. The 
significant difference in pressure in PC compared to MC 
causes the combustion process in PC to be very violent. 
This means that the charge is close to the stoichiometric 
charge. The smallest hole diameters cause the maximum 
pressure in the MC to be the lowest in all analyzed solu-
tions. Despite this, the pressure in PC is higher than in MC 
and is achieved at a much larger angle. The difference is up 
to 5 deg (with a passive chamber – Fig. 6a). This means 
that the small flow holes significantly eliminate the flow of 
flames into the main chamber. They are probably also ex-
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tinguished on the walls of the holes, which may reduce the 
pressure in the main chamber. 

Large hole diameters mean that a larger part of the dose 
from the main chamber goes to the pre-chamber. This re-
sults in increased combustion pressures in the PC in the 
initial phase of the process. 

This is the only case of such changes because increasing 
the diameter of the holes no longer causes such differences 
(Fig. 6b and 6c). Additionally, the combustion pressures 
overlap and are the same at the largest analyzed diameter. 
With hole diameters d = 1.0 and 1.5 mm, an increase in the 
combustion pressure in the PC is visible (a characteristic 
hump of the combustion process). The largest hole diame-
ters result in the highest combustion pressures. This means 
that holes with a diameter of 1.0 mm and larger do not limit 
the flow of charge to the PC or the outflow of flames from 
the PC. Additionally, the flame does not go out, which 
increases the pressure in the main chamber. In relation to a 
large dose and large diameter, a characteristic increase in 
pressure in the PC is observed, indicating the violent nature 
of combustion (only in the case of the active chamber). 
Similar tests using alternating gas (d = 2.5; 3.0; 3.5 mm) [3] 
indicated a large range of burning torches for smaller hole 
diameters. However, these diameters were not the limit 
values for extinguishing the methane flame. In the work 
[46], it was found that increasing the diameter of the holes 
has a positive effect on the engine's IMEP. 

Pre-chamber–main chamber flow characteristic 
The magnitudes of the pressure difference in both 

chambers are shown in Fig. 7 When using holes with the 
smallest diameter (d = 0.5 mm), the largest pressure differ-
ences are observed in both chambers. The first signs of this 

are visible during fuel injection. This injection takes place 
in the range of 550–600 deg (in both chambers simultane-
ously). With minimal hole diameters, a significant pressure 
build-up in the PC is visible during injection (passive 
chamber). Increasing the dose to PC reduces the pressure 
difference (Fig. 7a). Increasing the diameter of the holes 
increases interchamber flows and at the same time reduces 
the pressure difference during fuel injection (Fig. 7b). With 
a diameter of d = 1.5 mm, the pressure difference is below 
1 bar (Fig. 7c). Similar interchamber flow relationships are 
observed with diameters d = 1.0 and 1.5 mm. The course of 
the pressure difference curves is similar. The larger the 
holes, the smaller the pressure differences. It is worth not-
ing that the largest differences concern the pressure mo-
ments after ignition. The greatest differences were noted at 
d = 1.5 mm and at a PC dose of 0.4 mg. This may mean that 
such a dose results in the best composition of the flamma-
ble mixture in the pre-chamber. 

5.2. Analysis of average thermodynamic quantities 

Temperature in the cylinder 
The analysis of the temperature distribution in both 

combustion chambers is presented in Fig. 8. According to 
the large pressure differences at d = 0.5 mm, similar chang-
es were recorded in terms of temperature changes. Fuel 
injection into the PC reduces the average temperature value 
before ignition. Using a passive chamber, 699°C was rec-
orded in the PC before ignition. In the active chamber, this 
value decreased by over 60°C to 627–633°C. This means 
that when using small holes in the PC, throttling the flow 
not only limits the pressure in the main chamber but also 
greatly limits the temperature (Fig. 8a). No such tempera- 

 
Fig. 6. Analysis of the pressure difference in the pre-chamber and main chamber with different configurations of the diameter of the outflow holes from 

the pre-chamber: a) 0.5 mm, b) 1.0 mm, c) 1.5 mm and different fuel doses  

 

 
Fig. 7. Analysis of the pressure difference in the pre-chamber and main chamber with different configurations of the diameter of the outflow holes from 

the pre-chamber: a) 0.5 mm, b) 1.0 mm, c) 1.5 mm and different fuel doses 
 

 
 
 
 

a) b) c) 

a) b) c) 
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Fig. 8. Analysis of the temperature in the preliminary chamber (dashed line) and main chamber (solid line) with different configurations of the diameter of 

the outflow holes from the preliminary chamber: a) 0.5 mm, b) 1.0 mm, c) 1.5 mm and different fuel doses 
 

ture changes were recorded for holes with a diameter of 1.0 
and 1.5 mm. The differences are only due to fuel injection 
into the PC, which results in a slight temperature drop. 
However, until the moment of ignition, these values are 
equal (changes are below 3oC). As a result of the combus-
tion process, which takes place in the pre-chamber at  
a much lower value of the excess air coefficient, much 
higher temperatures are observed. As the diameter of the 
holes increases, the maximum temperature values in the 
pre-chamber increase. This means increasing the uniformity 
of the charge in this chamber. There was also a slight but 
constant increase in the maximum temperature value in 
MC. This proves the greater dynamics of the flow of burn-
ing fuel flares (Fig. 8b and 8c). 

Air-fuel ratio 
The previously presented values also depend on the air-

fuel ratio in both combustion chambers. The  values in the 
pre-chamber are shown in Fig. 9a. The lack of fuel dose 
(qo_PC = 0 mg) results in significant differences in the 
formation of this value before ignition. Regardless of the 
diameter of the holes, the value of  is approximately 0.4 
units different (smaller) in the case of feeding the pre-
chamber. Fuel injection into the PC causes  to reach  
a value close to zero, which means that almost the entire 
chamber is filled with fuel. At the ignition angle (711 deg), 
the value of the excess air coefficient approaches the steady 
charge (the dose to PC was not previously selected, as  
a result of which  = 1 was not obtained in the pre-
chamber). The influence of the size of the holes and inter-
chamber flows causes those changes in  and the diameter 
of the holes do not have a fixed tendency. Analyzing data 
on Fig. 9a, it can be concluded that an almost stoichio-
metric charge was obtained at d = 1.0 and the highest dose 
of fuel to the pre-chamber (1.2 mg). In the absence of fuel 
fed to the PC, with the hole diameter d = 1.0 mm, the value 
of  was also obtained close to the value of 1. Each other 
research case (regardless of the passive or active chamber 
caused the value of the excess air coefficient to be less than 
1 (which meant the load rich in the pre-chamber). Injection 
of the fuel dose only into the main chamber resulted in  
a constant and fixed value of the excess air coefficient 
equal to 3.1 (regardless of the diameter of the holes (no PC 
participation in charge formation). With the pre-chamber 
active, a reduction in the excess air coefficient is observed 
to 2.9 and 2.6, respectively (Fig. 9b). 

a) 

 

b) 

 
Fig. 9. Analysis of the excess air coefficient in the pre-chamber _PC (a) 
and in main chamber _MC (b) with different configurations of the diame-
 ter of the outflow holes from the pre-chamber and different fuel doses 

 
As can be seen from the graphs in Fig. 6a, the diameter 

of the holes is significantly more important than the dose 
size in creating the final value of the excess air coefficient 
in the vicinity of the ignition angle. There is no clear rela-
tionship between the value of  and the fuel dose and the 
diameter of the holes. With a high fuel dose, the lowest  
values were obtained with the average diameter of the 
holes, and with a dose of 0.4 mg – with the lowest . It 
follows that interventricular flows play an important role in 
the final value of  in PC.  

