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Analysis of methods for estimating pollutant emissions from marine engines  
in terms of their use for evaluating ambient air quality  

 
ARTICLE INFO  This paper discusses a method for estimating pollutant emissions from the ICE of ships for air quality modelling. 

Three levels of emission estimation and methods for estimating ship pollutant emissions are divided into bottom-
up and top-down approaches. The bottom-up approach is based on detailed ship operations and requires 
knowledge of many input parameters (a more accurate method, but is very time-consuming). The top-down 
approach is based on the value of the fuel consumed by the ship and is less precise but more accessible to apply. 
Various data sources are available for estimating pollutant emissions from ships, including studies commis-
sioned by the IMO, which provide reliable emission estimates for different types of ships but lack geospatial 
information; the CEDS database, which optimises regional emissions information by scaling emissions from 
ships to national levels; CAMS-GLOB-SHIP, which provides emissions at a resolution of 0.25° × 0.25° for the 
following substances: CO, NOx, VOC, EC, OC, BC, SOx, SO4; the EDGAR database, which provides annual 
emissions estimates at a resolution of 0.1° × 0.1°, but only covers the three main GHGs and F-gases; the 
Automatic Identification System (AIS), which provides high-resolution ship traffic data, allowing for a more 
realistic description of emitters. Many methods are available for estimating ship emissions, each with ad-
vantages and disadvantages. The choice of method depends on the available data and the level of accuracy 
required. The availability of AIS data allows for more accurate emission estimates, which are significant for  
a better understanding of the impact of shipping on air quality. 
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1. Introduction 

With the swift growth of the global economy, increasing 
environmental protection requirements, and the rising de-
mand for maritime transport, the issue of pollutant emis-
sions from vessel internal combustion engines is becoming 
critically important. Combustion engines, regardless of 
their purpose (cars, aircraft, vessels, and other machines), 
are a source of pollutant emissions. The main pollutants 
emitted by vessel combustion engines operating on interna-
tional routes and in ports include PM, VOCs and CO, 
which affect human health; SOx and NOx, which contribute 
to acid rain; and GHGs such as CO₂, CH₄ and N₂O, as well 
as BC, which, although not a GHG, has a strong climate-
warming effect due to its ability to absorb solar radiation [1, 
9, 28, 33, 35, 47]. Emissions from vessels' internal combus-
tion engines do not just influence the local marine environ-
ment, but also the climate and air quality, therefore, precise 
comparative analysis of pollutant emission estimation 
methods is becoming increasingly important. In contrast to 
pollutant emissions from road vehicles, air pollutant emis-
sions from vessels are much higher due to the amount of 
energy required to operate the vessels. In recent decades, 
emissions from global shipping have risen substantially, 
adding to anthropogenic pollution worldwide and signifi-
cantly impacting air quality through their role in climate 
change, ozone layer depletion, and the formation of acid 
rain [30, 33, 40, 42]. Consequently, there are growing con-
cerns about the impact of pollutant emissions from vessels 
on the environment and human health. Additionally, it is 
noteworthy that emissions from shipping were not included 
in the emission reductions discussed at the 21st annual COP 

because they do not occur within the borders of any specific 
country [33, 48].  

The dispersion of pollutant emissions from ships poses  
a significant challenge, as research indicates that at least 
70% of emissions from vessels on international routes oc-
cur within 400 kilometres of the coastline. These pollutants 
can travel hundreds of kilometres inland, leading to air 
quality issues even in distant coastal regions [5, 10, 33, 49]. 
As a major source of air pollution in cities and port areas, 
emissions from vessels have a harmful effect on the quality 
of ambient air and significantly contribute to the increase in 
the concentration of toxic substances in the surrounding 
areas. As a result, the shipping industry is responsible for 
higher concentrations of toxic substances in port areas than 
in inland municipalities. Emissions also arise when vessels 
are in ports, and most of the environmental impacts result 
from routine operations, such as their activities in port [30, 
33, 42, 43]. These pollutants cause lung cancer, loss of lung 
function, cardiovascular and cardiopulmonary system, 
allergies and asthma, especially in coastal communities [9, 
11, 29, 33].  

Subsequently, a compelling approach technique is re-
quired to control the emission of pollutants from vessels 
into the environment, requiring strong forecasts in terms of 
observing, measurement, and localization, particularly 
within the zones with higher oceanic activity. To improve 
air quality management strategy, it is vital to prepare an 
emission inventory, which helps to identify significant 
sources of air pollutants, build up outflow patterns over 
time and direct administrative activities [45]. The emission 
inventory for air quality modelling purposes should start 
with a project plan: the main objective, the definition of 

http://orcid.org/0000-0001-9193-1473
http://orcid.org/0000-0003-0166-2818
http://www.combustion-engines.eu
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pollutants and types of vessels to be analysed, the geo-
graphic resolution, the time resolution and the methodology 
for preparing the emission inventory, and the expected 
results [8].  

In the context of global challenges related to reducing 
greenhouse gas emissions and air pollutants, understanding 
the effectiveness of different methods for estimating pollu-
tant emissions from vessels' internal combustion engines 
becomes crucial. Proper emission estimation is not only 
essential for monitoring and enforcing environmental regu-
lations, but also a fundamental step towards developing 
emission reduction strategies and improving energy effi-
ciency in maritime transport and air quality [8, 13, 33, 45]. 

This article presents an overview of methods for esti-
mating pollutant emissions from vessels’ internal combus-
tion engines with a view to using them for air quality mod-
elling purposes. These considerations aim not only to pre-
sent and compare different methodologies, but also to ana-
lyse their data requirements, accuracy levels, spatial and 
temporal resolution, and suitability for air quality model-
ling. This analytical perspective allows for identifying each 
method's trade-offs and practical implications in policy and 
scientific contexts. 

2. Estimating exhaust emissions from ships 
Because of their immediate and detrimental influences 

on human existence, emissions from pollution are frequent-
ly a key topic of study, as researchers consistently seek 
innovative methods to lessen their effects. To ensure the 
successful application of eco-friendly solutions, assessing 
pollutant emission inventories is essential, enabling targeted 
actions in the most critical and uncertain scenarios. Since 
measuring exhaust emissions from every vessel worldwide 
is impractical, comprehensive databases are developed, 
relying on various methods to estimate these emissions 
accurately. 

In maritime transport, in contrast to land transport, 
where there are and are used emission models of pollutants, 
e.g. HBEFA [15] and COPERT [32], which take into ac-
count many factors influencing emissions (e.g. average 
speed, vehicle structure, traffic share), emission models are 
less developed and often focus on cumulative categories of 
ships, which makes it difficult to assess the impact of indi-
vidual factors on emissions accurately. Estimating emis-
sions from vessels is further complicated by the complexity 
of modelling GHG emissions and engine exhaust pollu-
tants. The reliability of emission estimates largely depends 
on the adequacy of the applied engine models and the 
availability of validated empirical data, as shown in studies 
evaluating marine engine modelling frameworks [25]. This 
process demands detailed information, including vessel 
characteristics (such as length, width, draft, propulsion 
system condition, type and number of engines, and propel-
lers), operational parameters (like speed and course), envi-
ronmental factors (such as wind strength and direction, air 
and water temperature, atmospheric pressure, humidity, and 
sea conditions), as well as the number of vessels within 
various categories.  

Although emissions from shipping activities have been 
discussed in many publications, which present different 
methods of estimating emissions [8, 14, 20, 33, 34] (Table 

1), for the purpose however of modelling air quality (spread 
of pollutant emissions), not only the value of pollutant 
emissions but also geospatial information (division of emis-
sions in the measurement grid) is needed. As mentioned 
earlier, there is a need for accurate and reliable data on the 
amount and distribution of emissions to effectively reduce 
emissions from ships and their negative impact on human 
health. Table 1 presents a comparison of the available 
methods of estimating pollutant emissions.  

 
Table 1. Comparison of pollutant emission estimation methods [6]  

Inventory Scale Pollutants Method 
used 

IMO Global PM2.5, CH4, NOx, N2O, 
VOC 

Bottom-up 
and Top-

down 
CEDS 
v_2021 

National NH3, CO, BC, NMVOC, 
CH4, N2O, OC, NOx, SO2 

Top-down 

CAMS-
GLOB-
SHIP v3.1 

0.25° × 0.25° SOx, SO4, NOx, EC, CO, 
VOC, OC, Ash 

Bottom-up 

EDGAR 
v7 

0.1° × 0.1° CH4, F-gases, N2O Bottom-up 
and Top-

down 
IMO – International Maritime Organization 
CEDS – Community Emissions Data System 
CAMS-GLOB-SHIP – Copernicus Atmospheric Monitoring Service 

Global Shipping 
EDGAR – Emissions Database for Global Atmospheric Research 

 
As shown in Table 1, each method differs in scope and 

scale and data input structure, making their selection highly 
dependent on the available information and desired output 
resolution. This article analyses these differences to support 
appropriate method selection in various modelling contexts. 

One notable emissions database is the IMO study, 
which offers reliable estimates for various vessel and en-
gine types but does not include geospatial details. In con-
trast, the CEDS database enhances regional emissions data 
by increasing transportation emissions to national standards 
over an extended historical period. CEDS covers emissions 
of CO, BC, CO2, CH4, NH3, NOx, OC, NMVOC, N2O, SO2. 
The CAMS-GLOB-SHIP v3.1 database provides shipping 
emissions in a grid resolution of 0.25°×0.25° for pollutants 
such as NOx, CO, SOx, VOC, OC, EC, BC, and SO4. 
Meanwhile, the EDGAR v7 database delivers annual emis-
sions estimates in a finer-gridded resolution of 0.1°×0.1°, 
but it is limited to the three primary GHG (CO2, CH4, N2O) 
and F-gases [6]. 

Given the above data, it becomes necessary to assess air 
pollutant emissions from ships as accurately as possible. 

For all sources of pollutant emissions, including ship-
ping, there are methods for estimating pollutant emissions 
from ships' internal combustion engines. The methodology 
for estimating GHG emissions is presented in the IPCC 
guidelines for national greenhouse gas inventories, while 
for pollutants in the EMEP/EEA air pollutant emission 
inventory guidebook [8]. 

Based on the methodology given in the guidelines, there 
are 3 levels of emission estimation, the choice depends on 
the availability of data.  

The Tier 1 method, the most straightforward approach 
for creating national and international emission inventories, 
is employed when detailed data on vessel movements is 
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unavailable [30, 33]. This method relies on information 
about marine fuel sales and emission factors associated 
with fuel consumption, expressed as the amount of pollu-
tants per unit of fuel used [8].  

The presented equations reflect the methodological 
framework in international guidelines such as the IPCC and 
EMEP/EEA. They are included to illustrate each estimation 
approach's underlying structure and assumptions. While 
this article does not aim to perform sample calculations, 
such examples can be found in national emission inventory 
reports or application-specific studies. 

In this situation, the emission is determined using equa-
tion (1): 

 Ei = ∑ (FCm ∙ EFi,m)m  (1) 

where: Ei – emission of pollutant i [kg]; FCm – weight of m 
type marine fuel sales within the country [Mg]; EFi,m – 
emission factor of pollutant i for a specific fuel consump-
tion and m type fuel [kg/Mg]; m – type of fuel (marine 
diesel oil (MDO), heavy fuel oil (HFO), LNG, petrol). 

Marine fuel consumption data is typically obtained from 
statistical reports. 

The Tier 1 method utilizes EFs for each pollutant and 
fuel type, with certain EFs, such as those for SO2, being 
influenced by fuel quality. 

Tier 2 assumes that data on fuel sales for shipping, cate-
gorized by fuel type, is available at the national level. 
Emissions are estimated according to a specific framework 
(see Fig. 1). 

Tier 3, similar to Tier 1, relies on fuel consumption data 
categorized by fuel type. However, it also incorporates 
detailed, country-specific information on the distribution of 
fuel consumption based on engine type, whether low, me-
dium, or high speed. 

 
Fig. 1. Emission estimation scheme in Tier 2 method 

 
Pollutant emission in Tier 2 is determined according to 

the equation: 

 Ei = ∑ (∑ (FCm,j ∙ EFi,m,j))jm   (2) 

where: Ei – emission of pollutant i [Mg]; FCm,j – weight of 
m type fuel consumed by vessels from j type vessels [Mg]; 
EFi,m,j – average emission factor of pollutant i by vessels 
with j type engine and using m type fuel [kg/Mg]; i – pollu-
tant; j – engine type (gas turbine and steam turbine, slow, 

medium and high-speed, diesel oil); m – fuel type (marine 
diesel, heavy fuel oil (HFO), LNG, petrol). 

In Tier 2, the indicators represent average conditions 
throughout the entire voyage. As a result, emission factors 
determined by taking a weighted total of the indicators 
across various operational points, where the weights repre-
sent the anticipated frequency of the ship's activity at each 
point throughout the typical journey. 

The whole fuel allocation for domestic and foreign 
(HFO) vessels should be the focus of Tier 2. To apply 
emission factors more accurately, information on port arri-
vals must be gathered and categorized by engine type using 
national data and standard metrics of fuel kinds and ship 
operations.  

The European Union's national port arrival data is gath-
ered and submitted to Eurostat by every Member State by 
the Maritime Statistics Directive (Council Directive 
96/64/EC). Quarterly data covering transportation, travel-
lers, and cargo, classified by destination, collaborating 
party, and type of cargo, is available via Eurostat's Newcro-
nos maritime database. 

This data only covers major ports (but 90% of total traf-
fic). Tiers 1 and 2 calculate emissions estimates by relying 
on the typical emission profiles of ships and consider fuel 
sales as the main indicator of activity. Individual vessel 
traffic data is the foundation of Tier 3 vessel traffic meth-
odology. 

This approach is recommended when detailed vessel 
traffic data and technical information about vessels (such as 
engine size, technology, installed power, fuel consumption, 
and operating hours) are available. This method is appro-
priate for gauging emissions on both a national and interna-
tional, even though it may take a significant amount of 
time. To meet the country's overall reporting requirements, 
fuel adjustments must be made for other significant fuel-
consuming divisions to preserve the national energy bal-
ance. 

This methodology can calculate emissions based on the 
UNECE/EMEP domestic and international shipping defini-
tions and alternative definitions (e.g., by flag, ownership, or 
geographical area). 

Tier 3 calculates emissions from navigation for mer-
chant vessels by summing the emissions for each voyage. 
For each trip, emissions can be expressed as: 

 ETrip = EHotelling + EManouverin g + ECruising (3) 

Total emissions are the sum of all trips made by all ves-
sels over a year. Information can occasionally be collected 
from a typical selection of ships functioning in a designated 
time frame each year. In these scenarios, the estimated 
emissions for that selection must be adjusted to reflect the 
overall emissions from every journey and all ships over the 
entire year. 

When the fuel consumption in each step is known, then 
the emission of pollutant i can be calculated for the entire 
trip via (4): 

 ETrip,i,j,m = ∑ (FCj,m,p ∙ EFi,j,m,p)p  (4) 

where: ETrip – emission during the entire trip [Mg]; FCj,m,p – 
fuel consumption [Mg]; EFi,j,m,p – emission factor [kg/Mg]; 
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i – pollutant; m – fuel type (marine diesel oil (MDO/MGO), 
LNG, heavy fuel oil (HFO), petrol); j – engine type (slow, 
medium and high speed, gas turbine and steam turbine, 
diesel oil); p – other phase of the journey (cruise, hotelling, 
manoeuvring). 

Suppose fuel consumption during different phases of the 
journey is unavailable. In that case, an alternative method-
ology for calculating emissions is suggested, which relies 
on the installed power and the time spent in each navigation 
phase.  

Emissions can be estimated using straightforward in-
formation about the installed power of the main and auxilia-
ry engines, the load factor, and the total time spent in each 
phase (in hours) by the following equation: 

 ETrip,i,j,m = ∑ [Tp ∑ (Pe ∙ LFe ∙ EFe,i,j,m,p)e ]p  (5) 

where: ETrip – emission during the entire trip [Mg]; EFe,i,j,m,p 
– emission factor [kg/Mg], depends on the ship's type; LFe – 
engine load factor [%]; Pe – engine rated power [kW]; Tp – 
time [h]; e – engine category (main, auxiliary); i – pollu-
tant; j – engine type (slow, medium and high speed, Diesel 
engine, gas turbine and steam turbine); m – fuel type (ma-
rine diesel oil (MDO), heavy fuel oil (HFO), LNG, petrol); 
p – other phase of the journey (cruise, hotelling, manoeu-
vring). 

If the cruise time is not known, it can be calculated as 
follows:  

 TCruising  (hours)  =
Distance Cruised (km)

Average Cruising Speed (km/hr)
 (6) 

Activity data, such as engine load factors and an esti-
mate of annual usage hours, should be derived from popula-
tion data for small boats, categorized by ship type, fuel 
type, engine type, and technology level. This will help 
estimate emissions from small vessels for which separated 
national activity statistics are unavailable. According to fuel 
type, emission and fuel consumption are calculated as fol-
lows (7): 

Ei,m = ∑  b ∑  e ∑ (Nb,e,z ∙ Tb,e,z ∙ Pb,e,z ∙ LFb,e,z ∙ EFb,e,z) z  (7) 

where: Ei,m – emissions generated by small boats per year 
[Mg]; Nb,e,z – number of ships [pcs.]; Tb,e,z – average operat-
ing time of each ship per year [hours/ship]; Pb,e,z – nominal 
engine power [kW]; LFb,e,z – engine load factor [%]; EFb,e,z 
– emission factor [g/kWh]; b – type of vessel (yawl, cabin 
boat, sailing, …); e – type of engine (inboard, outboard, 2S, 
4S); i – pollutant (NMLZO, NOx, NH3, PM) or fuel con-
sumption; m – type of fuel (petrol, diesel oil); z – technolo-
gy layer (conventional, 2003/44/EC). 

It is worth noting that if the navigation calculations are 
founded on samples, the effects should be scaled up to 
obtain an annual sum. A geographic information system 
(GIS) can be used to disaggregate the data spatially. 

If the fuel consumption for a given phase of the journey 
is unknown, an alternative method of estimating pollutant 
emissions should be used based on the installed power and 
the time spent in the individual navigation stages. A thor-
ough understanding of the power output of the installed 
main and auxiliary engines, the load factor, and the total 

time (hours) spent in each phase can be used to calculate 
pollutant emissions. 

There are two main approaches used to calculate GHG 
and pollutant emissions for air quality modelling purposes 
from all emission sources including ships, which use the 
methods described above or models derived from them: the 
bottom-up approach (activity-based – Tier 3) and the top-
down approach (fuel-based – Tier 1 and 2) [6, 26, 33]. The 
schematic of both modelling approaches is shown in Fig. 2. 

 
Fig. 2. Schematic approach to estimating emissions from ships [6] 
 
The top-down method is based on the fuel consumption 

of the vessel [13], where the emission is calculated accord-
ing to the Tier 1 or 2 method.  

The bottom-up method is based on the vessel's activity 
(i.e. Tier 3), filling the shortcomings of the top-down meth-
od and improving the accuracy of the calculation of exhaust 
emissions from vessels [13]. Although a variety of data 
types are required, such as sailing time, vessel speed, navi-
gational condition, engine power, load factors, emissions, 
etc., this method has made a detailed division of the vessel's 
activities, increasing the accuracy of the emission factor 
selection. Bottom-up approaches rely on data sources that 
provide each registered vessel's technical specifications in 
addition to worldwide shipping activity. In recent research, 
the AIS has been utilized to measure engine operating 
hours, instantaneous speeds, and the duration of journeys 
between locations at sea by analysing detailed vessel traffic 
data. Meanwhile, specific research from the ground up 
depends on fuel usage statistics submitted by operators for 
specific ships [4, 7, 12, 16, 26, 33]. 

The ambiguity surrounding fleet operations has de-
creased as a result of the more realistic description of emit-
ters made possible by the availability of AIS data. AIS is an 
automated tracking system mandated by the SOLAS Con-
vention for all passenger ships, all cargo ships above 500 
GT, and all ships over 300 GT involved in international 
travel. At regular intervals, ships' AIS transceivers send 
vital information to shore stations and other vessels, includ-
ing the ship's position, course, heading, speed, dimensions, 
type, draft, and destination. AIS data can be kept for later 
examination, making it a great resource for research, even if 
its main goal is to increase navigation safety. Numerous 
studies of maritime traffic have made advantage of the large 
datasets produced by AIS, particularly to describe maritime 
traffic patterns using unsupervised learning techniques [9, 
34, 37–39], to detect maritime anomalies [36, 39], to assess 
the risk of ship collisions [37, 29, 41], maritime traffic and 

https://link.springer.com/article/10.1007/s44312-023-00001-2/figures/2
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port management and to assess emissions [3, 22, 44]. Be-
sides, with AIS information, it is conceivable to display 
high-resolution geological data on emissions and to exam-
ine the allotment of these emissions according to regularity, 
transport type, hail state, and transport routes. Once the 
specialized characteristics of the vessel are given, debilitat-
ed outflows can be demonstrated at exceptionally tall tran-
sient and spatial determination. The bottom-up approach 
permits the estimation of emissions by utilizing the infor-
mation transmitted by AIS to calculate hourly fuel utiliza-
tion and outflows for each vessel, where some vessels are 
distinguished as 'in operation' utilizing the IHS database. In 
this manner, the use of AIS and other vessel databases to 
gather information on vessel action and calculate GHG 
emissions from vessels utilizing the bottom-up strategy has 
become a common approach.  

The AIS-based approach to ship emission inventories 
has found application in ship emission models. It was first 
proposed by Jalkanen et al. [16] who introduced the 
STEAM. Improvements in data assimilation and realistic 
performance modelling were then introduced, STEAM2 
[18], STEAM3 [21], SENEM [31], and MariTEAM [26] 
models were subsequently published. The STEAM was 
developed by the FMI to accurately estimate pollutant 
emissions from maritime traffic. It is an advanced tool that 
allows dynamic modelling of gaseous and particulate emis-
sions from vessels, taking into account real ship traffic data 
from the AIS system.  

The STEAM model takes into account the type of fuel 
used to power both the main engines of the vessels and the 
auxiliary engines, as well as the fuel consumption indicator. 
The same value of the emission factors and fuel consump-
tion was assumed for all engines. In order to estimate other 
emission indicators (SOx and CO2), the model is based on 
parameters describing fuel consumption (including the type 
of fuel and the type of engine). The emission profile of 
marine engines may vary significantly depending on fuel 
composition, as demonstrated in studies on the use of alter-
native fuel blends such as n-butanol and marine diesel oil 
[2]. NOx emissions in the STEAM model are estimated 
based on the permissible values of unit emission from the 
engine speed described in Annex VI of the MARPOL Con-
vention. Another simplification included in the model is the 
assumption that NOx emission indicators for all engines are 
the same regardless of their age, and they are independent 
of the actual fuel consumption. The STEAM model at-
tempts to take into account the sulphur content in the fuel 
declared by the ship-owner [16]. If such data were not 
available, a 0.5% sulphur content in the fuel for the main 
engines and a 0.1% sulphur content for the auxiliary en-
gines were assumed, in accordance with the requirements of 
Annex VI of the MARPOL Convention for Sulphur Emis-
sion Control Areas (SECA), including the Baltic Sea. 

Another example is the secluded dispatch emission 
demonstrating framework (MoSES), which calculates toxin 
emissions in a spatial-temporal way, based on the ship's 
position information recorded from the programmed recog-
nition system. MoSES is built in a secluded design, which 
ensures great extension and conceivable outcomes. A few 
transport type-specific strategies have been created to as-

sess lost highlights that are vital for toxin emission display-
ing, such as net tonnage, fundamental or auxiliary motor 
control, motor control, or working speed, as these high-
lights are regularly not accessible at the show. In addition, 
the most recent emission factors for sulphates and particu-
late matter are taken from the literature on already ignored 
low-sulphur fuels. MoSES shows itself within the creation 
of an outflow stock for the North Ocean and Baltic Ocean 
locale, but it can be effectively connected to other districts 
as well [16–19]. 

Model of Emission From Ships At Sea (MEFSAS) is  
a predictive model and represents tool developed by the 
Polish Naval Academy in Gdynia, used to estimate emis-
sions from vessels sailing on any stretch of water. This 
model uses a number of factors to calculate emissions, 
including the type of vessel, style of sailing (regular or 
tramp shipping), type and age of engine, type of fuel, and 
data on ship traffic obtained from the AIS system and me-
teorological information [23]. 

The input parameters to the model is information col-
lected in a database created specifically for this purpose, 
containing [23]: 
 vessel identification information (name, IMO number, 

type, displacement) 
 information on the design of the vessel (hull dimen-

sions, draft, year of construction, maximum speed) 
 information on the main propulsion engine (engine type 

and its parameters, type of fuel used to power the en-
gine, methods used to reduce toxic emissions from the 
engine) 

 information on auxiliary engines.  
To create this database, technical information on ships 

from databases including Lloyd’s Register (LR) was used, 
supplemented by the data from ship-owners, local authori-
ties and shipyards. 

The MEFSAS model stands out from other approaches 
because it performs both retrospective and predictive emis-
sion assessments. Unlike models that focus solely on esti-
mating historical emissions, MEFSAS enables simulation 
of emissions for any given period based on a combination 
of AIS data, vessel classification, engine characteristics, 
and meteorological information. It is particularly well suit-
ed for application in Baltic Sea regions, where detailed 
traffic and environmental data are available. Furthermore, 
MEFSAS introduces a division between regular and irregu-
lar shipping, using statistical methods (e.g., Monte Carlo 
simulations) to estimate movements of vessels with incom-
plete tracking data. This feature enhances the model’s abil-
ity to provide temporally and spatially resolved emission 
estimates even in cases of limited AIS coverage. 

3. Summary and conclusions  
The presented methods were analysed comparatively 

regarding their methodological basis (top-down vs bottom-
up), input data availability, resolution, and application po-
tential. The analysis highlights that, while bottom-up meth-
ods offer higher precision, they demand significantly more 
detailed data and resources. 

It is right now broadly acknowledged that the bottom-up 
approach is for the most part more exact than the top-down 
approach; however, extraordinary endeavours are required 
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to diminish information gaps and peculiarities, particularly 
for large-scale studies [4, 27]. In truth, on a worldwide 
scale, the activity-based strategy postures challenges due to 
the utilize of normal input parameters such as motor stack 
components, time went through in operational modes, fuel 
utilization calculate and outflow variables, which depend 
on the measure, age, fuel sort, vessel sort course and adver-
tise circumstance causing instability within the assessed 
emissions [9, 27]. 

Hence, the bottom-up outflow calculations will depend 
on the specialized data around the vessels (sort and/or cate-
gory of the vessel; length of the vessel, GT, breadth, tall-
ness; control of the most motor (ME) and assistant motor 
(AE); working speed of the vessel; particular fuel utiliza-
tion of the motors), data on shipping and activity exercises 
(vessel speed and speeding up profile; arranged entry and 
flight times; motor operation data; AIS information) and 
other nitty gritty information such as fuel sort, day by day 
fuel utilization and outflow variables. 

As for the technical information about the vessels, the 
best way to obtain the relevant data seems to be to combine 
data from the LRS database, engine manufacturers, local 
port authorities, and vessel owners, which allows for the 
collection of the most complete data for the studied fleet. 
However, data from commercial databases (e.g. LR) has to 
be purchased, which may be financially difficult. 

As for the specialized information about the vessels, the 
perfect way to get the important information appears to be 
to combine information from the LRS database, motor 
producers, nearby harbour specialists, and vessel owners, 
which allows for the gathering of the most comprehensive 
data for the considered armada. Be that as it may, infor-
mation from commercial databases (e.g. LR) must be ob-
tained, which may be fiscally troublesome. 

Displaying of destructive compounds emissions may be 
an exceptionally vital and at the same time exceptionally 
complex issue. Numerous endeavours are being made 
around the world to assess the outflow models of destruc-
tive compounds in the discharge of pollutants. Tragically, 
due to the reality that the structure of the demonstrate de-
pends not as it were on its reason, but moreover, to a ex-

pansive degree, on the sum and quality of input infor-
mation, and numerous considers are based on inadequately 
sum and quality of information, frequently gotten from 
numerous different sources and the have to be utilize rear-
rangements, this altogether influences the unwavering qual-
ity of the demonstrate. The models for evaluating toxin 
emissions displayed in this work are burdened with certain 
mistakes due to disentanglements constrained by down-to-
earth reasons (e.g., a lack of information on the parameters 
of the vessel, motor, or outflow characteristics). To deter-
mine the activity and developments of ships, the use of AIS 
information appears to be the most solid and precise ap-
proach, since this information is much appreciated, it is 
possible to precisely model the operational profiles of ships. 
In spite of the focal points, it ought to be noted that AIS 
information may require filtering to remove irregularities 
caused by time gaps, which provide inaccurate positions 
and, thus, inaccurate speeds. Moreover, due to the extensive 
amount of information, calculations on this sort of infor-
mation can be moderately complex. The basic difference 
between the described models, despite the apparent similar-
ity in the general approach to the problem, is the way of 
approaching the input data. In the case of the STEAM mod-
el, an input database of vessels was created, and in the ab-
sence of information, it is assumed that it is a tugboat with 
specific parameters. The authors of the article adopted  
a different method of determining the vessel parameters and 
the movement of vessels. The division of vessels into regu-
lar shipping vessels (for which we have a database) and 
irregular shipping vessels was adopted, for which data is 
determined based on statistical data (using, among others, 
the Monte Carlo method) [23]. Therefore, MEFSAS can be 
considered a promising tool not only for reconstructing past 
emissions but also for forecasting emission scenarios in 
specific sea areas, thanks to its modular and data-driven 
structure. 

It can therefore be stated that the MEFSAS model, un-
like other models, allows not only for estimating the emis-
sion of toxic compounds in exhaust gases for the present or 
past, but also for forecasting emissions at any point in time. 

 

Nomenclature 
BC  black carbon 
CAMS-GLOB-SHIP  Copernicus Atmospheric Moni-

toring Service Global Shipping 
CEDS  Community Emissions Data System 
CH4  methane  
CO  carbon monoxide 
CO2  carbon dioxide  
COP21  Conference of the Parties  
COPERT  Computer Programme to Calculate Emissions 

from Road Transport) 
EDGAR  Emissions Database for Global Atmospheric 

Research 
EF  emission factors  
FMI  Finnish Meteorological Institute  
GHG  greenhouse gas  

GIS  geographic information system  
HBEFA  Handbook Emission Factors for Road Transport  
IMO  International Maritime Organization 
IPCC  International Panel on Climate Change  
MEFSAS  Model of Emission From Ships At Sea 
N2O  nitrous oxide 
NH3  ammonia 
NMVOC  non-methane volatile organic compounds  
NOx  nitrogen oxides 
OC  organic carbon 
PM  particulate matter 
SO2  sulphur dioxide 
SOx sulphur oxides 
STEAM  Ship Traffic Emission Assessment Model 
VOC  volatile organic compounds 
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ARTICLE INFO  A compressed air pulse directed to the turbocharger of an internal combustion engine can significantly improve 

the power and torque build-up characteristics. This article presents the design and testing of a universal 
compressed air delivery system for the turbine rotor on the exhaust side of a turbocharger, demonstrated using a 
Volvo V70 2.0 Turbo vehicle. The proposed solution offers a retrofit approach for older engine designs, inspired 
by the PowerPulse system, which was first introduced commercially by Volvo in 2016 in the S90 model. The non-
commercial prototype tested in this study increased engine torque by up to 13% within a selected rotational 
speed range (1700 to 2400 rpm). Simultaneous changes were also observed in the manifold absolute pressure 
(MAP), lambda sensor readings, injection timing, and air mass flow in the intake manifold. 
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1. Introduction 

The phenomenon known as turbo lag refers to the delay 
between the demand for power and the actual increase in 
engine power output in turbocharged engines. This delay is 
primarily due to the time required for the turbocharger to 
spool up and provide the necessary boost pressure. Several 
key factors contribute to turbo lag. The design and efficien-
cy of the turbocharger [19], including the turbine and com-
pressor geometry, have a significant impact on transient 
response; for example, mixed flow turbines can improve 
efficiency at low velocity ratios [11], while variable geome-
try turbines (VGT) and variable diffuser vanes extend oper-
ating range and optimize torque delivery by adjusting flow 
conditions [9]. Turbochargers also operate under highly 
unsteady flow conditions due to the reciprocating nature of 
internal combustion engines, which affects overall perfor-
mance [7, 13, 16]. The interaction between the turbocharger 
and the intake and exhaust systems [2], including pulsating 
flow dynamics, is critical to optimizing performance [13, 
14]. Additionally, heat transfer within the turbocharger and 
aerodynamic aspects such as the shape of the turbine volute 
influence performance, especially under pulsating flow 
conditions [24], and deviations from expected behavior can 
occur at low engine loads due to heat transfer effects [17]. 
To address these challenges, advanced control strategies are 
employed, including computational fluid dynamics (CFD)-
based optimization and genetic algorithms to improve de-
sign [10, 12, 15], as well as model-based control of fueling 
and valve timing to reduce cylinder-to-cylinder variation 
and improve performance [21, 25]. Mitigation techniques 
such as variable geometry turbochargers [9], turbo-
discharging methods to recover exhaust energy [3], and the 
application of advanced materials and coatings to improve 
durability and efficiency under high-stress conditions are all 
helping to reduce turbo lag. While turbo lag remains a key 
challenge in turbocharged spark-ignition engines, ongoing 

advancements in turbocharger design, control systems, and 
materials continue to enhance engine response and overall 
performance. 

One of the emerging solutions in the effort to improve 
engine response and reduce torque delay is the use of com-
pressed air systems for turbochargers. Compressed air sys-
tems can help address this issue by providing an immediate 
supply of compressed air to the engine, thereby reducing 
the time required for the turbocharger to reach optimal 
performance levels [4]. Cieslar et al. in 2013 investigated 
two such systems: Air-Assist Systems and Exhaust Assist 
Systems. The Air-Assist System injects compressed air 
directly into the intake manifold, significantly enhancing 
the engine’s transient response. This approach is relatively 
cost-effective compared to more complex technologies such 
as multi-stage turbocharging or electrically assisted turbo-
chargers. However, its performance is often limited by the 
compressor surge margin. In contrast, the Exhaust Assist 
System represents a more innovative approach, where a 
compressed air reservoir, charged during braking, delivers 
air into the exhaust manifold. This technique helps over-
come the surge limitation and substantially improves turbo-
charger acceleration, reducing the time required to generate 
torque by approximately 60% during gear shifts. Addition-
ally, Song et al. in 2020 analyzed the Active Control Meth-
odology (ACM), which involves extracting a portion of 
compressed air from the compressor outlet, heating it with 
fuel, and supplying it to the turbine inlet. This method aims 
to optimize turbocharger operating conditions by expanding 
the surge margin and enhancing instantaneous engine per-
formance [18]. In 2008, Basu described hyperbar super-
charging, also known as hyper-bar turbocharging, as a high-
pressure turbocharging method primarily employed in ap-
plications demanding exceptionally high engine output. The 
technique utilizes turbochargers to dramatically increase 
intake air pressure, thereby boosting engine power density 

http://orcid.org/0009-0007-9887-5866
http://orcid.org/0009-0005-3162-6684
http://orcid.org/0000-0002-3120-778X
http://orcid.org/0000-0003-0808-298X
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and overall performance [1]. In conclusion, compressed air-
based systems present promising avenues for improving 
turbocharger dynamics and mitigating turbo lag. Each sys-
tem offers distinct advantages and limitations, and further 
research is essential to refine these technologies for practi-
cal implementation in modern automotive engines.  

The first commercially implemented compressed air 
system for turbocharger support was introduced by Volvo 
in 2016 in the D5 engine of the Volvo S90 under the name 
PowerPulse (Fig. 1). Developed in-house, this pneumatic 
system was designed to eliminate turbo lag and improve 
low-end engine response by injecting a pulse of compressed 
air directly into the exhaust manifold, accelerating the tur-
bocharger turbine more rapidly. The system uses an electric 
compressor to pressurize a 2-liter air tank to 18 bar, releas-
ing air through a solenoid valve when additional torque is 
requested, particularly enhancing responsiveness at engine 
speeds below 1500 rpm. Testing showed torque gains of up 
to 30% within one second of load application and improved 
acceleration in real-world driving conditions, such as stop-
and-go traffic. Compared to competitors with larger diesel 
engines, the PowerPulse-equipped Volvo XC90 D5 deliv-
ered superior launch performance while maintaining fuel 
efficiency and low emissions [5, 6].  

The aim of this article is to present the design of a uni-
versal compressed air pulse system for the turbocharger of  
a spark-ignition internal combustion engine, along with the 
results of experimental studies on its impact on torque, 
power output, manifold absolute pressure (MAP), intake air 
flow, injection duration, and lambda sensor readings. The 
research was conducted using a Volvo V70 2.0 Turbo as the 
test platform. 

 
 Fig. 1. Power-Pulse Volvo design [20] 

2. Materials and methods 
The concept involves designing a system that delivers 

compressed air to the turbine rotor on the exhaust side of 
the turbocharger, with the aim of increasing the air momen-
tum. The primary actuator of the system is a pressure noz-
zle located in the exhaust manifold, aligned with the direc-
tion of exhaust gas flow (Fig. 2). 

The subject of the study is a Volvo V70 2.0 Turbo 
equipped with a spark-ignition internal combustion engine 
designated as B5204T5. This 2004 engine is a five-cylinder 

unit with a displacement of 1984 cm³ (Table 1). It features 
Variable Valve Timing (VVT) on both camshafts and is 
fitted with 20 valves. According to the manufacturer's spec-
ifications, it delivers 180 HP and a maximum torque of 240 
Nm. The compression ratio is 9.5:1, which is considered 
relatively low for modern turbocharged engines focused on 
reducing emissions. However, this ratio is relatively high in 
the context of modifications aimed at increasing boost pres-
sure and engine output. 

 
Fig. 2. Exhaust manifold of the Volvo V70 2.0 Turbo: (a) manufacturer’s 
schematic, (b) additional channel for the compressed air impulse system 
(internal side), (c) additional channel for the compressed air impulse 
system (external side), where: 1–5 – cylinder numbers of the exhaust 
 channels 

 
Engine control is managed by the Bosch Motronic ME7 

system, a series of control units developed by Bosch for 
spark-ignition engines with multi-point fuel injection. Fig. 3 
illustrates the internal architecture of the controller, includ-
ing the sensors and actuators it operates. 

The engine's forced induction system features  
a Mitsubishi turbocharger from the TD04HL-20T family. 
On the intake side, it has a 47 mm inlet and a 58 mm outlet, 
while the exhaust side features a 52 mm inlet and a 45.6 
mm outlet. This series of turbochargers is specifically de-
signed for gasoline-powered engines. The rotor shaft is 
supported by journal bearings and is lubricated by oil sup-
plied from the engine's main oil line. Additionally, the 
turbocharger core is cooled using a water jacket. 

 
Table 1. Technical specifications of the B5204T5 engine 

Parameter Specifications 
Type Inline 5-cylinder 
Displacement 1984 cm³ 
Power 180 hp (132 kW) at 5300 rpm 
Torque 240 N⋅m (180 lb⋅ft) at 2000–5300 rpm 
Bore 81 mm 
Stroke 77 mm 
Compression ratio 9.5:1 
Type of supercharging Turbocharged 

 
To analyze the engine's operating parameters, the Volvo 

DICE diagnostic interface was used in combination with 
the Volvo VIDA software. Simulated engine load tests were 
conducted on a Dynomet ASP chassis dynamometer with 
active load control capabilities. The device is a load-type 
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(brake) chassis dynamometer, capable of applying pro-
grammable resistance to simulate various driving condi-
tions. The dynamometer allows for real-time measurement 
of wheel torque, engine output, and vehicle speed, with 
typical measurement accuracy of ±1% for power and 
torque, and ±0.2% for rotational speed. The system sup-
ports both steady-state and transient testing and can operate 
under automated load profiles for repeatable performance 
evaluations. 

Measurements were carried out under three different 
scenarios involving the initiation of the compressed air 
impulse. In the first scenario, the system was activated at an 
engine speed of 1200 rpm; in the second, at 1700 rpm; and 
in the third, at 2000 rpm. 

 
Fig. 3. Diagram of the BOSCH ME control unit with sensors and actuators 
 [8] 

3. Prototype design of the conceptual compressed 
air impulse delivery system 

3.1. Concept of operating principle 
The designed system is responsible for delivering  

a compressed air impulse to the turbocharger while main-
taining full automation. This means that once installed and 
configured, the system operates autonomously, with all 
necessary actions managed and executed by the control 
unit. 

The primary function of the system is to continuously 
monitor selected engine parameters that reflect the load on 
the power unit – specifically, the throttle opening degree, 
measured by the position sensor integrated into the original 
throttle body. At the same time, it monitors the pressure in 
the intake manifold, which, under high throttle opening, 
equals the pressure generated by the turbocharger. Another 
essential parameter for evaluating engine performance is 
engine speed. 

Based on these inputs, the system compares real-time 
values with thresholds programmed by the installer. When 
specific conditions are met, the system decides to inject 
compressed air into the turbocharger. This injection is initi-
ated by actuating a solenoid valve, and the supplied air 
accelerates the rotation of the turbocharger’s rotors. 

Due to the need for a constant supply of compressed air 
– something not typically available in passenger vehicles – 
the system includes a dedicated air preparation module. 
This module consists of a compressor and a storage tank. Its 
operation is supervised by the system’s central control unit. 

To allow both the user and the installer or technician to 
view system parameters and quickly deactivate the system 

if needed, a user interface panel is included. Designed for 
in-cabin installation via a single cable, the panel features an 
LCD display for real-time data and control buttons for 
manual input. 

Ensuring system reliability and maintenance-free opera-
tion requires self-monitoring capabilities. For this purpose, 
the system includes additional temperature and pressure 
sensors. If any monitored parameter exceeds safe limits, the 
system automatically deactivates to prevent damage. Nor-
mal operation resumes automatically once the conditions 
return to a safe range.  

3.2. Monitored parameters 
Power demand assessment in gasoline engines is made 

possible by monitoring the Throttle Position Sensor (TPS). 
The standard output range for such built-in sensors is 0 to 5 V, 
which corresponds to an interpretable signal range for  
a microcontroller. 

Intake manifold pressure in a turbocharged engine is  
a key parameter for the designed system, as it determines 
both the activation of the system and the correctness of its 
operation. This pressure is measured by a MAP sensor 
installed in the intake system. For optimal performance, the 
most suitable measurement location is in the intake mani-
fold downstream of the throttle body, as this position in-
cludes vacuum values. In vehicles equipped with a MAF 
sensor, the MAP sensor is typically located in the intake 
before the throttle body. Therefore, in the new system, the 
MAP reading is taken from an auxiliary sensor, which may 
also be shared with an alternative fuel injection system 
(e.g., LPG or CNG). The pressure sensor used in the system 
must have a minimum operating range of –0.1 to 0.15 MPa. 