 

a) b) c) 
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Heat release 
The amount of released heat was considered separately 

in the preliminary and main chambers. Passive chambers 
(qo_PC = 0) with small hole diameters were characterized 
by a limited heat release rate, which results from the rela-
tively slow growth of the curves (Fig. 10a). The largest 
amount of heat released in the PC (for a passive chamber) 
occurs at d = 0.5 mm and a dose of 0.4 mg. The highest Q 
value for all test cases was obtained with the highest dose to 
PC and the largest hole diameter. Increasing the dose to PC 
increases the maximum amount of heat released in this 
chamber. The decrease in heat in the PC is due to the flow 
of charge (and heat) into the main chamber. The combus-
tion process in the pre-chamber is partially correlated with 
the heat release in the main chamber (Fig. 10b). The lowest 
amount of heat was recorded at d = 0.5 mm and the passive 
chamber. The highest amounts of heat were recorded with  
a large dose of fuel for the PC and a large diameter of the 
holes.  

The combustion of fuel in the main chamber causes the 
amount of heat to increase with the dose to PC. The highest 
combustion rates in the MC were recorded with a large 
dose of fuel fed to the PC. 

a) 

 

b) 

 
Fig. 10. Analysis of the amount of heat release in the pre-chamber Q_PC 
(a) and in main chamber Q_MC (b) with different configurations of the 
diameter of the outflow holes from the pre-chamber and different fuel 
 doses 

 
The increase in the amount of heat when increasing the 

dose to PC indicates an improvement in the combustion 
quality in MC and PC. Improving the combustion quality in 
PC also results in better combustion in MC. This is due to 
the fact that increasing the dose by 1.2 mg causes a maxi-
mum heat to increase of 144 J. The analysis of the best and 

worst course in Fig. 7b indicates differences of just over 
100 J. Large analogies are also observed in the same wave-
forms in the pre-chamber (the same waveforms reach ex-
tremely different values). 

NO formation 
The amount of nitrogen oxides produced is closely re-

lated to the combustion conditions. Even though the maxi-
mum temperatures in PC are over 1000 K higher than in 
MC, the amount of NO produced is an order of magnitude 
lower than in MC (Fig. 11a and 11b). This is due to the 
duration of combustion in each chamber. Shorter combus-
tion time in PC generates lower NO values. The lowest 
amounts of NO were recorded when the engine was pow-
ered by passive chambers. The molar fractions of NO in the 
pre-chamber are closely related to the dose size and the 
diameter of the holes (the larger the doses and hole diame-
ters, the more NO). Regarding NO production, the diameter 
of the holes is more important than the amount of fuel dose 
fed to the PC (the highest initial intensity of NO formation 
is at large hole diameters). When analyzing the PC and MC 
chambers, a higher amount of NO was recorded in the main 
chamber (the difference is exactly 1 order of magnitude: 
0.002 and 0.0002, respectively). 

a) 

 

b) 

 
Fig. 11. Analysis of NO in the pre-chamber NO_PC (a) and in main cham-
ber NO_MC (b) with different configurations of the diameter of the outlet 
 holes from the pre-chamber and different fuel doses 

5.3. Analysis of thermodynamic quantity distributions 
The average values of thermodynamic indicators are 

now compared with instantaneous values. Hydrogen injec-
tion into the main chamber was simulated as direct injec-
tion. This has a large impact on the form of the created 
charge. Analysis of the distribution of the air-fuel ratio (Fig. 
12) indicates a significant lack of uniformity of the load.  
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d = 0.5 mm 1.0 mm 1.5 mm 

 

 

 

 
Fig. 12. Analysis of the distribution of the excess air coefficient in the pre-chamber _PC and main _MC with various configurations of the outflow hole 

diameter and a constant value of qo_PC = 0.4 mg 
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Fig. 13. Analysis of the temperature distribution in the preliminary chamber _PC and main _MC at d = 0.5 mm and qo_PC = 0 mg (passive chamber) 
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Due to the injection method (Fig. 5), a characteristic di-
vision of the MC chamber into two zones, rich and lean in 
fuel, was achieved. A similar relationship is observed in the 
pre-chamber. With a small hole diameter, the tendency of 
division and zones is dominant in the main chamber, and as 
the diameter of the holes increases, the division in the main 
chamber decreases and it increases in the pre-chamber.  

Due to the uneven charge formation in both chambers, 
the combustion temperature distribution is also not the 
same (Fig. 13). At an angle of 740 deg, the maximum tem-
perature is observed in the PC and MC chambers. These 
results are consistent with the data presented in Fig. 8, 
which concerned average values.  

The analysis of the temperature distribution with the 
same dose to the PC (qo = 0.4 ms) is presented in Fig. 14. It 

shows that the large diameter of the holes facilitates the 
flow of charge into the PC, causing an increase in the tem-
perature value in a small volume during ignition. The high 
temperature remains up to 720°C. Despite the large diame-
ter of the holes and the average dose value, a large variation 
in the charge distribution in the main chamber is observed.  

5.4. Maps of thermodynamic quantities 
The solutions presented above regarding the analysis of 

average and instantaneous engine operation indicators ena-
bled the construction of detailed maps. These maps were 
created in coordinates: hole diameter–fuel dose. Their 
structure makes it possible to initially determine the ten-
dency of changes in engine operating indicators when one 
or another parameter is changed.  

 
d = 0.5 mm d = 1.0 mm d = 1.5 mm 

 

 

 

 

 
Fig. 14. Analysis of the charge temperature distribution in the cylinder with various hole diameter configurations and a constant fuel dose to the pre-
 chamber qo_PC = 0.4 mg 
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The analysis of the pressure distribution in the cylinder 
in both chambers (Fig. 15) only partially correlates with the 
amount of released heat. In the pre-chamber, these values 
are consistent only in the range of large doses to PC and 
large hole diameters. In the remaining parts of the map, 
small and medium doses and small hole diameters do not 
show any correlation. When comparing the main chamber, 
the correlations are even smaller; this may result primarily 
from the lack of uniformity of the created charge. 

Similar conclusions were obtained when analyzing tem-
perature and NO in both chambers (Fig. 16). In the pre-
chamber, a high correlation of temperature and NO for-
mation was obtained in all areas of the d–qo_PC map. The 
highest NO formation was recorded where the highest tem-
perature was also observed. Unfortunately, this tendency 
does not occur in the case of the main compartment. As 
before, it may result from large charge heterogeneity. It 
follows that fuel injection directly into the cylinder should  

 
Fig. 15. Map of pressure changes in the cylinder and the amount of heat released in d–qo_PC coordinates: a) in the pre-chamber, b) in the main chamber 

 
Fig. 16. Map of temperature changes in the cylinder and the amount of NO in d–qo_PC coordinates: a) in the pre-chamber, b) in the main chamber 
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be performed with a higher injection advance (than 550 deg) 
or injection should be used with a higher fuel pressure (in-
creasing the range of the gas stream and its atomization in the 
main chamber). Another possibility may be a different loca-
tion of the injector or division of the injected fuel dose. 

6. Summary 
Changing the diameters of the discharge holes signifi-

cantly changes the combustion process in the TJI engine. 
Small hole diameters d  0.5 mm limit the flow of charge 
into the PC, which results in much lower pressures in the 
PC. Additionally, the outflow of the flame torches causes 
their extinction on the channel walls, which results in lower 
ignitability of the charge in the main chamber. It follows 
that the quenching distance of 0.6 mm given in the litera-
ture is effective [8, 42].  

Based on the research work carried out, it was found that: 
1. In terms of hole geometry: 

 too small sizes of flow holes (d ≤ 0.5 mm) cause 
significant throttling of the charge flow into the pre-
chamber, which results in large differences in com-
bustion pressure and, consequently, deterioration of 
the quality of the hydrogen combustion process 

 large diameters of flow holes (d ≥ 1.0 mm) minimize 
inter-chamber flow conditions, which results in no 
throttling and higher combustion rates (Pcyl, Tcyl  
and Q). 

2.  In terms of fuel consumption rates: 
 the diameter of the holes is much more important for 

the proper combustion process than the size of the 
fuel dose (outside the passive chamber) 

 in the conducted tests in the pre-chamber, an excess 
air-ratio fuel value close to 1 was obtained in the 
dose range qo_PC = 0.4 mg 

 increasing the diameter of the holes led to an in-
crease in the maximum pressure in the cylinder and 
the rate of heat release. The highest values of pres-
sure and heat release were observed with hole diam-
eter d = 1.2 mm 

 the maximum temperature value in the cylinder in-
creased with the increase in the diameter of the 
holes, which indicates an increase in the importance 
of inter-chamber flows 

 analysis of the distribution of the excess air-fuel ra-
tio indicates a significant lack of uniformity of the 
load; Due to the method of fuel injection, a charac-
teristic division of the MC chamber into two zones: 
rich and lean in fuel, was achieved 

 with a small diameter of the holes, the tendency to 
divide the zones is dominant in the main chamber, 
and as the diameter of the holes increases, the divi-
sion into different spheres in the main chamber de-
creases, and the disproportion in the pre-chamber in-
creases. 

These conclusions constitute a solid basis for further re-
search and experimental work, which may contribute to the 
development of more effective and ecological drive tech-
nologies. Subsequent research stages may be focused on the 
following issues: 
 further optimization of hole diameters and fuel doses in 

order to determine the best relationship between hydro-
gen combustion efficiency and nitrogen oxide emissions 

 experimental verification to confirm the quality of the 
simulation work carried out; subsequent work will allow 
for the calibration of models and a better understanding 
of the phenomena occurring during hydrogen combustion 

 hydrogen injection with other fuels (e.g. NH3) to in-
crease combustion efficiency. 

 

Nomenclature 
BDC bottom dead center 
CFD computational fluid dynamics 
CVC constant volume chamber  
cyl cylinder 
d diameter 
DI direct injection 
dQ heat release rate 
LDV light duty vehicle 
MC  main chamber 
MPI multi point injection 
NO nitrogen oxide 
 

P pressure 
PC pre-chamber 
qo fuel dose 
Q heat release 
RCEM rapid compression expansion machine 
SI spark ignition 
T temperature 
TDC top dead center 
TJI Turbulent Jet Ignition  
TKE  turbulent kinetic energy 
 air excess ratio  

 

Bibliography 

[1] Algayyim SJM, Saleh K, Wandel AP, Fattah IMR, Yusaf T, 
Alrazen HA. Influence of natural gas and hydrogen proper-
ties on internal combustion engine performance, combus-
tion, and emissions: a review. Fuel. 2024;362:130844.  

 https://doi.org/10.1016/j.fuel.2023.130844 
[2] Alleman TL, McCormick RL, Yanowitz J. Properties of 

ethanol fuel blends made with natural gasoline. Energy 
Fuels. 2015;29(8):5095-5102.  

 https://doi.org/10.1021/acs.energyfuels.5b00818 

[3] Aoyagi T, Wakasugi T, Tsuru D, Tashima H. Analysis of 
effects of pre-chamber orifices on torch flame behaviours in 
lean-burn gas engines. Combust Engines. 2024;199(4):3-14. 
https://doi.org/10.19206/CE-188112 

[4] Barabás I, Todoruţ AI. Key fuel properties of bio-diesel-
diesel fuel-ethanol blends. SAE Technical Paper 2009-01-
1810. 2009. https://doi.org/10.4271/2009-01-1810 

[5] Bozza F, Teodosio L, Krajnović J, Sjerić M, De Bellis V, 
Malfi E. Extensive validation of a combustion and pollutant 



 

Numerical investigation of pre-chamber holes diameter geometry on combustion parameters… 

138 COMBUSTION ENGINES, 2024;199(4) 

emission model of a pre-chamber engine including different 
pre-chamber geometries. Fuel. 2024;373:132282.  

 https://doi.org/10.1016/j.fuel.2024.132282 
[6] Bucherer S, Rothe P, Sobek F, Gottwald T, Kraljevic I, 

Vacca A et al. Experimental and numerical investigation of 
spark plug and passive pre-chamber ignition on a single-
cylinder engine with hydrogen port fuel injection for lean 
operations. SAE Technical Paper 2023-01-1205. 2023. 

 https://doi.org/10.4271/2023-01-1205 
[7] Bureshaid K, Shimura R, Feng D, Zhao H, Bunce M. Exper-

imental studies of the effect of ethanol auxiliary fueled tur-
bulent jet ignition in an optical engine. SAE Int J Engines. 
2019;12(4):387-399. https://doi.org/10.4271/03-12-04-0026 

[8] Butler MS, Moran CW, Sunderland PB, Axelbaum RL. 
Limits for hydrogen leaks that can support stable flames. Int 
J Hydrog Energy. 2009;34(12):5174-5182.  

 https://doi.org/10.1016/j.ijhydene.2009.04.012 
[9] Crabtree GW, Dresselhaus MS. The hydrogen fuel alterna-

tive. MRS Bull. 2008;33(4):421-428.  
 https://doi.org/10.1557/mrs2008.84 
[10] Cui Z, Tian J, Zhang X, Yin S, Long W, Song H. Experi-

mental study of the effects of pre-chamber geometry on the 
combustion characteristics of an ammonia/air pre-mixture 
ignited by a jet flame. Processes. 2022;10(10):2102.  

 https://doi.org/10.3390/pr10102102 
[11] Demirbas A. Fuel properties of hydrogen, liquefied petrole-

um gas (LPG), and compressed natural gas (CNG) for trans-
portation. Energy Sources. 2002;24(7):601-610.  

 https://doi.org/10.1080/00908312.2002.11877434 
[12] Duan Y-h, Sun B-g, Li Q, Wu X-s, Hu T-g, Luo Q-h. Com-

bustion characteristics of a turbocharged direct-injection hy-
drogen engine. Energy Convers Manag. 2023;291:117267.  

 https://doi.org/10.1016/j.enconman.2023.117267 
[13] Fayaz H, Saidur R, Razali N, Anuar FS, Saleman AR, Islam 

MR. An overview of hydrogen as a vehicle fuel. Renew Sus-
tain Energy Rev. 2012;16(8):5511-5528.  

 https://doi.org/10.1016/j.rser.2012.06.012 
[14] Guo X, Li T, Chen R, Huang S, Zhou X, Wang N et al. 

Effects of the nozzle design parameters on turbulent jet de-
velopment of active pre-chamber. Energy. 2024;306: 
132568. https://doi.org/10.1016/j.energy.2024.132568 

[15] Hansen A. Ethanol-diesel fuel blends – a review. Bioresour 
Technol. 2005;96(3):277-285.  

 https://doi.org/10.1016/j.biortech.2004.04.007 
[16] Hu J, Pei Y, An Y, Zhao D, Zhang Z, Sun J et al. Study of 

active pre-chamber jet flames based on the synergy of air-
flow with different nozzle swirl angle. Energy. 2023;282: 
128198. https://doi.org/10.1016/j.energy.2023.128198 

[17] Huo J, Zhao T, Lin H, Li J, Zhang W, Huang Z et al. Study 
on lean combustion of ammonia-hydrogen mixtures in a pre-
chamber engine. Fuel. 2024;361:130773.  

 https://doi.org/10.1016/j.fuel.2023.130773 
[18] Ingo C, Tuuf J, Björklund-Sänkiaho M. Experimental study 

of the performance of a SI-engine fueled with hydrogen-
natural gas mixtures. Int J Hydrog Energy. 2024;63:1036-
1043. https://doi.org/10.1016/j.ijhydene.2024.03.252 

[19] Jamrozik A, Tutak W, Kociszewski A, Sosnowski M. Nu-
merical simulation of two-stage combustion in SI engine 
with prechamber. Appl Math Model. 2013;37(5):2961-2982.  

 https://doi.org/10.1016/j.apm.2012.07.040 
[20] Jeelan Basha KB, Balasubramani S, Sivasankaralingam V. 