Engine speed is a fundamental operating parameter of 
an internal combustion engine. It serves as the basis for 
functions that define other parameters. In the context of the 
designed system, it is essential for determining operational 
thresholds. The engine speed is determined in coordination 
with angular position detection, using a toothed ring rigidly 
connected to the crankshaft, in combination with an induc-
tive or Hall-effect sensor. 

Compressed air preparation would not be possible with-
out monitoring the pressure inside the storage tank. It is 
necessary to maintain the desired pressure level via a com-
pression unit, consisting of a compressor or a set of com-
pressors controlled electronically by the system controller. 
For this reason, it is a critical parameter for overall system 
operation. The pressure is measured by a transducer mount-
ed on and connected to the storage tank. The transducer’s 
readings are processed by the control unit. The required 
sensor must have a measurement range of at least 0 to 0.8 
MPa. However, considering that the system may require 
higher boost pressures for improved performance, a trans-
ducer with a wider operating range, such as up to 1.2 MPa, 
should be considered. 

Temperature monitoring within the system is necessary 
due to the need for automation, self-diagnostics, and the 
challenging operating environment. The control unit is 
designed for installation in the engine bay and includes 
heat-generating components such as a step-down voltage 
converter supplying 5 V to digital circuits, power transistors 
for driving the solenoid valve, and a microcontroller. The 
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controller is passively cooled without additional heat ex-
changers. A thermistor will be placed on its surface for 
temperature monitoring. 

Another critical location requiring thermal management 
is the air compressor mounted in the vehicle's trunk. It is 
responsible for supplying significant volumes of com-
pressed air. The electric motor generates considerable heat, 
and under the system’s assumed working pressures, not all 
commercially available compressors support a 100% duty 
cycle. Additionally, the compression process itself gener-
ates heat that must be dissipated. As a result, the compres-
sor is another potential overheating point and will also be 
equipped with a temperature sensor. 

3.3. Actuators 
The solenoid valve plays a crucial role in the designed 

system as the main actuator responsible for the precise 
delivery of compressed air. It operates by opening to allow 
airflow when the control unit detects the need for an air 
impulse, and closing to stop the flow when compressed air 
delivery is unnecessary or undesirable, such as in the case 
of system overheating. The valve's performance require-
ments include a fast response time to enable accurate acti-
vation and deactivation of the compressed air impulse, 
resistance to high pressure up to 0.8 MPa, and durability in 
harsh operating conditions such as elevated engine bay 
temperatures, moisture, and vibrations. 

Equally important to the system's operation is the com-
pressor, which is tasked with compressing air into a thin-
walled storage tank essential for the system's functionality. 
In the proposed setup, the compressor is powered by a 12–
14.4 V electric motor. It must meet several key require-
ments: it must generate compressed air at a target pressure 
of 0.8 MPa, have a compact design suitable for vehicle 
integration, and provide sufficient performance to pressur-
ize the air tank efficiently in the shortest possible time. 
Additionally, the compressor must maintain power con-
sumption at an acceptable level to ensure reliable and effi-
cient operation within the vehicle's electrical system. 

3.4. Control unit 
The control unit serves as the central component of the 

system, responsible for analyzing sensor data, making real-
time decisions to operate actuators, and ensuring communi-
cation with the vehicle driver through the user interface 
panel (Fig. 4). Its core functions include the analysis of 
input signals such as: 
 MAP (Manifold Absolute Pressure): measuring intake 

manifold pressure in the internal combustion engine 
 TPS (Throttle Position Sensor): detects the throttle 

opening angle 
 TAP (Tank Air Pressure): monitoring the pressure of 

compressed air stored in the thin-walled tank 
 RPM (Engine Speed): derived from the first fuel injec-

tor signal, allowing the system to determine the engine's 
crankshaft speed 

 Compressor Temperature Sensor: monitoring the ther-
mal condition of the compressor 

 Control Unit Temperature Sensor: tracking the operat-
ing temperature of the control module itself 

 Vehicle Electrical System Voltage: assessing power 
supply status 

 User Panel Button States: detecting manual user inputs. 
In terms of actuator control, the unit performs the fol-

lowing actions: 
 Solenoid Valve Control: based on the analysis of select-

ed engine parameters, the control unit determines when 
to open or close the valve 

 Compressor Activation: it triggers the compressor when 
the pressure in the air tank drops below a preset thresh-
old. 
The user interface panel supports: 

 Displaying system operating parameters 
 Presenting predefined values for key variables 
 Handling user input via buttons. 

For safety and diagnostics, the control unit continuously 
monitors critical thresholds and deactivates the system if 
any parameter exceeds its safe limit. Once conditions return 
to normal, the system automatically resumes operation, 
ensuring reliability and minimizing the need for manual 
intervention. 

 
 Fig. 4. Schematic diagram of the control system 

3.5. User panel 
The user panel serves as the interface that allows the 

driver to monitor and manage, in real time, the operation of 
the system responsible for delivering compressed air im-
pulses to the turbocharger. It is equipped with a 204 LCD 
screen and two buttons for system control. 

Each button on the user panel has a distinct function. 
The first button enables system deactivation. Pressing it 
immediately shuts down the system, including the compres-
sor. The driver can reactivate the system at any time by 
pressing the same button again. The second button is used 
to switch between different display screens, allowing the 
user to browse current operating parameters. 

The first screen displays real-time engine and system 
parameters. 
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Displayed engine parameters include: 
 Engine speed [rpm] 
 Intake manifold pressure (MAP) [bar] 
 Battery voltage (U.BAT.) [V]. 

Displayed system parameters include: 
 Compressor activation status 
 Compressed air pressure in the storage tank 
 Compressor temperature 
 Control unit temperature. 

The second screen provides access to the preset values 
that define the system’s activation conditions. The follow-
ing data is shown: 
 Boost pressure range (MAP) in the intake manifold at 

which the system is triggered 
 Minimum throttle opening angle required to indicate 

power demand 
 Maximum impulse duration, i.e., the maximum time 

compressed air is delivered into the intake or exhaust 
system. 
When the system is deactivated, the screen displays  

a welcome message containing the project name and the 
authors’ credits. 

The electrical and pneumatic system components are 
shown in Fig. 5 and 6, respectively. 

 
Fig. 5. Electrical system components, where: 1 – user panel, 2 – control 
unit, 3 – sensor signal inputs: MAP, TPS and rpm signal, 4 – air prepara-
tion module signal wire, 5 – air compressor wire, 6 – solenoid valve, 7 –
  air compressor output, 8 – power supply wires 

4. Results and discussion 
The tests conducted on the chassis dynamometer (Fig. 

7) focus on the operating range of the designed system, 
which means the lower engine speed range—where, due to 

insufficient exhaust gas flow, the turbocharger cannot 
achieve the rotational speed necessary to generate the de-
sired boost pressure. This type of testing enables a clear 
assessment of the system’s effectiveness. The results for 
torque and power as a function of engine speed are present-
ed for three tested activation ranges: starting from 1200 rpm 
(Fig. 8), 1700 rpm (Fig. 9), and 2000 rpm (Fig. 10). 

 
Fig. 6. Pneumatic system components (a) pneumatic diagram, (b) real 
parts, (c) air preparation system in the luggage compartment, where: 1 – 
air preparation module cable input, 2 – compressor temperature probe, 3 – 
tank pressure sensor (TAP), 4 – pressure tank, 5 – compressor relay, 6 – 
compressor power cables, 7 – electric compressor, 8 – air compressor 
 output 

 
The testing begins with a reference measurement across 

the full engine speed range to verify the proper functioning 
of the engine and control system. This reference serves as 
the baseline for evaluating the performance of the com-
pressed air impulse system. By activating the system at 
different engine speeds, it becomes possible to determine 
the optimal timing for air injection in order to achieve the 
best performance gains. On the graphs, the operating range 
of the system is marked by two vertical lines indicating the 
beginning and end of the air impulse. The red curves on the 
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graphs represent power output, while the green curves rep-
resent torque. 

In the first test scenario, the system is activated at the 
lowest planned engine speed of 1200 rpm. Upon activation, 
a torque increase of approximately 6% is observed, lasting 
until the solenoid valve closes (Fig. 8). 

The second test is carried out with a starting engine 
speed 500 rpm higher, at 1700 rpm – representing the mid-
range of the tested speeds. Activating the compressed air 
impulse system at this point results in the performance 
shown in Fig. 9. A noticeable torque increase of approxi-
mately 25 Nm (around 9%) is recorded over a 400 rpm 
increase in engine speed. The engine responds immediately 
at the onset of the injection. 

The third test is conducted with the system activation 
set at 2000 rpm. The results, shown in Fig. 10, reveal  
a significant torque increase of approximately 13%, equiva-
lent to around 30 Nm. This improvement is substantial and 
would be clearly noticeable during real-world driving. 
However, it’s important to note that the duration of the 
impulse is significantly shorter in this case. This is due to 
the control unit's programmed boost pressure limit of 0.06 
MPa. Once this threshold is reached during injection, the 
system terminates the impulse after approximately 2 sec-
onds. Increasing the activation speed any further would not 
yield additional benefits, as the MAP pressure limit would 
be exceeded, triggering the software’s safety constraint and 
preventing further impulse generation. 

 
 Fig. 7. Vehicle tested on the chassis dynamometer 

 
Testing on the chassis dynamometer confirms that the 

designed system is functional and has a measurable impact 
on engine power output. To objectively assess the influence 
on engine performance, additional parameters such as in-
take manifold pressure were also monitored (Fig. 11). In 
each scenario, an increase in boost pressure is observed 
during the system’s operation. However, once the air injec-
tion ends, the pressure quickly returns to the baseline refer-
ence value. This indicates that the exhaust gas volume re-
mains insufficient to drive the turbocharger effectively on 
its own in the low-speed range. 

 
Fig. 8. Torque and power characteristics of the engine with the compressed 

air impulse system activated starting from 1200 rpm 

 
Fig. 9. Torque and power characteristics of the engine with the compressed 

air impulse system activated starting from 1700 rpm 

 
Fig. 10. Torque and power characteristics of the engine with the com-
 pressed air impulse system activated starting from 2000 rpm 
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Fig. 11. Pressure in the intake manifold for different activation variants of 
 the compressed air impulse system 

 
The chart presents the Lambda sensor reading, which is 

directly influenced by the compressed air introduced into 
the system (Fig. 12). A Lambda value of 1 corresponds to  
a stoichiometric air-fuel mixture (14.7:1) [22, 23]. Values 
above 1 indicate an increased oxygen content in the exhaust 
gases, which the ECU interprets as a lean fuel mixture. 

It is observed that, at the moment compressed air is de-
livered to the exhaust manifold, the Lambda value rises 
significantly. This prompts the ECU to apply a correction 
by increasing the fuel injection time in order to restore the 
proper mixture composition (Fig. 13). The extended injec-
tion duration is clearly visible in the chart (Fig. 13). 

 
Fig. 12. Lambda value of the rotational speed function for with and with-
out compressed air pulse system for exemplary system operating condi-
 tions, i.e. activation from 1700 rpm 

 
The system’s shutdown, i.e., the point when the air sup-

ply to the exhaust manifold is cut off, is marked by a sharp 
drop in the Lambda value (Fig. 12). This drop results from 
a sudden change in the oxygen content of the exhaust gases. 
At this moment, the Lambda value falls below that of the 
reference run, which is caused by a slight delay in the 
ECU’s adjustment of the injection time. 

 

 
Fig. 13. Fuel injection time as a function of rotational speed for the system 
with and without compressed air pulse for exemplary system operating 
 conditions, i.e. switching on from 1700 rpm 

 
Figure 14 shows an increase in the mass of air delivered 

to the engine, indicating that the system has positively in-
fluenced turbocharger performance and reduced turbo lag – 
ultimately affecting the shape of the torque curve. Addi-
tionally, the enriched mixture, triggered by the Lambda 
sensor’s initial misreading, may also enhance turbocharger 
function. A larger amount of fuel entering the combustion 
chamber leads to a higher exhaust gas volume, which helps 
drive the turbine rotor more effectively. 

Despite the noticeable impact on the engine control sys-
tem, the compressed air impulse system does not trigger 
any safety or protection algorithms built into the ECU. This 
confirms that the system is safe for engine operation and 
does not contribute to accelerated wear. Even if certain 
temporary deviations from ideal parameters may seem 
undesirable, their brief duration within the engine’s full 
operating cycle is negligible. 

 
Fig. 14. Air flow in the intake system as a function of rotational speed for 
the system with and without compressed air pulse for exemplary system 
 operating conditions, i.e., switching on from 1700 rpm 

 
While commercial systems like Volvo’s PowerPulse are 

tightly integrated into the vehicle’s design and benefit from 
optimized software and hardware interactions, the presented 
prototype offers a modular and retrofittable alternative. 
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This makes it particularly relevant for aftermarket applica-
tions or for enhancing the performance of existing fleets 
without requiring significant modifications to the engine’s 
core architecture. 

One of the key insights from the testing phase is the sys-
tem’s immediate influence on engine control parameters, 
such as air-fuel mixture, fuel injection timing, and MAP 
readings. The observed increase in Lambda values at the 
onset of air injection, followed by rapid ECU correction 
through increased injection duration, demonstrates that the 
system operates within the expected logic of a spark-
ignition control strategy. Importantly, no diagnostic faults 
or safety interventions were triggered, indicating that the 
system integrates safely with existing ECU routines. 

The system also proved to have a positive effect on tur-
bocharger performance by improving intake airflow and 
enhancing the transient response of the engine. Although 
brief fluctuations in mixture composition and MAP pres-
sure were observed, their duration was minimal and did not 
lead to excessive deviations from reference operating con-
ditions. These findings support the view that compressed air 
impulse systems – despite their simplicity – can provide 
substantial benefits in transient performance without com-
promising engine durability or efficiency. 

However, certain limitations were also identified. For 
instance, the pressure threshold set within the control soft-
ware constrained the duration of the impulse at higher en-
gine speeds, reducing the effectiveness of the system as 
boost naturally increases. Future development should there-
fore consider dynamic boost thresholds or adaptive strate-
gies to extend the usable operating window of the system. 

Conclusion 
The research presented in this study highlights the po-

tential of non-commercial compressed air impulse systems 
as an effective solution to reduce turbo lag in spark-ignition 
engines, particularly in older vehicle platforms without  
 

modern turbocharger support technologies. The most im-
portant achievements of the study can be summarized as 
follows: 
 Demonstrated up to 13% torque increase within a nar-

row engine speed range through the use of a compressed 
air impulse system 

 Validated the concept of pneumatic turbo support as  
a viable retrofit solution for improving engine response 

 Confirmed improvements in boost pressure characteris-
tics and torque buildup at low engine speeds, where 
conventional turbochargers typically underperform 

 Proved safe integration with the existing ECU without 
triggering diagnostic errors or protection algorithms 

 Offered a cost-effective and modular alternative to fac-
tory-integrated systems like Volvo’s PowerPulse, suita-
ble for retrofitting 

 Identified directions for further development, such as 
adaptive boost control and improved lambda signal in-
terpretation under transient air injection conditions. 
These results indicate that non-commercial compressed 

air impulse systems offer a promising approach for enhanc-
ing the performance and drivability of turbocharged spark-
ignition engines, especially under low-speed, high-load 
conditions. Further development could extend their applica-
tion in both performance tuning and emissions reduction for 
existing vehicle platforms. 
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Nomenclature 
ACM active control methodology 
CFD computational fluid dynamics 
CNG compressed natural gas 
DICE diagnostic communication equipment (Volvo) 
ECU engine control unit 
LCD liquid crystal display 
LPG liquefied petroleum gas 

MAP manifold absolute pressure 
SI spark ignition 
TAP tank air pressure 
TPS throttle position sensor 
VIDA vehicle information and diagnostics for aftersales 
VGT variable geometry turbines 
VVT variable valve timing 
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Energy efficiency of a car driving with regenerative braking 
 
ARTICLE INFO  Currently offered satellite navigation systems for cars are primarily focused on selecting the route with the 

shortest travel time. These systems also feature relatively simple models that allow the selection of the route with 
regard to minimizing fuel or electricity consumption, usually called the most ecological. Their effective use 
requires users to define basic vehicle data, such as drive type, maximum speed, etc. The paper presents an 
analysis of the impact of selected parameters characterizing vehicle properties and traffic conditions on energy 
consumption. The focus is mainly on parameters that can be technically used in car navigation systems to plan 
energy-saving routes. The analysis uses routes recorded in real traffic. The results of these analyses allowed the 
development of several guidelines for planning routes taking into account the EEC minimization criterion. One 
of the observations is that for roads with large changes in road height (> 20 m per km), a flat route with a length 
increased by 50% may be more energy-efficient than the original one. This is due to the efficiency of the regen-
erative braking system being significantly lower than 100%. 
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1. Introduction  

As the global transition toward sustainable transporta-
tion accelerates, improving the energy efficiency of Internal 
Combustion Engine Vehicle (ICEV) [1, 7]. Especially elec-
tric vehicles (EVs) and hybrid electric vehicles (HEVs) 
have become a central research focus [6, 13]. Two major 
strategies for reducing vehicular energy consumption are 
the use of regenerative braking systems (RBS) and energy-
aware route optimization algorithms [3, 4]. Together, these 
strategies enable smarter driving that aligns with the goals 
of energy efficiency, reduced emissions, and longer driving 
range [8]. Regenerative braking systems allow electric and 
hybrid vehicles to recapture kinetic energy during decelera-
tion, converting it into electrical energy that is stored in the 
battery [11, 16]. Unlike conventional friction braking, 
which dissipates kinetic energy as heat, RBS contributes to 
energy reuse, thus improving overall vehicle efficiency. 
RBS can recuperate between 10% and 30% of the total 
energy consumed during urban driving, depending on vari-
ous parameters such as driving patterns, traffic conditions, 
and terrain [9]. Urban driving, characterized by frequent 
acceleration and deceleration, offers ideal conditions for 
effective energy regeneration. The amount of recoverable 
energy depends on several dynamic factors: a) vehicle 
speed and deceleration rates: higher deceleration rates typi-
cally allow more energy to be harvested, though limitations 
exist based on battery charge rates and vehicle safety; b) 
battery state-of-charge (SOC): high SOC can limit energy 
recovery as the battery cannot accept more charge, poten-
tially leading to reduced efficiency or increased use of me-
chanical brakes. Brake blending strategies: effective inte-
gration of regenerative and friction braking ensures driver 
safety while optimizing energy recovery. Adaptive control 
systems dynamically allocate braking torque between elec-
tric motors and hydraulic brakes to maximize regeneration 
without compromising stability [12]. Modern regenerative 
systems also incorporate predictive algorithms that estimate 

optimal braking force distribution in real time, accounting 
for the road slope, vehicle load, and traffic. 

Traditional navigation systems prioritize time or dis-
tance minimization, but such objectives do not always align 
with energy efficiency. Energy-aware routing considers 
additional parameters, such as: a) elevation profiles (gradi-
ent): uphill roads increase energy consumption, while 
downhill roads offer potential for regenerative braking; b) 
traffic congestion: frequent stopping and idling increase 
energy usage and reduce regenerative opportunities; c) 
speed limits and driving behaviour: energy-efficient routes 
may involve smoother acceleration profiles and fewer 
stops. Researchers have proposed multiple routing algo-
rithms focused on minimizing energy usage [2, 5]. Machine 
learning techniques have emerged as powerful tools in this 
domain. Although RBS and energy-aware routing have 
individually shown strong potential in reducing energy 
consumption, their combined use results in even greater 
efficiencies. Integrating regenerative braking potential into 
route planning allows vehicles to exploit downhill segments 
and frequent deceleration zones, which can be strategically 
selected to increase energy recovery. For example, a route 
that includes gentle downhill slopes with traffic lights can 
enhance energy regeneration without significant speed loss. 
These scenarios have inspired research into "eco-routing" 
or "green routing," where algorithms analyse the entire road 
profile for energy-optimal paths. The inclusion of regenera-
tive braking factors into eco-routing decisions improved 
energy savings by an additional 7–10% over standard ener-
gy-optimized routing [10]. Moreover, vehicle-to-infra-
structure (V2I) and vehicle-to-everything (V2X) communi-
cation technologies enhance this synergy by allowing real-
time traffic signal prediction and adaptive speed control. 
The author [5] demonstrated a V2I-based cooperative con-
trol strategy that synchronized vehicle movement with 
signal phasing to avoid unnecessary stops and maximize 
regenerative braking potential. 

http://orcid.org/0000-0001-7412-7424
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Despite promising results, several challenges hinder the 
widespread adoption of integrated regenerative-route opti-
mization systems. Real-time energy-optimal routing under 
uncertain traffic and environmental conditions requires high 
computational resources. Accurate road gradient, traffic, 
and SOC data are crucial but not always available.  Aggres-
sive driving can undermine energy savings, even on opti-
mized routes. Energy recovery is constrained by battery 
acceptance rates, particularly in cold weather or near-full 
SOC levels [14]. Looking ahead, advancements in artificial 
intelligence, edge computing, and battery technologies are 
expected to mitigate these limitations [15]. Predictive ana-
lytics, cloud-based routing services, and real-time data 
integration will allow future EVs to self-optimize their 
routes and braking strategies based on continuous feedback 
from the environment and the vehicle's internal state. 

This work presents an analysis of the impact of selected 
parameters characterizing vehicle properties and traffic 
conditions on energy consumption. The focus is mainly on 
parameters that can be technically used in car navigation 
systems to plan energy-saving routes. The analysis uses 
routes recorded in real traffic. The analysis included the 
impact of vehicle mass on electric energy consumption 
(EEC) and changes in the road gradient, by modifying the 
original height at which the vehicle is located, on EEC. 

2. Traffic conditions 
The main parameters characterizing the traffic condi-

tions are defined below. The amount of energy expended to 
drive the vehicle will depend on the maximum speeds 
achieved, the number of acceleration cycles, their intensity, 
but also the vehicle mass and the distance travelled. In 
order to use the data in the analysis of the operation of drive 
systems of various vehicles, with different masses and 
covering different distances, it was decided to use specific 
energy consumption (SEC), in which the amount of energy 
expended is related to the vehicle mass and the distance 
travelled [9]:  

SEC =
E

m ∙ L
 (1) 

where: E – mechanical energy delivered to the wheels: L – 
distance covered, m –vehicle mass. 

Mechanical energy delivered to the wheels can be calcu-
lated based on the following relationship: 

E = ∫ (kp ∙ M ∙ ω ∙ ηt)dt
t=tc

t=0

 (2) 

where: M – engine torque, tc – time of the cycle, ω – en-
gine angular velocity, ηt –transmission system efficiency,  
kp – positive tractive force factor:  

kp = {
1  for powered wheels           

0  for idlling or braking     
 (3) 

Alternatively, the mechanical energy delivered to the 
wheels can be calculated as follows: 

E = ∫ (kp ∙ P)dt
t=tc

t=0

 (4) 

where: P – mechanical power,  

P = Ft ∙ V (5) 

Ft – tractive force, V – vehicle velocity. 
There are four types of driving resistances, which must 

be covered by the tractive force: aerodynamic drag, rolling 
resistance, gradient resistance, and acceleration resistance.  
With a constant time, step for measuring vehicle motion 
parameters, the following relationship can be used: 

E = Δt ∙ ∑ (kpi
∙ Pi)

N

i=1
  (6) 

where: Δt – constant time step. 
For the regeneration process, the regenerative braking 

energy can be calculated: 

Ereg = Δt ∙ ∑ (kregi
∙ Pi)

N

i=1
  (7) 

where: kreg – negative tractive force factor:  

kreg = {
−1  for idlling or braking
0   for powered wheels     

 (8) 

Using negative tractive force factor when calculating 
regenerative braking energy, which is available for recov-
ery system may cause some ambiguity in the research re-
sults, because the amount of available energy from the 
regeneration process depends not only on the speed profile 
and changes in height but also on the degree of aerodynam-
ic perfection and quality of the driving wheels capable of 
generating lower or higher rolling resistance. In other 
words, a vehicle with low rolling and air resistance will 
have more energy available for the regeneration process 
than a vehicle of the same mass that generates higher roll-
ing and air resistance. 

Regenerative braking specific energy (RBSE) has been 
defined as follows: 

RBSE =
Ereg

m ∙ L
 (9) 

Absolute electric energy delivered by the battery can be 
calculated as follows:  

Ebattery = m ∙ L ∙ (SEC ∙
1

ηel

− RBSE ∙ ηreg) + Paux ∙ tc (10) 

where: ηel – efficiency of electric drive system (including: 
battery, inverter, motor and transmission), ηreg – efficiency 
of regenerative braking system (including: transmission, 
generator, inverter, battery), Paux – auxiliary devices power 
consumption.  

Electric energy consumption can be calculated as fol-
lows: 

EEC = m ∙ (SEC ∙
1

ηel

− RBSE ∙ ηreg) +
Paux ∙ tc

L
 (11) 

3. Specification of the testing conditions 
The traffic conditions identification studies were carried 

out in the city of Gdynia (approx. 250,000 inhabitants), in 
regular city traffic, using a vehicle whose technical specifi-
cations are presented in Table 1. The vehicle was equipped 
with a GPS position recording system, which enabled both 
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the determination of the vehicle’s horizontal position and 
changes in height. 

 
Table 1. Drive system parameters of the tested vehicle 

Vehicle 
Mass  

(driver inc.) 
[kg] 

Power 
[kW] 

Battery 
capacity 
[kWh] 

ηel 
[%] 

ηreg 
[%] 

Paux 
[W] 

Mazda 
MX-30 1795 107 35 78 61 200 

 
Figures 1 to 4 illustrate test routes with average driving 

speeds for 100-meter sections. The routes run through the 
city center, but due to the use of modern road infrastructure, 
some of them allow for a relatively high average speed (a 
small number of intersections with traffic lights, increased 
permissible driving speed). The routes were diversified in 
terms of the cross profile of the road so that the impact of 
the road gradient on the energy consumption to drive the 
vehicle could be taken into account in the tests. 

 
Fig. 1. Average speed distribution on route 1 over 100 m sections 

 
Fig. 2. Average speed distribution on route 2 over 100 m sections 

 
Fig. 3. Average speed distribution on route 3 over 100 m sections 
 
Table 2 presents the specification of the routes used in 

the tests. Their length is close to 3 km. The specification 
includes the highest and lowest height (Height max and 
Height min) at which the vehicle will be located and the 
relative change in height for the end and beginning of the 

route (Height difference). The parameter “Height differ-
ence” indicates the possibility of reducing or increasing the 
energy consumption for the drive due to gradient resistance. 
The routes were selected to ensure the widest possible vari-
ation in traffic conditions resulting from the hills overcome 
and traffic difficulties resulting in different average driving 
speeds. 

 
Fig. 4. Average speed distribution on route 4 over 100 m sections 
 

Table 2. Routes specification 

Route 
No. 

Length 
[m] 

Av. 
speed 
km/h 

SEC 
[kWh/ 
(t·100 
km)] 

RBSE 
[kWh/ 
(t·100 
km)] 

Height 
min 
[m] 

Height 
max 
[m] 

Height 
differ-
ence 
[m] 

1 2762 16 10.7 5.3 41 88 20 
2 2931 26 8.5 4.5 40 67 0 
3 3117 35 6.6 1.9 45 57 –2 
4 2891 45 6.2 3.6 33 59 –21 

4. The influence analysis of vehicle properties  
and traffic conditions on energy consumption 
The effect of vehicle mass, road gradient change, and 

traffic conditions on the amount of mechanical power re-
quired to drive the vehicle is presented below. This power 
was determined based on vehicle speeds and changes in 
height recorded during regular traffic for 4 selected routes, 
the specification of which was presented in the previous 
section. The power required to drive the vehicle (positive), 
the specification of which was included in Table 1, was 
calculated based on the vehicle motion resistance model 
that takes into account rolling resistance, air resistance, 
gradient resistance, and acceleration resistance. Similarly, 
the power that can be recovered in the energy recuperation 
system (negative) was calculated based on this model. 

Figure 5 shows the speed and height at which the vehi-
cle moves for route 1. This is the route with the lowest 
average speed of 16 km/h, but there are large changes in 
height; the difference between the highest and lowest height 
is 47 m, and the vehicle ends the route at a height 20 meters 
higher than it started. Figure 6 shows the profile of mechan-
ical power supplied by the drive system or that can be de-
livered to the recuperation system (negative value) for  
a vehicle mass of 100%, 125% and 150% of the original 
vehicle mass, respectively. Figure 7 shows the effect of 
changing the road gradient, by modifying the original 
height at which the vehicle is located, on the mechanical 
power supplied or received by the drive system. Three 
levels of interference with height were considered: flat road 
(0%), original height (100%), and double height (200%). 

Figures 8 to 10 show the results for route 2, which has  
a relatively low average driving speed of 26 km/h, while the 
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height between the start and end of the route remains prac-
tically unchanged.  

 
Fig. 5. Vehicle speed and height above sea level for route 1 

 
Fig. 6. Influence of vehicle mass on mechanical power supplied/received 
 by the drive system for route 1 

 
Fig. 7. Influence of road gradient (height multiplication) on mechanical 
 power supplied/received by the drive system for route 1 

 
Fig. 8. Vehicle speed and height above sea level for route 2 

Figures 11 to 13 show the results for route 3 (average 
speed 35 km/h), which has relatively few acceleration and 
braking cycles and is practically flat. 

 
Fig. 9. Influence of vehicle mass on mechanical power supplied/received 
 by the drive system for route 2 

 
Fig. 10. Influence of road gradient (height multiplication) on mechanical 
 power supplied/received by the drive system for route 2 

 
Fig. 11. Vehicle speed and height over the sea level for route 3 

 
Fig. 12. Influence of vehicle mass on mechanical power supplied/received 
 by the drive system for route 3 
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Fig. 13. Influence of road gradient (height multiplication) on mechanical 
 power supplied/received by the drive system for route 3 

 
Fig. 14. Vehicle speed and height over the sea level for route 4 

 
Fig. 15. Influence of vehicle mass on mechanical power supplied/received 
 by the drive system for route 4 

 
Fig. 16. Influence of road gradient (height multiplication) on mechanical 
 power supplied/received by the drive system for route 4 

Figures 14–16 show the results for route 4, which has 
the highest speed (45 km/h) and the fewest stops. At the 
same time, the road is sloping downwards; the end of the 
route is 21 m lower than the beginning. 

Using the results presented in Fig. 5 to 16 and equations 
(1) to (11), the electric energy consumption (EEC) was 
determined for the analysed cases. While, based on findings 
from studies [10], this auxiliary power consumption was 
assumed to be constant at 200 W. The results of the effect 
of vehicle mass on EEC are presented in Fig. 17. 

 
Fig. 17. Influence of vehicle mass on electric energy consumption 
 
Based on the results obtained, it can be stated that route 

1 is characterized by the highest EEC, despite the lowest 
average driving speed. The decisive factor in this situation 
turned out to be the necessity to overcome the difference in 
height of 20 m between the beginning and the end of the 
route. Similarly, the lowest EEC was recorded for route 4, 
where the speed variability is the lowest, and at the same 
time, the route leads downhill by 21 m. The influence of the 
vehicle mass on EEC is clearly visible for all routes, but it 
is not proportional to the increase in mass for all routes. For 
route 1, the increase in mass by 25% and 50% gives an 
increase in EEC by 22% and 45%, respectively, so it is 
almost proportional. For route 2, the EEC increases are 
21% and 41%, respectively. For route 3, the EEC increases 
are 16% and 32%, respectively. For route 4, the EEC in-
creases are 16% and 31%, respectively. It can therefore be 
concluded that for routes with a greater number of accelera-
tion processes and their intensity, the impact of the mass 
increase on the EEC is greater. The regenerative braking 
process is therefore unable to compensate for the increased 
energy consumption resulting from the numerous accelera-
tion processes and the increased mass. This is due to the 
efficiency of the regenerative braking system being signifi-
cantly lower than 100%; usually, it is well below 80% [9]. 

Figure 18 shows the influence of road gradient (height 
multiplication) on the electric energy consumption. 

Based on the obtained results, it can be stated that on 
flat roads (height 0%), the factor determining the EEC is 
the average driving speed; the lower it is, the lower the 
EEC. However, these differences are not large due to the 
occurrence of numerous acceleration processes at low aver-
age driving speeds and only their partial compensation 
during regenerative braking. On routes leading uphill, the 
increase in energy consumption is not proportional to the 
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increase in gradient. For example, for route 1, doubling the 
gradient of the road causes an increase in EEC by 49%. It 
should be remembered that the resistance to the climb is 
only a part of the resistance to the vehicle's motion, which 
either does not depend on the road gradient (air resistance) 
or can decrease (rolling resistance). In the analysed cases, 
for a difference between maximum and minimum height of 
27 m (route 2) with a route length of 2.9 km, the increase in 
energy consumption compared to a flat road is 16%, and 
with doubled elevation differences, 47%. This means that in 
the first analysed case, the flat route with a length greater 
by 16% (0.47 km) will require the same amount of energy 
as the original. For route 2, with double the height, the flat 
route can be as much as 47% (1.39 km) longer, giving the 
same energy consumption. 

 
Fig. 18. influence of road gradient (height multiplication) on the electric 
 energy consumption 

5. Conclusions 
Energy efficiency in vehicles is no longer confined to 

the powertrain design alone but extends to intelligent sys-
tems for energy regeneration and route optimization. Re-
generative braking offers substantial energy savings by 
recapturing kinetic energy during braking, while energy-
aware route optimization ensures that vehicle paths are 
aligned with energy conservation goals. Together, they 
provide a robust framework for enhancing vehicular effi-
ciency, especially in EVs and HEVs. As energy efficiency 
becomes a competitive differentiator and environmental 
imperative, integrating regenerative braking and optimal 

routing will be key to the next generation of intelligent 
transportation systems. 

This work presents an analysis of the impact of selected 
parameters characterizing vehicle properties and traffic 
conditions on energy consumption. The main focus was on 
parameters that can be technically used in car navigation 
systems to plan energy-efficient routes. The analysis used 
routes recorded in real traffic in the city of Gdynia. Four 
routes of similar length but different average speed and 
different cross-sectional road profiles were selected for 
testing. The analysis included the impact of vehicle mass on 
electric energy consumption (EEC) and changes in the road 
gradient, by modifying the original height at which the 
vehicle is located, on EEC. The results of these analyses 
allowed the development of several guidelines for planning 
routes taking into account the EEC minimization criterion: 
 Vehicles should avoid routes with large changes in road 

height, as the increase in height causes an almost pro-
portional increase in energy consumption, which is only 
slightly compensated by regenerative braking. This is 
due to the efficiency of the regenerative braking system 
being significantly lower than 100%; usually, it is well 
below 80%. On flat routes with an increase in mass, the 
increase in ECC is much smaller and can be almost 
twice as small as on routes with large changes in road 
height. 

 Driving in a traffic jam gives a smaller EEC, due to the 
lower driving speed as long as the cross profile of the 
road is flat. A significant number of changes in road 
height causes an increase in EEC. Statistically, driving 
in traffic jams in terrain with changes in road height 
should therefore be avoided. 

 Driving down and up to the same height causes addi-
tional energy consumption; the greater the changes in 
road height, the greater the increase in energy consump-
tion. A road with a flat cross profile is therefore more 
energy-efficient. 

 Driving a longer flat road can be more energy-efficient, 
especially with significant changes in road height (driv-
ing up–down–up). For roads with large changes in road 
height (over 20 m/1 km of route), a flat route with  
a length increased by 50% may be more energy-efficient 
than the original one. 

 

Nomenclature 
EEC  electric energy consumption 
EV  electric vehicle  
HEV  hybrid electric vehicles  
ICEV  internal combustion engine vehicle  

RBS  regenerative braking systems 
RBSE  regenerative braking specific energy 
SEC specific energy consumption 
SOC  state-of-charge 
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ARTICLE INFO  This paper presents selected issues concerning the assessment of the emissivity of electric and hybrid vehicles, 
referred to as zero- or low-emission vehicles. This paper proposes an analytical method to determine air 
pollutant emissions generated by road electric vehicles and presents the results of air pollutant emissions 
measurements of hybrid vehicles obtained during real driving emissions tests (RDE). Air pollutant emissions 
measurements for hybrid vehicles were corrected for electricity consumption during operation and the pollutant 
emissions arising from electricity generation. The paper discusses the issue of air pollutant emissions of electric 
vehicles in relation to the changing sources of electricity generation in Poland over the past decade. It also 
presents the dynamics of change of in-use and newly registered electric and hybrid vehicles in Poland between 
2022 and 2023. The aim of this paper is to compare the emissivity of electric vehicles, as well as hybrid vehicles, 
using the analytical method proposed in the paper to determine air pollutant emissions generated by electric 
vehicles. 
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1. Introduction 

Electricity production in Poland has been based on fos-
sil fuels for many years. Air pollutant emissions accompa-
nying this production change depend on the fuels used for 
electricity generation. Modern zero- or low-emission vehi-
cles are equipped with electric motors. These are fully elec-
tric or hybrid vehicles. Their emissions, therefore depend 
on the sources used to generate electricity in Poland and 
worldwide. The main primary fossil fuels used in Poland 
for electricity production are hard coal, brown coal, natural 
gas, coalbed methane, and oils of all kinds. By classifying 
the above sources into two sets of conventional fuels, in-
cluding hard coal, brown coal, natural gas, and RES fuels, 
including biomass, hydro, pumped-storage hydroelectricity, 
photovoltaics, and wind turbine plants, it is possible to track 
changes in the use of individual primary sources for elec-
tricity production in Poland. Poland has experienced signif-
icant developments in this regard over the last 10 years 
[26]. The substitution of primary materials for electricity 
production is shown in Fig. 1.  

 
Fig. 1. Sources of electricity production in Poland 2015–2024 [26] 
 
Noteworthy is the more than 20% decrease in the share 

of conventional fuels in electricity production in Poland 
[26] and the more than 22% increase in the share of renew-

able energy sources in electricity production. The decline in 
electricity produced from fossil fuels over the last decade 
has been dictated by the restructuring measures carried out 
in Poland in the area of the mining industry and the devel-
opment of the renewable energy sector, particularly in 
wind, solar, and water production. The share of fossil fuels 
in electricity production in Poland is still high compared to 
the EU and to other countries in the EU [25]. When com-
paring Poland's results with those recorded in 2023 for 
other EU countries, it is noteworthy that only in Cyprus 
(79%) and Malta (87%) the share of electricity produced 
from fossil fuels is higher than in Poland. Higher shares of 
fossil fuels in electricity production in the EU are present in 
countries without deployed nuclear power. An example is 
Italy, where the share of electricity production from fossil 
sources was close to 55% in 2023. In terms of electricity 
production from conventional and renewable sources, Ital-
ian statistics are most similar to the Polish electricity pro-
duction. Publicly available statistics [25] show a significant 
share of electricity produced from nuclear sources in the 
European Union. The share of nuclear power in the electric-
ity production mix will reach more than 23% in 2023. The 
use of primary materials for electricity production in the EU 
is shown in Fig. 2. 

 
Fig. 2. Sources of electricity production in the European Union in 2023 [26] 
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The share of energy from renewable sources, on the 
other hand, was over 45%. Importantly, the share of elec-
tricity produced from renewables in the EU is close to the 
share of RES in Poland in 2024. Poland should achieve EU 
averages in the coming years, considering the growth dy-
namics of electricity production from RES. 

Comparing the statistics of Poland and the EU, the share 
of renewable sources in electricity production in Poland 
nearly reached the EU average in 2024. The share of fossil 
fuels was unfortunately almost twice as high in Poland as in 
the EU. The reason for this may be the lack of nuclear pow-
er production and the ongoing restructuring processes in the 
mining industry. The functioning of the power system in 
Poland depends on regulatory changes and a number of 
legal conditions. 

The Green Deal is the most important legal basis shap-
ing the current and future industrial, transport and climate 
policy of Poland and Europe. At the European Union level, 
the technological trends associated with the electricity sec-
tor's decarbonisation, i.e., moving away from coal and re-
ducing the role of natural gas, as well as the development of 
nuclear power, will play a fundamental role in the evolution 
of the power system and its surroundings in the near future. 
It is noteworthy that the development of renewable energy, 
energy storage, and the popularisation of zero-emission on-
site transport means will continue to be supported. Moreo-
ver, a dynamic development of prosumer energy based 
mainly on photovoltaics is taking place in Poland. Solar-
based energy, especially from 2020 onwards, has played  
a significant role in the national energy mix, as illustrated in 
Figure 1. There has been a marked development of large-
scale photovoltaics, i.e., photovoltaic farms being estab-
lished in larger suburban areas. Wind power plants are 
being built on land and in the Baltic Sea area [24]. Despite 
the high rate of change and new investments being under-
taken, several key barriers to the wider development of 
renewable electricity production have been identified in 
Poland, which also has implications for electric vehicle 
emissions. One of the main barriers to the development of 
renewable energy is the issue of storing energy during peri-
ods of overproduction so that it can be used at times when 
generation from RES sources is not possible, i.e., during, 
for example, wind or sun shortages. The concept of energy 
storage is therefore being developed. Technological devel-
opments are favoured by falling component costs and the 
growth of commercial energy storage facilities for power 
system needs. However, regulatory support for the devel-
opment of storage technologies is much less extensive than 
support for production technologies, and the rate of invest-
ment in new storage facilities is lower than for production 
technologies, which significantly limits the further integra-
tion of RES technologies into power systems. Another 
barrier related to transport is the rather slow pace of electro-
mobility development. The widely heralded announcements 
of electromobility development are only partially reflected in 
the number of newly registered electric vehicles.  