Effect of pre-chamber geometrical parameters and operating 
conditions on the combustion characteristics of the hydro-
gen-air mixtures in a pre-chamber spark ignition system. Int 
J Hydrog Energy. 2023;48(65):25593-25608.  

 https://doi.org/10.1016/j.ijhydene.2023.03.308 

[21] Ju D, Huang Z, Li X, Zhang T, Cai W. Comparison of open 
chamber and pre-chamber ignition of methane/air mixtures 
in a large bore constant volume chamber: effect of excess air 
ratio and pre-mixed pressure. Appl Energy. 2020;260: 
114319. https://doi.org/10.1016/j.apenergy.2019.114319 

[22] Khan MI, Yasmin T, Shakoor A. Technical overview of 
compressed natural gas (CNG) as a transportation fuel. Re-
new Sustain Energy Rev. 2015;51:785-797.  

 https://doi.org/10.1016/j.rser.2015.06.053 
[23] Kido H, Nakahara M, Hashimoto J. A turbulent burning 

velocity model taking account of the preferential diffusion 
effect. In The 4th International Symposium COMODIA; 
1998. 
https://www.jsme.or.jp/esd/laboratory/publishing/comodia/ 
comodia1998/ 

[24] Li D, Zhen H, Xingcai L, Wu-gao Z, Jian-guang Y. Physico-
chemical properties of ethanol–diesel blend fuel and its ef-
fect on performance and emissions of diesel engines. Renew 
Energy. 2005;30(6):967-976.  

 https://doi.org/10.1016/j.renene.2004.07.010 
[25] Li J, Wang Y, Xing K, Guo X, Chen K, Huang H. The 

influence mechanism of pre-combustion chamber orifice 
structure on natural gas engines: combustion, emissions, and 
thermofluid analysis. Appl Therm Eng. 2024;236:121654.  

 https://doi.org/10.1016/j.applthermaleng.2023.121654 
[26] Liu P, Zhong L, Zhou L, Wei H. The ignition characteristics 

of the pre-chamber turbulent jet ignition of the hydrogen and 
methane based on different orifices. Int J Hydrog Energy. 
2021;46(74):37083-37097.  

 https://doi.org/10.1016/j.ijhydene.2021.08.201 
[27] Liu X, Aljabri H, Panthi N, AlRamadan AS, Cenker E, 

Alshammari AT et al. Computational study of hydrogen en-
gine combustion strategies: dual-fuel compression ignition 
with port- and direct-injection, pre-chamber combustion, 
and spark-ignition. Fuel. 2023;350:128801.  

 https://doi.org/10.1016/j.fuel.2023.128801 
[28] Liu X, Aljabri H, Silva M, AlRamadan AS, Ben Houidi M, 

Cenker E et al. Hydrogen pre-chamber combustion at lean-
burn conditions on a heavy-duty diesel engine: a computa-
tional study. Fuel. 2023;335:127042.  

 https://doi.org/10.1016/j.fuel.2022.127042 
[29] Lu Y, Qian Y, Zhang D, Chen Y, Pei Y. Parameters opti-

mization of prechamber jet disturbance combustion system – 
effect of prechamber volume and fuel injection mass ratios 
on performance and exhausts in a diesel engine. Fuel. 2024; 
373:132360. https://doi.org/10.1016/j.fuel.2024.132360 

[30] Molnarne M, Schroeder V. Hazardous properties of hydro-
gen and hydrogen containing fuel gases. Process Saf Envi-
ron Prot. 2019;130:1-5.  

 https://doi.org/10.1016/j.psep.2019.07.012 
[31] Momirlan M, Veziroglu T. The properties of hydrogen as 

fuel tomorrow in sustainable energy system for a cleaner 
planet. Int J Hydrog Energy. 2005;30(7):795-802.  

 https://doi.org/10.1016/j.ijhydene.2004.10.011 
[32] Musy F, Ortiz R, Ortiz I, Ortiz A. Hydrogen-fuelled internal 

combustion engines: direct injection versus port-fuel injec-
tion. Int J Hydrog Energy. 2024;  

 https://doi.org/10.1016/j.ijhydene.2024.07.136 
[33] Palombi L, Sharma P, Cenker E, Magnotti G. Effects of 

engine speed on prechamber-assisted combustion. SAE 
Technical Paper 2023-24-0020. 2023. 

 https://doi.org/10.4271/2023-24-0020 
[34] Peters N, Bunce M. Active pre-chamber as a technology for 

addressing fuel slip and its associated challenges to lambda 
estimation in hydrogen ICEs. SAE Technical Paper 2023-
32-0041. 2023. https://doi.org/2023-32-0041 



 

Numerical investigation of pre-chamber holes diameter geometry on combustion parameters… 

COMBUSTION ENGINES, 2024;199(4) 139 

[35] Pielecha I, Bueschke W, Skowron M, Fiedkiewicz Ł, 
Szwajca F, Cieślik W et al. Prechamber optimal selection 
for a two stage turbulent jet ignition type combustion system 
in CNG-fuelled engine. Combust Engines. 2019;176(1):16-
26. https://doi.org/10.19206/CE-2019-103 

[36] Pielecha I, Szwajca F, Skobiej K. Experimental investiga-
tion on knock characteristics from pre-chamber gas engine 
fueled by hydrogen. Energies. 2024;17(4):937.  

 https://doi.org/10.3390/en17040937 
[37] Precedence Research. Hydrogen Combustion Engine Market 

Size, Share, and Trends 2024 to 2034. 2023;  
 https://www.precedenceresearch.com/hydrogen-combustion-

engine-market 
[38] Qiang Y, Ji C, Wang S, Xin G, Hong C, Wang Z et al. Study 

on the effect of variable valve timing and spark timing on 
the performance of the hydrogen-fueled engine with passive 
pre-chamber ignition under partial load conditions. Energy 
Convers Manag. 2024;302:118104.  

 https://doi.org/10.1016/j.enconman.2024.118104 
[39] Rajasegar R, Niki Y, García-Oliver JM, Li Z, Musculus 

MPB. Fundamental insights on ignition and combustion of 
natural gas in an active fueled pre-chamber spark-ignition 
system. Combust Flame. 2021;232:111561.  

 https://doi.org/10.1016/j.combustflame.2021.111561 
[40] Santos NDSA, Alvarez CEC, Roso VR, Baeta JGC, Valle 

RM. Combustion analysis of a SI engine with stratified and 
homogeneous pre-chamber ignition system using ethanol 
and hydrogen. Appl Therm Eng. 2019;160:113985.  

 https://doi.org/10.1016/j.applthermaleng.2019.113985 
[41] Santos NDSA, Alvarez CEC, Roso VR, Baeta JGC, Valle 

RM. Lambda load control in spark ignition engines, a new 
application of prechamber ignition systems. Energy Convers 
Manag. 2021;236:114018.  

 https://doi.org/10.1016/j.enconman.2021.114018 
[42] Saravanan N, Nagarajan G, Sanjay G, Dhanasekaran C, 

Kalaiselvan KM. Combustion analysis on a DI diesel engine 
with hydrogen in dual fuel mode. Fuel. 2008;87(17-18): 
3591-3599. https://doi.org/10.1016/j.fuel.2008.07.011 

[43] Soltic P, Hilfiker T. Efficiency and raw emission benefits 
from hydrogen addition to methane in a prechamber–
equipped engine. Int J Hydrog Energy. 2020;45(43):23638-
23652. https://doi.org/10.1016/j.ijhydene.2020.06.123 

[44] Tang Q, Sampath R, Marquez ME, Sharma P, Hlaing P, 
Houidi MB et al. Optical diagnostics on the pre-chamber jet 
and main chamber ignition in the active pre-chamber com-
bustion (PCC). Combust Flame. 2021;228:218-235.  

 https://doi.org/10.1016/j.combustflame.2021.02.001 
[45] The European Hydrogen Observatory. The European hydro-

gen market landscape. 2023.  
 https://observatory.clean-hydrogen.europa.eu/ 
[46] Tomić R, Sjerić M, Krajnović J, Ugrinić S. Influence of pre-

chamber volume, orifice diameter and orifice number on 
performance of pre-chamber SI engine – an experimental 
and numerical study. Energies. 2023;16(6):2884.  

 https://doi.org/10.3390/en16062884 

[47] Torres-Jimenez E, Jerman MS, Gregorc A, Lisec I, Dorado 
MP, Kegl B. Physical and chemical properties of ethanol–
diesel fuel blends. Fuel. 2011;90(2):795-802.  

 https://doi.org/10.1016/j.fuel.2010.09.045 
[48] Tutak W, Jamrozik A. Modelling of the thermal cycle of  

a gas engine using AVL FIRE Software. Combust Engines. 
2010;141(2):105-113. https://doi.org/10.19206/CE-117152 

[49] Wang K da, Sun B gang, Luo Q he, Li Q, Wu X, Hu T et al. 
Performance optimization design of direct injection turbo-
charged hydrogen internal combustion engine. Appl Energy 
Combust Sci. 2023;16:100204.  

 https://doi.org/10.1016/j.jaecs.2023.100204 
[50] Wang Z, Ji C, Wang D, Zhang T, Wang S, Wang H et al. 

Analysis of the combustion characteristics of ammonia/air 
ignited by turbulent jet ignition with assisted hydrogen in-
jection in pre-chamber. Fuel. 2024;367:131513.  

 https://doi.org/10.1016/j.fuel.2024.131513 
[51] White C, Steeper R, Lutz A. The hydrogen-fueled internal 

combustion engine: a technical review. Int J Hydrog Energy. 
2006;31(10):1292-1305.  

 https://doi.org/10.1016/j.ijhydene.2005.12.001 
[52] Wu H, Wang L, Wang X, Sun B, Zhao Z, Lee C et al. The 

effect of turbulent jet induced by pre-chamber sparkplug on 
combustion characteristics of hydrogen-air pre-mixture. Int J 
Hydrog Energy. 2018;43(16):8116-8126.  

 https://doi.org/10.1016/j.ijhydene.2018.02.155 
[53] Xu G, Kotzagianni M, Kyrtatos P, Wright YM, Boulouchos 

K. Experimental and numerical investigations of the un-
scavenged prechamber combustion in a rapid compression 
and expansion machine under engine-like conditions. Com-
bust Flame. 2019;204:68-84.  

 https://doi.org/10.1016/j.combustflame.2019.01.025 
[54] Zeman J, Dempsey A. Numerical investigation of equiva-

lence ratio effects on flex-fuel mixing controlled combustion 
enabled by prechamber ignition. Appl Therm Eng. 2024; 
249:123445.  

 https://doi.org/10.1016/j.applthermaleng.2024.123445 
[55] Zhou L, Liu P, Zhong L, Feng Z, Wei H. Experimental 

observation of lean flammability limits using turbulent jet 
ignition with auxiliary hydrogen and methane in pre-
chamber. Fuel. 2021;305:121570.  

 https://doi.org/10.1016/j.fuel.2021.121570 
[56] Zhou L, Zhong L, Liu Z, Wei H. Toward highly-efficient 

combustion of ammonia–hydrogen engine: prechamber tur-
bulent jet ignition. Fuel. 2023;352:129009.  

 https://doi.org/10.1016/j.fuel.2023.129009 
[57] Zhu J, Liu R, Lin H, Jin Z, Qian Y, Zhou D et al. Computa-

tional insights into flame development and emission for-
mation in an ammonia engine with hydrogen-assisted pre-
chamber turbulent jet ignition. Energy Convers Manag. 
2024;314:118706.  

 https://doi.org/10.1016/j.enconman.2024.118706 
[58] Ziyaei S, Mazlan SK, Lappas P, Ziyaei S, Mazlan SK, Lap-

pas P. A review of ultra-lean and stratified charged combus-
tion in natural gas spark ignition engines. Technical Paper 
2003-16-0050. 2023. 

 https://doi.org/10.4271/03-16-07-0050 
 

Marcelina Górzyńska, MEng. – Faculty of Civil and 
Transport Engineering, Poznan University of Tech-
nology, Poland. 
e-mail: marcelina.gorzynska@doctorate.put.poznan.pl 

 
  

Prof. Ireneusz Pielecha, DSc., DEng. – Faculty of 
Civil and Transport Engineering, Poznan University 
of Technology, Poland. 
e-mail: ireneusz.pielecha@put.poznan.pl 

 
 

 



 
Article citation info:  
Bednarek M, Ziółkowski A, Jagielski A, Siedlecki M. The analysis of the operating conditions of a heavy-duty engine of a vehicle desig-
nated for timber transport in terms of compliance with the RDE procedures. Combustion Engines. 2024;199(4):140-150. 
https://doi.org/10.19206/CE-193859 

140  COMBUSTION ENGINES, 2024;199(4) 

Maciej BEDNAREK  
Andrzej ZIÓŁKOWSKI   
Aleks JAGIELSKI  
Maciej SIEDLECKI  

 
 

Polish Scientific Society of Combustion Engines 

 
 

The analysis of the operating conditions of a heavy-duty engine of a vehicle  
designated for timber transport in terms of compliance with the RDE procedures 

 
ARTICLE INFO  According to the data provided by the Polish Central Statistical Office, the years 2000–2020 have seen a general 

increase in the amount of extracted timber, reaching 43%. The process of obtainment and transport of timber 
has many stages involving multiple vehicles and machines. The prevailing type of machinery is HDVs (heavy-
duty vehicles). Their application is dictated by the fact that high-tonnage-rated vehicles are characterized by the 
greatest efficiency. The vehicles from this group are homologated under laboratory and actual traffic conditions. 
It is noteworthy that the transport process of timber takes place under extremely varied conditions – paved 
urban and rural roads a well as unpaved forest tracks. This renders the mode of operation non-compliant with 
the conditions set forth in the UE 582/2011 standard. Therefore, the authors decided to carry out an analysis of 
the operating conditions of a vehicle fitted with an HD engine used in the process of timber transport in terms of 
its compliance with the RDE (Real Driving Emissions) procedures. The analysis was performed based on 
investigations carried out under actual traffic conditions with the use of the PEMS equipment. The research 
object was a tractor-trailer fitted with removable stanchions and a crane used for timber handling. The paper 
presents, inter alia, the engine operating timeshare characteristics as a function of engine load and speed. The 
authors also compared the real-world engine operating conditions with the assumptions of the RDE procedures. 
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1. Introduction 

Higher traffic congestion, advancement of scientific re-
search on the negative impact of transport related pollution 
as well as increased sensitivity of the society to health haz-
ards associated with the inhalation of exhaust gases have 
caused the legislators to continuously introduce legal acts 
forcing the reduction of the negative environmental impact 
of the transport sector [19, 4]. The main polluting compo-
nents of exhaust gas are particulate matter (PM), hydrocar-
bons (HC), carbon monoxide (CO), nitrogen oxides (NOx), 
and carbon dioxide (CO2) [2]. Multiple research works 
confirm that these components have a negative impact on 
human health and the natural environment (the emitted 
greenhouse gases contribute to the growing greenhouse 
effect) [12, 36, 40]. Some of the exhaust components, in-
cluding selected hydrocarbons and particulate matter, are 
carcinogenic [24, 30].  