Nevertheless, initiatives are being taken to launch finan-
cial support and subsidies for the purchase of electric vehi-
cles in Poland, e.g., the OurEvehicle programme. An-
nounced in 2025 by the National Fund for Environmental 

Protection and Water Management and the Ministry of 
Climate and the Environment, the programme envisages  
a maximum funding amount of PLN 40,000. Only new M1-
category electric vehicles that have not previously been 
registered and whose price does not exceed the net amount 
of PLN 225,000 are eligible for support [30]. At the same 
time, the development of infrastructure to ensure the effi-
cient use of electric vehicles has been relatively slow, di-
verging significantly from plans to electrify road transport. 
In this respect, it is worth pointing out that at the end of 
July 2024, there were just over 70,000 passenger and com-
mercial all-electric vehicles registered in Poland [3]. Be-
tween the beginning of the year and July 2024, the number 
of vehicles increased by 6% year-on-year. At the end of 
July 2024, there were 7,563 publicly accessible electric 
vehicle charging points in Poland, including 4,163 stations. 
As the number of electric vehicles has grown, so has the 
charging infrastructure. But the pace of development was 
too slow due to the condition of the power grids, among 
others. In July 2024, 308 new electric vehicle charging 
points were launched. Despite an inauspicious start in 2024, 
the International Energy Agency predicts that electric vehi-
cles worldwide will reach a 20% market share by the end of 
2024 [3]. Another barrier to the development of renewable 
energy is the price war among RES technologies and the 
competition between European players and the Chinese 
market. The production of components used in RES tech-
nologies in China, i.e., photovoltaic panels, batteries, ener-
gy storage, and electric vehicles, takes place on a large 
scale, making it unprofitable to produce for markets outside 
China. Such action results in a significant drop in compo-
nent prices and the unprofitability of their production in 
European conditions, for example. This has resulted in the 
deepening monopolisation of many sectors, including, more 
recently, the EU's increasing dependence on Chinese sup-
plies. The marked growth of Chinese capital in Europe is 
also evident in the transport sector. More new models and 
brands of Chinese-made vehicles are coming on sale, in-
cluding SANY electric trucks [31] used in Poland for long-
distance freight transport or service provision in the con-
struction industry, for example. The above barriers inhibit 
the achievement of the green transition's goals, i.e. the Eu-
ropean Union's energy autonomy and the reduction of air 
pollutant emissions also in the transport sector within the 
next decade. The commissioning date of the first nuclear 
units in Poland is 2035; the middle of the next decade will 
be crucial for the decarbonisation of energy and transport in 
Poland [24]. The larger-scale deployment of electric and 
hybrid vehicles is part of activities aimed at sustainability. 
Issues related to the modelling of sustainable transport 
systems [5], the search for air pollution emission reduction 
solutions [1] and scenarios with the development of elec-
tromobility [6] and risk analyses for the development of 
low-carbon transport and supply markets are widely pub-
lished in the literature [8–10, 17]. In addition to the promo-
tion of low- and zero-emission vehicles, strategies are being 
formulated to reduce emissions in urban areas, solutions to 
improve the cost-effectiveness of electric vehicle operation 
[4, 11] and studies in the field of air pollutant emission 
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measurements of conventional, hybrid, electric [12–14, 18, 
20, 33] and hydrogen vehicles [19]. 

2. Methodology 
The paper proposes an analytical method to determine 

the air pollutant emissions generated by electric vehicles 
and presents the results of road tests measuring a hybrid 
vehicle's air pollutant emissions. Air pollutant emissions 
from vehicle operation usually boil down to determining 
the amount of air pollutants generated by a mode of 
transport during operation and affecting the external envi-
ronment. Depending on the source of the pollution generat-
ed in the vehicles, this could be pollution coming directly 
from fuel combustion or from other sources. With regard to 
the issue of air pollutant emissions, different methods of 
measuring them are often pointed out. Common methods 
include the following: 
 well to tank (WTT), understood as a method of measur-

ing the amount of air pollutant emissions generated in 
the initial activity chain, e.g., involving extraction and 
production of the fuel used in a particular type of 
transport mode 

 tank to wheel (TTW), understood as a method of meas-
uring air pollutant emissions resulting from the direct 
consumption of fuel by a mode of transport 

 well to wheel (WTW), understood as a method of meas-
uring emissions along the entire chain, starting from the 
very source of an energy raw material in question to its 
use, i.e. from the extraction of the original propellant, 
e.g. oil, to the production and consumption of the fuels 
in the vehicle. 
Measurements of air pollutant emissions should be se-

lected depending on the mode of transport and the type of 
propellant used to power the vehicles. With regard to elec-
tric vehicles, on-site air pollutant emissions resulting from 
fuel combustion do not occur, so the TTW emissions meas-
urement method is not applicable in this case. However, it 
is possible to use the WTT method to determine air pollu-
tant emissions from electricity generation to power electric 
vehicles. In order to measure air pollutant emissions occur-
ring during the vehicle operation phase, the focus should be 
on WTT emissions (electric vehicles, hybrid vehicles) and 
TTW emissions (conventional and hybrid vehicles).  

For electric vehicles, the main air pollutant emission 
arising from electricity generation are applicable. These 
emissions are monitored and published by the National 
Centre for Emissions Management [22]. 

 
Table 1. Emission factors in [kg/MWh] for electricity end-users [22] 

Year  
of measurements 

Air pollutant type 
CO2 SO2 NOx CO 

2014 823 1.571 1.049 0.233 
2015 798 1.516 0.954 0.234 
2016 781 0.818 0.824 0.252 
2017 778 0.729 0.741 0.265 
2018 765 0.681 0.631 0.275 
2019 719 0.511 0.576 0.233 
2020 698 0.509 0.522 0.203 
2021 708 0.505 0.505 0.237 
2022 685 0.436 0.436 0.261 
2023 597 0.363 0.392 0.222 

Over the last decade, there has been a marked change in 
the emission factors for the main air pollutants from elec-
tricity production in Poland. The main air pollutants from 
electricity production in Poland are carbon dioxide, sulphur 
dioxide, nitrogen oxides, particulate matter, and carbon 
monoxide. Based on the data presented in Table 1, it can be 
concluded that over the last decade, the rate of CO2 emis-
sions during electricity generation in Poland has decreased 
by nearly 27%. The largest reduction in air pollutant emis-
sions from electricity production in Poland was recorded 
for sulphur oxides (nearly 77%). In contrast, nitrogen ox-
ides emissions in electricity production in Poland have 
dropped by nearly 63% in the last decade. The smallest 
reduction in air pollutant emissions in electricity production 
in Poland was recorded for carbon monoxide (5%). The 
reductions in air pollutant emissions in electricity produc-
tion in Poland are directly related to Poland's energy mix 
and its significant change in the period from 2014 to 2024. 
The energy changes introduced in Poland are directly and 
positively reflected in air pollutant emissions generated in 
electricity production. The milestone for reducing emis-
sions during electricity production in Poland will be the 
commissioning of the first nuclear power plant. 

The emissions of electric vehicles in terms of propellant 
consumption come down to the determination of emissions 
during the operation of the mode of transport, in terms of 
the electric motor's electricity consumption, usually ex-
pressed as part of a combined cycle in terms of the power 
consumed per kilometre (Wh/km). Within the framework of 
the analytical method proposed in this paper, air pollutant 
emissions of electric vehicles can be determined based on 
emissivity factors published periodically by the National 
Centre for Emissions Management [22]. Moreover, air 
pollutant emissions of electric vehicles can be determined 
based on current and historical data, thereby making it 
possible to monitor changes in electric vehicle emissions in 
terms of changes to Poland's energy mix, as provided his-
torically in Table 1. Using the KOBIZE values, the calcula-
tion of air pollutant emissions based on the proposed ana-
lytical method for electric vehicles, taking into account the 
variability of emissions over time due to changes in Po-
land's energy mix, is based on the following equations in 
mass units of each type of air pollutant per kilometre trav-
elled by a specific type of electric vehicle. 

ECO2 =  Pk  ×  W1,y (1) 

ESO2 = Pk  ×  W2,y (2) 

ENOx = Pk  ×  W3,y (3) 

ECO = Pk  ×  W4,y (4) 

ET,y = ECO2 + ESO2 + ENOx +  ECO (5) 

where the individual symbols stand for specific air pollutant 
emissions, i.e.: W1,y – CO2 emissions taken from Table 1 for 
k-th vehicle type and y-th assessment year; W2,y – SO2 
emissions taken from Table 1 for k-th vehicle type and y-th 
assessment year; W3,y – NOx emissions taken from Table 1 
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for k-th vehicle type and y-th assessment year; W4,y – CO 
emissions taken from Table 1 for k-th vehicle type and y-th 
assessment year; ET,y – total emissions of main pollutants 
(CO2, SO2, CO, NOx) for the k-th vehicle type in the y-th 
assessment year; Pk – energy consumption by the k-th elec-
tric vehicle type [kWh/km]. 

Air pollutant emissions from the operation of hybrid 
road vehicles, on the other hand, depend on the type of 
hybrid vehicle. As part of the paper, the RDE road test 
methodology was used to determine the emissions of hybrid 
vehicles. Air pollutant emissions were measured with the 
SEMTECH DS analyser, held by the Poznan University of 
Technology. The research was carried out under a disci-
pline grant by the author. Warsaw University of Technolo-
gy funded the grant.  

The type of hybrid vehicle depends primarily on the 
configuration of the vehicle's power unit. Hybrid vehicles 
use an internal combustion engine and an electric motor for 
propulsion. Typically, the electric motor of a hybrid vehicle 
assists the internal combustion engine. There are three main 
types of hybrid vehicles, i.e., so-called full hybrids (HEVs), 
mild hybrids (mHEVs), and plug-in hybrids (PHEVs).  

Considering the environmental impact issues of hybrid 
vehicles, the air pollutant emissions of hybrid vehicles are 
determined during real driving emissions tests (RDE). In 
addition, in terms of plug-in vehicles and MHEVs, it is 
possible to correct roadside measurements of air pollutant 
emissions by the value of air pollutant emissions that occur 
in the production of electricity consumed by the hybrid 
vehicle in the course of carrying out transport tasks. Thus, 
the emission results from road testing can be corrected 
(augmented) by the results of emissions generated by pow-
ering engines using electricity, based on the analytical 
method indicated earlier. The use of hybrid technologies in 
road vehicles is very common. As shown in Fig. 3 and Fig. 
4, the popularity of electric and hybrid vehicles is signifi-
cant.  

 
Fig. 3. Change in the number of registered vehicles in Poland,  

2022/2023 [%] [23] 
 
More than 48% more plug-in hybrid vehicles were reg-

istered in 2023 than in 2022. There was a similar increase 
in hybrid vehicle registrations in 2023 relative to 2022 for 
mHEVs (41%) [23]. The largest percentage increase in the 
number of vehicles registered year-on-year was for electric 
vehicles. Analysing new vehicle registrations, the highest 

increases of over 50% were also recorded for electric vehi-
cles. Significantly, the year-on-year numbers of conven-
tionally powered vehicles show little change, in favour of 
low- or zero-emission vehicles. Nevertheless, in absolute 
numbers, combustion vehicles are the largest group regis-
tered in Poland, which will not change in the coming years. 

 
Fig. 4. Percentage change in the number of new registered vehicles in 
 Poland 2022/2023 [23] 

 
The measurement of air pollutant emissions of hybrid 

vehicles can be carried out in accordance with the real driv-
ing emissions (RDE). However, it should be mentioned that 
with the introduction of successive air pollutant emission 
standards, the methodologies for measuring air pollutant 
emissions have changed. Air pollutant emission measure-
ments carried out under NEDC (New European Driving 
Cycle) or WLTP (Worldwide Harmonized Light-Duty 
Vehicles Test Procedure) laboratory conditions have been 
plagued by poor correlation between vehicle dynamic con-
ditions on the dynamometer and in real traffic conditions. 
Manufacturers have often adapted combustion engines to 
meet all requirements only during laboratory tests. Hence, 
the measurement of exhaust gas emissions in real traffic 
conditions based on the RDE emission measurement test 
has been implemented [21]. Every car approved from 2017 
onwards must meet RDE test requirements in addition to 
the WLTC test requirements. The compounds that appear in 
the exhaust gas when the vehicle is operated in urban, ex-
tra-urban, and motorway conditions are analysed during the 
road tests. The test route must be adjusted so that the test's 
continuity is not interrupted. Data should also be recorded 
without any interruption. The RDE test should be carried 
out on paved carriageways during working days. The regu-
lations prohibit the excessive use of the neutral gear in the 
initial stage after starting the engine during the test. The 
route should run for a minimum of 16 km in urban, non-
urban, and motorway conditions [14]. Hybrid vehicle tests 
were carried out in the Poznań agglomeration as part of this 
paper. Vehicle speeds in the urban area did not exceed 60 
km/h, with average speeds between 15 and 45 km/h. The 
proportion of each section was approximately one-third of 
the length of the entire test route. Deviations of 10 percent-
age points were allowed, but the urban section should not 
represent less than 29% of the total test route. Moreover, 
stops, i.e., when the car is not moving faster than 1 km/h, 
should not account for more than 30% of the total route in 
the test's urban section. In the non-urban section, the vehi-
cle travelled at least 16 km and travelled at speeds between 
60 and 90 km/h. In the motorway section, the vehicle trav-
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elled at higher speeds, i.e., from 90 km/h, and the maximum 
speed did not exceed 145 km/h [14]. In terms of plug-in 
vehicles and MHEVs, the results of on-road air pollutant 
emissions tests can be further corrected, plus the value of 
air pollutant emissions that arise from the generation of 
electricity consumed by the vehicle in the course of its 
transport tasks. 

3. Results 
Given the analytical method described above for deter-

mining the air pollutant emissions generated by electric 
vehicles, as well as the air pollutant emissions published by 
KOBIZE [22], it is possible to determine TTW emissions 
for electric vehicles. The characteristics of the electric vehi-
cles for which air pollutant emissions were determined are 
shown in Table 2.  

 
Table 2. Characteristics of selected electric vehicles [28, 29, 32] 

No. Vehicle  
brand Model Energy consump-

tion [Wh/km] ⁠ 
Maximum 
range [km] 

1 Tesla  S Plaid 187 600 
2 BMW i5 eDrive40 159 582 
3 Nissan Leaf 166 285 
4 VW ID.3 152 388 
5 Hyundai  IONIQ 6  139 429 

 
Knowing the energy consumption during the electric 

vehicle's mixing cycle, it is possible to determine the air 
pollutant emissions generated during the electricity genera-
tion stage. In view of the issues involved in the life cycle 
analysis of road vehicles, including electric vehicles, it 
should be noted that electric vehicles have lower air pollu-
tant emissions over their whole LCA (Life Cycle Analysis) 
compared to petrol and diesel vehicles [2]. The largest 
percentage of air pollutant emissions as CO2-equivalent 
over a vehicle's life cycle is related to fuel production and 
fuel consumption for vehicle propulsion. For conventional 
road vehicles, the most relevant emissions component as 
part of the LCA assessment is the production of conven-
tional fuels and the emissions from the combustion of pet-
rol, diesel, or gas. With regard to electric vehicles in terms 
of air pollutant emissions, a key issue is related to electrici-
ty generation, as well as its sources. Figure 5–8 presents the 
results of the air pollutant emissions tests of the electric 
vehicles mentioned in Table 2 in 2023, determined using 
the analytical method presented earlier. 

 
Fig. 5. CO2 emissions of electric vehicles in 2023 [g/km] 

 
Fig. 6. SO2 emissions of electric vehicles in 2023 [g/km] 

 

Fig. 7. NOx emissions of electric vehicles in 2023 [g/km] 

 
Fig. 8. CO emissions of electric vehicles in 2023 [g/km] 

 
The CO2 emissions are much higher than emissions of 

other compounds generated by vehicles, including NOx and 
CO. However, the article presents CO and NOx emissions 
due to the harmfulness of air pollutants generated in smaller 
quantities, and SO2 emissions for electric vehicles. 

The increasingly widespread use of electric vehicles in 
Poland and Europe represents an opportunity to reduce 
greenhouse gas emissions in the area of transport. Require-
ments for electric vehicles as well as charging stations are 
formulated to ensure safe use, monitoring of the charging 
process, and energy consumption [3]. In order for electric 
vehicles to be more widely used, charging stations on the 
TEN-T Trans-European Transport Network are required to 
be spaced at a maximum of every 60 km. The above can 
help reduce air pollutant emissions from road transport. An 
essential part of the infrastructure for powering electric 
vehicles is the power grids, of which, according to the Su-
preme Audit Office's reports, 90% of high-voltage power 
lines are more than 10 years old, with 43% – more than 40 
years old. Low-voltage lines were in operation for the 
shortest time period, although still 32% of them had been in 
operation for more than 40 years [3]. In addition to lower 

https://motorvolt.pl/baza-samochodow-elektrycznych/tesla-model-s-plaid-2022
https://motorvolt.pl/baza-samochodow-elektrycznych/hyundai-ioniq-6-standard-range-2wd-2023
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air pollutant emissions, incentives for purchasing an electric 
vehicle can include lower insurance rates, lower electricity 
prices, attractive subsidy offers, concessions, and exemp-
tions when driving in urban areas. In order to think about 
the widespread use of electric cars, the charging network 
needs to be increased by as much as six times by 2035 [3]. 
According to the IEA (International Energy Agency), if 
battery cars continue to develop at the current rate, their 
share of the global market should already reach 50% in the 
next decade.  

As indicated earlier, due to the change in Poland's ener-
gy mix over recent years, the emissions of the individual 
compounds monitored by KOBIZE have changed. With 
emissions tables [22], it is possible to determine the rate of 
change of vehicle emissions over time for electric vehicles. 
To illustrate this phenomenon, two electric vehicles were 
used for the purpose of this paper, i.e., the VW ID.3 [32] 
and Nissan Leaf [29]. The power of the VW ID.3 vehicle 
was 170 kW, with a range of up to 388 km. Energy con-
sumption was 152 Wh/km. The power of the Nissan Leaf 
vehicle was 150 kW, with a range of up to 285 km. Energy 
consumption was 166 Wh/km. The change in air pollutant 
emissions determined using the early analytical method 
described applies to carbon dioxide, nitrogen oxides and 
carbon monoxides are shown in Fig. 9 and Fig. 10. 

 
Fig. 9. Change in air pollutant emissions of VW ID.3 from 2014 to 2023, 
 own elaboration 

 
Fig. 10. Change in air pollutant emissions of Nissan Leaf from 2014 to 
 2023 

 
Analysing the historical KOBIZE emissions data, for 

the VW ID.3 and the Nissan Leaf, assuming the current 
technical parameters for energy consumption between 2014 
and 2024 for the above-mentioned vehicles, it should be 
noted that in the past decade there has been a decrease of 
27% in CO2 emissions, 63% in nitrogen oxides and 5% in 
carbon monoxide. A change in Poland's energy mix is 
therefore responsible for reducing EV emissions. It can 
therefore be assumed that the transfer of electricity produc-

tion in Poland to renewable energy sources or nuclear ener-
gy will allow for even more significant reductions in emis-
sions. This will enable the operation of electric vehicles to 
be referred to as zero-emission vehicle operation. Until this 
happens, it is possible to refer to electric vehicles as low-
emission vehicles.  

As part of the emissions testing of hybrid vehicles, air 
pollutant emissions were measured for the Kia Niro, manu-
facturing year 2022, 1.6 petrol engine, plug-in type, with  
a total power of nearly 105 HP [28]. In terms of hybrid 
vehicles, the analysis of fuel consumption and energy re-
quirements is also an important issue [27]. Cumulative fuel 
consumption increases with increasing mileage, but the 
increase is not a linear function. Similar observations were 
made in terms of air emissions of vehicles with diesel en-
gines [15, 16]. Pollutant emissions increased with operating 
age, but this was not an increase that could be described by 
a linear function. Detailed results of RDE tests of air pollu-
tants for the Kia Niro vehicle in urban, suburban, motor-
way, and RDE modes are shown in Fig. 11, Fig. 13, and 
Fig. 15. 

 
Fig. 11. NOx emissions of the Kia Niro, RDE test [mg/km] 

 
Fig. 12. NOx emissions of the Kia Niro, RDE test and RDE + EN emis-
 sions [mg/km] 

 
The air pollutant emissions of a hybrid vehicle are those 

from the combustion of fuel while the vehicle is running, 
shown in Fig. 11, Fig. 13, and Fig. 15, as well as emissions 
including air pollutants generated from electricity genera-
tion, designated RDE + EN in Fig. 12, Fig. 14, and Fig. 16. 
The emissions marked as RDE + EN on Fig. 12, 14, and 16 
are the emissions generated by the hybrid vehicle during the 
road test from combustion fuel, plus the emissions resulting 
from the electricity consumed by the hybrid vehicle during 
the road test. The energy marked as EN in the figures indi-
cates emissions from energy drawn from the electric net-
work by the hybrid vehicle. 
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Fig. 13. CO2 emissions of the Kia Niro, RDE test [mg/km] 

 
Fig. 14. CO2 emissions of the Kia Niro, RDE test and RDE + EN emis-
 sions [mg/km] 

 
Fig. 15. CO emissions of the Kia Niro, RDE test [mg/km] 

 
The air pollutant emissions of the hybrid vehicle, in-

cluding those from electricity generation, contribute slightly 
to the higher total emissions found in the road tests. The 
above analyses related to determining the impact of emis-
sions from electricity generation on the emissions of the 
hybrid vehicle were carried out using the analytical method 
indicated above and the air pollutant emissions from 2023 
published by KOBIZE and shown in Table 1.  

The Kia Niro hybrid vehicle's carbon dioxide emissions 
in the RDE road test were 140.80 g/km and, including 
emissions from electricity generation, amounted to 152.67 
mg/km. This represents an increase in carbon dioxide emis-
sions of around 8%. The nitrogen oxide emissions of the 
Kia Niro hybrid vehicle in the RDE road test were 1.27 

mg/km and, including emissions from electricity genera-
tion, amounted to 1.28 mg/km. This represents an increase 
in nitrogen oxide emissions of around 1%. The carbon 
monoxide emissions of the Kia Niro hybrid vehicle in the 
RDE road test were 104.36 mg/km, and including emis-
sions from electricity generation, also amounted to 104.36 
mg/km. 

 
Fig. 16. CO emissions of the Kia Niro, RDE test, and RDE + EN emis-
 sions [mg/km] 

4. Conclusions 
The increasingly widespread use of electric vehicles in 

Poland and Europe represents an opportunity to reduce 
greenhouse gas emissions in the area of transport. An ana-
lytical method can be used to determine the emissions of 
electric vehicles, taking into account data from the general 
reports prepared by KOBIZE [22]. Knowing the energy 
consumption during the electric vehicle's mixing cycle, it is 
possible to determine the air pollutant emissions generated 
during the electricity generation stage. Analysing the histor-
ical KOBIZE emissions data, for the VW ID.3 and the 
Nissan Leaf, assuming the current technical parameters for 
energy consumption between 2014 and 2024 for the above-
mentioned vehicles, it should be noted that the past decade 
featured a decrease of 27% in CO2 emissions, 63% in nitro-
gen oxides and 5% in carbon monoxide. A change in Po-
land's energy mix is therefore responsible for reducing EV 
emissions. It can therefore be assumed that the transfer of 
electricity production in Poland to renewable energy 
sources or nuclear energy will allow for even more signifi-
cant reductions in emissions. This will enable the operation 
of electric vehicles to be referred to as zero-emission vehi-
cle operation. Until this happens, it is possible to refer to 
electric vehicles as low-emission vehicles. The proposed 
analytical method for determining the air pollutant emis-
sions of electric vehicles makes it possible to observe 
changes in pollutant emissions over time, taking into ac-
count the changing electricity production mix in Poland and 
scenarios for organizing transport systems with electric 
vehicles [7].  

For hybrid vehicles, RDE measurements of air pollutant 
emissions can be corrected using the analytical method to 
the extent that they relate to the measurement of emissions 
associated with electricity generation. The Kia Niro hybrid 
vehicle's carbon dioxide emissions in the RDE road test 
were 140.80 g/km and, including emissions from electricity 
generation, amounted to 152.67 mg/km. This represents an 
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increase in carbon dioxide emissions of around 8%. The 
nitrogen oxide emissions of the Kia Niro hybrid vehicle in 
the RDE road test were 1.27 mg/km and, including emis-
sions from electricity generation, amounted to 1.28 mg/km. 
This represents an increase in nitrogen oxide emissions of 
around 1%. The carbon monoxide emissions of the Kia 
Niro hybrid vehicle in the RDE road test were 104.36 

mg/km, and including emissions from electricity genera-
tion, also amounted to 104.36 mg/km. 
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Nomenclature 
HEV hybrid electric vehicle  
IEA International Energy Agency  
KOBIZE National Centre for Emissions Management 
LCA life cycle analysis 
mHEV mild hybrid electric vehicle 
NEDC New European Driving Cycle 
PHEV plug-in hybrid electric vehicle 

RES renewable energy sources 
RDE measurement of real driving emissions 
TTW tank to wheel 
WLTP Worldwide Harmonized Light-Duty Vehicles 

Test Procedure 
WTT well to tank 
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Optimization of the cooling system in a prototype VCR engine using CFD analysis 
 
ARTICLE INFO  The cooling system of an internal combustion engine affects various key parameters, including ignition delay, 

fuel evaporation, and the compression-expansion process. The geometry of its components impacts both cooling 
efficiency and the energy demand of the coolant pump. This paper presents CFD simulation results of coolant 
flow through selected elements of a modified cooling system in a prototype engine. Due to design changes in the 
power unit, the original coolant outlet manifold required redesign. Three manifold variants were analyzed under 
two coolant types and two back pressure levels. Flow patterns were evaluated using streamlines and velocity 
distributions in selected cross-sections. The applied manifold modification significantly increased coolant 
velocity. In the analyzed cases, the local resistance coefficient rose to values as high as 9. For version mod2, the 
risk of turbulence was higher with a water-glycol mixture than with water. For version mod1, turbulence 
sensitivity to coolant type was negligible. 
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1. Introduction 

One of the fundamental conditions for the proper opera-
tion of internal combustion engines is maintaining adequate 
cooling intensity. Parameters of the cooling process, such 
as coolant flow rate, significantly influence heat exchange 
between the coolant and the heated walls of the cylinders 
and cylinder head. Additionally, cooling intensity affects 
pressure changes during the compression and expansion 
strokes, as well as the fuel evaporation process and ignition 
delay time in compression ignition engines. The thermal 
state of the engine also plays a crucial role in determining 
the quality of the air-fuel mixture. 

In traction-type internal combustion engines, liquid 
cooling with forced circulation is almost universally ap-
plied. Approximately 30% of the heat generated during 
combustion is transferred to the coolant [23], representing  
a substantial thermal load. Ensuring proper coolant flow – 
achieved, for example, through the optimized geometry of 
cooling system components – is essential. For this purpose, 
commercial Computational Fluid Dynamics (CFD) soft-
ware is commonly utilized [10]. 

Numerical analysis of coolant flow in internal combus-
tion engine cooling systems must account for turbulence. 
The k–ε turbulence model is widely used due to its robust-
ness and suitability for this application [2, 4, 13, 16]. CFD 
simulations typically consider both fluid dynamics and 
thermal interactions between the coolant and the walls of 
the flow passages [3, 17]. Phenomena such as cavitation [7, 
12] and other flow disturbances are also relevant in such 
analyses. Since velocity distribution in coolant channels 
determines heat transfer efficiency, it is a critical aspect of 
CFD-based investigations. 

The effect of the study [5] demonstrates that modifying 
the water jacket can reduce the volume of stagnant coolant 
by up to 75% and increase flow velocity by as much as 
50%, compared to the original design. CFD simulations can 
also predict flow and thermal non-uniformities and identify 
zones of low velocity [19, 21, 22, 24]. These tools are in-

creasingly applied in the thermal management of electric 
vehicle systems as well [6, 11]. 

Numerical flow analysis is also employed in the devel-
opment and optimization of air-cooled engine systems. 
Simulations enable assessment of fin design with varying 
geometrical and material properties, and facilitate the esti-
mation of thermal stresses [14, 15, 18, 20]. As shown in 
[20], simulation results exhibited good correlation with data 
obtained from wind tunnel experiments. 

Cooling of internal combustion engines also involves 
heat dissipation through oil. Analyzing its flow using CFD 
offers benefits, such as reducing prototyping time, particu-
larly in conditions of variable flow channel dynamics. This 
occurs, for instance, in connecting rods, where oil flows to 
cool the piston [8]. 

Designing modern internal combustion engines involves 
a wide array of requirements, including those pertaining to 
thermal management. The application of CFD tools facili-
tates rapid evaluation of various design configurations, 
enabling selection of appropriate geometries for manifolds, 
channels, hoses, and other components. 

The subject of this study is a prototype diesel engine 
with a variable compression ratio, developed based on  
a commercially available four-stroke, inline four-cylinder 
engine. A distinguishing feature of the design is the lack of 
a permanent connection between the cylinders and the en-
gine block housing the crankshaft, enabling variation in 
compression ratio by axial movement of the cylinder as-
sembly. 

The cylinder displacement mechanism consists of mul-
tiple components. The integration of these additional parts 
necessitated several design changes, including modifica-
tions to the engine’s cooling system. The original coolant 
discharge system comprised a manifold with three segments 
connected by rubber hoses (Fig. 1). 

The coolant manifold is mounted to the cylinders at the 
locations indicated in Fig. 2. 
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Fig. 1. Factory elements of the engine cooling system; manifold draining 
 liquid from the cylinder block 

 
Fig. 2. 3D scan of the base engine: 1 – places for mounting the factory 
manifold, draining liquid from the cylinder block; 2 – the plane of division 
of the cylinder block and the engine block; 3 – pins on which the support 
 plate is mounted 

 
One of the key components of the cylinder displacement 

mechanism is the support plate, which is mounted on addi-
tional guide pins (Fig. 2). Unfortunately, the support plate 
interferes with the factory-installed coolant outlet manifold 
(Fig. 3). As a result, it was necessary to design new compo-
nents to resolve this interference. The newly developed 
parts are flanges, which are mounted to the cylinder block 
prior to the installation of the support plate (Fig. 5). 

 
Fig. 3. 3D scan of the base engine with the CAD model of the main sup-
port plate of the cylinder block shift mechanism: 1 – support plate; 2 – 
 threaded parts of the plate fixing pins (screwed with nuts) 

 
After the support plate is mounted to the cylinder block, 

outlet pipes are screwed into the flanges and connected to 
the hoses. These modifications require additional changes – 
most importantly, the cross-sectional area of each of the 
four outlet channels coming from the cylinder block must 
be reduced. The cross-sectional area has been decreased by 
a factor of four. Applying the mass balance equation for 
fluid flow to the modified cross-sectional area yields: 

 ṁ1 = ṁ2 = ρ1 ∙ v1 ∙ A1 = ρ2 ∙ v2 ∙ A2  (1) 

where (indexes apply to sections 1 and 2): ṁ – mass flow 
rate through cross-section A, ρ – fluid density, v – fluid 
velocity, A – cross-section area. 

Since the coolant can be treated as an incompressible 
fluid, the density remains constant, i.e., ρ₁ = ρ₂. Conse-
quently, a fourfold reduction in cross-sectional area re-
quires a fourfold increase in fluid velocity to maintain the 
same mass flow rate, according to the principle of continui-
ty. The continuity equation, expressed in Cartesian coordi-
nates, takes the following form: 

 ∂ρ

∂t
+

∂ρu

∂x
+

∂ρv

∂y
+

∂ρw

∂z
= 0 (2) 

where: ρ – fluid density, t – time, u, v, w – velocity compo-
nent in, respectively, the x, y and z direction. 

Many problems result from the increase in fluid velocity 
combined with cross-section changes and rapid flow direc-
tion changes. First of all, the value of local flow resistance 
increases and the flow character (laminar or turbulent) 
varies. Figure 4 shows the engine model with the mecha-
nism for changing the compression ratio. The illustration 
shows the extent to which the space for the coolant mani-
fold is limited. 

 
Fig. 4. VCR engine model with mechanism for changing the compression 
ratio: 1 – support plate; 2 – cylinder block; 3 – intake manifold; 4 – sup-
 port structure element 

 
The flanges described above with screw-in outlet pipes 

mounted on the engine are shown in Fig. 5 and 6. 

 
Fig. 5. Modified coolant outlet from the cylinder block (view along the 
axis of the engine shaft): 1 – outlet pipes; 2 – engine intake manifold; 3 – 
 flanges; 4 – support plate 
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Fig. 6 Modified coolant outlet from the cylinder block (side view): 1 – 
 outlet pipes; 2 – engine intake manifold; 3 – flanges; 4 – support plate 

2. Research methodology 
Based on the factors described above, outlet coolant 

manifolds were designed with geometries that accommo-
date the available space constraints. Figure 7 presents  
a comparison of the proposed models. These models were 
created using CATIA V5, exported in a standard CAD data 
exchange format (STEP), and then imported into the Auto-
desk CFD environment, where three-dimensional numerical 
flow analysis was performed. 

 
Fig. 7. Comparison of outlet coolant manifold models; from the left: 
factory manifold (mod0), modified version 1 (mod1), modified version 2 
 (mod2) 

 
Figure 8 shows a comparison of coolant manifold mod-

els in version 1 (mod1) and 2 (mod2) mounted on the en-
gine. A very small space is available for assembling them. 
It is mostly limited by the engine intake manifold and con-
necting rods of the cylinder block shifting system (used to 
change the compression ratio). An electric coolant pump 
was used in the construction of the prototype engine. The 
pump mass flow efficiency was calculated according to the 
formula (3) [9]: 

 ṁ =
Q

cwΔTw
 (3) 

where: Q – heat taken from the engine, cw – specific heat of 
the coolant, ΔTw – temperature difference of the coolant 
flowing out and flowing in the engine. 

According to formula (2) for the factory engine, the the-
oretical cooling mass flow ṁ should be 1.9 kg/s (for water). 
Thus, the mass flow rate for each coolant manifold inlet is 
0.48 kg/s. It was assumed that the total coolant stream is 
divided into four equal parts and its value is constant over 

time. For all tested manifolds, a simulation of the flow for 
two fluids – water and a mixture of ethylene glycol and 
water (50% by volume) – was carried out. During the anal-
ysis, it was assumed that the temperature, density, and dy-
namic viscosity of the coolant were constant. The simula-
tions were carried out for two values of outlet back pressure 
(Fig. 8): 0 and 80 kPa [23]. 

The shape and size of the cross-sections at the manifold 
inlet were determined by the geometry of the openings in 
the cylinder block walls, while at the outlet, they were 
matched to the factory manifold in order to avoid the need 
for modifications to other components in the cooling sys-
tem. It was also assumed that the factory flow channels 
upstream of the inlet and downstream of the outlet would 
perform their function properly, and their geometry was not 
considered in the simulation. 

 
 Fig. 8. Modified coolant manifolds on the engine: a) mod1, b) mod2 

 
The symbolic names of individual simulations are pre-

sented in Table 1. The physical parameters of water and its 
mixtures with ethylene glycol at 20°C are given in Table 2. 

Figure 9 shows the liquid inlets and outlet in the mod0 
version. The back pressure is defined as overpressure rela-
tive to the ambient pressure. 

The aim of the simulations was to compare the behavior 
of the coolant stream during flow through the different 
outlet manifold models. Research results play an auxiliary 
role in choosing the right design solution. It should be noted 
that the possibilities of obtaining significantly different 
versions of coolant manifolds are quite limited due to the 
very small available space. The work focused mainly on the 
analysis of trace lines and the distribution of coolant veloci-
ty at critical locations of manifold models. It is important to 
determine the areas or shapes of the channels in manifolds 
that can disturb the desired fluid flow. The heat transfer 
analysis was not included in the simulation. Therefore, no 
calculations for higher temperature values were carried out 
– this will be the subject of further studies. 
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Table 1. List of simulation names used in calculations 

Outlet coolant 
manifold 

Simulation 
name Coolant 

Back 
pressure 
[kPa] 

 

mod0-W-p0 
Water 

0 

mod0-W-p80 80 

mod0-WG-p0 Mixture of ethylene 
glycol and water 
(50% by volume) 

0 

mod0-WG-p80 80 

 

mod1-W-p0 
Water 

0 

mod1-W-p80 80 

mod1-WG-p0 Mixture of ethylene 
glycol and water 
(50% by volume) 

0 

mod1-WG-p80 80 

 

mod2-W-p0 
Water 

0 

mod2-W-p80 80 

mod2-WG-p0 Mixture of ethylene 
glycol and water 
(50% by volume) 

0 

mod2-WG-p80 80 

 
Table 2. Physical parameters of the analyzed coolants [1] 

Parameter Density 
[g/cm3] 

Dynamic viscosity 
[mPa·s] 

Water 0.9982 1.00 
Mixture of ethylene glycol 
and water (50% by volume) 1.0695 3.98 

 
Fig. 9. Inlets (blue arrows) and outlet (green arrow) on the example of the 
 factory manifold; the orange arrow symbolizes back pressure 

3. Results and discussion 
Due to the limited volume of the article, it was decided 

to present selected, representative forms of the results of the 
coolant flow simulation. Because a wider comparison of 
modified coolant manifolds (mod1 and mod2) is presented 
further on, only the results for water flow with 0 kPa back 
pressure for the factory manifold mod0 are presented here. 
The color scale for each visualization has been unified, so a 
given color indicates the same value in each figure. In Figs. 
10 to 19, for better readability, the coolant trace lines are 
shown in individual illustrations. 

Figures 12–26 show the results only for mod1 and 
mod2. The necessary modifications used in the mod1 and 
mod2 versions resulted in a rapid increase in fluid velocity 
(Fig. 12–19). Local reduction of the cross-section area also 
brings an increase in the value of the local resistance coef-
ficient ξ. In the studied cases, the value of this coefficient is 
about 9. 

 

 
 Fig. 10. Coolant trace lines with velocity distribution; mod0-W-0kPa 

 
 Fig. 11. Distribution of coolant velocity on selected planes; mod0-W-0kPa 

 

 
 Fig. 12. Coolant trace lines with velocity distribution; mod1-W-0kPa 

 
 Fig. 13. Coolant trace lines with velocity distribution; mod1-WG-0kPa 
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 Fig. 14. Coolant trace lines with velocity distribution; mod1-W-80kPa 

 
 Fig. 15. Coolant trace lines with velocity distribution; mod1-WG-80kPa 

 
 Fig.16. Coolant trace lines with velocity distribution; mod2-W-0kPa 

 
 Fig. 17. Coolant trace lines with velocity distribution; mod2-WG-0kPa 

 
 Fig. 18. Coolant trace lines with velocity distribution; mod2-W-80kPa 

 
 Fig. 19. Coolant trace lines with velocity distribution; mod2-WG-80kPa. 

 
The velocity distribution (Fig. 20) shows that the water 

flow reaches higher values than that of the water–glycol 
mixture, and it occurs close to the manifold outlet pipe axis. 
This dependence is visible for both 0 and 80 kPa back pres-
sure. In addition, in the considered plane (Fig. 20), the 
water flow at the outlet shows a more uniform velocity 
profile than that of the mixture of water with ethylene gly-
col. 

 
Fig. 20. Distribution of coolant velocity in the mod1 manifold on a plane 
passing through the axis of the outlet pipe of the manifold and parallel to 
 the XY plane (Fig. 12) 

 
Another undesirable feature of the modified manifolds 

is the space in which the trace lines are shown in Fig. 21 
and 23. This volume is harmful from the point of view of 
the continuity of the coolant fluid stream. Its existence 
introduces the risk of local turbulence, which also increases 
the local flow resistance coefficient. For the mod1 version 
(Fig. 21), the formation of turbulent flow is slightly de-
pendent on both the type of liquid and the back pressure 
value. 
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 Fig. 21. Comparison of coolant trace lines for mod1 

 
Each inlet channel of the mod1 manifold lies in one 

plane, which allowed for comparison of velocity distribu-
tion in individual sections (Fig. 22). 

 
Fig. 22. Coolant velocity distributions in the planes passing through the 
 inlet axes parallel to the YZ plane (Fig. 12); mod1 

 
The considered space for the mod2 manifold causes  

a visible impact of the type of liquid on the risk of turbulent 
flow. The results (Fig. 23) show that this risk is greater for 
a glycol and water mixture than for water alone, both for  
0 and 80 kPa back pressure. 

 
 Fig. 23. Comparison of coolant trace lines for mod2 

 
Fig. 24. Distribution of coolant velocity in the mod2 manifold on a plane 
passing through the axis of the outlet pipe of the manifold and parallel to 
 the XY plane (Fig. 12) 

 
Figures 25 and 26 show that using the mod1 version 

causes greater differences in velocity in the outlet axis for 

different simulation conditions than using the mod2 ver-
sion. The differences reach 15% for water. For a water–
glycol mixture, the differences are clearly smaller. 

 
 Fig. 25. Coolant velocity for mod1 in the axis shown in Fig. 27 

 
For the mod2 version, the differences in coolant fluid 

velocity depending on the back pressure are noticeably 
smaller than for the mod1 version (Fig. 26). 

 
 Fig. 26. Coolant velocity for mod2 in the axis shown in Fig. 26 

 
For the mod2 version, the coolant velocity values for the 

first inlet channels (furthest from the outlet) to the main 
pipe area have a similar value – about 2.5 m/s. For mod1, 
the values are significantly different, in the range from 2.0 
to 2.5 m/s. 

 
Fig. 27. Explanation of the “Distance” parameter using the example of the 
 mod1 manifold (for charts in Fig. 25 and 26) 

Conclusions 
An important consideration is the behavior of the cool-

ant streams in regions such as manifold inlet and outlet 
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connectors, channel curvatures, and spaces that do not con-
tribute to flow but are technologically necessary or difficult 
to eliminate. 

During the design of the engine coolant manifold, it is 
essential to avoid unintended voids that could disrupt the 
flow. 

The mod2 manifold exhibits a more favorable geometry 
for coolant flow. Its channel shapes help reduce the risk of 
turbulence. However, alternative geometrical configura-
tions are also worth exploring. 

The simulation was conducted for two different fluids 
and for manifolds with four inlets and one outlet. As a re-

sult, the Reynolds number varies significantly: from 17,900 
to 72,900 for water, and from 4200 to 18,400 for a water–
glycol mixture. Under actual operating conditions, the flow 
is considered turbulent across this entire range, due to fac-
tors inherent to such systems (e.g., uneven channel surface 
roughness, vibrations). 

It is therefore reasonable to conduct further simulations 
to evaluate: 
 the optimal channel curvature 
 the effect of temperature on flow behavior 
 heat transfer characteristics based on material selection. 

 

Nomenclature 
A cross-sectional area 
CFD computational fluid dynamics 
cw specific heat of the coolant 
modx name of the coolant manifold in simula-

tion; x – number of manifold version (0 is 
for factory manifold); 1, 2 – modified ver-
sions 

modx-W-p0 name of simulation for modx manifold 
with water flow and 0 kPa back pressure 

modx-W-p80 name of simulation for modx manifold 
with water flow and 80 kPa back pressure 

modx-WG-p0 name of simulation for modx manifold 
with mixture of ethylene glycol and water 

(50% by volume) flow and 0 kPa back 
pressure 

modx-WG-p80 name of simulation for modx manifold 
with mixture of ethylene glycol and water 
(50% by volume), flow and 80 kPa back 
pressure 

ṁ mass flow rate, kg/s 
Q heat removed from the engine 
ρ fluid density 
Re Reynolds number 
ΔTw temperature differential between the en-

gine coolant inlet and outlet 
v fluid velocity, m/s 
VCR variable compression ratio 
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Effects of torch flame strength on the combustion process in medium-speed gas 

engines through pre-chamber orifice specifications 
 
ARTICLE INFO  Gas engines are eagerly introduced for the moment to reduce GHG emissions from the marine 

sector, and could be used by green methane from the methanation process in the future. Pre-
chamber-type gas engines burning lean premixture in a main chamber are the mainstream in the 
medium-speed engine range. Although the ejection behaviour of torch flames from the pre-
chamber has a significant impact on the combustion in the main chamber, there are few research 
examples of confirming the effects of the pre-chamber specifications by actual observation of the 
combustion process. In this study, a constant-volume chamber was prepared to reproduce the 
combustion chamber near the top dead centre of a medium-speed gas engine, to visualize its whole 
combustion chamber, and to investigate the effects of the pre-chamber specifications. The validity 
of the CFD simulation based on the RANS turbulence model and the possibility of a design index 
for the ejection strength of torch flames were also examined. 
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1. Introduction  

Acceleration of global warming justifies the Paris 
Agreement to achieve the carbon neutrality target by 2050. 
As for the transportation sectors, radical progresses are 
being made in the development of electrification [29] and e-
fuels [5, 16] to decarbonize prime movers in the field of 
land transportation, but more generous GHG reduction 
targets were once set for off-road power sources, such as 
industrial engines and marine engines, because of their long 
continuous operating time, and high average engine load, 
which results in the difficulty in electrification. At IMO/ 
MEPC 80 in 2023 [12], however, it was announced that the 
marine industry would follow the same path as other sectors 
to accomplish the carbon neutrality by 2050, and mid-term 
measures were proposed to reduce GHG emissions by 20% 
to 30% by 2030 and 70% to 80% by 2040, while its target 
for the introduction of carbon-free marine fuels such as 
hydrogen and ammonia, which are essential to achieving 
the carbon neutrality, was set at a mere 5% to 10% of the 
fuel share by 2030. For the time being, therefore, it is ex-
pected that GHG emission reductions will be promoted by 
introducing low-speed and medium-speed gas engines with 
natural gas (NG) fuelled [2], and once the production of 
hydrogen, the raw material for carbon-free fuels, becomes 
widespread, it is also promising to continue utilising these 
gas engines using green methane (e-gas) synthesized 
through methanation [24]. 

Unlike low-speed marine gas engines, which operate in  
a two-stroke cycle with premixed or diffusion combustion 
mode and can be tolerated with modest mean effective 
pressure [8, 13], a lean-burn premixed combustion gas 
engine (LBGE, hereafter) has become mainstream [17] in 
the field of medium-speed range thanks to its less fuel gas 
compression work, better thermal efficiency by a high de-
gree of constant-volume [15], and lower NOx emissions. 

Nevertheless, medium-speed LBGEs’ combustion chamber 
of c.a. 200 mm or more in bore exceeds the knock limit 
bore ( 100 mm) of gasoline-fuelled SI engines and 
forces them to operate within a narrow range of air-to-fuel 
ratio (AFR) between the knock limit at richer AFR and the 
misfire limit at leaner AFR [23]. So, avoiding pre-ignition 
and knocking at higher engine loads, and misfiring at lower 
loads, has been the major challenge for LBGEs [18, 25, 28]. 
In addition, regardless of engine loads, excessive cycle-to-
cycle variation and unburned fuel emissions are also worry-
ing problems of LBGEs [9, 10].  

After all, it is essential to enhance the ignition energy for 
the premixture in the combustion chamber of medium-
speed LBGEs. Two ignition methods are the mainstream 
for that purpose. One is a spray flame by direct pilot injec-
tion of diesel fuel as seen in so-called “dual-fuel” engines 
[11], and the other is torch flames ejected through the ori-
fices of a pre-combustion chamber (abbreviated as pre-
chamber or PC in the study) mounted in the upper centre of 
the main combustion chamber (MC). The PC-type ignition 
is preferred for medium-speed LBGEs because it allows the 
usage of an ignition plug in the PC to realise mono-fuel 
operation and to be free from NOx and soot emissions de-
rived from diesel sprays [1]. More specifically, the PC with 
a dedicated supply path for fuel gas is called an Active PC 
(APC), and the one without the path is a passive PC. The 
former has a larger PC volume, realizes the mixture stratifi-
cation from PC to MC, and strengthens the ignition poten-
tial and penetration of the torch flame. The APC is used 
exclusively for medium-speed LBGEs with a bore of over 
200 mm, which requires higher ignition energy. In the 
APC, many factors such as the ignition energy, the PC 
volume, and the number and diameter of the orifice open-
ings may affect the ejection behaviour of the torch flame, 
but these effects have not been clarified quantitatively 

http://orcid.org/0000-0003-0454-9730
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enough because of a lack of full observations of in-cylinder 
phenomena of gas engines. 

In the previous study [3], using a constant-volume cham-
ber (CVC) that simulated a combustion chamber geometry 
near the top dead centre of an APC-type medium-speed 
LBGE, the authors visualized the ejection process of torch 
flames in detail and investigated the effects of the orifice 
specifications on the penetration and spreading angle of the 
torch flames. It was also shown that the measured results 
could be reasonably simulated by a 3D-CFD code imple-
mented with a RANS-type turbulence model [22] and  
a detailed reaction scheme for methane [4]. All the experi-
ments, however, were executed under incombustible MC 
gas conditions by filling the MC with pure nitrogen since 
the study focused on the correlation between the PC orifice 
specifications and the ejection behaviour of the torch flame. 
So, it is necessary to continue a comparative investigation 
both experimentally and numerically under combustible 
MC gas conditions by filling it with CH4/air premixture to 
evaluate the effects of the torch flame ejection on the com-
bustion process in the MC. 

Considering many experimental and numerical results 
have accumulated for various types of medium-speed LBGEs 
[6, 7, 20, 21], it may be worth proposing a practical design 
index that estimates the ejection strength of the torch flames 
based on the PC specifications when designing the combus-
tion chamber of an APC-type medium-speed LBGE.  

An index for the ejection strength of the torch flame, so-
called “jet intensity”, has already been proposed for an 
APC-type small high-speed gas engine [19], but other than 
the engine dimensions and speeds, there are non-ignorable 
differences between APC-type medium-speed LBGEs and 
the relevant high-speed gas engine. Its fuel injector is locat-
ed only in the PC instead of the separate fuel supply lines to 
both chambers, its ignition plug is located near the bottom 
of the PC instead of near the top of the PC, and so on. So, 
careful consideration is necessary before applying such an 
index. 

Generally, the correlation between the torch flame ejec-
tion intensity and the pre-chamber specifications has not 
been fully clarified, especially for larger medium- or low-
speed LBGEs. The reason can be that almost no studies 
have been made that have hierarchically classified the fac-
tors that can cause the problems of pre-chamber-type gas 
engines and investigated the true causes step by step. For 
example, possible causes of excessive cycle-to-cycle fluc-
tuations include variations in the combustion speed due to 
excessive stretch of the lean premixed flame by the torch 
flame, excessive turbulence intensity of the pre-chamber 
flow excited by direct fuel injection and the inflow flux 
during the compression stroke, and asymmetry of the pre-
chamber flow due to the eccentricity of the swirling flow in 
the main chamber and the above-mentioned complex flux 
in the pre-chamber. However, since these factors are com-
bined in an actual engine, it is extremely difficult to identify 
the true cause. Therefore, it is important to first visualize 
the ejection behaviour of the torch flame in the entire com-
bustion chamber under rather static conditions where there 
is no inflow flux due to compression or in-cylinder flow in 
the main chamber, and to understand the influence of the 

pre-chamber specifications and the presence or absence of 
cycle-to-cycle fluctuations. 

In this study, from the above perspective, the correlation 
between the ejection behaviour of the torch flames and the 
combustion process in the MC was investigated both experi-
mentally and numerically in the same manner as the previous 
study by filling the MC of the CVC with a CH4/air premix-
ture. The validity of the jet intensity index was examined by 
the observed ejection behaviours of the torch flame under 
comparative conditions with an APC-type medium-speed gas 
engine based on the PC orifice specifications. 

2. Experimental and numerical procedures 
2.1. Experimental apparatuses and procedures 

Figure 1 and Table 1 show the central cross-section and 
main specifications of the constant-volume chamber (CVC) 
used in the study. It is the same as the one used in the au-
thors' previous study [3], so its features are briefly summa-
rised here. The CVC consists of a simple pancake-shaped 
main combustion chamber (MC) with a bore of 240 mm 
and a height of 30 mm. A pre-combustion chamber (PC) is 
mounted on the central axis of the CVC’s top lid and pro-
trudes to about half the height of the MC. The PC with 
orifices near its bottom houses an ignition plug and a high-
pressure gas injection valve around its top. The configura-
tion well reproduces the clearance volume of a medium-
speed LBGE. The PC geometries, such as orifice diameter 
and the number of orifices, can be changed by replacing  
a PC tip part attached to the bottom of the PC. The details 
of the tested PC geometries will be explained later. 

 
 Fig. 1. Cross-sectional views of the CVC 

 
Table 1. Main specifications of CVC 

Main chamber (MC): DMC × HMC 240 mm × 30 mm 

Pre-chamber (PC): DPC × HPC 20 mm × 65 mm 
(upper part of PC) 

Optical window: DW × HW 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 
Primary for artificial air O2 + N2 
Secondary for fuel gas CH4 

 
Figure 2 shows a system diagram for blending and sup-

plying the premixture for the MC and the PC of the CVC. 
Both chambers are independently controlled to simulate an 

Spark plug 

Press. pickup 

PC orifice 

Visualization direction of shadowgraph 

Main chamber 

Pre-chamber; PC 

Quartz glass 

Check valve for PC 
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Active PC type (APC-type) medium-speed LBGE. The 
system consists of primary mixer tanks blending artificial 
air from pure O2 and N2, secondary mixer tanks adding 
methane (CH4) to the artificial air to prepare a premixture 
of CH4/air, and sets of a solenoid valve and a pressure regu-
lator with a built-in pressure sensor before and after the 
tanks. The exit of the secondary mixer tank for the PC is 
connected to the high-pressure gas injection valve to realize 
the APC-type fuel supply, while the exit of the secondary 
mixer tank for the MC is connected to the MC directly 
through a set of solenoid valves and a pressure regulator. 
An exhaust/vacuum line is also connected to the MC to 
scavenge the burned gas into a sample bag for emission 
analysis and to evacuate the whole system for the next 
experiment. The experimental procedure is as follows. 
First, two combustion chambers, mixer tanks, and all con-
nection pipes are evacuated. Second, the MC and PC are 
filled with the component gases up to the specified partial 
pressure. Third, a thyristor shuts off the current to an igni-
tion coil, and spark ignition happens in the upper part of the 
PC. At last, after the combustion ends, the burned gas in the 
CVC is collected into a sample bag for emission analysis.  
A CPU electronically controls all the solenoid valves and 
pressure regulators with a specified time sequence. Each 
pressure regulator is optimized for pressure control accura-
cy according to the control range. 

 
Fig. 2. System diagram for blending and supplying the premixture for the 
 main chamber and the pre-chamber of the CVC 

2.2. CFD sub-models and mesh setup 
The 3D-CFD simulation by CONVERGE in the previous 

study by the authors [3] is continuously applied to repro-
duce the combustion phenomena in the CVC that simulated 
a chamber geometry of a PC-type medium-speed LBGE.  
A RANS turbulence scheme based on the RNG k- turbu-
lence model is adopted to save computational load and 
time, considering the larger scale of medium-speed LBGEs 
and the practical CFD usage in the design phase. As for the 
combustion-related reactions, the SAGE detailed chemical 
kinetics solver by Senecal [22] is activated only in cells that 
pass threshold levels of temperature and HC mole fraction 
specified in CONVERGE. The multizone chemistry model 
by Babajimopoulos [4] was used to expedite the detailed 
chemistry calculations. The reaction mechanism is the re-
duced version of GRI-Mech1.2 by Kazakov [14] with an 
enhanced Zeldvich mechanism embedded and consists of  
 

26 species and 107 reactions for methane. The spark igni-
tion in the PC was numerically substituted by the energy 
source model. The jets of the unburned PC mixture were 
identified by setting the boundary concentration of marker 
PC gas to 1.0 mass%, and the torch flames, including the 
ignited MC mixture, were identified by setting the bounda-
ry cell temperature to 350 K or higher. 

The meshing strategy was kept the same as the previous 
study [3], such as the usage of a rectangular Cartesian coor-
dinate instead of a cylindrical coordinate concerning the 
constraint of axisymmetric alignment due to the central axis 
setting, but a finer mesh than the previous one was sup-
posed to be necessary for better prediction of the ignition 
process of the MC premixture by the torch flame and the 
following flame propagation. The size and the number of 
the cells were changed as follows. The initial grid interval 
in the PC volume was halved from 1.0 mm to 0.5 mm. This 
reduction scheme was the same for a volume of a truncated-
cone shape attached to the exit of orifices with a minimum 
diameter of about 8 mm and with a spread angle of about 
30 degrees, while the grid interval in the PC orifices was 
reduced from 0.5 mm to 0.25 mm. The total number of cells 
is initially set to c.a. 1.0 million, about 4 times what it was 
in the previous study. As before, the Adaptive Mesh Re-
finement (AMR) was activated based on the local gradient 
in temperature and velocity between the cells, but the min-
imum grid interval was reduced from 0.5 mm to 0.25 mm 
and the maximum number of cells was increased from 1.5 
million to 20 million, although both parameters were au-
tonomously adjusted by the AMR. All the wall tempera-
tures of the combustion chambers were set to 290 K. The 
heat loss to the wall surfaces was predicted by the turbulent 
heat transfer model using the boundary layer treatment 
based on the nondimensional distance y+ and the turbulent 
kinetic energy. For a better understanding of the calculation 
results, preceding jets of unburned PC mixture and follow-
ing torch flames should be distinguished from the charge 
gas or the mixture in the MC. As before, the gas compo-
nents originating from the PC mixture were identified as 
marker gases. 

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

bustion tests and numerical simulations. Setups for photo-
graphing the combustion phenomena in the MC are includ-
ed in the lower lines of the table.  

 
Table 2. Experimental conditions 

PC initial charge gas CH4/air premixture, λPC = 1.0 

MC initial charge gas 
Pure nitrogen (λMC = 0/0) 

Artificial air (λMC = ∞) 
CH4/air premixture (λMC = 1.7) 

Charged gas state 1.0 MPa, 290 K 

PC geometry PC1PC5 on Table 3 

Ignition device Ignition plug in PC 

Frame rate 20,000 fps 

Resolution 1024×1024 pixels 

Exposure time 10.0 s 
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Table 3. Main specifications of the tested PC geometries 

 
 

Fig. 3. Cross-sectional view of 
reference PC geometry (PC1) 

 Orifice specifications   

PC  
geometry 

Diameter 
Do [mm] 

Length 
Lo [mm] 

Aspect ratio 
Lo/Do [-] 

Number of 
holes 
No [-] 

Total opening 
area 

Ao [cm2] 

Throat 
diameter 
Dt [mm] 

Chamber 
volume ratio 
VPC/VMC [%] 

PC1 3.5 7.5 2.14 8 0.770 15 2.3 

PC2 4.0 7.5 1.86 6 0.754 15 2.3 

PC3 3.1 7.5 2.42 10 0.755 15 2.3 

PC4 2.5 7.5 3.00 8 0.393 15 2.3 

PC5 5.0 7.5 1.50 8 1.571 15 2.3 

 
Following the typical mixture formation in actual APC-

type LBGEs, the PC was always filled with a stoichiometric 
(λPC = 1.0) CH4/air mixture to secure stable ignition in the 
PC and to enhance torch flames, while MC gas conditions 
changed by the experimental requirements. In the previous 
study [3], the MC had been filled with pure nitrogen 
(λMC = 0/0) by shutting off a solenoid valve for supplying 
oxygen to the primary mixer tank and a corresponding 
valve for CH4 to the secondary mixer tank. In the case of 
the combustible MC gas conditions, a CH4/air mixture of an 
equivalence ratio; λMC = 1.7 was blended in the secondary 
mixer tank. Additionally, the artificial air was tried out as 
an MC charge gas to examine the effects of the continua-
tion of the combustion reactions of the torch flame with  
a reference PC Since the detailed investigation had been 
already done under incombustible MC gas conditions, only 
the PC geometries for changing the number of orifices and 
the orifice diameter were selected in this study. 

Table 3 summarizes the specifications of tested PC ge-
ometries identified as PC1~PC5. PC1 was selected as  
a reference PC geometry, in which the orifice diameter; Do 
is 3.5 mm, and the number of orifices; No is set to 8. 

Figure 3 shows a cross-sectional view of the reference 
PC (PC1). All the orifices of the PCs are horizontally bored 
to make it easy to measure the penetration and spread cone 
angle of the torch flame from the visualized flame images. 
PC2 and PC3 have No of 6 and 10, respectively, and their 
Do  is determined so that the total orifice opening area is 
almost the same as that of PC1. For PC4 and PC5, No is set 
constant at 8 and Do is set to 2.5 mm and 5.0 mm, re-
spectively. 

4. Results and discussion 
4.1. Comparison of torch flame developments in various 

MC in-chamber gas 
Although already detailed in [27], it would be better to 

briefly mention the effects of the MC in-chamber gas's 
reactivity on the torch flame's development process. 

Figure 4 compares the temporal changes in averaged Lf 
and θf  of torch flames from the standard PC (PC1) by 
changing the MC in-chamber gas from nitrogen ( λMC =
0/0) through air (λMC = ∞) to a premixture (λMC = 1.7). 
For reference, observation results of Lf  under λMC = 0/0 
conditions were well approximated to a steady gas jet re-
gardless of the nozzle orifice specifications because it 
showed the relation of Lf  ∝  t0.5 with time; t on the ASOE 
basis.  

As shown in the figure, Lf  was almost the same for 
λMC = ∞ and λMC = 1.7 except for the developing stage of 

the torch flame, and Lf for λMC = 0/0 was shorter than for 
other in-chamber gases. This suggests that the MC in-
chamber gas was entrained into the torch flame immediate-
ly after the preceding unburned PC mixture jets out, that the 
increase in Lf was caused by the flame advance to the pre-
ceding unburned PC mixture [26], and that λMC = ∞ need-
ed a longer time than λMC = 1.7 for the unburned premix-
ture to ignite and merge with the torch flame. In addition, L̇f 
at λMC = 1.7 was the highest at the start of the torch flame 
ejection, but it slowed down sharply as the flame developed 
and became the lowest near 10 ms ASOE.  

θf was almost constant at around 20 deg. at λMC = 0/0 
and λMC = ∞ , whereas θf  at λMC = 1.7  was consistently 
larger than other λMC  conditions and increased with time, 
reaching 30 deg. at 10 ms ASOE. This indicates that the 
flame propagation in the main chamber occurs mainly in 
the spreading direction, not in the injection direction. 

 
Fig. 4. Effects of the reactivity of the in-chamber gas of the MC on torch 
flame penetration: Lf (upper half) and its spreading angle: θf (lower half) 
 by PC1 with No = 8 and Do = 3.5 mm 
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Figure 5 exemplifies the shadowgraph images of the 
torch flame under the three MC in-chamber gas conditions 
at 4, 8, and 12 ms ASOE. Reflecting that the MC premix-
ture was entrained in the torch jet and the flame propaga-
tion started into the unburned MC premixture, the differ-
ence in brightness between the burning region and the 
background of the shadowgraph was the largest at λMC =
1.7 of the three since the torch flame temperature was the 
highest in the area. 

 
Fig. 5. Ejection behaviours of torch flames under different MC in-chamber gas 
conditions; λMC = 0/0 : N2 (top), λMC =  : air (middle), and λMC = 1.7 : 
 premixture of CH4/air (bottom) with reference PC1 (No = 8, Do = 3.5 mm) 
 

On the other hand, the difference was roughly negligible 
in λMC = ∞ and λMC = 0/0. It is inferred Lf at λMC = 0/0 
was shortened by the ignition difficulty of the preceding 
pre-mixture jet originating from the PC that was indicated 
by the arrow “A”s in the figure. When the flame enhance-
ment mentioned above, after τf reached the tip of the PC-
originating jet, which included the preceding unburned PC 
mixture, the entire torch flame transitioned to a spindle-
shaped or snake-head profile. It can also be seen that Lf at 

λMC = 1.7 was equivalent to that at λMC = ∞ , but flame 
propagation to the MC premixture mainly progressed in the 
direction of increasing θf. In other words, the earlier com-
bustion in the MC of the CVC, where the mixing and com-
bustion promotion effects of in-chamber flow cannot be 
expected, is not a pure flame propagation from torch flame 
as an ignition source, but rather the entrainment and igni-
tion of the premixed air-fuel mixture in the MC by the 
torch flame proceeds in parallel. Furthermore, as shown 
by the arrow “B”, it can be noted that Lfi of 1015 mm 
from the orifice exit was observed in the case of λMC = 1.7. 

Figure 6 shows the prediction results of the progression 
of the  PC premixture and the following torch preceding
flame in the MC during 110 ms ASOE under two MC in-
chamber gas conditions: λMC = 0/0 and λMC = 1.7.  The 
unburned premixture from PC is painted in yellow, and the 
burning region in red. The tip penetration of the PC premix-
ture was roughly the same in both conditions, but Lf  at 
λMC = 1.7  was consistently longer than Lf  at λMC = 0/0 
from 1 ms ASOE, that is, immediately after the ejection 
start of the torch flame. The torch flame at λMC = 1.7 then 
quickly advanced to the tip of the PC-originating mixture, 
and θf also rapidly expanded, as shown in the figure. Alt-
hough neither τfi nor Lfi was predicted by the simulation, it 
can be said that many of the considerations based on the 
observation results were well supported by the CFD, and Lf 
and θf in a combustible MC in-chamber gas were favoura-
bly reproduced just as a non-combustible MC in-chamber 
gas condition. 

4.2. Effects of the number of PC orifices 
The number of PC orifices: No  is an important design 

factor related to the spatial distribution and total surface 
area of torch flames. PCs of No = 6 (PC2), No = 8 (PC1), 
and No = 10 (PC3) were selected to investigate the effects 
of No. Each PC geometry has a common VPC and Lo, and its 
own Do  adjusted to have almost the same Ao. The orifice 
aspect ratio changes from 1.86 (PC2) through 2.14 (PC1) to 
2.42 (PC3). In general, smaller No  gives larger ejection 
momentum pre torch flame and longer Lf . The measure-
ment results at λMC = 0/0  in the previous study by the 
authors [3] were consistent with the tendency. 

 
Fig. 6. Effects of MC in-chamber gas on developing process of PC-origin proceeding unburned gas jets and torch flame with reference PC1 (No = 8, 
Do = 3.5  mm) with λMC = 0/0  (N2, upper row) and λMC = 1.7  (premixture of CH4/air, lower row). Unburned premixture originating from PC 
 painted in yellow and burning region painted in red 
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Figure 7 shows the temporal changes of Lf  and θf  ob-
served in the tested PCs adding the corresponding changes 
for PC1 at λMC = 0/0  for comparison. The above-
mentioned tendency of Lf versus Nowas confirmed again at 
λMC = 1.7. As pointed out in the previous section, L̇f at the 
early ejection stage up to 2 ms ASOE was much higher at 
λMC = 1.7 than at λMC = 0/0. Still, it can be pointed out 

that L̇f rapidly reduced in the later ejection stage around 10 
ms ASOE and the effect of Nori  became relatively small 
when considering Lf  at No = 8  and No = 10  are almost 
equal, and Lf at No = 6 slowed down to near stagnation in 
the later ejection stage. These can be recognized as the 
differences from the λMC = 0/0 case. 

 

  
             

Fig. 7. Effects of number of PC orifices; No on torch flame penetration: Lf and its spreading angle: θf by PC2 (No = 6, Do = 4.0 mm), PC1 (8, 3.5 
 mm), and PC3 (10, 3.1 mm) respectively with ca. same Ao 

 

 
Fig. 8. Effects of the number of PC orifices; No on ejection behaviour of torch flame by PC2 (No = 6, Do = 4.0 mm), PC1 (8, 3.5 mm), and PC3 (10, 
 3.1 mm) respectively, with ca. same Ao. Shadowgraph images (upper row of each island) and simulation results (lower row of each island) 
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On the other hand, the measurement results for θf  at 
λMC = 1.7  condition were rather different from those at 
λMC = 0/0. At λMC = 0/0, the correlation with No  and the 
elapsed time in ASOE was weak, and it was found that θf 
was almost constant over time at around 20 degrees regard-
less of No. However, θf at λMC = 1.7 showed a monotonic 
increase over time in all No  cases, and the differences 
among the tested No were more evident. Specifically, the 
torch flame expanded most rapidly in ±θf direction in the 
No = 6  case, and except for just after the ejection start. 
θf at No = 10, where the torch flame momentum per PC 
orifice was the smallest of the three PCs, was slightly 
wider than θf at all No cases. In addition, it can be noted 
that the increase in θf  at all No  cases temporarily slowed 
down after 4 ms ASOE, and then it tended to increase 
again. This may mean that the torch flame expanded 
enough to contact the upper and lower walls of the MC as 
described below. 

Figure 8 compares the shadowgraph images of torch 
flames with the predicted ones for the three No settings. To 
consider the correlation with the heat release process, the 
display period is set to 120 ms ASOE. In most of the pre-
diction results after 15 ms ASOE, however, the flame im-
age was not available because of the discontinuity of the 
isothermal surface of 350 K. The considerations of the 
shadowgraph images can be summarized as follows. 

As a general trend, 𝜏fi was about 12 ms regardless of 
𝑁o, but 𝜏fi of each torch flame captured in a certain shad-
owgraph image at 1 ms ASOE indicated τfi variated among 
the torch flames. The unburned MC premixture between the 
torch flames seemed hard to burn up at any No even in the 
later combustion stage in the MC. As in the images at least 
after 10ms ASOE, when the tip of the torch flame came 
into contact with the upper and lower MC walls and flat-
tened out, the apparent θf became overestimated.  

The influence is stronger at No = 6, where the volume of 
the torch flame alone was the largest of the three cases, and 
there were flame images in which the original torch flame 
could be distinguished inside the flattened flame near the 
wall (arrow “A”s). By excluding this apparent expansion of 
θf , a smaller number of orifices such as No = 6  can in-
crease both Lf and θf, but the total contact area between the 
MC premixture and the torch flames does not grow because 
of the limitation of the flame growth in ±θf direction, while 
with a bigger number of orifices such as No = 10, the sur-
face area of the torch flame can increase, but a decrease in 
the penetrating momentum of each flame presumably off-
sets this merit. Furthermore, at No = 10, the torch flames 
from the orifices in the upper half of the shadowgraph im-
age had shorter τfi by about 1 ms than the orifices in the 
lower half, and in the downstream of Lfi, the torch flames 
made the immediate and discontinuous transition to the 
expanding flame profile. This is thought to be the reason 
why θf at No = 10 was evaluated to be larger than that at 
No = 8. Torch flames with shorter τfi at No = 10 also lost 
their penetrating momentum more quickly, and they did not 
seem to reach the inner sidewall of the MC and resulted in 
very slow flame propagation to the end gas zone of the MC. 

In the CFD prediction, it should be pointed out that Lf is 
slightly underestimated, τfi  and Lfi  cannot be reproduced, 

so the torch flame expanded immediately after ejection 
from the PC, and the asymmetric flame development due to 
the rectangular mesh is particularly noticeable in the case of 
No = 6. However, the above-described effects of No on the 
ejection behaviour of the torch flame and the subsequent 
combustion process are qualitatively reproduced including 
the flame interconnection in the downstream of Lfi at 
No = 10. In addition, by the 10 ms ASOE, the holes in the 
background colour appeared around the flame tip in all No 
cases. This is because the torch flames being in contact with 
the upper and lower walls of the MC were cooled down and 
the isothermal surface of the burning area became discon-
tinuous. It supports the wall contact and flattening of the 
torch flame described above. 

Figure 9 shows the temporal change of the rate of heat 
release (ROHR) for the three No settings. The black curves 
are the estimated ROHRs based on the measured in-
chamber pressure, and the red curves are the calculated 
ones based on the numerically predicted in-chamber pres-
sure. 

 
Fig. 9. Effects of the number of PC orifices; No on ROHR in the MC by 
PC2 (No = 6, Do = 4.0 mm), PC1 (8, 3.5 mm), and PC3 (10, 3.1 
mm) respectively, with ca. same Ao. Measured ROHRs (black curves), and 
 simulated ROHRs (red curves) 

 
First, considering the measured ROHR under the condi-

tion of near constant Ao, it can be said that the effects of No 
on the heat release process in the MC was relatively small, 
and similar ROHR curves derived in all cases. When No 
increased from 6 to 10, the maximum value of the heat 
release rate increased from 270 kJ/s to around 360 kJ/s, and 
τHRmax was delayed from 15 ms ASOE to around 25 ms 
ASOE. Additionally, there was an inflection point in each 
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ROHR curve around 5 ms ASOE regardless of No, which 
means the combustion in the MC may temporarily stagnate 
in the process of flame development. The smaller the num-
ber of orifices was, the higher the ROHR around 5 ms 
ASOE and the steeper the gradient of the ROHR were. 

All in all, with a small number of nozzle holes, the in-
creased penetrating momentum per torch flame can pro-
mote the early stage of the combustion in the MC, but the 
effect is not enough to compensate for the decrease in flame 
surface area and the enlargement of the gap between the 
torch flames from middle to late stage of the combustion in 
the MC. With a large number of nozzle holes, on the other 
hand, early-stage heat release in the MC slows down be-
cause of the slow ejection speed of torch flames, but the 
following heat release can be partially ensured thanks to an 
increase of the flame sur-face and a decrease of the gap 
between the torch flames. However, the penetrating mo-
mentum per torch flame seems crucial especially for the 
late stage of the combustion because the unburned premix-
ture in the end gas zone needs a forcing ignition source to 
burn up fast instead of the slower flame propagation of the 
leaner CH4-air mixture. 

Next, comparing the predicted ROHRs with the meas-
ured ones, the tendency was consistent for the maximum 
ROHR to be proportional to No, but the large discrepancy 
should be noted because the maximum value itself was 
significantly lower than the measured one and tmax  ad-
vanced to about 4 ms ASOE. As for the total heat release, 
some trial calculations were executed up to several hundred 
milliseconds on ASOE, and the total amount of the predict-
ed heat release was ensured to be almost equal to the accu-
mulation of the measured values. The discrepancy may be 
due to the lack of implementation of appropriate sub-
models to reflect the effects of turbulent mixing of the torch 
flame and the MC premixture that can cause the quench of 
flame kernels and the resulting extension of τfi. Moreover, 
there was a lack of reproducibility of the instantaneous 
cooling loss around the torch flame including the inner wall 
of the orifice. 

4.3. Effects of diameter of PC orifices 
From the results of the previous section, it seems to be 

important for a large-scaled engine such as APC-type 
LBGEs, to secure the proper range of No so that the gap 
between adjacent torch flames is neither too broad to prop-
agate nor too narrow to entrain the premixture, and the 
penetrating momentum of the torch flame to reach the torch 
flame to the end gas zone of the MC for rapid combustion 
completion. 

In the section, three PCs having No(= 8)  and VPC  in 
common, but different Do were tested. Combinations of the 
PC geometry and Do  were PC4 ( Do = 2.5 mm ), PC1 
(3.5 mm ), and PC5 (5.0 mm ), respectively. The Ao 
ratio of PC4: PC1: PC5 was approximately 1:2:4 and the 
Lo Do⁄  ratio, which was found to have a positive correlation 
with the torch flame directionality at λMC = 0/0, was set to 
3.0, 2.14, and 1.5, respectively. The display range of the 
figures is the same as in the previous section unless other-
wise specified. 

Figure 10 shows the temporal changes in Lf  and θf  for 
the tested PCs including those for PC1 at λMC = 0/0. The 

previous measurements with the same PCs at λMC = 0/0 
showed that the smaller Do was, the longer Lf and the nar-
rower θf were. The similar trend existed at λMC = 1.7 in the 
early stage of torch flame ejection. However, Lf  was ap-
proximately 1.6 times as long as that of λMC = 0/0 at 2 ms 
ASOE and about 1.3 times at 10 ms ASOE.  

The Lf  elongation was particularly noticeable in Do =
2.5 mm case, in which the torch flames collided with the 
inner circumferential wall of the MC around 6 ms ASOE, 
while the other Do cases took much more time to reach the 
wall since the decrease in L̇f became clear around that tim-
ing. Specifically, L̇f  in Do = 5.0 mm  case decreased 
rapidly after 3 ms ASOE, and Lf at 10 ms ASOE was the 
shortest compared to other PC geometries. 

 
Fig. 10. Effects of diameter of PC orifices; Do on torch flame penetration: 
Lf and spreading angle: θf by PC4 (Do = 2.5 mm), PC1 (3.5 mm), and 
 PC5 (5.0 mm) 

 
As for θf, the flame growth in Do = 2.5 mm case was 

remarkable, too. Although the case showed the smallest θf 
at the beginning of ejection, its θf increased rapidly enough 
to surpass θf  in Do = 3.5 mm  case after 7 ms ASOE, 
when the torch flame in Do = 2.5 mm case had already 
reached the MC inner wall, and to surpass θf  in Do =
5.0 mm case after 10 ms ASOE. In Do = 5.0 mm case, 
the initially large θf showed a rapid increase during 46 ms 
ASOE, and it tended to transition to a gradual increase. All 
of these suggest that the combustion phase ignited by torch 
flames is greatly influenced by the ejection speed or 
strength of the torch flame. 

Figure 11 compares the shadowgraph images of the torch 
flame with the predicted flame images for the three orifice 
number settings. Due to insufficient optical system adjust-
ment in the case of Do = 2.5 mm  and Do = 5.0 mm , 
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false information was superimposed in the shadowgraph 
images as a darkened area of about twice the PC radius 
around the PC (arrow “A”s). It is clear from the shadowgraph 
images that the smaller Do  or the higher the torch flame 
ejection velocity, the longer Lfi  is. In particular, Do =
2.5 mm case seems to be worth mentioning in detail.  

In the Do = 2.5 mm case, ignition of the MC premix-
ture entrained in the torch flame was first observed as late 
as after 3 ms ASOE, and τfi and Lfi were the longest among 
the three Do  parameters, but the variation in τfi and Lfi  of 
each torch flame was also considerably large. For example, 
the τfi reached as long as 10 ms ASOE for the torch flame 
that ejected out vertically downwards in the images for 
Do = 2.5 mm case (arrow “B”). On the other hand, the 
initial value of Lfi from the orifices located in the upper half 
of the same images tended to be about half of Lf  (arrow 
“C”s) rather than the vicinity of Lf like any PCs with other 
Do  or No  (arrow “D”s). After τfi , the flame propagated 
rapidly from Lfi to the lower section of the torch flame, and 
the section including the entrained MC premixture expand-
ed at the same time. After the ignition, the torch flame  
 

reached the inner circumferential wall of the MC by 10 ms 
ASOE, but even considering the change in the penetrating 
direction along the inner MC wall due to the collision, the 
growth of the torch flame to ±θf  direction accelerated in 
the middle combustion stage in the MC (arrow “E”). In 
summary, with an enhanced ejection speed of Do =
2.5 mm case, the MC premixture both in the gaps be-
tween the torch flames and in the end gas zone was able to 
be burned efficiently. The latter premixture is important to 
keep combustion efficiency high because of its large vol-
ume contribution in an MC. Upon closer observation, it is 
clear that Lf fluctuated over time even for torch flames from 
the same orifice. For example, the torch flame ejecting in 
the 45 direction to the lower right in the images showed 
Lfi ≈ 55 mm  at 4 ms ASOE but Lfi ≈ 68 mm  at 10 ms 
ASOE (arrow “F”s) when the pure torch flame seemed to 
push down the post-ignition premixed flame part to the 
lower side. The torch flame ejected vertically downward in 
the image had the longest Lf and τfi and the torch flames 
advancing to the lower left and right 45 bent upward after 
7ms ASOE (arrow “G”s).  
 
 

 
Fig. 11. Effects of diameter of orifices; Do on ejection behaviour of torch flame by PC4 (Do = 2.5 mm), PC1 (3.5 mm), and PC5 (5.0 mm). Shad-
 owgraph images (upper row of each island) and simulation results (lower row of each island) 
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One possible explanation goes below. In this experi-
ment, the torch flames in the image's upper half ignited and 
grew more quickly than the ones in the lower half. A strong 
secondary in-chamber flow was induced from the upper to 
the lower half, passing through the MC centre. This down-
ward flow reduced the relative speed between the torch 
flame and the MC premixture and resulted in the extension 
of the Lf and τfi of this torch flame. After the in-chamber 
flow collided with the peripheral MC wall, the flow split to 
the right and left and bent two torch flames. 

On the other hand, at Do = 5.0 mm, τfi  and Lfi  were 
extremely short compared to the other PC orifice specifica-
tions, and the flame expanded immediately after Lfi , and 
quickly transitioned to a turbulent jet flame with a snake-
shaped tip. Overall, the flame development process was 
similar to that of No = 10, where the momentum per torch 
flame was small. However, compared with No = 10 case, 
the variation in τfi, Lfi, and development behaviour of the 
torch flame between each orifice were extremely small, 
and the decrease in L̇f in the later stages of combustion was 
more evident due to the lowest ejection speed. Since the 
torch flame did not reach the peripheral inner MC wall 
or the premixture in the end gas zone, even at 20 ms 
ASOE, it can be inferred that combustion in the later stages 
was extremely slow. 

Regarding the numerical prediction, it must first be 
pointed out that there was a large discrepancy between the 
observation results and the numerical prediction at Do =
2.5 mm. For the reasons mentioned above about the CFD 
setup in this study, τfi and Lfi were configured to be zero 
regardless of the orifice specifications. This means the 
influence was greater in Do = 2.5 mm  case, where the 
absolute values of τfi and Lfi were long and varied depend-
ing on the nozzle hole and the elapsed time ASOE. There 
was also a clear tendency for Lf to be underestimated. On 
the other hand, at Do = 5.0 mm, where τfi  and Lfi  were 
the shortest of all the cases, the behaviour of the torch 
flame ejection and its development was relatively well 
reproduced by the current CFD setups. 

Figure 12 shows the temporal change in ROHR for the 
three Do settings. The line type and legends are the same as 
in Fig. 9, but the scale for the ROHR is doubled. Consider-
ing the measured ROHRs, the impact of Do on the combus-
tion in the MC was considerably high with constant No. In 
Do = 2.5 mm case with long τfi and Lfi, the ramp-up of 
ROHR was modest after the ejection started, but ROHR 
increased rapidly after τfi and tmax was reached at about 20 
ms ASOE with the maximum value just over 1000 kJ/s, 
which was very high compared to other tested PC geome-
tries. 

However, there was also a local maximum value near  
13 ms ASOE reflecting that the torch flames were divided 
into two groups, ones with relatively short τfi and the others 
with long τfi. In addition, the ROHR went negative after 50 
ms ASOE, which suggested that the torch flame reached the 
peripheral inner MC wall at 10 ms ASOE causing the com-
bustion of the entire MC including the end gas zone to be 
completed fast and that the heat loss through the wall sur-
face increased due to the contact of torch flames with the 
inner wall. 

  
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12. Effects of diameter of PC orifices; Do on ROHR in the MC by 
PC4 (Do = 2.5 mm), PC1 (3.5 mm), and PC5 (5.0 mm). Measured 
 ROHRs (black curves), and simulated ROHRs (red curves) 
 

On the other hand, in Do = 5.0 mm case, the ROHR 
rose fastest because of its short τfi, and tmax was reached at 
around 4.5 ms ASOE, which was significantly earlier than 
the PCs of other specifications, but the maximum ROHR 
was the lowest at just under 260 kJ/s. By comparing with 
the visualization results shown in Fig. 11, the quick rise of 
ROHR corresponded to the shortest τfi and the quick profile 
transitions to a snake-head shape, and the poor heat release 
in later stage combustion corresponded to the difficulty for 
the torch flame in reaching the inner MC wall due to insuf-
ficient penetrating momentum. 

Next, considering the predicted ROHR, the smaller the 
Do was, the lower the ROHR at the beginning of ejection 
and the higher the maximum ROHR were, both of which 
were consistent with the visualization results. However, the 
maximum ROHR was underestimated and tmax was overes-
timated, as in the results in the previous section. A discrep-
ancy in both factors became large, especially in the case of 
Do = 2.5 mm so it was hard to say the reproducibility of 
the combustion in the MC is appropriate. On the other 
hand, in Do = 5.0 mm case, the discrepancy between the 
measured value and the predicted one was the smallest in 
the tested group of PCs, and the predicted ROHR followed 
a similar trajectory to the measured one, although the max-
imum ROHR was slightly underestimated. This suggests 
that the CFD setup applied in the study was capable of 
relatively good reproduction of the combustion process 
when the ejection velocity of torch flame was low and the 
effects of turbulent mixing were small, and that in APC-
type methane-air premixed combustion including in actual 
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engines, flame quenching or τfi extension due to turbulent 
mixing between the ejected torch flame and the MC pre-
mixture, and the following combustion promotion were 
essentially important matters. 

4.4. Examination of the index for torch flame intensity 
Nada et al. proposed the jet intensity: Ib expressed by the 

following formula [21] for the high-speed small gas engine. 
The variables in the formula conform to the notation adopt-
ed in this paper. The meanings of each factor are listed as 
follows: VPC : Stored energy in PC (λPC  is usually fixed 
around unity), Noπ Do

2 4⁄ : Total opening area of PC orific-
es, DMC: Distance to the end gas zone (relative evaluation 
factor).  

 Ib =
VPC

DMCNoπDo
2 4⁄

 [−] (1) 

The following can be inferred about the PC specifica-
tions of APC-type gas engines. As mentioned in the previ-
ous study [3], there are mechanical constraints on VPC and 
Dt  that are almost subordinate to DMC  [3]. No  mainly de-
termining the gap between the torch flames has little free-
dom to change between reducing the distance for flame 
propagation to the adjacent torch flame and yet securing 
space for the torch flame to entrain the MC lean premixture. 
Considering that VPC  is approximately proportional to the 
cube of DMC and Do is roughly proportional to DMC, Ib can 
be regarded as an evaluation index not based on the engine 
scale. 

Under these conditions, it is important to select proper 
Do, so that the torch flame can have sufficient initial speed 
to reach the vicinity of the end gas zone during τfi, with 
which Ib is also thought to have positive correlation, and to 
promote combustion in the entire MC. In this study, for 
compensation of the change of the orifice aspect ratio that 
is accompanied with changes in No and Do, the following 
torch flame intensity is used to confirm the correlation with 
the measurement results in the CVC. 

 TI =
4VPC(Lo Do⁄ )0.5

DMCNoπDo
2  [−] (2) 

The term (Lo Do⁄ )0.5 represents torch flame directionali-
ty. The evaluation of the effect is based on the measurement 
results of the ejection behaviour of torch flame under λMC = 
0/0 conditions. 

Figure 13a–f summarizes the investigation of the correla-
tion between the above TI  and the various combustion-
relating characteristics in the MC obtained in the study.  

First, the correlation between TI and the Lf at the ejec-
tion end was investigated. The end of ejection was identi-
fied as the timing when the differential pressure between 
them goes to zero. The timing was around 6 ms ASOE for 
most of the PCs except for 7 ms ASOE for PC4 (Do =
2.5 mm) and 4 ms ASOE for PC5 (5.0 mm), of which 
Lf increased less than 7 mm even at 6 ms ASOE. As shown 
in (a), a linear correlation was found between TI and the Lf 
at the ejection end. This sustains the validity of the index to 
indicate the ejection strength of the torch flame. 