The pioneer in the emission-reducing legislation is the 
United States of America. In 1968, the US passed the first 
legislation on exhaust emissions [38]. In the EU, the first 
legal standard aiming at a reduction of vehicle exhaust 
emissions was introduced in 1991. Legislation regarding 
passenger vehicles (PC) and light-duty vehicles (LDV) 
evolved throughout the years. More and more chemical 
components were introduced to the list, and emission limits 
became more stringent, forming the subsequent Euro 1–
Euro 6d standards. This paper discusses vehicles of the 
GWV (gross vehicle weight) greater than 3500 kg. The 
standards for this category of vehicles in the EU were in-
troduced a year after such standards had been imposed on 
PC and LDV vehicles. The standards for heavy-duty vehi-
cles are included in regulations commonly referred to as 
Euro I–Euro VI. The most recent communications from the 

EU legislators prompt the introduction of a new Euro 7 
standard pertaining to PC, LDV and HDV vehicles [1]. 
Increasingly stringent emission standards forced the manu-
facturers to tune their engines and redesign them. The said 
standards also sparked dynamic technological advancement 
of aftertreatment systems [15] and, more importantly, dy-
namic advancement of the alternative powertrain technolo-
gy. According to the available data, the number of vehicles 
in the EU fitted with alternative powertrains is growing [6]. 
In 2022, the European Parliament adopted a resolution that 
in the European Union, starting in 2035, purchasing a new 
vehicle fitted with a conventional powertrain would not be 
possible. Additionally, the European institutions plan that 
by 2050, all EU member states will become zero-emission 
ones [7]. It is noteworthy that the market share of passenger 
vehicles fitted with alternative powertrains – BEV (battery 
electric vehicle), HEV (hybrid electric vehicle), and PHEV 
(plug-in hybrid electric vehicle) is still only slightly more 
than 2% [26]. What is more, these powertrains are widely 
applied in passenger vehicles only. In the case of HDVs, 
these powertrains are not as commonplace, even though their 
technological advancement can only boost the attractiveness 
of heavy-duty road transport, as has been stressed by the 
authors in [5].  

As the new standards were introduced and the limits of 
individual exhaust components were changed, the methods 
of their measurement evolved. HDV vehicles are homolo-
gated under laboratory conditions on an engine dynamome-
ter. Pursuant to Regulation 49 of the EEC UN, two research 
cycles apply – stationary WHSC (World Harmonized Sta-
tionary Cycle) and transient WHTC (World Harmonized 
Transient Cycle). These tests superseded the earlier ESC 
and ETC ones. The newly designed cycles were made to 
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better reproduce the actual traffic conditions of heavy-duty 
vehicles [23]. This aimed to obtain the most reliable ex-
haust emissions measurement results through an accurate 
reflection of the engine's operating parameters. It is note-
worthy that the said research cycles are also used by re-
search institutions to evaluate the engine operating parame-
ters or determine a variety of relations emission-wise. For 
example, the authors of [34] used the World Harmonized 
Stationary Cycle to determine the influence of mixtures of 
n-butanol and diesel oil on the exhaust emissions and per-
formance of a diesel engine. The investigations were car-
ried out for the entire cycle and for its individual portions. 
An important component of the analysis presented in the 
said publication was the discussion related to engine torque 
and power output. In [4], the authors also used the WHTC 
procedure in their investigations to assess the influence of 
the HVO fuel on the engine operation and its performance. 
In this case, however, a modification of the cycle was nec-
essary because, as the authors indicated, the configuration 
of the test stand for the investigated engine was inappropri-
ate for the transient stages of the procedure. In [20] the 
WHTC test was used to investigate the particulate matter 
emission from a spark ignition engine fueled with CNG and 
LNG. The World Harmonized Stationary and Transient Cy-
cles were also applied to investigate the emission of nitrogen 
oxides from a diesel engine fitted with an experimental cata-
lytic converter based on the catalyst combination strategy 
[37]. Lim [14] et al, based on investigations carried out ac-
cording to WHSC, generally evaluated a spark ignition en-
gine fueled with synthetic natural gas. The authors of [28], 
following the results obtained in the World Harmonized 
Transient Cycle, analyzed the influence of the warm-up 
phase of an HDV vehicle on the emission of nitrogen oxides.  

Laboratory tests do not fully reflect the engine operating 
conditions, hence, their exhaust emissions. This has been 
confirmed by multiple research works described in [9, 21, 
33, 35]. The advancement of measurement technology has 
led to a point where the most reliable data are obtained in 
tests performed under actual traffic conditions. According 
to many authors, it is the best method of measurement of 
exhaust emissions and engine operating parameters. It ena-
bles very accurate and detailed measurement of the exhaust 
emissions and engine parameters in stationary, dynamic, 
and transient conditions [10, 11, 42]. These investigations 
widely incorporate the use of the PEMS equipment (Porta-
ble Emissions Measurement System), particularly when 
testing emissions according to the RDE (Real Driving 
Emission) procedures [17, 25]. The equipment is also capa-
ble of a detailed analysis of the engine operation [2, 29] and 
is frequently used to investigate the influence of multiple 
factors on exhaust emissions. Lee, Junhong, et al. [13] used 
a portable emission measurement system to investigate the 
exhaust emissions from construction machinery under actu-
al operating conditions. Mądziel [16] used the data from  
a PEMS system to model the emission of carbon dioxide 
from a vehicle fueled with LPG. In [8], the authors present-
ed investigations of energy consumption and exhaust emis-
sions from a plug-in hybrid. One of the measuring instru-
ments in this project was portable emission measurement 
equipment. It is noteworthy that, aside from the measure-

ment of individual exhaust emissions, through a direct 
connection to the vehicle OBD system, it can also record 
the engine operating parameters such as engine torque and 
speed [27]. For example, the authors of [43] used Semtech 
D.S. for the research of an HDV vehicle. The aim of their 
work was to analyze the parameters of the engine fitted to 
the research object. The authors of [32] also analyzed an 
HDV vehicle engine operating parameters based on tests 
performed under actual traffic conditions. The aim of their 
work was to investigate the performance of an LPG-fueled 
engine upon a modification of the intake system. [18] ana-
lyzes the operating parameters of a farm tractor engine 
during fieldwork. The possibility of performing research in 
real-world operating conditions allowed a detailed analysis 
of the operation of the said engines. For example, research 
presented in [18], revealed the fact that the operating speed 
of a farm tractor varies narrowly, which results from the 
nature of its work.  

Many of the above-mentioned research works are per-
formed under real-world operating conditions of the investi-
gated objects. As has been emphasized in [15], the research-
ers have observed that the homologation procedures do not 
always fully reflect the actual conditions of operation of the 
tested objects. In this respect, HDV vehicles are a special 
case as they are operated under extremely varied conditions 
(both road and non-road). An example of vehicles whose 
model is not compliant with the conditions set forth in the 
standard procedure are those operated in mountain areas, on 
construction sites, on farms, or in timber transport. Therefore, 
in this paper, the authors undertook to analyze the actual 
operating conditions of a vehicle used for the carriage of 
timber and compare it with the RDE requirements. 

2. Research methodology 
2.1. Research objects 

In the performed investigations, the authors used  
a heavy-duty truck designated for carriage of timber (Fig. 
1). It was composed of a tractor unit coupled with a stan-
chion trailer and a hydraulic trailer crane fitted for timber 
handling. The vehicle was fitted with a 6-cylinder (353 kW 
@1900 rpm) diesel engine. The maximum torque of 2300 
Nm was produced at 1200–1500 rpm. The engine dis-
placement was 12.419 dm3. 