 

  
Fig. 13. Correlations between an index for torch flame strength; TI and several combustion and emission characteristics in the MC of the CVC. (a) pene-
tration length of torch flame: Lf at ejection end, (b) secondary ignition delay of torch flame in the MC: τfi, (c) maximum rate of heat release: ROHR, (d) 
 combustion period in the MC, (e) unburned fuel (CH4) emissions, and (f) NOx emissions 
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Second, the relationship between TI  and combustion 
characteristics was examined. τfi, combustion period, and 
maximum ROHR were taken as the characteristics, and τfi 
was quantitively redefined here on ASOE basis as the time 
when 5% of supplied fuel energy released in the MC, and 
the combustion period is as the duration from τfi  to the 
timing when 95% of supplied energy released. As shown in 
(b) and (c), strengthening TI leaded to a proportional in-
crease in τfi and the maximum ROHR and to rather expo-
nential shortening of the combustion period. So, TI  is 
thought to be effective to quantify the extension of ignition 
delay due to turbulent mixing and the subsequent combus-
tion promotion. 

Finally, the unburned fuel component (CH4) and NOx in 
the MC residual gas were taken as the emission characteris-
tics of the combustion in the MC. The unburned fuel 
emission was negatively correlated with TI and NOx emis-
sion was positively and exponentially correlated with TI. 
Again, TI can indicate a degree of the combustion promo-
tion by the ejecting strength of torch flames from a PC. 

Overall, TI could be used to organize the combustion re-
sults in the CVC, but, before applying it to real engines, it is 
necessary to investigate the effects of engine speed and the 
trade-off between the combustion promotion and increased 
cooling loss caused by the torch flame impinging on the 
inner wall of the MC. 

5. Conclusions 
Combustion experiments were conducted by supplying 

methane-air premixture separately to the prechamber and 
main chamber of a constant-volume chamber simulating  
a prechamber-type medium-speed gas engine and changing 
the orifice specifications to investigate their effects on the 
combustion process in the main chamber and the effective-
ness of the torch flame strength to organize the results. The 
following conclusions were derived. 

(1) In the early stage of combustion after the premixture 
has ignited around the torch flame, the combustion of the 
premixture in the main chamber entrained into the torch 
flame is predominant. Flame propagation to the unburned 
premixture then becomes predominant from the middle to 
late stage. 

(2) The ignition of the entrained premixture accompanies 
the secondary ignition delay in the main chamber from the 
torch flame to the premixture and the ignition delay dis-
tance that the torch flame penetrates alone from the orifice 
exit during that ignition delay. The combustion progresses 
mainly in a direction that increases the spreading angle of 
the torch flame instead of a direction that increases the 
torch flame penetration in the early stage of the combustion. 

(3) A short ignition delay in the main chamber tends to 
transition the torch flame to a snake-head profile and cause 

the rapid decay of penetrating momentum, resulting in slow 
combustion in the end gas zone. 

(4) When the total orifice opening area is kept constant, 
the number of orifices has little effect on the ignition delay 
in the main chamber nor the heat release process in the 
main chamber because of the trade-off between the com-
bustion promotion by the increase in ejection momentum 
per torch flame and the hindrance by the decrease in flame 
surface area and the increase in the gap between torch 
flames. The appropriate number of orifices is limited to  
a narrow range. 

(5) When the number of orifices and the prechamber vol-
ume are kept appropriate, with high ejection velocity of the 
torch flames by a small orifice diameter, the above-
mentioned ignition delay and ignition delay length are 
elongated, but the following combustion promotion around 
the torch flame and in the end gas zone in the main cham-
ber more than compensates for these drawbacks. Converse-
ly, with very slow ejection velocity by a large orifice, as 
mentioned in (3), it has proven difficult to completely burn 
up the premixture in the end gas zone of the main combus-
tion chamber. 

(6) When the ignition delay in the main combustion 
chamber extends because of the high ejection velocity of 
the torch flame, the ignition position changes and the varia-
tion in ignition delay between torch flames increases. The 
latter may lead to the formation of a secondary in-chamber 
flow, which may increase the variation in the combustion 
process for each torch flame, which may be the cause of the 
large cyclic variation in actual gas engines. 

(7) CFD incorporating a RANS-type turbulence model 
and detailed chemical reactions, which successfully repro-
duced the ejection behaviour of the torch flame when nitro-
gen was filled in the main chamber, is insufficient to repro-
duce the combustion process in the main chamber, except 
in cases where the torch flame ejection velocity is very low. 
The simulation for prechamber-type gas engines needs 
appropriate sub-models that reflect the quenching and igni-
tion fluctuation due to turbulent mixing as well as the com-
bustion-promotion by the torch flame jet. 

(8) The existing formula proposed for estimating flame 
jet intensity in a high-speed small engine was applied to the 
measurement results of the study and found to have enough 
validity through checking the correlation with the penetra-
tion length of the torch flame, the heat release process in 
the main chamber, and the emission characteristics. 

As a future task, additional measurements are necessary 
to verify the generality of these conclusions, as well as to 
investigate the effects of turbulent flow fields existing in an 
actual engine. For numerical predictions, it is necessary to 
reproduce the above-mentioned effects by turbulent mixing. 

 

Nomenclature 
A total cross-sectional opening area of flow paths 
AFR air-to-fuel ratio 
AMR  adaptive mesh refinement 
APC  active pre-combustion chamber 
ASOE after the start of a torch flame ejection  

CFD  computational fluid dynamics 
CPU  central processing unit 
CVC  constant-volume chamber 
D diameter of a chamber/window or a flow path 
GRI  The Gas Research Institute 
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H height of a chamber/window or a flow path 
HG greenhouse gas 
Ib jet intensity proposed by Nada et al. [19] 
IMO International Maritime Organization 
L length of a flow path, penetration of a gas jet or 

distance between ignition position of MC pre-
mixture on a torch flame and orifice exit of PC 

L̇ flow speed or penetration speed of a gas jet 
LBGE lean-burn premixed combustion gas engine 
N number of flow paths 
MC  main combustion chamber, also used as a subfix 
MEPC Marine Environment Protection Committee 
NG natural gas 
NOx nitrogen oxides 
PC  pre-combustion chamber, also used as a subfix 
RANS  Reynolds-Averaged Navier-Stokes equations 

RNG  renormalization group 
ROHR rate of heat release 
SAGE  structural adaptive grid embedding 
TI torch flame intensity 
θ spreading full angle of a gas jet 
λ global air excess ratio in a combustion chamber 
t elapsed time on ASOE basis (see the last item) 
τ delay time 
 
Subfix: 
f torch flame 
fi ignition of MC premixture by torch flame 
max maximum of ROHR 
o PC orifice 
t PC throat 
W optical window 
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ARTICLE INFO  The purpose of this article is to determine if, in the case of inability to carry out diagnostic tests at engine 

operating loads in the range of 70–90%, engine functional systems can generate diagnostic signals in the form 
of changes in heat balance components. The motivation for working on the selected topic was the need to 
evaluate the effectiveness of graphical forms of heat balance representation, especially Sankey diagrams, in heat 
engine diagnostics, using a four-stroke diesel engine as an example. Interpretation of the results was carried out 
based on simulations performed using Blitz-PRO software and experimental tests carried out on a test bench. 
For the numerical simulations, the object under analysis was modeled, which was a single-cylinder, four-stroke 
diesel engine Andoria S320. Both numerical simulations and experimental tests were carried out for three 
engine operating states: the reference state and two malfunction states: in the air intake system and the fuel 
supply system. The analyses made it possible to draw conclusions. It was assessed that carrying out the analysis 
of the Sankey diagram for partial load doesn’t bring significant diagnostic information. 
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1. Introduction 

Maintaining stable operating parameters of a diesel en-
gine and performing regular diagnostics is important, as it 
allows for the prevention of damage and degradation of 
entire functional systems and to operate the engine econom-
ically [7]. In IC engines, the most frequently diagnosed 
defects include the fuel supply system and the intake air 
system [3, 5]. Injector spring relaxation is indicated as one 
of the common failures of the fuel supply system. The con-
sequence of this malfunction is incomplete combustion of 
fuel, which negatively affects the efficiency of engine oper-
ation. In turn, considering the air intake system, filter con-
tamination can be a significant problem, restricting the free 
flow of air, thus reducing the efficiency of the engine's 
working processes [3, 12]. 

One of the diagnostic methods used in the analysis of IC 
engines is the evaluation of heat balances. Significant devi-
ations from reference values, characteristic of a fully opera-
tional engine, can help indicate the functional system in 
which the malfunction has occurred [15]. Graphical tools 
such as Sankey charts are particularly useful for clearly 
interpreting the data obtained [4, 8, 11].  

The purpose of the research presented in this article was 
to assess whether, under limited engine load conditions 
(less than 50%), engine functional systems generate diag-
nostic signals in the form of changes in heat balance com-
ponents. The article presents some of the results obtained 
during the completion of the master's thesis for the energy 
technology faculty [13]. 

2. Description of the considered diagnostic method  
– Sankey’s diagram 
A diagnostic method based on the Sankey diagram in-

volves graphically representing the flow of energy or mass 
within the system using a flow diagram [7]. In the case of  
a IC engine, the Sankey diagram illustrates the distribution 

of input energy Q̇fuel + Ḣair (energy contained in the fuel-
air mixture) into several branches: indicated power Pi which 
can be separated into mechanical power Pm and effective 
power Pe), heat loss through exhaust gases Ḣexh, s losses in 
lubricating oil Q̇oil, and cooling system Q̇cool, heat trans-
ferred to the environment Q̇amb, but also other forms of 
energy dissipation: residual heat dissipation stream Q̇r, 
which is a measure of energy losses not included in the 
energy balance (e.g. the stream of acoustic energy and me-
chanical vibration from the thermal-fluid and mechanical 
systems of the entire power unit) [7]. Formula (1) shows the 
relationship that allows the engine energy balance to be 
drawn up: 

Q̇fuel + Ḣair = Ḣexh + Q̇oil +  Q̇cool + Q̇amb + Q̇r + Pi (1) 

The thermal efficiency of the engine ηth is expressed as 
the ratio of the average indicated power Pi to the energy 
supplied to the engine (2): 

ηth =
Pi

Q̇fuel + Ḣair

 (2) 

Visualization makes it possible to identify potential 
faults in functional systems. It also ensures the creation of  
a clear energy balance, assigning all input energy to useful 
work and its distribution to losses occurring in each en-
gine's functional system. The measured data is used in the 
energy balance equations and then presented graphically in 
a Sankey diagram [1]. 

3. Obtained results of simulations and research 
3.1. Numerical simulation in the Blitz-PRO program 

The issues presented in this section were focused on the 
numerical analysis of thermodynamic processes occurring 
in an appropriately modeled Andoria S320 four-stroke, 
single-cylinder diesel engine.  

http://orcid.org/0000-0003-0380-6926
http://orcid.org/0009-0004-9606-673X
http://www.combustion-engines.eu/
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Fig. 1. Schematic of project management in Blitz-PRO software [2] 

 
Numerical simulations in Blitz-PRO software were car-

ried out in the first place, so it was possible to obtain results 
in a fast and non-invasive way. Based on the analysis of the 
simulation results, an assessment was made as to whether 
the implemented damage caused the expected effects, in the 
form of sufficiently noticeable changes in the values of 
parameters that could be recorded on the test bench. The 
second objective of the simulations carried out was to as-
sess the correctness (validation) of the numerical tool's 
performance against the results of the tests carried out on 
the test bench. 

Blitz-PRO simulation software makes it possible to ana-
lyze the thermodynamic cycle of internal combustion en-
gines, including four-stroke IC engines. For each engine 
configuration, the basic approach remains the same: a divi-
sion of the engine into several thermodynamic systems is 
made, interacting with each other through energy and mass 
exchange processes. The results of numerical simulations 
are compiled both in the form of a so-called report and 
diagrams representing the processes occurring during oper-
ation of the modeled engine [2,17]. 

Figure 1 presents a simplified form of the scheme for 
solving numerical simulations, taking into account the most 
important stages of project management. 

According to the data shown in Fig. 1, proceeding to 
conduct numerical simulations must be preceded by the 
modeling of the engine under study, which involves imple-
menting all the necessary parameters in such a way as to 
reproduce the structural and physical quantities of the various 
functional systems with the greatest possible precision [2]. 

The “Kinematics” tab allows configuration of the main 
geometric properties of the engine, i.e. cylinder diameter, 
piston stroke, number of cylinders and geometric compres-
sion ratio.  

In the next section, the “Heat transfer” tab referring to 
frictional losses and heat transfer from the intake manifold, 
exhaust manifold and heat transferred due to piston motion 
to the boundary walls of the intra-cylinder space should be 
configured accordingly.  

The next section, “Valves,” refers to the valve compo-
nents responsible for charge exchange in the combustion 

chamber. It mainly contains the geometric design parame-
ters of the valve system, as well as the positions and dura-
tions of valve opening and closing [°CA]. 

The “Fuel & Combustion” section deals with the con-
figuration of parameters related to the fuel injection system. 
It includes both information about the design of the injector 
and the characteristics of the fuel used.  

The “Super-Charging” engine gas exchange system in-
cludes the selection of the configuration and geometric 
properties of the intake system and exhaust manifold, the 
method of cylinder charging, the type and number of com-
pressors and their arrangement. It is possible to carry out 
calculations for a naturally aspirated engine (laboratory 
bench case) and supercharged engines.  

With reference to the research objective of evaluating 
the effectiveness of using Sankey diagrams for diagnostics, 
a necessary step was to correctly model the engine located 
on the test bench. This was done by implementing the cor-
rect values in each of the described tabs. 

Numerical simulations were carried out for three engine 
operating states. The reference state of the engine, which 
did not include any malfunction, was taken as the reference 
point for the analyses. The second state included a malfunc-
tion related to the engine's air intake system, while the third 
state was directly related to the fuel injection system into 
the combustion chamber. For all numerical operations, one 
engine operating point was selected for which the average 
value of fuel injection pressure was equal to the rated value 
of this parameter for the Andoria S320 engine (pinj =

14 MPa). Simulations were carried out for an effective 
power, equal to Pe = 10.8 kW (0.82·PN) and a crankshaft 
speed of 1200 min–1. Analyses conducted for smaller loads 
indicated similar relationships to those whose results are 
presented in this article. The calorific value of the fuel used 
in the simulations was 42.5 MJ/kg. The temperature of the 
fuel was the same as the ambient temperature. Ambient 
conditions: tamb = 20oC, pamb = 101.3 kPa, humidity 30%. 
Coolant temperatures were: at the inlet to the cylinder liner 
358 K, at the inlet to the piston 368 K, at the inlet to the 
cylinder head 358 K. Intake valve opening was 23oCA 
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before TDC, closing was 40oCA after BDC. Exhaust valve 
opening was 46oCA before BDC, closing was 17oCA after 
TDC. The injection advance angle was 32oCA before TDC, 
while the injection duration was 28oCA. 

The output from the simulations made it possible to 
draw up energy balances for each engine operating condi-
tion, and consequently to graphically form them in the form 
of Sankey diagrams. 

The first of the two faults implemented was to simulate 
fouling of the air filter feeding the cylinder section. The 
introduction of the malfunction into the intake system was 
done via changes made to the input parameters of the nu-
merical simulator. For the reference condition, the internal 
area of the intake manifold was Ain = 0.0035 m2. In the 
case currently under consideration, this area was reduced by 
80%, so this parameter was set at Ain = 0.0007 m2. The 
reduction in cross-sectional diameter also prompted  
a change in the value of pressure drop in the intake duct 
from Δpin = 1 kPa (the value for the reference condition), 
to Δpin = 8 kPa. 

The second case of implemented failure represents  
a malfunction in the fuel injection system. This malfunction 
is directly related to the incorrect nature of the injector, so  
a component that, according to statistics in the literature, 
accounts for as much as 41% of all defects in the fuel sup-
ply system of diesel engines [3]. The malfunction in this 
system was implemented via changes in such parameters as 
the free-flight distance of the fuel jet and droplet diameters, 
for example. The result of such an action was, in effect,  
a reduction in the average fuel injection pressure pinj by 
about 10% relative to the reference condition.  

Table 1 summarizes the values of the component pa-
rameters of the energy balances, determined by numerical 
simulations. The green and red colors also indicate, in turn, 
the percentage increase or decrease in values relative to the 
reference condition. The data in Table 1 were also used to 
reflect the balances in graphical form, using Sankey dia-
grams, illustrated in Fig. 2. 

For each of the analyzed cases, the highest loss in the 
balance was recorded in the form of heat flow absorbed by 
the engine cooling water Q̇cool, with the values of this pa-

rameter varying in magnitude. The throttling of the air 
intake contributed to an increase in the generated loss by 
14.44%, while in the case of the second failure, the value 
decreased by 15.4% relative to the reference. The malfunc-
tion of the fuel supply system significantly reduced the loss 
associated with the heat flux absorbed by the engine oil, 
Q̇oil, by 17.27% relative to the condition representing  
a fully operational engine. The total value of the heat flux 
raised from the external surfaces of the engine to the envi-
ronment by radiation and the flux of the rest of the heat 
dissipated (Q̇amb + Qr

̇ ) is the resulting value of the balance 
– the reports do not take these parameters into account. 

In the great majority of the balance's component param-
eters, deviations from the reference values are within the 
limits of calculation error. The balances supplemented by 
the efficiencies (thermal ηth, mechanical ηm and overall 
ηo) showed that the reference condition in the overall com-
parison presented the worst, with the highest overall effi-
ciency of the engine obtained for the condition taking into 
account the inefficiency of the fuel supply system: 25.91% 
(a 5.23% increase over the reference condition). 

Reducing the cross-sectional area of the intake air duct 
by 80% resulted in about a 12% reduction in the heat deliv-
ered with the fuel. This is believed to be caused by a multi-
plicity of phenomena occurring simultaneously: throttling 
the airflow results in an increase in flow velocity, and con-
sequently, losses of many types increase. In addition, the 
heat flow depends on the mass flow rate of the air flowing 
through. In turn, the mass flux depends on the cross-
sectional area of the duct (which decreases) and the flow 
velocity (which increases). Less air always results in worse 
combustion conditions.  

In the case of a noticeable increase in the enthalpy flux 
of the exhaust gas with a reduced injector opening pressure, 
it can be assumed that worse fuel atomization results in  
a decrease in the duration of combustion, and thus an in-
crease in the temperature of the exhaust gas, which directly 
affects the enthalpy value. Reduced injector opening pres-
sure always results in worse atomization and penetration of 
fuel particles in the combustion chamber.  

 
Table 1. Components of the energy balance of the Andoria S320 engine (numerical simulations) 

  Reference condition Throttled air intake  Reduced injection pressure 

Parameter Unit Value Value δREF [%] Parameter Unit 

Q̇fuel [kW] 37.093 38.755 4.480 34.976 5.707 

Ḣair [kW] 5.074 4.468 11.949 5.130 1.102 

Ḣexh [kW] 7.425 7.082 4.619 7.629 2.746 

Q̇cool [kW] 11.714 13.406 14.440 9.910 15.403 

Q̇oil [kW] 4.128 4.258 3.151 3.415 17.270 

Q̇amb + Q̇r [kW] 5.125 4.726 7.774 5.531 7.937 

Pi [kW] 13.776 13.751 0.180 13.621 1.122 

Pm [kW] 2.998 2.939 1.982 2.822 5.862 

Pe [kW] 10.778 10.812 0.321 10.799 0.197 

ηth [%] 32.670 31.815 2.618 33.964 3.960 

ηm [%] 75.360 75.060 0.399 76.283 1.225 

ηo [%] 24.620 23.880 3.006 25.909 5.233 
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Fig. 2. Sankey diagrams – results of numerical simulations 

 
The increase in the amount of heat received by the cool-

ant and lubricating oil in the case of throttled air can be 
interpreted as a result of less oxygen in the combustion 
chamber, and thus an increase in the temperature of the 
circuit and an increase in the intensity of heat transfer. 

With the changes introduced in the simulations, we are 
dealing with very complicated thermodynamic and flow 
phenomena. The mathematical algorithm of the software 
used is not fully known to the user, but it is treated as cor-
rect because of the publication support [9, 17]. 

 

3.2. Measurement results on the laboratory bench 
The measurements were carried out on a test stand lo-

cated in the Mechanical Engineering Laboratory of the 
Faculty of Mechanical Engineering and Ship Technology of 
Gdansk University of Technology. A single-cylinder, four-
stroke IC engine powered by diesel fuel – Andoria S320 – 
was used (Fig. 3 and 4). The engine under study is charac-
terized by a maximum power of 13.2 kW at a crankshaft 
speed of ,500 min–1 and a maximum torque of 84.4 Nm at 
1200 min–1. A summary of the most important values of the 
engine's technical parameters is presented in Table 2.  
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Fig. 3. Andoria S320 diesel engine test stand: 1 – air filter, 2 – engine cooling water tank, 3 – intake air duct, 4 – exhaust gas duct, 5 – Andoria S320  en-
gine, 6 – water-cooled brake, 7 – supply fuel tanks, 8 – control and measurement software cabinet, 9 – injector 

 

 
Fig. 4. Model of the test bench – front and back parts: A – cooling water level indicator, B – air flow rate meter, C –points for measuring the temperature 
of the surface of the engine, D – fuel level indicator, E –lubricating oil temperature measurement point, F – crankshaft rotational speed measurement, G – 
torque measurement, H – water-cooled brake, I – exhaust gas temperature measurement point, J – exhaust gas analyzer mounting point, K – cooling water 
 temperature measurement 

 
Table 2. Technical data of Andoria S320 engine 

Parameter Value Unit 

Displacement volume 1810 cm3 

Cylinder diameter 120 mm 

Piston stroke 160 mm 

Compression ratio 17 − 

Injection advance angle 32 °CA 

Injection pressure 17 MPa 

 

Computer software provides both a live reading of sen-
sor readings and smooth control of engine crankshaft speed 
and torque. The drive shaft is connected to a water-cooled 
brake, making it possible to conduct tests for preset engine 
loads. 

Optrand D32294-Q sensor was used to measure the in-
dicated software, it was possible to indicate the tempera-
tures at the adopted measurement points and then calculate 
the Q̇amb [14, 16]. 

Tests on the test bench were carried out in a similar 
manner to numerical simulations (three technical condi-
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tions). Regardless of the analyzed operating state, all meas-
urements were made for a strictly defined crankshaft speed 
setting of 1200 min–1 and a torque of 40 Nm, consequently, 
the tests were carried out for an engine load equal to 38% 
of rated power. Malfunctions introduced into the intake air 
system were accomplished by restricting the flow area 
through the filter in such a way as to reduce the flow by 
about 50%. The impairment to the fuel supply system was 
introduced by means of a reduction in fuel injection pres-
sure. This parameter was reduced from a reference value of 
17 MPa to a value of 15 MPa, therefore by 12%.  

During the laboratory test, the opening and closing an-
gles of the intake and exhaust valves were the same as in 
the simulation. The same was the case with the injection 
timing advance angle. Water was cooling the engine by 
evaporation at 100oC. The tests were conducted at a lubri-
cating oil temperature of 45oC. Summer diesel oil was used, 
the fuel temperature was the same as the ambient tempera-
ture. The ambient conditions were tamb = 15oC, pamb = 100.6 
kPa, humidity 50%. 

Table 3 presents the energy balances, in the form of en-
ergy input totals and energy losses, for each engine operat-
ing condition analyzed. Finally, Sankey diagrams for each 
engine operating condition are shown in Fig. 5. 

By subjecting the presented Sankey diagrams (Fig. 5) to 
analysis for the three operating states of the Andoria S320 
engine, it was found that there were no significant differ-
ences in the values of the heat balance components. The 
results obtained suggest a minimal effect of implemented 
damage on the efficiency of engine operation. 

In the reference condition, which is the reference point 
for the analyses carried out, the input energy to the engine 
(Q̇fuel + Ḣair) amounted to 21.468 kW, with the largest 
losses falling on the exhaust enthalpy stream (Ḣexh =

9.943 kW), while accounting for 46% of the total energy 
supplied to the engine. Obtained from thermal imaging 
camera measurements, the value of heat flow radiated from 
the engine's external surfaces to the environment was 
Q̇amb = 1.760 kW. In the context of the analysis of the 
components of the heat balance, it is reasonable to note the 

almost negligibly small value of the heat flow taken up by 
the water in the coolant expansion tank Q̇cool, equal to 
0.054 kW. For each of the other two engine operating 
states, values of the same order of magnitude were ob-
tained. It is presumed that the obtained results related to this 
parameter, may be subject to some measurement error, 
resulting from the analog form of the reading. 

Thus, significant differences were observed in the val-
ues of the results with respect to the results of numerical 
simulations, for which the heat flow extracted by water, in 
turn, was characterized by the dominant magnitude among 
all heat loss streams considered. The inconsistency of the 
values obtained through testing can also be confirmed by 
literature data, indicating that the average value of engine 
cooling losses is 26% [18]. Other component quantities of 
the energy balance obtained by numerical simulations also 
showed a significant deviation from the results of bench 
tests. Despite the noticeable differences for the two chosen 
paths (simulation and measurement), similar values of the 
overall efficiency of the engine ηo, were registered, with 
the numerical software taking the parameter to higher val-
ues, regardless of the engine's operating condition. In gen-
eral, however, it should be borne in mind that the engine 
modeled in the Blitz-PRO numerical software represented 
values for a “new” engine, which in turn was not possible 
to verify the test object on the test bench.  

Further analyzing the results obtained from the meas-
urements, the component Q̇r, which is the residual heat 
dissipation stream (the stream of acoustic energy and me-
chanical vibration of the entire power unit), was juxtaposed 
as a summed value with the heat flow absorbed by the oil 
Q̇oil. This approach was used because the stream of residual 
heat dissipated is a measure of energy losses not included in 
the heat balance [7]. Then, for the reference condition, the 
value obtained was Q̇oil + Q̇r = 1.527 kW. The value of 
the indicated power was Pi = 8.104 kW, while the effective 
power was Pe = 5.074 kW, with thermal efficiency 
ηth = 37.748 %, mechanical efficiency ηm = 62.612 % 
and overall efficiency ηo = 23.634 %. 

 
Table 3. Components of the energy balance of the Andoria S320 engine (test results) 

  Reference condition Throttled air intake  Reduced injection pressure 

Parameter Unit Value Value δREF [%] Value δREF [%] 

Q̇fuel [kW] 16.366 15.969 2.429 15.942 2.591 

Ḣair [kW] 5.101 5.208 2.097 5.159 1.135 

Ḣexh [kW] 9.943 9.971 0.290 9.825 1.179 

Q̇cool [kW] 0.054 0.046 14.865 0.057 5.405 

Q̇amb [kW] 1.760 1.764 0.255 1.784 1.368 

Q̇oil + Q̇r [kW] 1.608 1.527 5.049 1.230 23.492 

Pi [kW] 8.104 7.869 2.897 8.205 1.257 

Pm [kW] 3.030 2.836 6.381 3.147 3.853 

Pe [kW] 5.074 5.032 0.817 5.059 0.293 

ηth [%] 37.748 37.157 1.565 38.855 3.014 

ηm [%] 62.612 63.953 2.142 61.653 1.531 

ηo [%] 23.634 23.763 0.544 23.974 1.437 
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Fig. 5. Sankey diagrams – laboratory results 

 
When the airflow through the filter was reduced by 

50%, there was a slight deviation from the reference condi-
tion. The input power stream decreased slightly to a value 
of 21.177 kW (a decrease of 1.35%), indicating a minimal 
effect of this type of implemented damage on the consid-
ered parameter. There was also a 2.9% decrease in induced 

power Pi from 8.104 kW to 7.869 kW. The consequence of 
this was also a decrease in the thermal efficiency of the 
engine ηth. Since the mechanical loss power decreased 
from the reference condition by 6.38%, the overall benefit 
was observed with a minimal increase in mechanical effi-
ciency ηm, equal to 2.14% (ηm = 63.953 %). 
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For the condition with reduced fuel injection pressure 
(17 MPa → 15 MPa), no significant changes were observed 
in the values of the components of the engine heat balance 
parameters. The largest deviation from the reference value 
(as much as 23.5%) was obtained for the heat flow extract-
ed by oil Q̇oil, but since this is the resulting value of the 
other components, it proves difficult to adequately justify 
the possible reason for such a deviation. As a result of the 
small changes (relative to the reference condition) in the 
losses in the form of heat streams, the thermal, mechanical, 
and overall efficiencies also did not change significantly. 
Nevertheless, the overall efficiency ηo increased by 1.44% 
relative to the condition characterized by normal engine 
operation. 

One of the reasons for the discrepancies in the results 
obtained by simulation and during laboratory testing may 
be different engine cooling conditions. While the simula-
tion assumes the flow of coolant through the engine, the 
laboratory bench considers cooling by evaporation of water 
in the cooling tank. This and several smaller differences 
between the engine implemented in the program and that on 
the test bench can result in differences when validating both 
results. 

4. Conclusions 
Summarizing the research, calculations, and analyses 

carried out, the following conclusions were drawn: 
 The assumption of carrying out numerical simulations 
was fulfilled, as changes were recorded in those values of 
the heat balance components that could be associated with 
the damage introduced into the model.  
 Conducting tests under an engine load equal to 38% of 
rated power, was in line with the stated goal of verifying 
that, in a situation where testing at operating load is not 
possible, the engine's functional systems provide a diagnos-
tic signal in the form of changes in the components of the 
energy balance. The results obtained confirmed consistency 

with existing literature conclusions, indicating that low-load 
tests are unable to provide a satisfactory result.  
 It was shown that, regardless of the fault implemented, 
in the case of both the intake air system and the fuel supply 
system malfunctions, none of the balance components 
showed significant deviations from the reference condition. 
Variations of 2–3% are below the standard statistical error, 
caused, among other things, by the measurement accuracy 
of the instruments used, but also by the possibility of mis-
reading analog readings. 
 The following are considered to be the causes of incor-
rect (in relation to theoretical knowledge) increase/decrease 
in the value of the heat balance component: for simulations, 
inferior combustion conditions due to changes in the func-
tional systems of the engine, for tests, insufficient water 
cooling. Different input data, such as technical condition, 
laboratory conditions, or a correct, but idealized calculation 
algorithm, are considered to be the reason for the lack of 
compatibility between the model and the tests. 
 Engine load affects the way heat is released, as a higher 
fuel injection rate leads to faster injection and more intense 
combustion. An increase in injection speed causes the injec-
tion time to increase more slowly than the fuel dose, and 
combustion occurs more simultaneously. At a lower load, 
the auto-ignition delay lengthens, which reduces the maxi-
mum heat release rate in the initial phase of combustion. 
This phenomenon and others accompanying it simultane-
ously affect the various components of the engine's heat 
balance. 
 On the test bench, it was not feasible to evaluate the me-
chanical and thermal condition of the engine's functional 
systems, even for the reference case. It was also not possible 
to input the engine's technical condition into the Blitz-PRO 
simulator. This may have had some impact on the results. 
 The results obtained suggest continuing work on the 
development of the numerical software used, given its high 
potential. 

 

Nomenclature 
BDC bottom dead center 
Ḣair air enthalpy stream 
Ḣexh exhaust gas enthalpy stream 
IC internal combustion 
pamb ambient air pressure 
Pe effective power 
Pi indicted power 
Pm mechanical power 
PN nominal power 
Q̇amb ambient heat stream 

Q̇cool cooling heat stream 
Q̇fuel fuel heat stream 
Q̇oil oil heat stream 
Q̇r residual heat stream 
tamb ambient air temperature 
TDC top dead center 
δREF difference from the reference condition 
ηm mechanical efficiency 
ηo overall efficiency 
ηth thermal efficiency 
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The significance of telemetric data collection in electric motorcycles  
 

ARTICLE INFO  Motorsport is a branch of the automotive industry that requires constant research and testing to gain  
a competitive edge. A small change in a vehicle's suspension settings or engine management can make the 
difference between winning and losing in a particular competition. In order to ensure success, the vehicle is 
often pushed to its limits, however, while maintaining the driver’s safety, all with the option of using vehicle 
telemetry, which collects, transmits, and analyses vehicle data during and after driving. Operational parameters 
measured in real time are analyzed for future corrections and improvements. This paper presents an analysis of 
telemetry testing of an electric motorbike, related to energy consumption, power output, torque, and thermal 
conditions to improve the efficiency of the drivetrain on the Aragón circuit in Spain at the MotoStudent 
competition. The article also demonstrates how to validate the values of individual parameters obtained during 
calculations and simulations, as well as the impact of minor changes on these parameters. It also describes how 
telemetry helps in assessing the skills of drivers. 
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1. Introduction 

Electric motorcycles are rapidly advancing in both con-
sumer and competitive markets, driven by sustainable ener-
gy solutions and the demand for high-performance vehicles. 
While consumer models emphasize range and affordability, 
racing models prioritize torque delivery, battery efficiency, 
and thermal management to enhance track performance. In 
racing, these motorcycles present unique challenges and 
opportunities due to factors such as torque delivery, battery 
management, and thermal regulation. Effective data-driven 
approaches are critical for optimizing performance on and 
off the track. 

As electric motorcycles face distinct challenges in ener-
gy efficiency, thermal regulation, and torque delivery, tel-
emetric data collection has become a fundamental tool in 
motorsports, providing real-time insights into vehicle be-
haviour and environmental conditions to address these 
issues effectively. It enables engineers and riders to refine 
strategies, enhance technical adjustments, and improve 
overall performance. While telemetry is well established in 
traditional motorsports, its application in electric motorcy-
cle racing remains an emerging field with significant poten-
tial for innovation [12]. 

This study examines the significance of telemetric data 
acquisition in optimizing electric motorcycle performance 
by analysing data collected during the MotoStudent compe-
tition at the Aragón racetrack in Spain, an event that pro-
vides a controlled yet highly competitive environment for 
evaluating real-world racing conditions. Using an advanced 
data logger and a custom-built data acquisition system, key 
performance metrics – such as acceleration, speed, corner-
ing dynamics, and load distribution – were monitored. 
Based on that data optimization opportunities were identi-
fied, contributing to a deeper understanding of how teleme-
try can shape electric motorcycle racing. 

Telemetry systems are essential for real-time data col-
lection during races. Professional teams in MotoGP use 
telemetry to monitor parameters like tire temperature, brake 
pressure, and throttle input, allowing precise adjustments to 
engine settings and suspension dynamics. In electric motor-
cycles, telemetry focuses on battery state, motor efficiency, 
and energy consumption – critical metrics for optimizing 
energy use and extending vehicle range [5, 11]. Unique chal-
lenges such as thermal management and regenerative braking 
are addressed through telemetry insights, ensuring perfor-
mance consistency under varying conditions [2, 5, 13, 19]. 

Effective vehicle control is essential for achieving opti-
mal performance in motorcycle racing, influencing stabil-
ity, handling, and rider confidence. Beyond energy man-
agement, telemetry plays a key role in monitoring suspen-
sion dynamics and tire grip, factors that significantly impact 
stability and cornering performance [8, 20]. Advanced 
systems track suspension travel, damping forces, and tire 
contact patches, allowing teams to fine-tune settings for 
improved handling. For electric motorcycles, telemetry 
optimizes traction control and regenerative braking, balanc-
ing energy recovery without compromising stability [6, 8, 
9, 15, 20, 21]. 

Telemetry is also instrumental in analysing rider behav-
iour and refining training methodologies. By tracking throt-
tle position, braking force, and lean angles, teams can iden-
tify areas for technique and strategy improvements. This is 
particularly relevant for electric motorcycles, where riders 
must adapt to instant torque delivery and the absence of 
engine braking [1, 10, 14, 17]. 

The integration of artificial intelligence has further 
transformed telemetry by enabling predictive analytics. AI 
models process vast datasets to forecast vehicle perfor-
mance under different track conditions, optimize throttle 
maps, and enhance energy management in electric motor-
cycles [18, 21]. AI-driven telemetry supports strategic deci-
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sion-making, leading to better race outcomes for both elec-
tric and combustion-engine motorcycles. 

Finally, telemetry plays a crucial role in vehicle design 
and race strategy. Data-driven insights guide chassis devel-
opment, energy-efficient cooling systems, and aerodynamic 
enhancements. In real-time race scenarios, telemetry in-
forms pit stop planning, tire wear assessment, and energy 
conservation strategies – factors that can determine podium 
finishes [3, 4, 7, 16, 19]. 

In summary, telemetry has revolutionized motorcycle 
racing, offering data-driven solutions for performance op-
timization, strategic planning, and vehicle innovation. The 
integration of AI with telemetry further enhances its impact, 
allowing for predictive analytics that refine energy man-
agement, optimize real-time adjustments, and improve 
overall race strategies. As technology advances, future 
research should focus on improving telemetry accuracy, 
integrating new sensor technologies, and expanding AI 
applications to enhance electric motorcycle racing further. 

2. Subject and research location 
The research was conducted based on a data acquisition 

system designed and implemented for the prototype racing 
electric motorcycle LEM Tachyon. This motorcycle was 
built by a student team as part of their participation in the 
MotoStudent competition, the world championship of stu-
dent motorcycle designs, with the final race taking place at 
the Aragón circuit in Spain. 

The LEM Tachyon project was designed and built by 
the LEM Wrocław Motorsport student team from Wrocław 
University of Science and Technology. During its design, 
all elements, except for brakes tires and brakes which com-
petition officials provided, were modeled and then subject-
ed to theoretical loads that could occur on them within the 
framework of Finite Element Method (FEM) simulations. 
However, since this is a project built from scratch with 
custom parts, a comprehensive telemetric data acquisition 
system was also created to enable the assessment of the 
applied solutions and identify the weaknesses of various 
systems, allowing improvements for the design of future 
motorcycles.  

The vehicle was built in accordance with the stringent 
requirements of the competition regulations, where the 
motorcycle's dimensions are based on the Moto3 class. The 
materials and manufacturing methods for individual com-
ponents were optional but had to meet strength require-
ments that were tested during the competition. The frame 
was made of chromium-molybdenum steel tubes, while the 
subframe and fairings were made entirely of carbon fiber 
composite. The motorcycle's swingarm was milled and then 
welded from 7020 aluminum. The design features a reduc-
tion gear with a ratio of 1.83 to reduce the rotational speed on 
the active wheel of the chain drive. According to the 
datasheet, the motor has 48 kW maximum power and 22 kW 
nominal power with a maximum of 7500 rpm. The front tire 
is 87 mm wide and 576 mm in diameter. The rear tire is 113 
mm wide and 602 mm in diameter. The maximum speed of 
the motorcycle, as planned for calculations, was 200 km/h, 
while the highest speed measured on the track was 193 km/h. 

Different sensors were mounted, as shown in Fig. 1. 
These allowed us to measure acceleration values, rotational 

speeds of the engine shaft and individual wheels, GPS posi-
tion, suspension travel, braking forces, throttle level, tem-
peratures of the engine, gearbox, radiator, and battery. The 
entire system is based on the LG-µCAN11_Moto2-211 
logger, which is typically used in Moto2 category races. It 
allows data acquisition at frequencies up to 800 Hz, which 
was used for suspension and break pressure analysis. Other 
sensors operated at frequencies between 12.5 Hz and 200 
Hz. To ensure clarity regarding the sensors used and their 
respective measurements, Table 1 summarizes the key 
parameters captured during the study, including measure-
ment ranges, units, and sampling frequencies.  

 

Fig. 1. Placement of sensors on the motorcycle 
 
These sensors provided valuable insights into critical 

performance metrics such as braking forces, acceleration, 
and thermal behavior. All this data enabled us to improve 
the electric motor control to increase its efficiency, prevent 
failures of individual systems, and adapt the motorcycle to 
the specific rider. Thanks to this data and the changes ap-
plied based on their analysis, it was possible to prepare the 
motorcycle for the challenging conditions of the Aragón 
circuit. 

 
Fig. 2. Outline of the track shape of the Aragón Circuit 

 
The Aragón circuit, shown in Fig. 2, is characterized by 

its complexity and presents many challenges for both riders 
and motorcycles during races. It features long straights, the 
longest being 1211 meters, as well as tight turns. Addition-
ally, the total difference between the lowest and highest 
points of the track is 50 meters, with a maximum drop of 
7.2%. The track length is 5.078 kilometers, and the width 
varies from 15 meters on the straights to 12 meters in other 
sections. Another aspect of this track is its heterogeneous 
surface throughout its length, resulting in changing traction 
conditions. 
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Table 1. Embedded sensors and data acquisition frequency 
Name in data Sensor Measured parameter Unit Sampling frequency [Hz] Notes 

ACC_X, ACC_Y, 
ACC_Z 

Accelerometer Acceleration m/s² 400 Used for analyzing vibrations and 
dynamics 

BRAKE_F Brake fluid 
pressure sensor 
(front) 

Brake force of front 
system 

Bar 800 Critical for managing high-speed 
braking stability 

BRAKE_R Brake fluid 
pressure sensor 
(rear) 

Brake force of rear 
system 

Bar 800 Used in sudden braking scenarios 
on straights 

Latitude, Longitude High-precision 
GPS 

Geographic position deg 12.5  

SV_Motor_Temperature Motor tempera-
ture sensor 

Motor temperature °C 400 Evaluates drivetrain thermal  
management 

SUSP_F Suspension 
potentiometer 
(front) 

Front suspension 
travel  

mm 800 Provides data for optimizing front 
suspension behavior 

SUSP_R Suspension 
potentiometer 
(rear) 

Rear suspension 
travel 

mm 800 Tracks rear suspension response  
to braking and acceleration 

V_Front Inductive speed 
sensor (front) 

Front wheel speed 
measurement 

m/s 200 Used to estimate slip ratio and track 
braking performance at the front 
wheel 

V_Rear Inductive speed 
sensor (rear) 

Rear wheel speed 
measurement 

m/s 200 Used to analyze speed, traction  
and braking performance 

TEMP_Transmission Transmission 
temperature 
sensor 

Transmission system 
temperature 

°C 12.5 Monitors gearbox thermal perfor-
mance 

SV_RPM Encoder Rotational position of 
the motor 

deg 200 Tracks angular displacement  
for motor rotation 

SV_Heatsink_temp Radiator tem-
perature sensor 

Coolant temperature 
in radiator 

°C 50 Ensures cooling system operates 
within optimal limits 

 
That imposes a unique challenge for both the rider and 

the motorcycle. The rider must adapt seamlessly to a varie-
ty of riding conditions, while the motorcycle needs to be 
highly adjustable to achieve the best settings for any scenar-
io. A specialized data acquisition system plays a critical 
role in bridging the gap between on-track performance and 
the decision-making process, ensuring precision and effi-
ciency in adjustments. 