 
 Fig. 1. Research object  
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The vehicle was Euro VI compliant, fitted with an after-
treatment system composed of an SCR (selective catalytic 
reduction), a DPF (diesel particulate filter) and a DOC 
(diesel oxidation catalyst). The technical specifications of 
the research object have been presented in Table 1. 

 
Table 1. Specification of research objects 

Parameter Value 
Type of engine Diesel 
Engine capacity 12.419 dm3 
Maximum power output 353 kW at 1900 rpm 
Maximum torque 2300 Nm at 1050–1400 rpm 
Number of cylinders 6 cylinders, straight 
Aftertreatment DOC+DPF, SCR, ASC 
Fuel system Common Rail 

2.2. Measuring instruments 
For the investigations, the authors utilized Axion RS+,  

a portable exhaust emission measurement system (Fig. 2a) 
and TEXA TXT. The first of the devices measures the con-
centration of individual gaseous exhaust components. The 
equipment by Global MRV allows the measurement of both 
gaseous components and particulate matter. Carbon monox-
ide, carbon dioxide, and hydrocarbons are measured 
through a non-dispersive infrared method (NDIR – Nondis-
persive Infrared Detector), while nitrogen oxides are ana-
lyzed through an electrochemical analyzer. The concentra-
tion of particulate matter is measured using the laser scatter 
method. Axion RS+ can also record the operating parame-
ters of the engine (engine torque and speed). Additionally, 
the authors used TEXA Navigator TXT (Fig. 2b) whose 
purpose was to pull the engine operating parameters from 
the vehicle OBD system. 

  

 Fig. 2. Axion RS+ (a) and TEXA Navigator TXT (b) 

2.3. Research cycle 
The tests were carried out under actual conditions of 

operation of the HDV vehicle. The test procedure was de-
signed to most accurately reproduce the standard process of 
operation of the research object. The tests were carried out 
in central Poland. The forests in this region cover ¼ of the 
area [31]. The test was carried out twice. The first one took 
place in early autumn. The second took place in more ardu-
ous winter conditions. The test reflected the actual model of 
vehicle operation. This allowed an analysis of the results 
that pointed to weak spots and non-compliance of the oper-
ation model with the homologation conditions for the HDV 
vehicles. The test routes have been presented in Fig. 4. 
Each of the research cycles had four stages: a trip to the 
timber storage with an unloaded truck, timber handling,  
a trip from the storage facility and unloading. Due to the 
location of the timber storage area, both the trip to and from 
the storage facility took place on unpaved forest roads. This 

is very characteristic of the timber transport process. In the 
autumn test, the length of the test route was approx. 49 km 
(paved roads 43.5 km and unpaved roads 5.4. km). The test 
route in the winter test was a little more than 42 km (paved 
roads 8.77 km and unpaved roads 33.4 km). The start and 
end point of the routes was the sawmill. 

 
 Fig. 3. Test routes 

3. Results of the study 
3.1. Speed profile and test routes 

The vehicle speed profiles (Fig. 4) were composed 
based on the obtained results. Due to the nature of the re-
search process, this analysis was carried out in two stages 
depending on the type of test route. The characteristics 
clearly indicate three stages of the research process (load-
ing, driving on paved roads and driving on unpaved forest 
roads). Individual portions of the research cycle vary in 
terms of dynamics and driving speed. In the autumn por-
tion, the vehicle operated at an average speed of 30 km/h. 
On the forest roads, it drove at an average speed of 9.5 
km/h, while on the paved roads, the average speed was 57 
km/h. The winter conditions did not dramatically influence 
the nature of the test drive. On the paved roads, the vehicle 
drove with an average speed of 51.7 km/h, and on the forest 
roads – 13.9 km/h. 

a) 

 
b) 

 
Fig. 4. Speed profiles of the research object: a) the autumn test, b) the 
 winter test 

a) b) 
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3.2. Operating parameters of the engine 
Due to the complexity of the research procedure, the 

analysis of the HDV's movement parameters in the process 
of timber transportation will be carried out in sections cor-
responding to the different stages of the research test, i.e., 
while driving on paved roads (with and without a load), 
while driving on unpaved forest roads (also with and with-
out a load), and during loading operations, divided into the 
autumn and winter test. To present a comprehensive analy-
sis of the performance of the heavy vehicle's drive unit in 
the process of transporting timber, loading processes were 
also studied. Because the test vehicle was equipped with  
a crane, there was no need to engage additional equipment 
for the loading and unloading of raw timber. During the 
tests, the vehicle transported approximately 20 tons of tim-
ber. 

During the tests, instantaneous engine load and speed 
were recorded. This allowed composing the characteristics 
of the timeshare of the engine operation in relation to its 
parameters. The results are presented and discussed below. 

The bar graphs have been presented in Fig. 5–7. When 
comparing the autumn test with the winter one, one may 
observe that the engine operating areas are similar in indi-
vidual stages of the test. The tests have shown that, when 
driving on paved roads, the engine operated in the torque 
interval of 0–2300 Nm and engine speed interval of 800–
1600 rpm for the autumn test and 0–2000 Nm and 800–
1600 rpm for the winter test. When driving on the paved 
roads in the autumn test (Fig. 5a, 5c), a significant share of 
the speed (1200 rpm; 1600 rpm> and torque (0 Nm; 2400 
Nm> intervals were observed. In the winter test, when 
driving without a load (Fig. 5b), the predominant engine 
operating area was (0 Nm; 1200 Nm> and (800 rpm; 1800 
rpm>. When carrying timber on paved roads in winter con-
ditions (Fig. 5d), the engine operated at the same torque 
intervals as on the forest roads, but the engine speed inter-
val was 600–1600 rpm. During the winter test, the intervals 
of the discussed parameters were the same as for the test 
drives of an empty truck. An increase was observed in the 
operating timeshare in the (1200 rpm: 1600 rpm> speed 
interval.  

In the second portion of the test covering the forest 
roads, the engine operated in the same engine speed interval 
as on the paved roads, but with a much lower load. In the 
autumn test, during the test drive performed on an empty 
truck (Fig. 6a), the engine predominantly operated in the 
load interval of (0 Nm; 800 Nm>. During the winter test 
(Fig. 6b), the engine predominantly operated in the load 
interval of (0 Nm; 400 Nm>. In both tests, the transport of 
timber resulted in an increased engine operation in the 
torque interval of 400–800 Nm (Fig. 6c and 6d).  

The investigations have shown that during timber han-
dling (Fig. 7a–d), the engine operated almost exclusively in 
the engine speed interval of 800–1200 rpm and torque  
0–800 Nm. During the test carried out in the summer-
autumn conditions, the load was predominantly 400–800 
Nm. During the winter test, a much greater operating 
timeshare of the engine in the torque interval of 0–400 Nm 
was recorded. 

 

a) 

 

b) 

 

c) 

 

d) 

 

Fig. 5. Engine operating time share as a function of engine torque and 
speed when driving on paved roads loaded: a) the autumn test, b) the 
 winter test, and loaded c) the autumn test, d) the winter test 
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a) 

 

b) 

 

c) 

 

d) 

 
Fig. 6. Engine operating time share as a function of engine torque and 
speed when driving on unpaved roads (forest) unloaded: a) the autumn 
 test, b) the winter test, and loaded: c) the autumn test, d) the winter test 

 
 
 

a) 

 

b) 

 

c) 

 

d) 

 

Fig. 7. Engine operating time share as a function of engine torque and 
speed when loading timber (empty truck): a) the autumn test, b) the winter 
 test, and unloading timber: c) the autumn test, d) the winter test 
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3.3. Analysis of compliance of the transport cycle  
with the RDE test procedure 

Based on the performed speed profile and engine pa-
rameter analysis in both tests, we may confirm that the tests 
are similar. Therefore, the proposed research cycle is repre-
sentative of the timber transport process. The research ob-
ject is subject to standard HDV vehicle homologation pro-
cedures. These vehicles or their engines undergo an in-
service conformity procedure. precisely defines the proce-
dure of compliance verification, including the conditions of 
the test drive and operational requirements. Based on the 
obtained results, the compliance of the homologation pro-
cedure with the actual transport cycle was analyzed. The 
procedure must be composed of three portions whose 
length (depending on the vehicle category) has been pre-
sented in Table 2. 