3. Studies conducted and results 
The measurement tests were carried out at the MotoStu-

dent competition in Spain during the main race. Data col-
lection included six full laps on the Aragón circuit. Initially, 
parameters such as engine speed and torque were analyzed 
to see how the driver loads the electric motor during each 
lap. The motor load parameter is important because it gives 
us the answer to how energy is consumed during each lap, 
what times the driver achieves each time, and how the mo-
tor load affects the heating process of the motor and battery. 
Each lap was analyzed separately, and in Fig. 3, the full 
range of engine speeds can be seen during the run. The 
average engine speed for all runs was 4052.42 rpm. The 
driver was fastest on the second lap with a time of 2:27:594 
with an average engine speed of 4268.90 rpm and a torque 
of 28.38 Nm – Fig. 4. 

In Figure 4, the engine's operating range can be seen 
with load range and the cumulations in the middle operating 
range. 

The fifth lap was the slowest, with a time 13 seconds 
longer. The engine workload was completely in the other 
work ranges, as can be seen in Fig. 5. The average speed 
was 3851.94 rpm with an average torque of 21.13 Nm. The 
results from each lap of the race are illustrated in Table 2.  

 

Fig. 3. Engine speed-to-torque graph for six laps 

 
Fig. 4. Engine speed-to-torque graph for the fastest second lap 
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Fig. 5. Engine speed-to-torque graph for the slowest fifth lap 

 
Table 2. Average engine parameters for each lap 

Lap number 
Average 
Torque  
T [Nm] 

Average 
engine speed 

[rpm] 

Lap time  
t [s] 

Average speed 
V [m/s] 

1 26,00 4183.34 2:29.911 33.35 

2 28.38 4268.90 2:27.594 33.96 

3 22.87 4037.05 2:34.474 32.42 

4 23.03 4037.12 2:34.314 32.46 

5 21.13 3851.94 2:40.715 31.31 

6 26.91 3936.15 2:37.835 31.74 

 
The important aspect that can be analyzed to improve 

performance and reduce lap times is the use of data from 
brake pressure sensors and throttle opening values. Analy-
sis of these parameters allows for the development of more 
effective driver energy management tactics. Reducing the 
use of brakes in favor of driving using inertia enables  
a significant reduction in energy consumption, resulting in 
greater energy efficiency. In addition, less strain on the 
drivetrain leads to lower temperatures, preserving thermal 
reserves for moments requiring more power, for example, 
during dynamic acceleration on straight sections of the 
track. 

 
Fig. 6. Brake pressure plot for the fourth lap 

In Figure 6, the brake pressure values are presented in 
correlation with the vehicle's position on the track. The 
inner curve, labelled BRAKE_R, represents the pressure in 
the rear brake system, while the outer curve, labelled 
BRAKE_F, illustrates the pressure in the front brake system 
at the same moments. 

The analysis of the graph from Fig. 6 shows that the rear 
brake is rarely used, particularly during instances of sudden 
and intense braking. Conversely, the front brake is em-
ployed more frequently, indicating its critical role in man-
aging speed and maintaining stability while navigating 
different sections of the track. The presented data reflects 
the expertise of an experienced rider who demonstrates  
a profound understanding of the dynamics of electric mo-
torcycle handling.  

 
Table 3. Min-max table for brake pressures for all laps 

Lap ID 1 2 3 4 5 6 
Total laps 1 2 3 4 5 6 
Time [min] 2:29.9 2:27.6 2:34.5 2:34.3 2:40.7 2:37.8 
Front brake  
pressure minimum 
brake_F [bar] 

0 0 0 0 0 0 

Front brake  
pressure maximum 
brake_F [bar] 

14.8 13.5 14.2 13 14.2 11.9 

Front brake  
pressure average 
brake_F [bar] 

1.1 1.2 0.9 0.8 0.7 0.7 

Rear brake pressure 
value minimum 
brake_R [bar] 

0 0 0 0 0 0 

Rear brake pressure 
value maximum 
brake_R [bar] 

11 0 0 9 0 0 

Rear brake pressure 
value average 
brake_R [bar] 

0 0 0 0 0 0 

 
Throughout all six laps, as Table 3 presents, brake pres-

sure values range from 0 to 14.8 bars, highlighting a precise 
and deliberate approach to braking. Furthermore, Fig. 6 
shows that the brakes are used almost exclusively before 
turns, underscoring a well-developed energy management 
strategy. This approach not only minimizes energy con-
sumption but also optimizes the use of drivetrain reserves 
on straight segments of the track, constituting a fundamen-
tal aspect of efficient riding. 

A crucial stage in the development and refinement of  
a motorbike lies in optimizing the suspension system,  
a fundamental component of any vehicle. The suspension 
must ensure optimal traction and stability throughout the 
lap, directly influencing performance and safety. By accu-
rately acquiring suspension travel data, engineers can fine-
tune the suspension settings with precision, enabling the 
motorbike to adapt seamlessly to both the rider's prefer-
ences and the specific conditions of the track. 

Figure 7 shows suspension travel data overlaid over the 
Aragon track map. The inner curve represents front suspen-
sion travel values, while the outer curve represents rear 
suspension travel data. These values are highly correlated to 
braking data and acceleration data, as these are the main 
causes of changes in motorcycle dynamics.  
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Fig. 7. Suspension plot, illustrating suspension behavior and dynamics 
 across different sections of the circuit at second lap 

 
Table 4. Minimum and maximum values of front and rear suspension 

travel recorded across all six laps of the race at the Aragón Circuit 
Lap ID 1 2 3 4 5 6 
Time [min] 2:29.9 2:27.5 2:34.4 2:34.3 2:40.7 2:37.8 
Front suspension displace-
ment minimum Susp_F 
[mm] 

10.3 9.95 9.98 10.74 13.5 16.56 

Front suspension displace-
ment maximum Susp_F 
[mm] 

88.8 85.39 89.55 84.04 82.55 80.64 

Rear suspension displace-
ment minimum Susp_R 
[mm]  

0.69 0.7 0.73 0.74 1.6 2.56 

Rear suspension displace-
ment maximum Susp_R 
[mm] 

33.66 33.87 32.97 33.45 33.81 33.31 

 
Based on the suspension settings, the front suspension 

travel ranges from 9 mm to 90 mm, while the rear suspen-
sion travel varies between 0 mm and 40 mm. Table 4 illus-
trates the minimum and maximum suspension travel values 
recorded across all six laps of the race at the Aragón Cir-
cuit, providing a comprehensive overview of suspension 
dynamics throughout the event. 

Additional visualizations, such as histograms and XY 
plots, can be generated to conduct a more precise analysis 
of the suspension system's behavior, providing more de-
tailed insights for the engineering team. By correlating data 
from the linear suspension potentiometer with accelerome-
ter readings, a comprehensive understanding of suspension 
dynamics and its interaction with external forces can be 
achieved. This data can then be used to fine-tune the sus-
pension setup, optimizing it for specific track conditions 
and rider preferences. Such adjustments help enhance trac-
tion, stability, and overall performance, ultimately leading 
to faster lap times and improved vehicle handling.  

In racing motorcycles, virtually all components are 
pushed to their limits, significantly affecting their operating 
conditions. In this regard, electric motorcycles are not fun-
damentally different from their combustion-engine counter-
parts. Continuous monitoring of key parameters such as 
temperature, pressure, displacement, and forces acting on 
components provides valuable information. This enables 
the full potential of each motorcycle component to be uti-
lized while ensuring the highest level of safety. 

The drivetrain, which is a fundamental factor in motor-
bike performance, is not exempt from this. In the case of 
the LEM Tachyon, the electric motor's thermal manage-

ment was the main limiting factor in the overall perfor-
mance. By being able to always analyze the motorcycle’s 
condition with precision during the test sessions, drivetrain 
engineers were able to make data-driven decisions about 
motor controller settings, resulting in an exceptional level 
of efficiency.  

 
Fig. 8. Line plot of motor temperature over time in first lap 

 
As illustrated in Fig. 8, despite the implementation of 

both on-board and external cooling systems to ensure the 
motor starts at the lowest possible temperature, the first lap 
sees a significant temperature increase of approximately 60 
degrees Celsius. This rapid rise is attributed to the high 
current supplied by the motor controller to achieve the 
desired power output, which allows the vehicle to maintain 
a competitive edge. Furthermore, the motor's design limits 
the efficiency of heat transfer to the cooling system, thereby 
reducing its ability to regulate the drive unit's temperature 
effectively. 

 
Fig. 9. Line plot of motor temperature over time in lap 4 

 
In subsequent laps, as shown in Fig. 9, the temperature 

of the motor remains at a consistently elevated level. At this 
juncture, the onus shifts to the driver's ability to effectively 
manage the temperature through the utilization of available 
data, including motor temperature, coolant inlet and outlet 
temperatures, and other drivetrain performance metrics. 
This data provides a crucial foundation for the fine-tuning 
of the motor controller and the development of adaptive 
strategies. It offers evidence-based decision-making and 
immediate feedback on the efficacy of adjustments, thus 
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enabling teams to optimize performance even under chal-
lenging thermal conditions. 

4. Summary of results  
The study underscores the significant role of telemetric 

data acquisition in enhancing the performance of electric 
motorcycles in competitive racing scenarios. Comprehen-
sive telemetry data collected from the LEM Tachyon mo-
torcycle during the MotoStudent competition at the Aragón 
circuit provided critical insights into various performance 
parameters, including engine speed, torque, suspension 
dynamics, braking forces, and thermal conditions. These 
data highlighted the intricate interplay between motor per-
formance, energy efficiency, and thermal management.  

The analysis revealed that optimal engine operation oc-
curred at specific torque and rpm ranges, which varied 
across laps. The fastest lap was achieved at an average 
engine speed of 4268.90 rpm with a torque of 28.38 Nm, 
indicating the importance of precise load and energy man-
agement for competitive performance. Conversely, slower 
lap times were associated with higher drivetrain inefficien-
cies and suboptimal energy utilization. Data from brake 
pressure sensors and throttle usage demonstrated how stra-
tegic adjustments, such as reduced braking and inertia-
based driving, contributed to improved energy efficiency 
and thermal control.  

Suspension travel data emphasized the role of fine-
tuning suspension settings to adapt to the track’s unique 
characteristics. Front and rear suspension displacement 
patterns provided insights into load distribution and stabil-
ity during braking and acceleration, enabling targeted im-
provements for handling and traction. Furthermore, 
drivetrain analysis highlighted thermal management as  
a limiting factor in maintaining consistent motor perfor-
mance. The rapid rise in motor temperature during initial 
laps underscored the need for enhanced cooling systems 
and adaptive controller strategies.  

The Aragón circuit's demanding conditions, character-
ized by its varying topography and traction levels, posed 
additional challenges for both the rider and the motorcycle. 
Telemetric data acquisition bridged the gap between on-

track performance and decision-making processes, allowing 
engineers to apply data-driven refinements in real time.  

5. Conclusion  
The findings demonstrate that telemetric data acquisi-

tion is indispensable for the optimization of electric motor-
cycle performance in competitive settings. By capturing 
and analyzing data from a wide array of sensors, engineers 
and teams can identify performance bottlenecks, refine 
vehicle settings, and enhance energy efficiency. The study 
highlights several critical outcomes: 
1.  Energy and Thermal Management: Effective utilization 

of telemetric data enables the identification of optimal 
energy usage patterns and the mitigation of thermal in-
efficiencies, contributing to sustained motor perfor-
mance during races.  

2.  Suspension Optimization: Detailed analysis of suspen-
sion dynamics facilitates precise adjustments to improve 
stability, traction, and rider comfort, enhancing overall 
vehicle handling.  

3.  Strategic Adjustments: Data-driven insights into braking 
and motorbike handle use support the development of 
adaptive strategies that optimize energy consumption 
and preserve drivetrain integrity.  

4.  Adaptability to Track Conditions: The ability to monitor 
and respond to the Aragón circuit’s complex character-
istics in real time showcases the versatility of telemetric 
systems in addressing diverse racing challenges.  
The research confirms the potential of telemetric sys-

tems to drive innovation and efficiency in electric motorcy-
cle racing. Future studies should focus on integrating ad-
vanced cooling technologies, refining sensor accuracy, and 
employing artificial intelligence for predictive analytics. 
These advancements will further unlock the capabilities of 
telemetric data, paving the way for more competitive, effi-
cient, and sustainable racing solutions.  

Acknowledgements 
The article was written in cooperation with Autocomp 

Management Sp. z o.o. from Szczecin, Research and De-
velopment Center – Producer of simulators on the military 
and civilian market from Poland. 

 
Bibliography  
[1] Bartolozzi M, Boubezoul A, Bouaziz S, Savino G, Espie S. 

Data-driven methodology for the investigation of riding dy-
namics: A motorcycle case study. IEEE Trans Intell Transp 
Syst. 2023;24:10224-10237.  
https://doi.org/10.1109/TITS.2023.3271790 

[2] Bonini F, Rivola A, Martini A. Braking torque estimation 
through machine learning algorithms. Materials Research 
Proceedings. 2023;26:213-218.  
https://doi.org/10.21741/9781644902431-35 

[3] Calderón AG, Galbeño Ruiz G, Carlos A, Bohórquez G. 
GPRS telemetry system for high-efficiency electric competi-
tion vehicles. 2013 World Electric Vehicle Symposium and 
Exhibition (EVS27). Barcelona 2013.  
https://doi.org/10.1109/EVS.2013.6914788 

[4] De Carlo M, Simeone E, Radano L, Carello M. A telemetry-
driven architecture for the development of data-intensive race 
strategies. 2024 International Conference on Artificial Intel-

ligence, Computer, Data Sciences and Applications (AC-
DSA), Victoria 2024.  
https://doi.org/10.1109/ACDSA59508.2024.10467558 

[5] Cossalter V, Bellati A, Doria A, Peretto M. Analysis of rac-
ing motorcycle performance with additional considerations 
for the Mozzi axis. Veh Syst Dyn. 2008;46:815-826.  
https://doi.org/10.1080/00423110802037073 

[6] Cossalter V, Doria A, Formentini M, Peretto M. Experi-
mental and numerical analysis of the influence of tyres prop-
erties on the straight running stability of a sport-touring mo-
torcycle. Veh Syst Dyn. 2012;50:357-375.  
https://doi.org/10.1080/00423114.2011.587520 

[7] Cossalter V, Doria A, Garbin S, Lot R. Frequency-domain 
method for evaluating the ride comfort of a motorcycle. Veh 
Syst Dyn. 2006;44:339-355.  
https://doi.org/10.1080/00423110500420712 

[8] Fouka M, Nehaoua L, Arioui H. Motorcycle state estimation 
and tire cornering stiffness identification applied to road safe-



 

The significance of telemetric data collection in electric motorcycles 

COMBUSTION ENGINES, 2025;202(3) 73 

ty: Using observer-based identifiers. IEEE Trans Intell 
Transp Syst. 2022;23:7017-7027.  
https://doi.org/10.1109/TITS.2021.3066417 

[9] Fujii S, Shiozawa S, Shinagawa A, Kishi T. Steering charac-
teristics of motorcycles. Veh Syst Dyn. 2012;50(8):1277-
1295. https://doi.org/10.1080/00423114.2011.607900 

[10] Katayama T, Aoki A, Nishimi T. Control behaviour of mo-
torcycle riders. Veh Syst Dyn. 1988;17:211-229.  
https://doi.org/10.1080/00423118808968903 

[11] Leonelli L, Limebeer DJN. Optimal control of a road racing 
motorcycle on a three-dimensional closed track. Veh Syst 
Dyn. 2020;58:1285-1309.  
https://doi.org/10.1080/00423114.2019.1617886 

[12] Markowski M, Szczepan S, Zatoń M, Martin S, Michalik K. 
The importance of reaction time to the starting signal on race 
results in elite motorcycle speedway racing. PLoS One. 2023; 
18. https://doi.org/10.1371/journal.pone.0281138 

[13] Moreno D, Mucchi E, Dalpiaz G, Rivola A, Mucchi E. 
Multibody analysis of the desmodromic valve train of the 
Ducati MotoGP engine. Multibody Dynamics 2007, ECCO-
MAS Thematic Conference. Milano 2007.  

[14] Ruzicka J. 2020 Smart Cities Symposium Prague (SCSP): 
Prague, June 25th, 2020. IEEE. 

[15] Sharp RS, Evangelou S, Limebeer DJN. Advances in the 
modelling of motorcycle dynamics. Kluwer Academic Pub-
lishers 2004. 

[16] Stincescu T, Zhao R, Ballantyne EEF, Stone DA, Foster MP. 
MATLAB-based high-performance electric motorbike ener-

gy model, utilising video data. 16th International Conference 
on Ecological Vehicles and Renewable Energies, EVER 
2021. Monte-Carlo 2021.  
https://doi.org/10.1109/EVER52347.2021.9456609 

[17] Tobiáš M, Porteš P, Zháňal L, Fojtášek J. Measurement and 
analysis of dynamic riding behavior of a motorcycle. Engi-
neering Mechanics 2020. Institute of Thermomechanics of 
the Czech Academy of Sciences, Prague; 2020:488-491. 

[18] Venceslau de Souto JI, Barbosa da Rocha Á, Duarte RNC, de 
Moura Fernandes E. Design and implementation of an em-
bedded data acquisition system for vehicle vertical dynamics 
analysis. Sensors. 2023;23.  
https://doi.org/10.3390/s23239491 

[19] Villa-Salazar AF, Gomez-Miranda IN, Romero-Maya AF, 
Velásquez-Gómez JD, Lemmel-Vélez K. Optimizing electric 
racing car performance through telemetry-integrated battery 
charging: A response surface analysis approach. World Electr 
Veh J. 2024;15(7):317.  
https://doi.org/10.3390/wevj15070317 

[20] Zhang XD, Chen CK. A study of a cornering braking control 
system for a motorcycle. Appl Sci. 2022;12(24|):12575.  
https://doi.org/10.3390/app122412575 

[21] Zhu D, Pritchard E, Dadam SR, Kumar V, Xu Y. Optimiza-
tion of rule-based energy management strategies for hybrid 
vehicles using dynamic programming. Combustion Engines. 
2021;184(1):3-10. https://doi.org/10.19206/CE-131967 

 

 
 

Monika Magdziak-Tokłowicz, DEng. – Faculty of 
Mechanical Engineering, Wrocław University of 
Science and Technology, Poland. 
e-mail: monika.magdziak-toklowicz@pwr.edu.pl 

 
  

Aleksander Biskup – Faculty of Electronics, Photon-
ics and Microsystems, Wrocław University of Sci-
ence and Technology, Poland. 
e-mail: aleksanderbiskup@icloud.com 

 
  

Michał Grzyb – Faculty of Mechanical Engineering, 
Wrocław University of Science and Technology, 
Poland. 
e-mail: m.grzyb.lemwroclaw@gmail.com 

 
  

Mateusz Prowans – Faculty of Electronics, Photonics 
and Microsystems, Wrocław University of Science 
and Technology, Poland. 
e-mail: mateusz.prowans@gmail.com 

 
  

Jędrzej Szymczyk – Faculty of Information and 
Communication Technology, Wrocław University of 
Science and Technology, Poland. 
e-mail: jszymczyk99@gmail.com 

 
  

 



 
Article citation info:  
Cebulska W, Hadrys D. Comparison of vibration emissions in electric and conventional cars. Combustion Engines. 2025;202(3):74-80. 
https://doi.org/10.19206/CE-204690 

74  COMBUSTION ENGINES, 2025;202(3) 

Wioletta CEBULSKA   
Damian HADRYS  
 

 
 

Polish Scientific Society of Combustion Engines 

 
 

Comparison of vibration emissions in electric and conventional cars 
 
ARTICLE INFO  Currently, great importance is attached to the issue of environmental protection, also in the context of the 

impact of transport on the environment. Limited fossil resources, climate change, and global warming are 
driving the automotive industry towards more efficient and sustainable solutions. These problems are driving 
car manufacturers to use new technologies and alternative drive systems. Examples of such vehicles are electric 
cars (EV) and hybrid cars (HEV or PHEV). The issue of the impact of using these means of transport on the 
emission of pollutants other than exhaust gases is important. An example of such emissions is vibrations. Cars 
with conventional drive generate vibrations from the operation of the combustion engine. All vehicles, both 
conventionally and alternatively driven, emit vibrations as a result of the operation of the drive system, suspen-
sion system, and interaction of tires with the road surface. Vibrations also arise from unevenness of the road 
surface. At first glance, it seems that vibrations are lower when driving an electric car. In this article, vibration 
measurements were performed inside an electric vehicle and a conventionally driven vehicle in urban and 
highway conditions. 
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1. Introduction 

Noise and mechanical vibrations accompany the opera-
tion of vehicles. Vibrations are a process in which physical 
quantities are variable as a function of time. Vibrations 
induced by a source are propagated by wave motion. These 
waves are transmitted through different media at different 
speeds, as a result of which kinetic energy (Ek) is converted 
into potential energy (Ep) and vice versa. Mechanical vibra-
tions, the frequency band of which is in the range of 0.1–
100 Hz, have an adverse effect on the human body. They 
are divided into shocks (changes in position to which the 
body reacts actively) and vibrations (the body reacts pas-
sively through the nervous system and organs). Exposure to 
vibrations can be short-term, in which the negative func-
tional effects disappear after the vibrations cease, or long-
term, causing health effects. 

Vibration emissions in combustion cars are mainly due 
to the operation of the combustion engine, which generates 
vibrations during the combustion of the fuel mixture. These 
vibrations are transmitted by the drive system (gearbox, 
drive shaft) and the exhaust system. Vibrations can also be 
amplified by the operation of turbochargers, mufflers, and 
unevenness in the balance of moving elements, such as 
pistons and crankshaft. 

In electric cars, vibration emissions are much lower be-
cause the electric engine operates more smoothly, without 
combustion processes and pistons. The lack of a gearbox 
eliminates jerks and additional sources of vibration. The 
main vibrations can come from small elements, such as 
engine bearings, cooling system fans, and road irregularities 
[1, 4, 11, 12]. 

2. Vibration measurements 
Noise and mechanical vibrations accompany the opera-

tion of vehicles. Vibrations are a process in which physical 
quantities vary as a function of time. The basic quantities 
describing mechanical vibrations are displacement, vibra-

tion velocity, and vibration acceleration. The most common 
way to assess the effect of mechanical vibrations on the 
body is to use vibration acceleration values. A vibration 
signal may contain one component with a specific frequen-
cy (sinusoidal vibrations). However, complex vibrations 
consisting of many sinusoidal components are most com-
mon [7–9]. 

Due to the impact of vibrations, they can be divided into 
local vibrations (transmitted by limbs) and general vibra-
tions (vibrations with a general effect). Whole-body vibra-
tions refer to vibrations transmitted to the whole body. 
These vibrations can lead to health problems such as back 
pain, fatigue, and balance disorders. Reducing exposure to 
whole-body vibrations requires the use of appropriate 
shock-absorbing seats and ensuring an ergonomic work 
environment that minimizes the negative effects of mechan-
ical vibrations. In local vibration measurements, based on 
the effective values of weighted vibration accelerations 
obtained by the meter during measurements, measured in 
all planes (x, y, z), the value of the vector sum of effective 
vibration accelerations is calculated according to formula 
(1): 

 ahvi =  √ahwxi
2 + ahwyi

2 + ahwzi
2  (1) 

where: a2
hwxi, a 2

hwyi, a 2
hwzi – effective weighted vibration 

acceleration values, m/s2, ahwi – value of the vector sum of 
effective weighted vibration accelerations, m/s2. 

In the context of general vibrations, instead of the vector 
sum of the vibration acceleration, the dominant component 
is determined from the 3 planes x, y, and z. This means that 
the subsequent indices are determined for one dominant 
plane. Depending on which plane (x, y, or z) was selected 
as the value for evaluation, it should be multiplied by the 
appropriate factor: 1.4 for the x and y axes and 1 for the z 
axis. The calculation of the maximum value is determined 
by formula (2): 
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 awmax = max{awl1,awl2, … awln } (2) 

where: awln – selected highest value from 3 measurement 
planes (x, y or z), m/s2, amax – value of the vector sum of 
effective weighted vibration accelerations, m/s2. 

During vibration measurement, physical quantities are 
measured: acceleration, velocity and displacement of me-
chanical vibrations. For each of these values, the vibration 
amplitude can be given. This will be the difference between 
the lowest and highest momentary vibration level, half of 
this value. However, amplitude is not the most popular 
vibration measure. The most commonly used value is de-
scribed as RMS. In the analysis of vibration signals, this is 
the most popular numerical value describing the average 
"vibration level" of a given machine, it is the so-called 
"effective value" of the signal.  

The RMS indicator simply estimates the value of the vi-
bration level independently of the amplitude value. The 
square of the signal value in the formulas for energy, power 
and RMS of the signal is important not only because of the 
negative values of the signals but also because of the possi-
bility of analogous calculations in the frequency domain [5, 
6, 14]. 

The interpretation of vibration data in the time domain 
(amplitude plotted against time) is limited to a few parame-
ters in determining the vibration level: amplitude, peak 
value, and effective value, which are identified in the sinus-
oidal waveform. The RMS value is generally the most use-
ful because it is directly related to the energy level of the 
vibration. Vibration is an oscillatory motion, so most vibra-
tion analyses aim to determine the rate of this oscillation or 
frequency. The number of times a full cycle of motion oc-
curs in one second is the vibration frequency and is meas-
ured in Hz. For simple sinusoidal waves, the vibration fre-
quency can be determined from observing the time domain 
waveform. When different frequency components and noise 
are added, spectrum analysis is necessary to obtain a clearer 
picture of the vibration frequency. In order to correctly 
determine the frequency spectrum, signal sampling is used. 
This is the number of samples taken in 1 second. The high-
er the sampling rate, the more accurately the signal is rec-
orded [5, 6, 11, 16]. 

3. Impact of vibrations  
Exposure to vibrations can be short-term, in which the 

negative functional effects disappear after the vibrations 
stop, and long-term, causing disease effects. Short-term 
exposure to vibrations can cause functional discomfort (e.g. 
motion sickness), irritation, excessive fatigue, insomnia and 
disruption of movement coordination. Research results 
show that exceeding 0.25 m/s2 of the effective value of low-
frequency vibration acceleration in the range of 0.1–0.315 
Hz in the vertical direction causes undesirable symptoms 
[16, 18, 19, 21]. 

Prolonged exposure to vibrations can cause disorders of 
the organs and nervous centers. General fatigue, decreased 
efficiency, and reduced psychophysical efficiency occur. 
Disorders of the skeletal and joint systems in the cervical 
and lumbar spine, as well as shoulder, hip, and knee joints, 
occur. As a consequence, this can cause muscle and joint 
pain and spine ailments in all of its sections. Vibrations 

with frequencies corresponding to the natural vibration 
frequencies of internal organs are a major danger, as they 
can induce resonant vibrations of the organs, disturbing the 
temporary functioning of the body. Vibrations have a me-
chanical effect on the eyeballs, causing the image in the 
retina to shift, which manifests itself in the impression of  
a blurred image, deterioration of visual acuity, and difficul-
ties in locating objects in space [2, 3, 6, 17]. The ISO 2631–
1:1997 standard specifies comfort levels depending on the 
value of vibration acceleration in m/s2 [16]: 
 comfortable – below 0.315 
 slightly uncomfortable – from 0.315 to 0.63 
 quite uncomfortable – from 0.5 to 1 
 uncomfortable – from 0.8 to 1.6 
 very uncomfortable – from 1.25 to 2.5 
 extremely uncomfortable – above 2. 

3. Vibrations in electric vehicles 
In vehicle operation, the greatest impact on vibrations 

during driving is the wheel contact with the road surface, 
with additional vibrations from the drive system and the 
drive unit. Factors inducing ground vibrations include 
changes in the contact forces between the vehicle wheel and 
the road surface, the reaction of the moving vehicle to geo-
metric changes in the road surface, the vehicle's reaction to 
unevenness and momentary wheel lift-off states, forces 
resulting from wheel imbalance, as well as the air wave 
generated during vehicle movement [7–10]. Vibrations 
generated during driving are transferred to the person 
through the seat and platform, as well as through control 
elements such as the steering wheel. The excitations are 
transferred through the suspension to the vehicle body, then 
to the driver's and passenger seats. The seat should there-
fore provide adequate comfort and limit the impact of me-
chanical vibrations [10, 12, 14]. 

Vibrations emitted by a combustion engine vehicle 
seem to be greater than in the case of an electric vehicle, 
because they have an additional factor generating vibrations 
in the form of an internal combustion engine, as well as  
a gearbox and an exhaust system. It is believed that in elec-
tric vehicles, these vibrations are much smaller due to the 
lack of an internal combustion engine and other systems 
and rotating elements that emit vibrations. In the case of 
hybrid vehicles, the sources of vibrations are the same as in 
the case of internal combustion and electric vehicles. How-
ever, the issue of vibration emission while driving is differ-
ent. These vibrations are caused by the work of the suspen-
sion system, shock absorption, and the cooperation of the 
tire with the road surface. They mainly depend on the type 
and construction, as well as the wear of the wishbones, 
shock absorbers, springs, wheel balance, and the type of 
tires and the condition of the road surface. It seems that 
vibrations in cars with conventional drives and with alterna-
tive drives while driving are similar [7–10, 19, 20]. The 
frequencies of vibrations emitted by electric and internal 
combustion engines differ depending on their design, rota-
tional speed, and type of work. Combustion engines can 
emit vibrations in a wide range of frequencies, usually from  
a few Hz to several kHz. Lower frequencies (around 20–
100 Hz) are associated with engine vibrations and vibra-
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tions resulting from the operation of the drive unit. Higher 
frequencies (up to several kHz) can occur as a result of 
various processes, e.g. exhaust system vibrations. Electric 
motors also emit vibrations in the range of several Hz to 
several kHz, but have different characteristics. The operat-
ing frequency of an electric motor is related to the supply 
frequency, for example, 50 Hz or 60 Hz for AC motors. 
Vibrations can be generated by the rotation of the rotor, 
which leads to vibrations in the range of about 20 Hz to  
1 kHz [12, 13, 20–22]. 

4. Equipment and research subject 
The vibration measurement system Simcenter SCADAS 

XS was used in the vibration tests. This is an analyzer that, 
thanks to the data acquisition template, can operate as  
a stand-alone device. Depending on the needs of the  
SCADAS XS, it can be wirelessly controlled from a tablet 
using the Simcenter Testlab Scope App. In these tests, this 
application was used to measure and record data. The ap-
plication allows for configuration, starting, or stopping data 
acquisition [14]. The measuring device, together with the 
seat vibration transducer, is shown in Fig. 1, while the tech-
nical data are in Table 1. 

   
Fig. 1. Siemens LMS SCADAS XS vibration measurement system with 
 data acquisition device – left side, three-axis seat cushion – right side 

 
Table 1. Technical parameters of the Siemens LMS SCADAS XS vibra-
 tion measurement system [17] 

Feature Value 
Control Wireless from a tablet app 
Sampling 50 kHz per channel 
Sensitivity For a seat-mounted vibration transducer:  

100 mV/g 
BNC connector For microphones or single-axis accelerometers 
LEMO connector For single cables (with multiple cables inside) that 

allow three channels of a triaxial accelerometer to 
be connected 

CAN-bus Controller Area Network (CAN) for reading 
digital bus from built-in vehicle sensors 

  
 Fig. 2. Conventional drive car Dacia Sandero 
 

The objects (Fig. 2) of the research are two passenger 
cars. A conventionally powered car of the Dacia Sandero 
III brand with a 1.0 Tce turbocharged petrol engine with an 
output of 67 kW. An electric car of the Dacia Spring brand 

with a synchronous motor with a permanent magnet, with 
an output of 33 kW. Both vehicles were manufactured in 
2021 and had Crossover bodies. 
 

Table 2. Technical data of the Dacia Sandero [13] 
Model Dacia Sandero III Hatchback 
Drive Conventional 
Engine 1.0 Tce petrol turbocharged 
Displacement 999 cm3 
Engine power 67 kW, 90 HP for 4600 rpm 
Torque 160 Nm for 2100–3750 rpm 
Drive Front axle 
Range 962 km 
Current weight 1152 kg 
Year of production 2021 

  
 Fig. 3. Electric drive car Dacia Spring 

 
Table 3. Technical data of the Dacia Spring [13] 

Model Dacia Spring Crossover Electric 
Drive Electric 
Engine Permanent magnet synchronous 
Engine power 33 kW, 45 HP for 3000–8200 rpm 
Torque 125 Nm for 500–2500 rpm 
Drive Front axle 
Battery lithium-ion 
Gross battery capacity 27 kWh 
Charging time socket/fast  13 h/1h 
Range 230 km 
Own weight 920 kg 
Year of production 2021 

5. Research 
5.1. Vibration measurements on site 

Vibration measurements using the Siemens vibration 
measurement system were carried out in the vehicle opera-
tion laboratory at the Faculty of Transport and Aeronautical 
Engineering of the Silesian University of Technology. Dur-
ing the tests, the cars were placed on a lift. The measure-
ments were taken using a seat transducer placed on the 
driver's seat (general vibrations) in three axes, X, Y, and Z. 
In the X axis, values were measured along the vehicle axis, 
in the Y axis transversely to the vehicle axis, while in the Z 
axis, vertical vibration values. During vibration measure-
ments, the overall vibrations affecting the driver through 
the seat while driving were recorded. This measurement 
was based on an analysis in accordance with formula (2), 
which describes the method of assessing human exposure to 
vibrations in accordance with applicable standards. The 
tests were carried out in the vehicles while the driver was 
engaged at a speed of 20 km/h. Each time, 10 measure-
ments were taken, each lasting 5 seconds. The sampling 
frequency was 51,200 Hz. Example time courses and fre-
quency characteristics were presented in the form of graphs 
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4 to 5. The collective results of the effective value of vibra-
tion acceleration are presented in Fig. 6. 

 
Fig. 4. Time course and frequency characteristics of the acceleration of 
vibrations of a conventionally driven car transferred to the driver (general 
 vibrations) during tests at the test stand 

 
Fig. 5. Time course and frequency characteristics of vibration acceleration 
of an electric car transferred to the driver (general vibrations) during tests 
 at the test stand 

 
Fig. 6. Effective values of vibration acceleration in the X, Y, Z axes in 
vehicles measured on the driver's seat (general vibrations) during bench 
 tests 

 
Vibration measurements on the driver's seat showed that 

the lowest effective values of general vibration acceleration 
were recorded in the electric car (0.0021 m/s2). General 
vibrations transferred to the driver during the operation of 
the combustion engine amounted to 0.0067 m/s2. The vibra-
tion acceleration values were similar in all axes. 

Vibrations in a combustion car have a higher level, with 
dominant frequencies below 0.5 kHz. They result mainly 
from the operation of the engine, drive system, and reso-
nance of mechanical elements. In an electric car, vibrations 
are smaller, and their main band is below 0.4 kHz, which 
may be related to the operation of the electric engine and 
transmission. In short, combustion cars generate more com-
plex vibrations, while electric cars are quieter, but have 
characteristic vibrations resulting from the electric drive. 

5.2. Vibration measurements while driving 
Vibration measurements inside the vehicle were taken 

in city and motorway traffic. The effective values of the 
acceleration of general vibrations were measured at speeds 
of 30 km/h and 50 km/h in city traffic and 100 km/h and 
140 km/h in motorway traffic. The measurements were 
taken using a Siemens vibration measurement system with 
a seat measuring vibrations in three axes X, Y and Z, which 
was placed on the driver's seat. Each time, 10 measure-
ments were taken, each lasting about 10 seconds. The tem-
perature during the measurements was about 12°C, the 
weather was windless and without rain. The measurements 
were presented as an arithmetic mean of the collected re-
sults, rejecting the lowest and highest values. Examples of 
time histories of vibration amplitudes and frequencies pre-
pared in MATLAB are shown in Fig. 7 and 8. The results 
are presented in the form of Fig. 9 to 12. 

 
Fig. 7. Example of time course and frequency characteristics of vibration 
 acceleration of an electric car 

 
Fig. 8. Example of time course and frequency characteristics of vibration 
 acceleration of a conventionally powered car 
 
a) Vibration measurement in city traffic at a speed of 30 

km/h 

 
Fig. 9. Vibration acceleration in the X, Y, Z axes in vehicles at a speed of 
 30 km/h 
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During city driving at a speed of 30 km/h, electric cars 
were observed to generate lower levels of vibration in the 
Y-axis than conventionally powered cars. In the electric 
vehicle, the effective RMS (root mean square) values of the 
vibration acceleration in the Y-axis were 0.018 m/s², which 
means lower vibrations compared to the conventionally 
powered vehicle, which achieved 0.028 m/s². Higher vibra-
tions in combustion cars may result from the operation of 
the drive system and additional sources of vibration typical 
of combustion engines. 

 
b) Vibration measurement in city traffic at a speed of 50 

km/h 

 
Fig. 10. Vibration acceleration in the X, Y, Z axes in vehicles at a speed of 
 50 km/h 

 
At 50 km/h, vibration levels in conventional and electric 

cars were found to be very similar. In the conventional car, 
the effective vibration acceleration in the Y axis was 0.026 
m/s², while in the electric car, it was 0.027 m/s² in the  
X axis. This means that at this speed, the differences in 
vibration levels between the drive types are minimal, sug-
gesting that the effect of speed on the generated vibrations 
may be similar regardless of the drive type. 

 
c) Vibration measurement in motorway traffic at a speed 

of 100 km/h 

 
Fig. 11. Vibration acceleration in the X, Y, Z axes in vehicles at a speed of 
 100 km/h 
 

While driving on the motorway at 100 km/h, an electric 
car experienced higher vibration levels than a vehicle with  
a combustion engine. In a vehicle with a conventional en-
gine, the effective vibration acceleration was 0.028 m/s² in 

the Y axis, while in an electric car it was 0.05 m/s² in the X 
axis. Higher vibrations in an electric car may be due to 
several factors: poorer quality of workmanship, less sophis-
ticated suspension and the lack of gear changes in the elec-
tric engine, which often operates at higher engine speeds. 
The lack of a gearbox in electric vehicles may cause in-
creased vibrations transferred to the bodywork, because the 
engine operates more directly, without reducing vibrations 
during gear changes, which additionally affects driving 
comfort at high speeds. 
 
d) Vibration measurement in motorway traffic at a speed 

of 140 km/h 

 
Fig. 12. Vibration acceleration in the X, Y, Z axes in vehicles at a speed of 
 140 km/h 
 

When driving at a speed of 140 km/h, the highest vibra-
tion level was observed again in the electric car, where the 
effective vibration acceleration value was 0.097 m/s² in the 
X axis. In the vehicle with a conventional drive, the vibra-
tions were lower, reaching 0.045 m/s² in the Y axis. The 
higher vibrations in the electric car may result from design 
limitations, such as simpler suspension, the lack of a gear-
box, and a more direct transmission of driving forces with-
out damping of gear changes. The lack of a mechanical 
gearbox means that the electric motor operates at a fixed 
gear ratio, which at high speeds can lead to increased vibra-
tions transmitted to the body and reduced ride comfort. 

The frequency range during driving in both vibration 
drives was from 10 Hz to 200 Hz in all axes for each drive 
type. Low and medium frequencies were related to road 
irregularities and vibrations, with vibrations caused by road 
irregularities and suspension system operation dominating. 

The sampling frequency of 51,200 Hz was adopted at 
the measurement planning stage, before it was precisely 
determined which frequency bands would be most im-
portant in the analysis of vibrations in the vehicle. Initially, 
it was assumed that it would be worth using a high sam-
pling frequency to avoid aliasing and to ensure the possibil-
ity of capturing also higher frequencies that could potential-
ly appear in real driving conditions, e.g., as a result of reso-
nances of suspension elements, engine, or drive system. 

Only after conducting preliminary measurements and 
spectrum analysis did it turn out that the significant vibra-
tion band ends at around 200 Hz. Therefore, it can indeed 
be considered that the use of such a high sampling frequen-
cy was excessive in relation to the final needs of the analy-
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sis. However, from the perspective of data security and 
maintaining full measurement information, it was a prudent 
and justified decision. 

It is also worth adding that modern data acquisition sys-
tems often operate by default with very high sampling rates, 
and limiting the signal bandwidth to the analyzed range 
(e.g., to 200 Hz) is done only at the data processing stage – 
e.g., by digital filtering. Therefore, a higher sampling rate 
does not necessarily mean increased noise, as long as the 
data is properly filtered and processed. 

6. Conclusions 
The results of the measurements of the effective values 

of vibration acceleration showed that the electric drive 
emits lower vibrations than the conventional drive during 
bench tests. In the vibration tests while driving for electric 
and conventional vehicles, the dominant frequencies were 
in the range from 10 Hz to 200 Hz, with lower and medium 
frequencies (10–100 Hz) present in all drives and resulting 
mainly from the unevenness of the road surface and the 
operation of the suspension system, while higher frequen-
cies, particularly noticeable in vehicles with internal com-
bustion engines, were related to the operation of the engine 
and its mechanical components. In the electric drive, the 
frequency range ended mainly at 100 Hz, because there 
were no additional vibrations generated by the internal 
combustion engine. 

Measurements of vibrations affecting the driver and 
passengers while driving showed that the emission of vibra-
tions increases with the increase in the speed of the vehi-
cles. An increase in speed leads to an increase in the level 
of vibrations. The main source of vibrations while driving 
are vibrations resulting from the unevenness of the road 
surface and from the working suspension and shock absorp-
tion system of the vehicle and tires. The highest vibrations 
when driving at higher speeds were recorded for an electric 
car. An electric car shows very different vibration accelera-
tion values depending on speed. At low speeds, vibrations 
are moderate, but at higher speeds (when driving on a mo-
torway), vibration values increase significantly. This is due 
to the characteristics of electric motors, which, although 
they work smoothly, can generate vibrations resulting from 
higher revolutions at high speeds. The results suggest that 
in the case of a conventional vehicle, the vibration level 
depends on the driving speed, but the increase is not as 
pronounced as in an electric vehicle. In conventional cars, 

the use of a gearbox allows the torque to be adjusted to the 
driving conditions, which limits the increase in vibration at 
higher speeds. In electric vehicles, due to the direct drive 
and the lack of a gearbox, increasing the speed is associated 
with a proportional increase in the engine speed, which 
translates into higher vibration levels. This explains why 
the difference in vibration levels at different speeds is more 
noticeable in an electric vehicle than in a conventional one. 
Additionally, this vehicle had an uncomfortable suspension 
and a different mass distribution caused by the installed 
batteries, which also affects vibration emissions. 

In practice, electric vehicle designers should pay special 
attention to ride comfort at higher speeds by appropriately 
tuning the suspension and vibration damping. 

The results suggest that in the case of a conventional 
vehicle, the vibration level depends on the driving speed, 
but the increase is not as pronounced as in an electric vehi-
cle. In conventional cars, the use of a gearbox allows the 
torque to be adjusted to the driving conditions, which limits 
the increase in vibration at higher speeds. In electric vehi-
cles, due to the direct drive and the lack of a gearbox, in-
creasing the speed is associated with a proportional increase 
in the engine speed, which translates into higher vibration 
levels. This explains why the difference in vibration levels 
at different speeds is more noticeable in an electric vehicle 
than in a conventional one. 

The effective values of vibration acceleration consid-
ered comfortable, specified in the regulation [15], should 
not exceed 3.2 m/s2 during short-term exposure and 0.8 
m/s2 during daily exposure. This means that the vibration 
acceleration values in all tested vehicles and on all drives 
affecting both the body and the driver and passengers meet 
the standard, do not pose a threat, and are considered com-
fortable. 

The obtained vibration values are lower than the per-
missible limits specified in the standards, but this does not 
mean that the standards are excessive. The standards apply 
to a wide range of work environments, including those 
where the employee has direct contact with devices gener-
ating intense vibrations. An example would be a pneumatic 
hammer operator, where vibrations reach much higher 
levels than those occurring when driving a passenger car. In 
vehicles, however, driving comfort is an important factor, 
which is why the design of seats and suspension systems 
effectively dampens vibrations. 

 

Nomenclature 
ahvi vector sum of effective vibration accelerations 
ahwxi  effective weighted vibration acceleration values  
ahwi  value of the vector sum of effective weighted 

vibration accelerations 

EV  electric cars  
HEV  hybrid cars 
RMS root mean square 
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1. Introduction 

One of the primary causes of piston damage in internal 
combustion engines is the deterioration of the physico-
chemical properties of lubricating oil, which leads to the 
rupture of the oil film. Consequently, both mixed and dry 
friction phenomena occur, resulting in tribological damage 
to the engine's friction interfaces [8, 10, 19]. An example of 
such damage is shown in Fig. 1. 

 
 Fig. 1. Friction traces on the inner liner of the plain bearing 

 
During engine operation, the physicochemical proper-

ties of the lubricating oil change, among which the most 
critical for engine reliability are: 
 viscosity 
 total base number 
 total acid number 
 flash point 
 oxidation resistance and thermal stability 
 lubricity 
 the ability to wash away and disperse contaminants 
 the ability to separate water. 

Changes in the oil parameters typically occur gradually, 
following the curve shown in Fig. 2. The plotted curve 

denotes the functional dependence of the parameter on the 
measurement conditions. Its gradient may assume positive 
or negative values, indicating that, depending on the under-
lying physical sensitivity, the parameter can either increase 
or decrease as the conditions vary [14, 21]. 
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Fig. 2. An exemplary curve illustrating the change in an oil parameter as  
a function of its service time: 1 – natural degradation of oil parameters 2 – 
 sudden change in oil parameters resulting from damage 

 
In most cases, during engine operation, changes in the 

physicochemical parameters of lubricating oil occur in 
accordance with curve no. 1 and are predictable. Based on 
this, oils are utilized following a strategy that specifies  
a determined operating time (in line with the recommenda-
tions of both engine and oil manufacturers). Moreover, 
during the operation of marine engines, periodic inspections 
of the physicochemical parameters of the oils are conducted 
in specialized laboratories. This strategy generally prevents 
damage caused by the deterioration of the oil's physico-
chemical properties [15, 21]. 

However, there are instances during operation when the 
physicochemical parameters of the oils change suddenly in 
an unpredictable manner (contrary to the adopted strategy). 
Such a scenario is illustrated by curve no. 2 shown in Fig. 
2. The most common cause of a sudden change in the oil's 
physicochemical parameters is engine damage, which re-
sults in the contamination of the oil with solid particles – 
usually metallic in nature (originating from its friction 
nodes) – as well as water or fuel. Contamination with fuel 
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is typically accompanied by a decrease in viscosity and  
a reduction in flash point. Contamination with water, on the 
other hand, is accompanied by a rapid increase in oil densi-
ty (in extreme cases, the oil transforms into an emulsion 
with a paste-like consistency), which drastically deterio-
rates its lubricating properties. The source of water contam-
ination during engine operation is the cooling system. In the 
case of marine reciprocating engines, the oil may be con-
taminated with fresh water, which is primarily used to cool 
the cylinder liners and engine heads, or with water contain-
ing salt ions (seawater) employed to cool the turbocharged 
air and, occasionally, the lubricating oil [10, 14, 18]. 

From the perspective of piston engine operation, the 
early detection of both water contamination in the oil and 
oil contamination in the cooling water is of critical im-
portance. During engine operation, the oil is subjected to  
a higher pressure than the cooling water. Consequently, in 
the event of a leak, oil is expected to enter the cooling wa-
ter, whereas during engine downtime, the likelihood of 
water infiltrating the oil increases. Therefore, it is essential 
to develop an online detection method capable of identify-
ing both water in the oil and oil in the cooling water [9, 11–
13]. This task has been undertaken by a research team from 
the Institute of Ship Construction and Operation of the 
Naval Academy. 

The proposed method is based on the use of a slot ca-
pacitor, in which the dielectric is provided by the lubricat-
ing oil (in the case of detecting water in oil) or by the cool-
ing water (in the case of detecting oil in water). According 
to Equation 1, the capacitance of the capacitor depends 
directly on the plate surface area (S), the distance between 
the plates (d), and the relative permittivity (ε0) of the die-
lectric between the plates. For the capacitor, the values of 
the plate separation and surface area are fixed and charac-
teristic of its design, while the independent variable is the 
relative permittivity of the dielectric (i.e., the oil–water 
mixture) [3, 8, 18]. 

 C = ε0 ∙ εr ∙
S

d
  (1) 

2. Method assumptions 
It is widely accepted that the oils used on ships are die-

lectrics whose dielectric properties may change during 
operation [2, 4, 15, 16, 20]. One source of these changes is 
the natural aging process of the oil (oxidation), during 
which the hydrocarbons in the oil are converted into esters 
with polar structures. During operation, the oil may become 
contaminated with solid particles, fresh water, or seawater. 
Both the oil’s aging processes and its contamination with 
water (especially seawater) lead to changes in its dielectric 
properties. It is assumed that the relative permittivity of oil, 
ε, is approximately 2.5, whereas that of fresh water is close 
to 80. In the case of seawater, the relative permittivity is 
several times higher due to the presence of salt ions from 
elements such as sodium, magnesium, calcium, and potas-
sium. It should be noted that the relative permittivity is 
highly dependent on temperature; for example, in distilled 
water it varies from 88 to 55.3 as the temperature changes 
from 0 to 100°C, as illustrated in Fig. 3. 

273.15   293.15                                                                    393.15K

88              80.1                                                                             55.3e

t  
Fig. 3. The influence of water temperature on its relative electrical permit-
 tivity 

 
In the case of oil contaminated with water, it can be as-

sumed that the relative electric permittivity of the oil-water 
mixture is proportional to the relative water content (Fig. 
4). 

0                                                                                                   100

2,5                                                                                                    80e

w [%]  
Fig. 4. The likely dependence of relative permittivity as a function of water 
 content in oil 

 
Direct determination of the relative permittivity is im-

possible. Therefore, indirect methods are typically used. 
The most common approach utilizes the dependence of the 
capacitance of a parallel-plate capacitor (Eq. 1). To deter-
mine the theoretical value of the relative electrical permit-
tivity of mixtures, a linear or nearly linear model is usually 
employed, as described by the following relationship [1, 3, 
21]: 

 εr(ω) = εr,oil + k ∙ w  (2) 

where: εr,oil – the relative permittivity of pure oil (without 
water), w – the water content (e.g., in ppm or %), k – the 
calibration coefficient quantifying the influence of water 
content on the permittivity. 

In practical studies, the sensor (capacitor) must be cali-
brated by measuring its capacitance for oil samples with 
known water content, and on that basis, a correction func-
tion is derived: 

           C(w) = C0 + a1w + a2w2 + ⋯  (3) 

In order to determine the coefficients C₀ and a₁, capaci-
tance measurements are performed for various known val-
ues of water content, wᵢ. Then, using the least squares 
method, the model parameters are determined[1, 3, 21]: 

[

C1

C2

⋮
Cn

] = [

1 w1

1 w2

⋮ ⋮
1 w3

] [
C0

a1
] (4) 

The solution is: 

[
C0

a1
] = (WTW)−1WTC (5) 

where w is the matrix of water content, and C is the vector 
of measured capacitances. 

In the conducted research, various methods for measur-
ing the capacitance of a capacitor were considered, ranging 
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from utilizing the resonance phenomenon of currents and 
voltages in RLC circuits to determining the time constant of 
a capacitor-resistor circuit with known capacitance [1, 3, 21]. 

The first method examined was based on the resonance 
phenomenon in RLC circuits, where the capacitor, with the 
oil or water under investigation serving as the dielectric, 
represents the capacitance C. In practice, either series or 
parallel resonance is employed, with elements such as the 
capacitor, inductor, and resistor connected either in series 
(Fig. 5a) or in parallel (Fig. 5b) [1, 3, 17, 21]: 

U

U

U

U

R

L

C

I

I I IR L C

a)                                                                  b)

 
 Fig. 5. RLC resonance circuit: a) series, b) parallel 

 
In the case of the series resonance circuit (Fig. 5a), volt-

age resonance occurs, which in practice means that the 
amplitude of the voltage across the individual passive com-
ponents UL, UR, and UC reaches its maximum when the 
resonance phenomenon occurs. The voltage across the 
passive elements is described by the following relationship 
[1, 3, 21]: 

UL = I ∙ L ∙ ωr =
U

R
∙ √

L

C
 (6) 

At the resonant frequency, the voltage across the induc-
tor and the capacitor is described by the following relation-
ship: 

|UL| = −|UC| (7) 

Conversely, the resonant frequency is determined ac-
cording to the following expression: 

fr =
1

2 ∙ π ∙ √LC
 (8) 

In situations where the objective is to determine the ca-
pacitor's capacitance, the source frequency must be adjusted 
so that the voltage across the passive components is maxim-
ized. The resonant frequency is thereby a function of the 
capacitor's capacitance. 

In the case of a parallel resonance circuit (Fig. 5b), the 
phenomenon is termed current resonance. The principle for 
determining the capacitor's capacitance is fundamentally 
analogous to that employed in the series resonance scenar-
io. However, a key difference from a measurement perspec-
tive is that the circuit current is monitored, and the genera-
tor frequency at which this current reaches its maximum is 
identified. The resonant frequency in a parallel RLC circuit 
is described by the following relationship [1, 3, 21]: 

fr =
R

√L
C

 (9) 

The resonant frequency value is also a function of the 
capacitor's capacitance. The methods described for deter-
mining the capacitor's capacitance (which is a function of 
the dielectric permittivity of the insulator) can be success-
fully employed in the construction of a measurement sys-
tem. However, the drawbacks of such a measurement sys-
tem include the duration of the measurement process and 
the need to utilize a sinusoidal voltage generator with an 
adjustable frequency. The measurement time is influenced 
by the necessity to scan a wide frequency range, which is 
both problematic and time-consuming in practice. Conse-
quently, the authors have opted for an alternative method 
for measuring the capacitor's capacitance. They decided to 
construct a measurement system based on determining the 
time constant of a circuit composed of a capacitor and  
a resistor with a known resistance. The RC circuit time 
constant is defined as the time required for the voltage 
measured across the capacitor to reach 63.2% of its fully 
charged voltage. The capacitor's capacitance in the RC 
circuit is related to the time constant according to the fol-
lowing relationship [1, 3, 10, 19, 21]: 

TC = R ∙ C (10) 

Based on Equation 10, the capacitor's capacitance was 
calculated: 

C =
TC

R
 (11) 

A graphical illustration of the principle of determining 
the capacitor's capacitance based on the RC circuit's time 
constant is shown in Fig. 6. 

U [V]

t [s]

100%
Fully charged

63%
Fully charged

t=RC  
Fig. 6. Illustration of the principle for determining the time constant of an 
 RC circuit 

 
The constructed measurement system is based on the 

Arduino Mega 2560 microcontroller. This system enables 
the measurement of the charging time of a capacitor con-
nected in series with a resistor (which reduces the charging 
current and, consequently, increases the circuit's time con-
stant). This approach enhances the accuracy of the time 
measurement (i.e., the number of microcontroller clock 
cycles), thereby improving the precision of the capacitor's 
capacitance determination. In the conducted studies, two 
types of capacitors were utilized, both employing oil with 
variable water content as the dielectric. A slot capacitor and 
a specially fabricated cylindrical capacitor were used for 
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this purpose. An illustration of the measurement system 
employing the slot capacitor is shown in Fig. 7. 

 
Fig. 7. Measurement system used in the studies: 1 – Arduino Mega 2560 
 microcontroller, 2 – slot capacitor, 3 – 18B20 temperature sensor 

 
Additionally, the measurement system has been 

equipped with an 18B20 temperature sensor, which enables 
real-time monitoring of the temperature of the investigated 
medium. Temperature measurement is critical because there 
is a dependency between the temperature of the liquid (the 
dielectric of the liquid capacitor) and its capacitance. This 
relationship is characterized by the temperature capacitance 
coefficient TWC [1, 3, 21]: 

TWC =
1

C
∙

δC

δT
 (12) 

Conversely, the impact of temperature is delineated by 
the following relationship: 

C(T) = C(T0) ∙ [1 + TWC ∙ (T − T0)] (13) 

3. Research plan 
The foundation of this research is the development of  

a method for detecting engine damage that results in the 
mixing of lubricating oil with cooling water. It is essential 
to measure the water content in the lubricating oil as well as 
the oil content in the cooling water, and the proposed meth-
od must support real-time (online) measurements. 

It was determined that the optimal approach would be to 
measure the electrical capacitance of a capacitor, whose 
dielectric is constituted by the lubricating oil and cooling 
water under investigation. According to Eq. (1) and (13), 
the capacitance of the capacitor is a function of its tempera-
ture and the relative dielectric constant of the insulator 
forming the gap between its electrodes. The capacitance 
value depends on the oil temperature (see Fig. 3) and its 
water content (see Fig. 4). The geometric properties of the 
capacitor are assumed to remain constant throughout the 
experiments (thermal expansion of its components is ne-
glected). 

Experimental investigations were carried out by measur-
ing the capacitance of a slot capacitor (immersed in the test 
liquid) as a function of water content and temperature. For 
this purpose, an apparatus based on the Arduino Mega 2560 
platform was developed, enabling continuous measurement 
and transmission of both the capacitor’s capacitance and the 
liquid’s temperature to a computer. The measurements are 
performed with a sampling frequency of 1 Hz and a resolu-
tion of 12 bits. 

During the experiment, the sample under investigation 
is placed on a magnetic stirrer equipped with a heating 
function. The sample contains the slot capacitor as well as  
a temperature sensor. Continuous measurements of temper-
ature and capacitance are recorded while the sample is 
stirred and heated. The sample is heated from ambient tem-
perature until it reaches 95°C – a value that approximates 
the standard operating temperature of lubricating oil in 
marine engines (80–95°C). Once the target temperature is 
attained, the heater is turned off. Measurements continue 
from the onset of heating until the sample cools back to 
ambient temperature (typically around 20°C). Additionally, 
samples are periodically collected and analyzed microscop-
ically (see Fig. 8) to assess the homogeneity of the mixture 
[5, 6]. 

 
 Fig. 8. Microscopic view of an oil sample with a water content of 0.5% 
 

Under laboratory conditions, the water content in the 
sample decreases during measurement due to evaporation 
caused by heating. This is evidenced by the irreproducibil-
ity of the measurement results obtained during the heating 
and cooling phases of the sample. Furthermore, the foaming 
of the mixture’s surface at elevated temperatures indicates 
the occurrence of water evaporation. 

The study was conducted in accordance with a com-
pletely randomized statistical design. This design enables  
a more precise evaluation of the effect of a single factor – 
in this case, the water content in the oil – than would be 
possible using traditional statistical hypothesis testing. The 
investigated factor can assume values at each level p, lim-
ited solely by the technical conditions of the experiment. 
The null hypothesis, assumed a priori, postulates that the 
analyzed input factor has no effect on the output variable.  
A factor is deemed significant if the computed value of the 
test statistic is equal to or greater than the critical value 
specified in the relevant statistical tables. For a completely 
randomized design, it is most advantageous to use the Fish-
er-Snedecor F statistic [6, 7]. 

The planning matrix for the completely randomized sta-
tistical design, which is used to assess the impact of the 
single input factor on the output variable, is presented in 
Table 1. 

The F test statistic is calculated according to the follow-
ing relationship: 

F =  
∑ ni (y̅i

p
i=0 − y̅)2(n − p)

[∑ ∑ ni (yij
q

j=1 − y̅)2 −  ∑  ni 
p

i=1 (y̅i
p

i=1 − y̅)2](p − 1)
 (14) 
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where:  ni – the number of measurements of the input factor 
at a given level, n – the total number of measurements, y̅i – 
the mean measurement result in the i-th row, y̅ – the overall 
mean of all measurement results, yij – denotes the value of 
the j-th output factor at level i, p – the number of levels of 
the input factor variability. 

 
Table 1. Planning Matrix for the Completely Randomized Statistical 
 Design [6, 7] 

Input factor level Number of experiments 
1 … q 

1 y11 … y1q 

…
 

…
 

…
 

…
 

p Yp1 … ypq 

 
The calculated F test statistic should be compared with 

the critical value determined from the table (for the chosen 
significance level α and for the degrees of freedom for the 
numerator calculated according to the following relation-
ship: 

f1 = f1 = p − 1 (15) 

and for the denominator according to the formula: 

f2 = fm = n − p (16) 

If the computed F value is greater than or equal to the 
critical value Fkr F ≥ Fkr = F(α;f1;f2), the effect of the in-
vestigated factor is deemed significant. Conversely, if 
F ≤ Fkr, this indicates that within the examined range of 
variability, the input factor does not influence the output 
variable [6, 7]. 

In the experimental studies, measurements were con-
ducted over mass concentrations of water in oil at 0%, 
0.5%, and 1%. All experiments were repeated five times, 
which facilitated a comprehensive statistical analysis of the 
results. 

4. Results 
As a result of the conducted studies, the capacitance 

values of a capacitor immersed in the test sample were 
obtained as a function of the mass fraction of water in the 
oil. The empirical results are presented graphically, illus-
trating the recorded variation in the capacitor's capacitance 
as a function of temperature (ranging from 80°C to 100°C, 
which corresponds to the typical operating temperature of 
the oil) for different water mass fractions (Fig. 9). Each plot 
displays the results of five experiments (for each concentra-
tion), as indicated by the colors of the data points. In Figure 
9, for water concentrations of 0.5% and 1%, a characteristic 
hysteresis loop is observed, evidenced by the non-
overlapping data points recorded during the heating and 
cooling phases of the mixture. This behavior is attributed to 
the water evaporation process, which consequently alters 
the sample composition. Therefore, only the data corre-
sponding to the heating phase were used for further analy-
sis. Due to water evaporation, a new sample with a prede-
termined water content was required for each repetition of 
the measurement at a given concentration. 

a)  

 
b)  

 
c)  

 

Fig. 9. Recorded capacitor capacitance curves as a function of the tempera-
ture of the oil-water mixture for the respective mass fractions: a) pure oil, 
 b) 0.5% water, c) 1% water 

 
Measurements were conducted with a constant time step 

of 1 Hz, so that the resulting data (temperature and capaci-
tor capacitance) were functions of time. Consequently, it 
was necessary to derive capacitance curves as a function of 
the dielectric temperature. To this end, the measured capac-
itance values were averaged for each temperature value, 
with a resolution of 0.1°C. Subsequently, for each consid-
ered temperature (for each concentration), a single capaci-
tance value was computed as the arithmetic mean of all five 
repeated measurements. The resulting data are presented in 
Fig. 10. 
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Fig. 10. Capacitance variation curves as a function of the dielectric tem-
perature for the respective mass fractions of water in oil: 1 – oil, 2 –  
a mixture of 0.5% water and 99.5% oil, 3 – a mixture of 1% water and 
 99% oil 

5. Conclusion 
The conducted studies demonstrated that the proposed 

method for detecting and quantifying the mass fraction of 
water in engine oil is effective. It enables the real-time 

(online) acquisition of clear information regarding engine 
damage that results in the contamination of lubricating oil 
with water. The developed method is sufficiently sensitive 
to allow operators to take measures that minimize – practi-
cally, to prevent – the occurrence of secondary damage 
stemming from the deterioration of the oil’s lubricating 
properties. Furthermore, by employing the capacitance-
based approach, it is possible to detect metallic contami-
nants with a diameter equal to or greater than the distance 
between the capacitor plates. Such contamination will cause 
a short-circuit in the capacitor, which unequivocally indi-
cates damage to the engine's friction components. 

A significant drawback of the proposed method is the 
necessity of obtaining a homogeneous mixture of water and 
oil. However, in the case of internal combustion engines, 
the oil is intensely mixed with any water present during 
operation. 

The proposed method can also be utilized for detecting 
engine oil contamination in water and for determining the 
proportions of individual components in mixtures and 
emulsions of liquids with differing dielectric properties. 
Currently, the research team is investigating the determina-
tion of the mass fractions of oil in both seawater and fresh-
water, as well as the quantification of biocomponents in 
marine fuels. 

 

Nomenclature 
C electric capacitance, vector of measured capacitance 

values [F] 
C(T0) capacitance of the capacitor at the initial temperature 

[F] 
d distance between the capacitor plates [m] 
I current [A] 
k calibration coefficient defining the influence of 

water content on capacitance [-] 
L inductance [H] 
R resistance [Ω] 

S surface area of the capacitor plates [m²] 
T temperature [K] 
Tc time constant of the RC circuit [s] 
TWC temperature capacitance coefficient 
U electric voltage [V] 
W mass concentration of water in the mixture [%] 
e0 permittivity of free space [F/m] 
er relative permittivity of the dielectric [F/m] 
er,oil relative permittivity of pure oil [F/m] 
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Enhanced diagnostics of common rail piezoelectric injectors using the box method 
 
ARTICLE INFO  The article presents one of the techniques of analytic geometry, referred to as the box method or the Minimum 

Bounding Rectangle (MBR) approach, which was applied in the diagnostics of a common rail piezoelectric 
injector. By extending the standard test procedure with a computational phase, it was possible to estimate the 
fuel dosing surface areas and compare them with reference values. It was demonstrated that the proposed 
method is particularly useful in situations where a clear assessment of the injector’s technical condition is 
difficult to obtain. This approach eliminates the need for additional measurements during the active testing 
phase, without increasing the final costs or the time required for the regeneration process. 
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1. Introduction 

For many years, test benches have been used for the 
precise assessment of the technical condition of common 
rail injectors. These are universal, stationary diagnostic 
stations where service tests are conducted according to 
strictly defined procedures. This is made possible by dedi-
cated software as well as databases that are periodically 
updated by the manufacturers. Among the various test plans 
performed automatically, a key role in injector diagnostics 
is played by Injector Volume Metering (IVM) tests. These 
typically involve evaluating fuel injection at four operating 
points, corresponding to the following injection quantities: 
full-load, part-load (emission), pre-injection, and idle [8, 9, 
11]. Additional diagnostic information is provided by the 
backflow values, which are especially useful in assessing 
the proper functioning of the valve group [6, 10]. The ob-
tained results are compared against threshold ranges, i.e., 
the fuel delivery tolerances stored in the test bench 
memory, and are then printed as a measurement protocol.  

Unfortunately, problematic cases sometimes occur in 
which injectors fail to operate correctly, even though they 
meet the requirements defined in the test plans. In extended 
diagnostics, the number of measurement points is typically 
increased, which raises costs and prolongs the experimental 
phase [1, 5]. For this reason, an entirely different approach 
was adopted, based on identifying hidden dysfunctions 
using computational methods. It was assumed that the ref-
erence points from the standard procedure would be located 
within a Cartesian coordinate system and then connected to 
form an irregular quadrilateral. A similar process was ap-
plied to a reference injector, which allowed for the estima-
tion and comparison of the surface areas of the resulting 
figures. Discrepancies in the calculated areas served as the 
basis for evaluating the technical condition of the tested 
injector. Examples of this approach in practical applications 
have been presented in publications [17, 18, 20]. 

The proposed box method offers an interesting alterna-
tive to previously employed computational techniques 
based on classical Gaussian and Newton-Cotes formulas. 
The analytical process is sufficiently simple to be carried 
out manually, which makes it particularly suitable for use 

under typical workshop conditions. At the same time, re-
peatability and automation can be achieved in a digital 
environment, since the formulas implemented in a spread-
sheet provide a ready-to-use tool for performing future 
analyses. 

2. Methods 
2.1. Test object 

The study was conducted on a Siemens VDO Continen-
tal 2.3 PCR injector (part number 5WS40156), taken from a 
2.0 TDCi engine of a Ford Galaxy vehicle with a mileage 
of 278,000 km. 

 
Fig. 1. Siemens VDO Continental PCR 2.3 fuel injector design [19] 
 
This is a second-generation injector, operating at a max-

imum working pressure of 160 MPa [21]. In contrast to 
solutions offered by other manufacturers (e.g., Bosch, Den-
so), the piezoelectric actuator is positioned outside the main 
body, which allows for its straightforward replacement in 
the event of failure (Fig. 1). Moreover, this placement is 
also practically convenient, as it facilitates routine service 
operations, particularly: disassembly of the injector into 
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individual components, ultrasonic cleaning, calibration, and 
reassembly after repair. 

2.2. Test bench 
The experimental phase was conducted on a Stardex 

Nova Ultima test bench, which included a simulator, flow 
meter, and a cooling, filtering, and damping module (Fig. 
2). The test bench was complemented by a 12PSB drive 
table, as well as a PC-class computer with an Ubuntu Linux 
operating system installed. 

 
Fig. 2. General view of the Stardex Nova Ultima test bench 

 
Additional equipment and tools were also used, which 

enabled the testing and comprehensive regeneration of the 
injector under investigation. The most important ones in-
clude: 
 Mega Tester V3 electrical parameter measurement de-

vice 
 Yizhan 13MP HDMI VGA industrial camera 
 Bene YesWeCan 3L ultrasonic cleaner 
 Facom E.316A200S torque wrench. 

2.3. Research plan 
Table 1 presents the test plan, which, in the measure-

ment and operational parts, largely aligned with the manu-
facturer's procedure. The only exception was the compre-
hensive electrical parameter testing of the injector using the 
Mega Tester V3 device. Additionally, the extended diag-
nostics required the introduction of a computational phase, 
which was carried out on a station equipped with a PC-class 
computer. This computer is typically also used for visualiz-
ing and recording images transmitted from an industrial 
camera or laboratory microscope. 

Table 1. Research plan with division into stages and workstations 
Workplace Stage I Stage II 

Mega Tester V3 Electrical test Calibration 
Stardex Nova 

Ultima  
Internal cleaning Main flow tests 

Preliminary flow tests Injector coding 
Personal computer Calculation phase Calculation phase 

Tool stand 

Disassembly into parts 

Final acceptance 

Microscopic examination 
Ultrasonic washing 

Part drying 
Parts exchange 

Assembly 

2.4. Box method 
In the Cartesian coordinate system, the points corre-

sponding to the fuel delivery of the reference injector were 
located. After connecting them, an irregular quadrilateral 
with vertices 1-2-3-4 was obtained (Fig. 3). To calculate the 
area of the figure, the box method was applied, which in-
volves embedding the figure in a rectangle with sides paral-
lel to the coordinate axes and dividing the considered area 
into smaller parts [7, 15, 16]. The final result can be ob-
tained from the following formula: 

 AVII = Abox − AI − AII − AIII − AIV − AV − AVI (1) 

The use of the box method, also referred to as the Min-
imum Bounding Rectangle (MBR), is practically conven-
ient, as in the component calculations of AI-AVII, only 
elementary mathematical formulas for the area of a rectan-
gle (length × width) and a right triangle (½ × base × height) 
are considered [3, 4, 23]. 

 
Fig. 3. Interpretation of the box method for the reference injector 

 

Table 2 presents the results obtained for the input data, 
namely the nozzle opening times (t) and the corresponding 
fuel doses (d): pre-injection (1), part-load (2), full-load (3), 
idle (4). 

 
Table 2. Results of surface area calculations for the reference figure 

Input data 
Point t d 

1 160 2.5 
2 600 30.5 
3 1200 66.8 
4 540 4.9 

Calculation result 
Abox AI AII AIII AIV AV AVI 

66,872 15,972 10,890 20,427 1584 456 6160 
AVII 

11,383 
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3. Analysis results and discussion 
3.1. Preliminary tests 

The injector testing began with comprehensive electrical 
measurements using the Mega Tester V3. Based on these 
measurements, the failure of the piezoelectric stack was 
ruled out, as the obtained values met the requirements spec-
ified by the manufacturer, i.e., capacitance C = 3.4 μF (min. 
2.8 μF), resistance R = 186 kΩ (160–220 kΩ) [22]. Fur-
thermore, no damage to the actuator insulation was found, 
and a positive result was obtained in the continuous load 
test under the operating voltage of U = 200 V [11] (Fig. 4). 
For these reasons, the injector was cleared for flow meas-
urements (IVM) on the Stardex Nova Ultima test bench 
(Fig. 5). 

 
Fig. 4. Correct result of the continuous load test 

 
Table 3. Results of preliminary IVM flow tests 

Test name pinj [MPa] t [μs] d [ml/min] 
Fuel doses 

Pre-injection 80 160 [2.5 ±2.1] 
0.7 

Part load 120 600 [30.5 ±9.2] 
25.1 

Maximum 
load 160 1200 [66.8 ±10.0] 

56.9 

Idle 25 540 [4.9 ±2.5] 
4.4 

Fuel returns 
Test name pinj [MPa] t [μs] r [ml/min] 

Back flow 135 810 [38.0 ±26.6] 
11.7 

Back flow 2 25 540 [5.0 ±3.0] 
3.6 

Tables 3 and 4 present the measurement and calculation 
results obtained during the preliminary test. Although the 
fuel doses fell within the manufacturer's specified ranges, 
their values deviated from the accepted reference patterns. 
This was especially the case for points 2` and 3`, which 
were obtained under part-load and full-load conditions. As 
a result, the area of the tested injector was not only shifted 
but also 20% smaller compared to the quadrilateral 1-2-3-4 
(Fig. 6).  

 
Fig. 5. Injector testing on the Stardex Nova Ultima test bench 

 
Table 4. Results of surface area calculations for the figure 1`-2`-3`-4` 

Input data 
Point t d 

1` 160 0.7 
2` 600 25.1 
3` 1200 56.9 
4` 540 4.4 

Calculation results 
Abox AI AII AIII AIV AV AVI 

58,448 13,992 9540 17,325 2442 703 5368 
AVII 
9078 

 
The cause can be attributed to the improper functioning 

of the precision pair (needle, nozzle), which, given the 
current operating conditions, should be replaced without 
delay [14]. It is also worth noting that the valve group oper-
ated correctly, maintaining its sealing regardless of the 
pressure set on the test bench. This is evidenced by the low 
values of return fuel flows. 

Microscopic examinations revealed corrosion on many 
components that had direct contact with diesel fuel. Addi-
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tionally, erosive wear was detected near the needle tip (Fig. 
7). As a result, the decision to replace the precision pair was 
upheld, and the remaining components were directed for 
thorough cleaning in an ultrasonic cleaner. This process 
allows for the removal of deposits and contaminants that 
were not caught by the fuel filter. It is also possible to re-
move corrosion traces in cases where the pits are not exten-
sive and are not deep [2, 13]. The piezoelectric actuator was 
excluded from this stage, as its insulation could have been 
permanently damaged. 

 
Fig. 6. Graphical interpretation of the results of preliminary tests 

 
Fig. 7. Observation of corrosion traces and wear on the needle tip 
 
To correct the fuel dosing by the injector, a shim from a 

lower selection group was used during the assembly of its 
upper part (Fig. 8). Additionally, the distance between the 
piezoelectric actuator and the valve pushrod was slightly 

reduced, setting the value of GAP = 1.7 μm. The calibration 
process using the Mega Tester V3 device is shown in Fig. 9. 

 
Fig. 8. GAP calibration during the tightening of the piezoelectric actuator 

3.2. Main tests 
Tables 5 and 6 present a summary of the final results 

obtained in the main tests.  
 

Table 5. Results of the main IVM flow tests 
Test name pinj [MPa] t [μs] d [ml/min] 

Fuel doses 

Pre-injection 80 160 [2.5 ±2.1] 
1.8 

Part load 120 600 [30.5 ±9.2] 
31.2 

Maximum 
load 160 1200 [66.8 ±10.0] 

66.1 

Idle 25 540 [4.9 ±2.5] 
5.3 

Fuel returns 
Test name pinj [MPa] t [μs] r [ml/min] 

Back flow 135 810 [38.0 ±26.6] 
13.4 

Back flow 2 25 540 [5.0 ±3.0] 
3.9 

 
The regeneration process can be considered successful, 

as the surface areas of the tested and reference injectors 
were nearly identical, with a size difference of only 1.4% 
(Fig. 9). This improvement resulted from an increase in the 
individual fuel dose values compared to the initial condi-
tion, which affected the position of the quadrilateral verti-
ces 1``-2``-3``-4``. At the same time, despite not replacing 
the valve group, the back fuel flow values remained very 
similar to those obtained in the preliminary test. It is also 
worth noting that the coding phase was carried out on the 
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same test bench used for all IVM flow tests. This step is 
essential before the final installation of the injector in the 
engine. 

 
Table 6. Results of surface area calculations for the figure 1``-2``-3``-4`` 

Input data 
Point t  d 

1`` 160 1.8 
2`` 600 31.2 
3`` 1200 66.1 
4`` 540 5.3 

Calculation results 
Abox AI AII AIII AIV AV AVI 

66,872 15,356 10,470 20,064 2310 665 6468 
AVII 

11,539 

 
Fig. 9. Graphical interpretation of the results of the main tests 

4. Conclusions 
The proposed box method enables the use of advanced 

diagnostics for common rail injectors, whose operation 
raises concerns despite meeting the requirements set by the 
manufacturer. Its main advantages include: 

1. The use of reference points eliminates the need for addi-
tional measurements during the experimental phase. As 

a result, the entire testing procedure is automated and 
does not require switching to manual mode or modify-
ing the test bench software. 

2. The positioning of the vertices affects the size of the 
surface areas of the analysed shapes and indicates pos-
sible causes of injector dysfunction. 

3. The analytical process poses no significant difficulties, 
as elementary mathematical formulas are used in the 
calculations. Their correctness can be verified using 
other mathematical methods, such as Gauss or Newton-
Cotes formulas. 

4. In workshop and laboratory practice, cases were consid-
ered where 3 out of 4 vertices of the irregular quadrilat-
eral were directly located along the sides of the rectan-
gle. This allowed simplifying equation (1) due to a 
smaller number of components. 

5.  Input data for the calculations can come from any test 
bench where IVM flow tests are conducted. 
It should be emphasized that the use of the box method 

becomes ineffective when the manufacturer's standard pro-
cedure assumes a greater number of measurement points. 
An example of this is the electromagnetic injectors from 
Delphi, which on the Stardex Nova Ultima test bench are 
checked for 15 fuel doses and 1 return fuel flow. This pro-
cess is advanced and precise enough that the use of extend-
ed diagnostics becomes unnecessary. 

It should also be noted that the calculated fuel delivery 
surface areas should be treated as purely hypothetical, as 
they may not reflect the actual performance of the injector 
outside the base (standard) operating points. Nevertheless, 
the proposed solution has proven applicable in practical 
settings, and the presented implementation method has no 
direct equivalent in the existing technical literature. 
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Nomenclature
A surface area of the quadrilateral (indices): 
 1-2-3-4 – reference 
 1`-2`-3`-4` – in preliminary tests 
 1``-2``-3``-4`` – in main tests 
AI-VII surface areas of the box's components 
Abox surface area of the box 
d injection dosage 
C piezo actuator capacitance 
GAP space between the piezo actuator and the valve 

pusher 

IVM  injector volume metering 
MBR minimum bounding rectangle 
PC personal computer 
PCR piezo common rail 
pinj injection pressure 
R piezo actuator resistance 
t nozzle opening time 
TDCi turbo diesel common rail injection 
U continuous load test voltage 
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1. Introduction 

Contemporary challenges related to the sustainable de-
velopment of railway transport are driving intensive mod-
ernization efforts of rolling stock, particularly locomotives. 
As the fleet ages, environmental requirements increase, and 
the need to improve energy efficiency grows, the moderni-
zation of existing vehicles becomes a key element of the 
railway sector's development strategy. In Poland, the aver-
age age of diesel locomotives exceeds 40 years, resulting in 
increased fuel consumption and the emission of harmful 
substances [4]. Similar issues are observed in other coun-
tries, where modernization not only involves the replace-
ment of the drive system but also the implementation of 
modern control and energy management systems [6]. 

The modernization of locomotives aims not only to re-
duce operating costs but also to adapt vehicles to increas-
ingly stringent emission standards. An example is the re-
placement of traditional two-stroke engines with modern 
power units, which allows for a significant reduction in fuel 
consumption and CO₂ emissions [4]. Additionally, the in-
troduction of hybrid systems and the use of energy recov-
ered during braking contribute to improved energy efficien-
cy [3]. In the article [5], contemporary powertrain systems 
of rail vehicles were analyzed, including internal combus-
tion engines, hybrid systems, and bi-mode propulsion sys-
tems. Attention was drawn to the increasing importance of 
energy storage, for example, through the use of ultracapaci-
tors or fuel cells, which allows for an improvement in 
powertrain efficiency and adaptation to various operational 
conditions. For electric locomotives, optimizing traction 
systems, including the use of thyristor inverters and auto-
matic control systems, is of key importance [9]. 

Another important aspect of modernization is improving 
reliability and operational safety. The introduction of online 
diagnostic systems and artificial intelligence algorithms 
enables early fault detection, which translates into reduced 
downtime and repair costs [14]. In the article [11], the use 
of thermal imaging for thermal analysis of the braking 
system and drivetrain of an electric locomotive under real 
operating conditions was presented. These studies enable 

the identification of potential operational issues and the 
assessment of the effectiveness of cooling and lubrication 
systems, which is crucial for ensuring the safety and relia-
bility of rail vehicles.  

Undoubtedly, an important aspect of the operation of in-
ternal combustion engines in locomotives is the wear of 
mechanical components, such as piston rings. The article 
[8] presents a study on the wear of modern sets of piston 
rings in a locomotive diesel engine. The analysis of the 
wear of these components is of key importance for evaluat-
ing engine durability and for planning maintenance and 
overhauls, which directly affect the reliability and operating 
costs of locomotives. 

At the same time, rolling stock modernization must take in-
to account the specifics of regional operating conditions, such 
as terrain configuration and infrastructure availability [1]. 

Due to the approaching deadline obliging the vehicle 
owner to perform P5-level repairs (major overhauls) to the 
SM48 series locomotives operated by them, taking into 
account the lack of planned changes in the vehicle compo-
nents that could significantly increase the reliability of the 
traction means in question after the repair, and the financial 
factor related to the costs of carrying out such repair, it was 
planned to discontinue their operation. 

The vehicles withdrawn from operation, taking into ac-
count the need to maintain a sufficient number of available 
locomotives in order to perform the planned operational 
work, had to be replaced with traction resources. 

The lack of funds for the purchase of new rolling stock 
became a reason for developing a concept for the moderni-
zation of this series of locomotives, thanks to which the 
costs of obtaining vehicles with technical and operational 
parameters similar to those obtained by newly built vehicles 
amounted to approx. half of the value of brand new loco-
motives. 

This modernization decision allowed the acquisition of 
about twice as many traction vehicles compared to purchas-
ing new ones. This solution, considering earlier moderniza-
tion decisions for other locomotive series, was well-
received and helped maintain the operational fleet size. 
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2. Description of the analysed subject 
The 15D/A locomotive is classified as a heavy diesel 

locomotive designed for freight train operations. Due to its 
layout of components typical for vehicles intended for 
shunting work – a single driver's cab and walkways on both 
sides of the engine compartment – the traction vehicle is 
suitable for heavy shunting work as well as for leading 
transfer and line trains. The traction characteristics also 
allow for double-traction operation. 

The design resulted from a comprehensive moderniza-
tion of the TEM2 locomotive, retaining the frame, bogies, 
fuel tanks, and traction motors. The original Soviet-made 
diesel engine was replaced with a modern American-made 
propulsion unit compliant with UIC 624 Annex A (Stage 
IIIa) emission requirements. The rated power of the TEM2 
locomotive is 882 kW (1200 HP), while the modernized 
15D/A locomotive has nearly double the power – 1550  kW 
(2107 HP). As a result, the original shunting characteristics 
were replaced by those of a line freight locomotive, while 
retaining the functionality of a shunting locomotive. 

The locomotive consists of 11 main components ar-
ranged in such a way as to ensure proper weight distribu-
tion of wheelset pressures on the track. These components 
meet current national and EU standards. Access for mainte-
nance personnel complies with the maintainability require-
ments of the vehicle, thanks to which inspection and repair 
activities can be performed in a shorter time, compared to 
the original, non-modernized version of the vehicle. 

Figure 1 shows the location of the main components of 
the 15D/A locomotive, and Table 1 provides their descrip-
tions. 

 
Fig. 1. Location of the main components of the 15D/A locomotive 
 

Table 1. Main components of the 15D/A locomotive 
No. Component 
1 Battery compartment 
2 Electrical compartment – medium and high-voltage cabinets 
3 Driver's cab 
4 Main rectifiers of the locomotive 
5 Main generator and auxiliary generator 
6 Exhaust silencer 
7 Diesel engine 
8 Traction motor fans 
9 Pneumatic panel 

10 Compressor unit 
11 Cooling unit 

Table 2 presents the basic technical and operational 
characteristics of the analysed locomotives. 

 
Table 2. Basic technical and operational characteristics of the 15D/A loco 
Parameter Value 
Manufacturer ŁTZ, BMZ, NEWAG (modernization) 
Type 15D/A 
Purpose Shunting, freight train operations 
Gauge UIC 505-1 
Axle arrangement Co'Co' 
Total length 16,970 mm 
Maximum width 3084 mm 
Maximum height from 
railhead 

4553 mm 

Distance between extreme 
axles 

12,800 mm 

Tare weight 110,000 kg ±3% 
Service weight 116,000 kg ±3% 
Fuel capacity 5400 kg (6000 dm3) 
Cooling system fluid volume 680 dm3 
Sand capacity 800 kg 
Control multiplicity Control of two locomotives from one 

cab 
Locomotive control Microprocessor controller 
Transmission type Electric 
Brake system Knorr-Bremse 
Chassis type Bogie 
Connection to bogie Pivot pin and spherical supports 
Distance between pivot pins 8,600 mm 
Number of bogies 2 
Number of traction motors 6 
Number of driving axles 6 
Coupling type Screw coupling 

3. Analysis of recorded failures 
Failure data were collected over a two-year period for  

a group of more than a dozen locomotives, based on opera-
tional logs and maintenance reports documenting the ser-
vice and repair processes. These documents include: 
– The railway vehicle logbook 
– The periodic inspection logbook for traction vehicles 
– The current repair logbook for traction vehicles. 

These records contain detailed information such as: 
– Series and vehicle number 
– Date of failure identification 
– Cause of failure 
– Duration of maintenance tasks 
– Type of work (maintenance level) 
– Work description 
– Labor intensity of repairs 
– Diagnostic parameter values before and after repairs 
– Quantity and value of materials and spare parts used 
– Repair technology. 