 
Table 2. Duration of individual test stages in the RDE compliance test 

Test portion  M2 and M3 N2 N3 
Urban 45% 45% 20% 
Rural 25% 35% 25% 

Motorway 30% 30% 55% 
 
Table 3 presents the results of the test drive parameters 

required by the legislator together with the results obtained 
during the test performed under actual operating conditions. 
The obtained values indicate that each of the stages differs 
from the procedure recommended by the European Com-
mission. It is noteworthy that the procedure does not in-
clude the non-road portion, which, in the case of timber 
carriage, constitutes up to 10–20% of the entire transport 
cycle. The motorway part of the autumn test constitutes 
30% of the transport cycle. In the case of the winter test, 
this part is a little above 1% of the entire cycle. Such a low 
value results from the fact that the road conditions render 
driving at high speeds almost impossible. It is noteworthy 
that the nature of the process of cutting and extracting tim-
ber is dependent on the time of year. For example, timber 
cut in autumn must be extracted before the vegetation peri-
od begins [22, 39]. When analyzing the urban and rural 
portion of the test, one may observe that the percent values 
in the real-world test were exceeded compared to the pre-
scribed standard. The exception is the urban portion in the 
autumn test, in which it was a little above 11% of the entire 
cycle. This may result from the fact that the test route led 
through the Czarnków beltway and avoided entering the 
largest city in the region. 

 
Table 3. Duration of the test drives in individual portions of the test against 

the requirements of the RDE procedure for heavy-duty vehicles 

Test portion  Unpaved 
roads 

City Rural Highway 

Urban 11% 11.5% 47.2% 30.3% 
Rural 20.8% 44% 34% 1.2% 

Motorway – 20% 25% 55% 
 
The regulation also defines the operational require-

ments. It assumes that the test, as well as the pulling of the 
data from the OBD system, continues without interruptions. 
These requirements were fulfilled in both the autumn and 
the winter tests. The legislation also details the duration of 
the test. It was described as the time necessary to obtain 

five times the reference mass of carbon dioxide in kg per 
cycle from the WHTC test (World Harmonized Transient 
Cycle) or the time necessary for the tested object to perform 
five times the work prescribed by the WHTC test proce-
dure. The authors decided to validate the duration of  
a standard transport cycle in terms of its compliance with 
the HDV RDE procedure.  

The authors calculated the work performed by the en-
gine of the tested object in the WHTC test. Based on the 
actual torque curve and using a spreadsheet with the appro-
priate function, the actual torque in Nm was calculated. 
Based on it, the instantaneous engine power was calculated, 
which enabled the development of the drive unit's operation 
in the WHTC test in kWh. The results have been presented 
in Fig. 8. The obtained results clearly indicate that none of 
the test drives met this requirement. The work performed 
by the engine in the autumn test was more than 1.5 times 
smaller than required, and the one performed in the winter 
test was almost 2.5 times smaller than required. Based on 
the previous observations, one may confirm that a standard 
operational model of the investigated vehicle is non-
compliant with the RDE test model. 

 
 Fig. 8. Work performed by the investigated object in individual tests 

 
The group of vehicles discussed in this article is ap-

proved based on procedures that do not consider the impact 
of unpaved roads on emissions. As confirmed in earlier 
sections, these roads have a significant impact on the per-
formance of truck power units, which directly affects the 
number of toxic emissions into the atmosphere. Figure 10 
shows a comparison of the emissions of the studied facility. 
Successively, Fig. 9a shows the results for the test conduct-
ed in autumn and Fig. 9b – the results for the winter test. 
The indicators shown were obtained by comparing the test's 
gaseous compound emissions with the limits specified in 
the standard. In both tests, the emission factors did not 
exceed 1. It is worth noting, however, that they differ sig-
nificantly from each other. This is due, among other things, 
to the differences between the two routes – including their 
length and mainly the difference in the condition of their 
pavement. These factors significantly affect the operation 
of the propulsion units, which translates directly into ex-
haust emissions. Although the values obtained in the test 
are less than the limit values, it is worth noting that the tests 
that constitute the actual process of their operation do not 
meet the requirement of homologation tests, as proven in 
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the earlier parts of this article. Based on the research test it 
can be considered that the analysis conducted is representa-
tive of the national timber transportation system in which 
HDVs are used. This can be said because each step of the 
standard timber transportation process was considered in 
the analysis. 

 

 

 

Fig. 9. Compliance factors for exhaust gaseous emissions of tested trucks: 
 a) autumn test, b) winter test 

4. Summary 
Different climatic conditions, such as low temperatures 

and rainfall, have a significant impact on truck emissions 
and fuel consumption. In cold weather, engines take longer 
to warm up, which increases fuel consumption, especially 
when starting. In addition, cold weather causes more rolling 
resistance in tires, which also leads to higher combustion. 
Rainfall affects the aerodynamics of the vehicle and causes 
more drag from wheel contact with wet pavement, which 

further increases fuel consumption. In turn, increased fuel 
consumption leads to higher emissions, which has a nega-
tive impact on the environment. As a result, adverse weath-
er conditions can significantly reduce the energy efficiency 
of trucks. However, this paper is intended to draw attention 
to the fact that current approval procedures do not consider 
the actual operating models of HDVs used in off-highway 
transportation. 

Literature analysis allows a conclusion that heavy-duty 
vehicles (category N1 in particular) are currently used in 
the carriage of any type of cargo. The nature of their appli-
cation can, thus, vary widely. The real-world investigations 
described in this paper were carried out at different times of 
the year. Therefore, they varied in terms of road conditions 
and ambient temperatures. The analysis of the obtained 
vehicle and engine operating parameters proves that the 
engines operated in similar intervals irrespective of the 
ambient conditions. We can, therefore, treat these tests as 
representative of the discussed timber transport process. 
The performed research leads to a conclusion that the oper-
ational model of heavy-duty vehicles operating under vari-
able conditions does not reflect the model specified in the 
RDE procedure. The analysis of the engine operating condi-
tions in terms of RDE compliance has shown that the main 
assumptions as to the test drive conditions and operational 
requirements are inadequate. Vehicles carrying timber op-
erate on paved as well as unpaved roads (these are not in-
cluded in the procedure). Individual stages of the RDE test 
(urban, rural, motorway portions) did not comply during the 
tests either. Additionally, the test duration criterion was not 
met (it is noteworthy that the research object was a truck 
designed to carry timber). Heavy-duty vehicles are used in 
different transport processes that are also composed of 
portions involving non-road operation. An example of such 
could be HDV machinery operating in farm fields, con-
struction sites or open cast mines. Therefore, it is important 
to further investigate a greater number of research objects 
and perform detailed analyses of the compliance of their 
operational model with the legislative assumptions related 
to RDE testing.  
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Nomenclature 
CO carbon monoxide 
CO2  carbon dioxide 
NOx  nitrogen oxides 
SI spark ignition 
THC  hydrocarbons 
RDE real driving emission 

PEMS portable emission measurement system  
ASC ammonia slip catalyst 
DOC diesel Oxicat 
DPF diesel particular filter 
SCR selective catalytic reduction 
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