3.1. Recorded failures 
The failure structure of the analyzed group of 15D/A lo-

comotives is shown in Fig. 2. Table 3 explains the work 
order code fragments used in the chart labels (Fig. 2). 

The fault coding system uses digits separated by dots. 
Each subsequent section of the code corresponds to the 
subsequent levels of decomposition of the system into sub-
systems. The method of the cited coding system assumes 
the division of the locomotive into units, subassemblies and 
elements, which to some extent corresponds to the classifi-
cation of the coding method of the position-group method 
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described in [2]. Table 3 presents the highest level of de-
composition of the system into units. 

 
Fig. 2. Failure structure of the analysed locomotive group 

 
Table 3. Explanation of work order code fragments 

Code Component Code Component 
1 Others 10 Radiotelephone 
2 Pneumatic system 11 Electric machines 
3 Suspension 12 Batteries 
4 Brake mechanical part 13 Lighting 
5 Wheelsets  14 Diesel engine 
6 Brake pneumatic part 15 Cooling system 

7 Coupling and pneumatic 
couplers 

16 Lubrication system 
17 Fuel system 

8 Sandboxes 18 Turbocharger 
9 Electrical equipment 19 Driver's cab 

 
Fig. 3. Failure structure of the pneumatic system 

 
The most common causes of failures in the analyzed 

group of 15D/A locomotives include: 
– Pneumatic system failures – 18% 
– Electrical equipment failures – 13% 
– Cooling system failures – 13% 

– Driver's cab component failures – 10%. 
Failures in these components account for nearly half of 

all recorded inefficiencies. 
Figure 3 shows the failure structure of the pneumatic 

system – the most unreliable component of the analyzed 
locomotive group. 

The most common causes of pneumatic system failures 
are: 
– Air filter failures – 70% 
– System leaks – 11% 
– Air compressor failures – 10%. 

The most unreliable component in the pneumatic system 
is the air filters, accounting for approximately 14% of all 
recorded failures. In most cases, the issue is caused by 
membrane clogging, which disrupts airflow. The membrane 
must be cleared using compressed air, and if this is ineffec-
tive, the component must be replaced. 

About 11% of pneumatic system failures result from 
leaks, primarily at joints and pneumatic valves. 

One in ten pneumatic system failures is related to com-
pressor unit damage, often due to oil shortages, clogged 
filters, or leaks affecting the component's performance. 

Figure 4 shows the failure structure of the electrical 
equipment in the analyzed locomotive group. The main 
causes of electrical equipment failures are: 
– Contactor failures – 31% 
– Engine controller failures – 22% 
– CAN bus and software issues – 11% 
– GPS system failures – 8%. 

 
Fig. 4. Failure structure of the electrical equipment 

 
Approximately one-third of failures are caused by con-

tactor damage, primarily line contactors, excitation contac-
tors, shunting contactors, and traction motor contactors. 
These failures are mainly due to power supply issues and 
errors. 

Every fifth failure of electrical equipment results from 
damage to the combustion engine controller, which results 
in the inability to start it.  

About 11% of failures are related to errors in the soft-
ware of the traction vehicle's on-board computer and dam-
age to the CAN bus. As a result, there is a loss of connec-
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tion and a lack of communication between important com-
ponents of the locomotive, preventing its proper use. 

In 8% of cases, electrical equipment failures occur as  
a result of incorrect operation of the GPS device. This has 
an impact on the difficult work of the department responsi-
ble for planning vehicle maintenance – due to the lack of 
possibility of obtaining actual data on the number of hours 
of operation of the combustion engine until its next inspec-
tion, and the dispatch, because the positioning of the loco-
motive can be predicted only on the basis of processed 
information from the train timetable sent by the IT systems 
of the railway infrastructure manager. The GPS positioning 
system, using a fuel probe, also allows for monitoring the 
fuel tank filling level and any accelerated volume or mass 
losses. 

3.2. In-service failures  
Among the registered damages causing the unsuitability 

of a traction vehicle considered as a technical object, it is 
necessary to distinguish those occurring during train opera-
tion, light running, or shunting work were distinguished and 
resulted in the need to replace it with a replacement vehicle 
or to call another traction vehicle to pull the damaged trac-
tion means from the railway line – a section of the line 
between two signalling posts – to the nearest station for 
repair or sending it to a workshop. 

In order to facilitate the classification and analysis of in-
formation relating to faults, damage codes are used that 
uniquely identify the damaged component (subassembly). 

Failures can be categorized by their cause, such as dam-
age to a component (subassembly). The causes include 
unfavourable weather conditions, improper vehicle opera-
tion by the traction team, use of improper material or mate-
rial with improper properties, contamination or improper 
fuel composition, and improperly performed repairs by the 
maintenance department or guarantor. 

Figure 5 shows the structure of recorded failures. 
The most failure-prone components include electrical 

circuit devices and apparatuses, accounting for 30% of all 
failures, the internal combustion engine, responsible for 
17% of all failures, and elements of the vehicle’s pneumatic 
system, constituting 9% of total failures. A significant pro-
portion of incidents involve locomotive breakdowns with-
out the identification of a specific faulty component, repre-
senting 21% of all reported failures. This may result from 
specific operational conditions at the time, temporary mal-
function of a component or subsystem that later returned to 
normal operation without showing signs of damage, or 
improper handling by the train crew, which, while not caus-
ing physical damage, temporarily impedes proper vehicle 
operation. 

Based on statistical data concerning operational and 
transport activity, it is possible to determine the failure rate 
parameter [12] – an index associated with maintainability, 
characterizing the reliability of the analyzed locomotive 
group. In the given case, this parameter defines the number 
of failures requiring the deployment of a replacement vehi-
cle or the towing of the damaged locomotive off the railway 
track, in relation to operational output expressed in vehicle-
kilometers and gross ton-kilometers performed by the given 
vehicle population. 

 
Fig. 5. In-service failure structure of the analysed locomotive group 
 
The failure rate for operational performance is given by 

(1): 

 zl =
N(l)

NO∙l
= 25.06 [

failures

million vehicle−km
] (1) 

where: N(l) – number of failures during operational work l, 
NO – population size, l – operational work. 

The failure rate for transport performance is given by 
(2): 

 zm =
N(m)

NO∙m
= 2.73 [

failures

100 million gross ton−km
],  (2) 

where: N(m) – number of failures during transport work m, 
m – transport work, other markings – as above. 

Appropriate processing of the collected operational data 
made it possible to determine the failure rate parameter for 
other types of diesel traction vehicles in relation to opera-
tional performance – see Fig. 6, and transport performance 
– see Fig. 7. 

 
Fig. 6. Failure rate parameter in relation to operational performance 
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Data for the remaining vehicles, as with the analysed lo-
comotives, were collected over the same two-year opera-
tional period. The dashed lines in the graphs indicate the 
average indicator values for all types of locomotives. The 
remaining locomotives are diesel-powered, comprising both 
line-haul (freight) and shunting types, with several units 
(more than a dozen in each group) included in the analysis. 

The failure rate parameter related to operational perfor-
mance, calculated for the studied group of traction vehicles, 
amounts to 25.06. This value represents approximately 69% 
of the average value of the parameters determined for other 
types of diesel locomotives. Such a value indicates a rela-
tively low failure rate for the 15D/A vehicle population, 
consistent with modernization expectations and assump-
tions. 

 
Fig. 7. Failure rate parameter in relation to transport performance 
 
The failure rate intensity parameter relative to transport 

performance, calculated for the analyzed population of 
traction vehicles, amounts to 2.73, which constitutes ap-
proximately 24% of the average value of the parameters 
determined for other types of diesel traction locomotives. 
These low values of failure rate intensity indicators support 
the conclusion that this type of locomotive is characterized 
by low unreliability. 

3.3. Availability 
Availability is defined as the ability of a given system to 

remain in a state that allows it to perform its required func-
tions under specified conditions, at a specified time or with-
in a given time interval, assuming the required external 
resources are provided [13]. Availability depends not only 
on maintenance-related unserviceability but also on the 
probability of unserviceability that prevents the system 
from fulfilling its assigned functions (known as the effect of 
unavailability) [10]. 

The availability index is understood as the probability 
that the traction vehicle is in an operational state at time t. 
Therefore, the technical availability index must satisfy eq. 
(3): 

 A(t) = 1 − F(t) + ∫ [1 − F(t − τ)]
t

0
h(τ)dτ (3) 

where: h(t) – renewal density function: h(t) =
H(t)

dt
. 

In practice, equation (3) is not applicable due to the fact 
that the very concept of the technical availability coefficient 
is understood as a stationary value that the function A(t) 
tends to approach with increasing time [7] – equation (4): 

 A =
T0

T0+U0
 (4) 

where: T0 – mean time the locomotive remains in an opera-
tional (serviceable) state, U0 – mean time the locomotive 
remains in an unserviceable state. 

According to [2], the technical availability index is syn-
onymous with the term "availability" and is classified as  
a fundamental reliability characteristic of renewable sys-
tems, taking into account the failure rate and maintainabil-
ity of the vehicle. 

The analysed group of vehicles undergoes both correc-
tive repairs and preventive maintenance. Consequently, two 
types of technical availability have been distinguished: 
operational availability and actual availability. 

Operational availability (Aₒ) is calculated by consider-
ing the time the traction vehicle remains in an unserviceable 
state due to a failure. 

Actual availability (Aᵣ) is calculated by considering 
both the time the traction vehicle is unserviceable due to  
a failure and the time it is undergoing preventive mainte-
nance as specified in the Maintenance System Documenta-
tion. 

To assess the technical availability of the analysed group 
of locomotives over a specific time interval (0, t), the opera-
tional availability Aₒ should be calculated using eq. (5): 

 AO =
∑ TZi

N
i=1

∑ TZi
N
i=1 +∑ TNi

N
i=1

= 0.8609  (5) 

where: TZi – time the locomotive (i) remains in a servicea-
ble state, TNi – time the locomotive (i) remains in an un-
serviceable state, N – population size. 

The actual availability AR can be determined using 
equation (6): 

 AR =
∑ TZi

N
i=1

∑ TZi
N
i=1 +∑ TNi

N
i=1 +∑ TOi

N
i=1

= 0.7784 (6) 

where: TOi – time the locomotive (i) remains in an unser-
viceable state due to preventive maintenance, other symbols 
– as previously defined. 

Considering the short, two-year service period of the 
analysed group of traction vehicles, the relatively low val-
ues of the indicators may be attributed to the initial phase of 
vehicle operation – the so-called run-in period. 

4. Conclusions 
The modernization of the TEM2 locomotive to the 

15D/A version has resulted in the acquisition of vehicles 
with favourable operational characteristics, including nearly 
a twofold increase in power output, while maintaining rea-
sonable investment costs – approximately 50% of the price 
of new locomotives. 

The most common causes of vehicle failureability in-
clude failure of the pneumatic system (especially air filters), 
electrical equipment, cooling and cab driver components. It 
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is therefore essential to review the range and capability of 
preventive maintenance tasks for the mentioned compo-
nents. 

The failure rate intensity parameter for the analysed ve-
hicle population, in relation to operational performance, is 
25.06 failures per million vehicle-kilometers, and in rela-
tion to transport performance, 2.73 failures per 100 million 
gross ton-kilometers. These values indicate a lower failure 
rate compared to other types of diesel locomotives – 69% 
and 24% of the average values for these parameters, respec-
tively. 

The operation and actual technical availability indicator 
values are below expectation for the modernized units be-
cause of the initial phase of operation – so-called running-in 
period. Monitoring and viewing the indicators at subse-
quent operation years is recommended.. 

The conducted analysis validates the justifications of 
modernization decisions as an excellent method of extend-
ing the lifespan of rolling stock and improving its operabil-
ity with a low budget.. 

The results of the research can serve as a basis for de-
veloping the best maintenance and modernization strategies 
for other similar vehicles. 

Upon completion of the criterion in view of calendar 
time to perform preventive activities at the P4 level, the 
entire inter-repair time could need to be thoroughly ana-

lyzed for reliability along with the test described above. 
The analysis would also need to include other RAMS pa-
rameters (reliability, availability, susceptibility and mainte-
nance and safety) so as to have the entire view of how the 
entire system operates. Use of such a method allows one to 
make an overall estimation of the technical condition and 
life of modernized locomotives. Further developing the 
examination of traditional indicators, one can identify pat-
terns and trends of failure modes, estimate the efficiency of 
the selected maintenance strategy, and define the reliability 
growth or degradation in time. 

It may be a solution for providing support in the deci-
sion-making process regarding the continuation, modifica-
tion or abandonment of some practices that are functioning 
within the maintenance system. In addition, using the 
RAMS indicators within the system evaluation allows for 
the identification of the most likely failing parts within the 
locomotive. This then enables the scheduling of design or 
operation-based action that aims to eliminate weak links, 
increase system reliability and extend the inter-repair cy-
cles. Implementation of such a method not only allows for 
the achievement of high values of technical availability 
indicators that give the opportunity to ensure continuity of 
operations, but also facilitates the optimization of costs and 
affects the estimation of the effectiveness of investments in 
rolling stock modernization. 
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Analysis of the acceleration process of a passenger vehicle under variable load 

conditions 
 

ARTICLE INFO  The study contains an analysis of the acceleration process of a passenger vehicle equipped with an IC power-
train, aimed at determining a throttle control strategy that minimizes fuel consumption during acceleration while 
maintaining adequate dynamic performance. The first stage involved measuring traction parameters for  
a constant assumed engine power. The second stage focused on determining a control trajectory that would 
ensure minimal fuel consumption during acceleration. 
To achieve this the acceleration process was examined during a flexibility test in the speed range from 12.5 to 
35 m/s, following an acceleration pedal control line related to the crankshaft rotation speed. Implementing the 
acceleration process along this control line resulted in a reduction in acceleration dynamics, accompanied by  
a decrease in fuel consumption per distance traveled by nearly 51%. An analysis of the average acceleration 
values for a given drivetrain gear ratio revealed that exceeding an acceleration pedal position of 70% yields no 
significant improvement in vehicle dynamics. The optimal acceleration pedal positions during acceleration were 
found to be within the range of 25% to 70%.  
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1. Introduction 

Instantaneous values of indicators determining the dy-
namics and energy intensity of vehicle motion depend on 
their design, external conditions, traffic intensity, and driver 
behavior. Regardless of the energy source used, vehicle 
powertrains consist of propulsion units cooperating with 
drivetrain systems. This configuration results in the ener-
getic complexity of powertrain systems, which complicates 
comparative analysis, especially between internal combus-
tion, electric, and hybrid solutions. 

At the same time, vehicle movement is powered by en-
ergy supplied to the drivetrain from an energy storage sys-
tem, which directly contributes to the emission of substanc-
es into the atmosphere, including carbon dioxide (CO₂), 
recognized as a greenhouse gas. This issue affects every 
vehicle with an internal combustion powertrain, while in 
the case of BEVs (Battery Electric Vehicles), it depends on 
the method of electric energy generation. For PHEV (Plug-
In Hybrid Vehicle) solutions, the overall CO₂ emission is 
also influenced by the share of different energy types stored 
in the energy reservoirs – fuel tank and battery packs – as 
well as the method of energy replenishment (grid charging, 
regenerative braking) [17]. 

The need to reduce the negative environmental impact 
of the automotive sector has two dimensions. The first is 
local, directly linked to the emission of toxic components 
into the atmosphere, and is addressed through successive 
emission standards. In the European Union, these are de-
fined by successive iterations of the Euro standards, from 
Euro 1 to Euro 7. Since Euro 4 (implemented in 2006), 
there have been no significant changes in the permissible 
limits for nitrogen oxides (NOx), carbon monoxide (CO), 
and hydrocarbons (HC). 

A significantly greater challenge is reducing the envi-
ronmental impact caused by emissions of non-toxic exhaust 

components, such as carbon dioxide (CO₂), and the mass 
and number of particulate matter emitted from the exhaust 
system, which unequivocally affects global emissions. 

In 2021, the successive iterations of emission standards 
abandoned synthetic test cycles like NEDC (New European 
Driving Cycle) in favor of real-world driving measure-
ments, through the implementation of the RDE (Real Driv-
ing Emissions) procedure. Numerous scientific studies have 
since been published describing indicators such as fuel 
consumption and emissions of harmful substances during 
RDE tests [4, 11, 12]. 

The rate at which carbon dioxide emissions are being 
reduced in passenger vehicle exhaust differs across global 
regions, as illustrated in Fig. 1. The most effective method 
for reducing CO₂ emissions in exhaust gases is decreasing 
the consumption of fossil fuels within the TTW (Tank to 
Wheels) energy chain. 

 
Fig. 1. Trend of carbon dioxide emission reduction in exhaust gases across 

different regions of the world in g/km [19] 
 
According to report [7], in which global carbon dioxide 

emissions were presented and was published by scientists 
from over 90 institutions, the total projected CO₂ emissions 
for the year 2024 are expected to reach nearly 40 billion 
tons, indicating a continued upward trend, despite reduc-
tions achieved by the EU and the USA (Fig. 2). 
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The widespread drive to reduce carbon dioxide emis-
sions is the primary motivation behind the continuous ef-
forts of vehicle engineers to improve powertrain systems, 
including propulsion units. These improvements encompass 
aspects of design, control strategies, and driver support 
methods that promote environmentally conscious driving in 
accordance with the principles of so-called “Eco-Driving.” 

 
 Fig. 2. Annual carbon dioxide (CO₂) emissions forecast for 2024 [7] 
 

In many vehicle brands, driver support for ecological 
vehicle operation is limited to suggesting optimal instanta-
neous operating parameters of the powertrain. A common 
feature is the gear shift indicator displayed on the dash-
board, which is mainly used in internal combustion vehicles 
with manual transmissions. An alternative approach is ap-
plied in some vehicles (e.g., Renault), where driving style is 
evaluated by awarding points on a scale from 0 to 100. This 
method particularly assesses the driver’s behavior regarding 
the selection of driving speed, driving dynamics, and the 
use of the brake pedal. Frequent braking and aggressive use 
of the accelerator may result from high traffic density or  
a desire to achieve high driving dynamics, thus increasing 
the load on the powertrain. 

Consequently, this leads to high variability in the speed 
profile, increasing the frequency and intensity of accelera-
tion and braking phases. According to a study [13], eco-
driving reduces fuel consumption by 12–37%, with only  
a minor drop in average driving speed of approximately 3% 
compared to dynamic driving. In study [14], it was shown 
that driving style significantly affects energy consumption 
in electric vehicles, while study [15] demonstrated a con-
siderable impact of driving style, road conditions, and in-
frastructure on the efficiency of electric vehicles. 

Literature source [2] defines moderate vehicle accelera-
tion as acceleration up to approximately 0.85 m/s². Achiev-
ing higher acceleration rates involves a significant increase 
in power demand from the powertrain. 

The fuel-optimal constant driving speed depends on the 
specific drivetrain type and vehicle characteristics. Accord-
ing to [6], the optimal speed for minimizing fuel consump-
tion in engines compliant with Euro 5 is 70–75 km/h. On 
the other hand, publication [16] indicates that minimum 
fuel consumption occurs while following another vehicle at 
a speed of approximately 40 mph (65 km/h). Research 
shows that, for vehicles operating in electric mode or for 
electric vehicles, the optimal constant speed varies depend-

ing on the model and lies within the range of 37 to 60 km/h 
[18]. Another source [10] confirms an optimal speed of 
60 km/h for several different electric vehicles. 

Referring to the author’s own research on an urban in-
ternal combustion vehicle (Fig. 3), the lowest fuel con-
sumption per distance traveled was observed at speeds 
between 35 and 60 km/h. 

 
Fig. 3. Distance-specific fuel consumption at constant driving speed for an 
 internal combustion powertrain 
 

Minimizing fuel consumption directly reduces carbon 
dioxide emissions. By converting the distance-specific fuel 
consumption of 0.01 dm³/km (equivalent to 1 dm³/100 km), 
the corresponding CO₂ emission values are: 
 Gasoline: 23.3 g/km 
 Diesel: 26.3 g/km. 

The impact of vehicle dynamics (acceleration intensity) 
on fuel consumption has been the subject of numerous 
scientific studies. In study [3], the authors analyzed the 
distribution of driving phases within urban and non-urban 
cycles, noting that over 20% of accelerations fall within the 
range of 0–1 m/s², and over 15% within 1–4 m/s². Despite 
the relatively small share of acceleration phases (approx. 
5%) in the total driving cycle, the acceleration intensity 
significantly influences fuel consumption. 

Fontaras et al. [5] demonstrated a 5% increase in fuel 
consumption in non-urban traffic and up to 70% in urban 
traffic. Simultaneously, study [9] analyzed the possibility of 
optimizing engine load and gear ratios, indicating that ex-
tending the acceleration time to 2 s in the 0–40 km/h range 
may reduce fuel consumption by more than 5%. 

In study [2], the acceleration values for different vehicle 
groups were identified in the range of 0.45–2.87 m/s², high-
lighting their effect on fuel usage depending on driving 
style and road type. Research presented in [1] showed that 
higher driving dynamics increase fuel consumption by 40% 
outside urban areas and by 45% in city traffic. 

Ultimately, the dynamics of the acceleration process and 
the energy demand of vehicle motion depend mainly on 
how the driver controls the powertrain. Regardless of how 
advanced the powertrain is – including hybrid or electric 
configurations – the driver can always operate the vehicle 
in a non-ecological manner. Therefore, the acceleration 
phase is the primary factor influencing the energy con-
sumption of vehicle motion. This behavior does not always 
stem from the driver’s intention – it can be forced by traffic 
conditions, e.g., performing maneuvers in public road traf-
fic that require high dynamics to avoid hazards. Hence, the 
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present analysis of the acceleration process is an attempt to 
establish a compromise between driving dynamics and 
energy intensity, aiming to enable dynamic acceleration 
using an economical operation line within the drivetrain 
system. 

2. Identification studies 
2.1. Vehicle acceleration under constant power 

The first stage of the study involved performing an ac-
celeration test of a passenger car on a chassis dynamometer 
with a predefined constant power input in the powertrain. 
The tested vehicle was equipped with a spark-ignition en-
gine featuring port fuel injection and a manual transmis-
sion. The technical specifications of the tested vehicle are 
presented in Table 1. 

 
Table 1. Basic parameters of the tested vehicle 

Manufacturer Volkswagen 
Engine designation AWT 
Displacement 1781 cm³ 
Maximum power 110 kW 
Crankshaft rotational speed at maximum power 5700 rpm 
Maximum torque 210 Nm 
Crankshaft rotational speed at maximum torque 1750 rpm 
Charging method turbocharger 
Compression ratio 9.5:1 
Measurement gear number 4 
Measurement gear ratio 1.029 

 
In the acceleration test, a flexibility trial of the vehicle 

acceleration process was conducted for a selected, constant 
gear ratio in the drivetrain system. The flexibility test was 
carried out within the speed range from 45 km/h (12.5 m/s) 
to 120 km/h (35 m/s) using a MAHA MSR500 chassis dy-
namometer. The acceleration trials were performed under 
constant excitation conditions, resulting from a fixed power 
level in the drivetrain, which in turn was determined by  
a predefined throttle pedal position. The individual throttle 
pedal positions and the corresponding vehicle speed pro-
files during the tests are presented in Fig. 4. 

 
Fig. 4. Time profiles of vehicle speed measured during acceleration tests 

 
 
 
 

Each acceleration test was initiated by reaching and sta-
bilizing the minimum vehicle speed of 12.5 m/s for at least 
10 seconds. Subsequently, the accelerator pedal was rapidly 
depressed to the target position, which was maintained until 
the vehicle reached the maximum speed or exceeded 
35 m/s. In the initial trials, due to low throttle positions, the 
vehicle did not reach the target maximum speed, as the 
resistive forces exceeded the available wheel power. This 
situation occurred at throttle pedal positions (Ap) of 20%, 
25%, and 30%, where the intended final speed was not 
achieved. 

In Fig. 5, the vehicle speed profiles obtained from all 
acceleration trials are presented and indicated as ‘Dane’. 
These profiles were then subjected to linear interpolation, 
denoted as V(t). The tolerance field of the interpolated 
results is also marked in Fig. 5 and reflects the repeatability 
of measurements at a given power level. A linear equation 
was selected as the interpolation function. The quality of 
this approximation was described using the coefficient of 
determination (R²), and the standard deviation (σ) was 
calculated. 

The instantaneous vehicle speed as a function of time 
reveals differences in acceleration dynamics, which in-
crease with engine power. A higher power level also im-
proves measurement repeatability, due to the progressively 
more stable operation of the powertrain. For maximum 
power, the correlation coefficients approach 1, and the 
standard deviation is three times lower than for the lowest 
throttle positions, amounting to 0.11. 

In Table 2, the parameters of the correlation functions 
for the analyzed vehicle acceleration trials are presented. 
The argument value of the regression function corresponds 
directly to the slope coefficient of the linear function and 
provides information on the average acceleration achieved 
in a given test. The average acceleration values range from 
0.112 m/s² to 1.328 m/s². 

 
Table 2. Correlation functions and their parameters comparison 

Ap, % V(t) R2 σ 
20 V(t) = 0.112·t + 13.765 0.9347 0.38 
25 V(t) = 0.178·t + 14.871 0.9559 0.58 
30 V(t) = 0.347·t + 15.025 0.9722 0.75 
35 V(t) = 0.521·t + 14.926 0.9824 0.82 
40 V(t) = 0.866·t + 13.900 0.9938 0.49 
45 V(t) = 1.080·t + 12.484 0.9992 0.18 
50 V(t) = 1.097·t + 12.997 0.9981 0.27 
70 V(t) = 1.319·t + 12.409 0.9995 0.13 

100 V(t) = 1.328·t + 12.651 0.9997 0.11 
 
In Fig. 6, the average acceleration values during the ac-

celeration process are presented. The average acceleration 
increases significantly for the initial power levels in the 
range of Ap from 20% to 45%. Subsequently, the values 
stabilize and remain similar for 45% and 50% throttle posi-
tions, then increase further to reach maximum values at 
70% and 100% throttle pedal deflection. 
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 a) Ap = 20% b) Ap = 25% c) Ap = 30% 

 
 d) Ap = 35% e) Ap = 40% f) Ap = 45% 

 
 g) Ap = 50% h) Ap = 70% i) Ap = 100% 

  Fig. 5. Velocity profile as a result of constant acceleration pedal position Ap 
 

 
 Fig. 6. Mean acceleration interpolation results 

 
The primary factors determining the acceleration dy-

namics of a vehicle under constant power conditions are the 
vehicle’s motion resistances. To determine their instantane- 
 

ous and cumulative impact on the acceleration profile on  
a chassis dynamometer at constant drivetrain power, the 
percentage contributions of the main resistance components 
were calculated as a function of linear speed (Fig. 7). The 
profiles of the contributions from aerodynamic drag, rolling 
resistance, and inertial resistance, determined for each test, 
are presented in the left column of Fig. 7. 

The profiles of the main components of motion re-
sistance confirm the increasing contribution of inertial 
resistance to the total resistance force as the acceleration 
intensity rises. For averaged values, the share of power 
required to overcome vehicle inertia increases from 39.5% 
to 83.4%. Under conditions of maximum acceleration dy-
namics, 83.4% of the drivetrain power is irreversibly dissi-
pated for accelerating the vehicle, thereby reducing the 
relative impact of rolling resistance and aerodynamic drag. 
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 a) Ap = 20%  b) Ap = 25% c) Ap = 30% 

  
 d) Ap = 35% e) Ap = 40% f) Ap = 45%  

 
 g) Ap = 50%  h) Ap = 70% i) Ap = 100% 

Fig. 7. Percentage contribution (S) of motion resistance components as a function of the linear speed of the test vehicle during the acceleration trial  
 (NR – rolling resistance, NA – aerodynamic drag, NI – inertial resistance, N – wheel power) 

 
When comparing these profiles across individual tests, it 

can be observed that in the initial speed range (up to ap-
proximately 20 m/s), the power share of rolling resistance is 
greater than that of aerodynamic drag. However, in the 
speed range between 20 and 25 m/s, the respective curves 
intersect, and from this point on, the aerodynamic drag 
power share exceeds that of rolling resistance. 

 NI = mδā ∫
ds

dt

te

ts
  (1) 

where: NI – inertial resistance, m – vehicle mass, δ – rotat-
ing mass factor, ā – mean acceleration, ts and te – start and 
end time, t – time, s – distance. 

However, in each trial, the highest values are recorded 
for the average inertial power, which directly depends on 
the average acceleration and velocity over time, in accord-
ance with Equation (1). 

2.2. Fuel consumption during the acceleration process of 
a vehicle under constant power 

Distance-specific fuel consumption (Ge) serves as an in-
direct indicator of the energy demand required to provide 
the power during the analyzed acceleration trial at constant 
drivetrain power (Fig. 8). At the same time, the power out-
put of the drivetrain directly depends on the instantaneous 
speed and acceleration, under given motion resistance con-
ditions. 

In Fig. 9, the aggregate characteristics of specific fuel 
consumption (ge) are presented. This parameter is a deriva-
tive of distance-specific fuel consumption (Ge) and drive-
train power (N), as defined by Equation (2). 

 ge =
Ge

N
 (2) 
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Fig. 8. Total distance-specific energy consumption as a function of mean 
 acceleration in acceleration flexibility tests at constant throttle positions [8] 

 
Taking into account the accuracy of the components that 

allow the calculation of fuel consumption, that is, the meas-
urements of fuel pressure, the flow performance of injectors 
from the manufacturer's catalog, and time, the measurement 
error was calculated by the method of the complete differ-
ential, which is 3.3%. 

To establish guidelines for the power control process 
during vehicle acceleration, attention was focused on the 
profile of the minimum specific fuel consumption line for 
each power input condition (Fig. 9). 

  
Fig. 9. Specific fuel consumption characteristics of the research passenger 
 vehicle 

 
For each curve, it is possible to determine the points of 

minimum specific fuel consumption across the full range of 
crankshaft rotational speed. The points obtained in this 
manner can be associated with the throttle pedal deflection 
and the speed range at which maximum drivetrain efficien-
cy is achieved, in accordance with Equation (3). 

 ηUN =
1

ge∙Wd
  (3) 

where: ηUN – powertrain efficiency, Wd – lower heating 
value. 

The determined points are presented in Table 3. 

Since the values for Ap = 70% and 100% overlap above 
the crankshaft rotational speed of 3500 rpm, and consider-
ing the data from Table 3, it was decided to limit the throt-
tle pedal deflection to 70%. 

 
Table 3. Determined power control ranges for the efficient optimal line in 
the drivetrain system as a function of throttle pedal position and crankshaft 
 rotational speed 

Parameter Value 
n, rpm from 

900 
to 

1650 

from 
1651 

to 
1800 

from 
1801 

to 
1900 

from 
1901 

to 
2250 

from 
2251 

to 
2600 

from 
2601 

to 
3320 

from 
3321 

to 
6500 

Ap, % 20 25 30 35 40 50 45 
 

In this way, it becomes possible to determine the theo-
retical power control line, referred to as the Efficient Opti-
mal Line (EOL), within the drivetrain system under varia-
ble load conditions during the acceleration process. 

2.3. Vehicle acceleration under variable power condi-
tions in the flexibility test 

For the defined range of variable speeds and throttle pe-
dal positions, flexibility tests were carried out for vehicle 
acceleration under the same measurement conditions (Fig. 
10). 

 
 Fig. 10. Powertrain efficiencies for the defined control points 

 
The drivetrain efficiency is a measure of the effective-

ness in utilizing the energy contained in a given volume of 
fuel. The highest efficiency was achieved at Ap = 35% 
throttle pedal deflection and a crankshaft rotational speed of 
2110 rpm. As anticipated, starting the acceleration process 
with variable and increasing throttle excitation is highly 
advantageous, closely following the acceleration intensity 
of Ap = 100%. However, as the crankshaft rotational speed 
increases, a decline in the overall drivetrain efficiency is 
observed. 

Therefore, it was proposed to develop a physical accel-
eration trajectory based on the EOL, taking into account the 
objective of achieving high drivetrain efficiency. The tra-
jectory was constructed by selecting individual points cor-
responding to the maximum drivetrain efficiency values, 
which define its course (Fig. 10). 
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The electrical characteristics of the factory throttle pedal 
position was determined and saved in a National Instru-
ments (NI) software. The course of the characteristics de-
pended on the engine's crankshaft speed. Using a NI control 
card and the programmed acceleration pedal position con-
trol trajectory made it possible to obtain external and re-
peatable control of the acceleration pedal. 

Direct application of EOL in the process of controlling 
the throttle position of the test car yielded unsatisfactory 
results regarding the car's acceleration dynamics. The de-
fined segments represent the highest instantaneous overall 
drivetrain efficiency, which in the initial phase is identical 
for Ap = 20% and Ap = 25% lines. This resulted in exces-
sively slow initial vehicle acceleration, and therefore, it was 
decided to initiate the tests from a throttle deflection of 
25%. This is related to the method of determining the EOL, 
which does not take into account the excess power in the 
drivetrain necessary for the acceleration process, and is 
only based on the efficiency of the drivetrain. In order to 
obtain sufficient surplus power, the accelerator pedal over-
ride range was increased while maintaining the engine 
crankshaft speed ranges specified in the EOL. The result 
was a control line, laboriously named T8. Its characteristics 
are given in Table 4. 

In Fig. 11, a comparison of the results of speed curves 
during the acceleration flexibility test is presented. It should 
be noted that the newly defined acceleration trajectory T8 
resulted in the vehicle reaching a speed of 120 km/h in  
a time 0.1 s shorter than that of the EOL, but 7.7 s longer 
compared to the 100% pedal deflection test. The parameters 
of the acceleration process are presented in Fig. 12.  

 
Table 4. Determined power control ranges for the T8 strategy as a function 

of throttle pedal position and crankshaft rotational speed 
Parameter Value 
n, rpm from 

900 
to 

1650 

from 
1651 

to 
1800 

from 
1801 

to 
1900 

from 
1901 

to 
2250 

from 
2251 

to 
2600 

from 
2601 

to 
3320 

from 
3321 

to 
6500 

Ap, % 25 30 35 40 45 50 70 

 
Fig. 11. Powertrain efficiencies for the defined control points according to:  
 – the theoretical efficient optimal line (EOL),  – full load at 100% 
throttle pedal deflection,  – the physical implementation of the T8 control 
 strategy 

A reduction in vehicle acceleration dynamics resulted in 
a decrease in mean distance-specific fuel consumption from 
21.68 dm3/100 km to 10.71 dm3/100 km, representing an 
almost 51% reduction in fuel usage (Fig. 13). Simultane-
ously, the acceleration distance increased by approximately 
151 m, which corresponds to a 32.9% increase. Such an 
increase in distance is unacceptable in critical situations 
that determine the safety of vehicle occupants. On the other 
hand, under non-critical acceleration conditions, there is  
a possibility of significantly reducing fuel consumption at 
the expense of reduced acceleration performance.  

 
Fig. 12. Comparison of vehicle acceleration dynamics and distance trav-
elled during acceleration from 45 to 120 km/h at 100% power utilization 
 and according to the EOL and T8 control trajectories 

 

Fig. 13. Comparison of mean distance-related fuel consumption at 100% 
 power utilization and according to the EOL and T8 control trajectories 

3. Conclusion 
For several years, there has been ongoing discussion re-

garding the decline of internal combustion engines (ICEs) 
used in passenger vehicles. However, until at least 2050, 
they are expected to remain the predominant propulsion 
systems. Internal combustion powertrains will continue to 
serve as the primary mode of transport, fulfilling the princi-
ples of sustainable mobility – meeting user demands while 
achieving economic and environmental stability, as well as 
ensuring driving range, which is a standard expectation for 
today’s vehicles. Within this framework of sustainable 
development, the internal combustion engine still plays  
a vital role, and further advancements are expected in the 
coming years, as reflected in current development trends. 
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As a result, the power demand and fuel consumption of 
passenger vehicles are evolving, both of which are signifi-
cantly influenced by the energy intensity of the acceleration 
process. 

Broadly speaking, regardless of the type of power unit – 
whether internal combustion or electric – the challenge of 
efficient energy utilization under variable load conditions 
remains a relevant research issue, since the driver remains 
the final link in the power control process. Through the 
driver’s subjective decisions, the instantaneous operating 
point of the drivetrain is determined, often unfavorably 
from both economic and ecological perspectives. 

The powertrain control method proposed in this study 
for the acceleration process represents a compromise be-
tween fuel economy and vehicle dynamics, leading to  
a 51% reduction in fuel consumption. Using the T8 control 
line resulted in a drop in mileage-related CO2 emission 
from 505 g/km to 250 g/km. Like any compromise, this one 
also requires certain concessions, among which dynamic 
performance should unquestionably yield to economic and 
environmental considerations. In this context, reduced fuel 
consumption (for ICEs) and lower energy usage (for elec-

tric drivetrains) result in lower CO₂ emissions, whether 
considered as direct (on-site) emissions or indirect (off-site) 
emissions, depending on the energy composition, which in 
many cases still includes fossil fuel-based electricity gener-
ation. As part of the research on the dependence of the 
accelerator pedal position on the crankshaft rotational 
speed, meeting the EOL assumptions, it was shown that in 
the acceleration process from a speed of 12.5 m/s to 35 m/s 
it is appropriate to use the acceleration pedal position range 
from 25% to 70%. Although the research was performed on 
one object, this range may prove adequate for other vehi-
cles. 

It is important to emphasize that such a reduction in ve-
hicle dynamics contributes not only to environmental sus-
tainability, but also to favorable operating conditions, re-
ducing wear on drivetrain components, while still enabling 
dynamic acceleration within the scope of an economic 
power control line. 

On the other hand, it must be recognized that in critical 
situations impacting occupant safety, the driver should 
always have full access to the drivetrain's maximum power 
output.

 

Nomenclature 
BEV battery electric vehicle 
EOL  efficient optimal line 
NEDC New European Driving Cycle 
IC internal combustion 

ICE internal combustion engine 
PHEV plug-in hybrid electric vehicle 
RDE real driving emissions 
TTW tank to wheels 

 

Bibliography 

[1] Barth M, Boriboonsomsin K. Real-world carbon dioxide 
impacts of traffic congestion. Transp Res Record. 2008; 
2058(1):163-171. https://doi.org/10.3141/2058-20 

[2] Bokare PS, Maurya AK. Acceleration-deceleration behav-
iour of various vehicle types. Transp Res Proc. 2017;25: 
4733-4749. https://doi.org/10.1016/j.trpro.2017.05.486 

[3] Eisele WL, Turner SM, Benz RJ. Using acceleration charac-
teristics in air quality and energy consumption analyses. 
Texas Transportation Institute 1996. 

[4] Engelmann D, Zimmerli Y, Czerwinski J, Bonsack P. Real 
driving emissions in extended driving conditions. Energies. 
2021;14:7310. https://doi.org/10.3390/en14217310 

[5] Fontaras G, Zacharof NG, Ciuffo B. Fuel consumption and 
CO2 emissions from passenger cars in Europe – laboratory 
versus real-world emissions. Prog Energ Combust. 2017;60: 
97-131. https://doi.org/10.1016/j.pecs.2016.12.004 

[6] Fontaras G, Franco V, Dilara P, Martini G, Manfredi U. 
Development and review of Euro 5 passenger car emission 
factors based on experimental results over various driving 
cycles. Sci Total Environ. 2014;468-469:1034-1042.  

 https://doi.org/10.1016/j.scitotenv.2013.09.043 
[7] Global Carbon Project, Key Messages from GCB 2025.  
 globalcarbon.org 
[8]  Graba M, Bieniek A, Prażnowski K, Hennek K, Mamala J, 

Burdzik R et al. Analysis of energy efficiency and dynamics 
during car acceleration. Eksploat Niezawodn. 2023;25(1): 
17. https://doi.org/10.17531/ein.2023.1.17 

[9] He H, Cao J, Cui X. Energy optimization of electric vehi-
cle's acceleration process based on reinforcement learning. J 
Clean Prod. 2020;248:119302.  

 https://doi.org/10.1016/j.jclepro.2019.119302  

[10] He Y, Sui S, Wang Q, Jin Y, Zhang L, Wang J. Super-high 
speed AMT shifting strategy and energy consumption opti-
mization for electric vehicle. Energy. 2025;322:135489.  

 https://doi.org/10.1016/j.energy.2025.135489 
[11] Huang Y, Surawski N, Organ B, Zhou J, Tang O, Chan E. 

Fuel consumption and emission performance under real 
driving: comparison between hybrid and conventional vehi-
cles. Sci Total Environ. 2018;659:275-282.  

 https://doi.org/10.1016/j.scitotenv.2018.12.349 
[12] Huang Y, Ng ECY, Zhou JL, Surawski NC, Lu X, Du B et 

al. Impact of drivers on real-driving fuel consumption and 
emissions performance. Sci Total Environ. 2021;798: 
149297. https://doi.org/10.1016/j.scitotenv.2021.149297 

[13] Lee J, Nelson D J, Lohse-Busch H. Vehicle inertia impact 
on fuel consumption of conventional and hybrid electric ve-
hicles using acceleration and coast driving strategy. SAE 
Technical Papers. 2009. 2009-01-1322.  

 https://doi.org/10.4271/2009-01-1322 
[14] Li Q, Chen W, Li Y, Liu S, Huang J. Energy management 

strategy for fuel cell/battery/ultracapacitor hybrid vehicle 
based on fuzzy logic. Int J Elec Power. 2012;43(1):514-525.  

 https://doi.org/10.1016/j.ijepes.2012.06.026 
[15] Limblici C. Investigation of engine concepts with regard to 

their potential to meet the Euro 7 emission standard using 
1D-CFD software. 2020.  

 https://webthesis.biblio.polito.it/16275/ 
[16] McDonough K, Kolmanovsky I, Filev D, Yanakiev D, 

Szwabowski S, Michelini J. Stochastic dynamic program-
ming control policies for fuel efficient vehicle following. 
2013 American Control Conference (ACC) Washington 
June 17-19, 2013.  

 https://doi.org/10.1109/ACC.2013.6580024 



 

Analysis of the acceleration process of a passenger vehicle under variable load conditions 

108 COMBUSTION ENGINES, 2025;202(3) 

[17] Mamala J, Graba M, Bieniek A, Prażnowski K, Au-
gustynowicz A, Śmieja M. Study of energy consumption of 
a hybrid vehicle in real-world conditions. Eksploat 
Niezawodn. 2021;23(4):636-645.  

 https://doi.org/10.17531/ein.2021.4.6 
[18] Mamala J, Graba M, Mitrovic J, Prażnowski K, Stasiak P. 

Analysis of speed limit and energy consumption in electric 
vehicles. Combustion Engines. 2023;195(4):83-89.  

 https://doi.org/10.19206/CE-169370 

[19] Pielecha J, Merkisz J. Selection of a particulate filter for a 
gasoline-powered vehicle engine in static and dynamic con-
ditions. Energies. 2023;16(23):7777.  

 https://doi.org/10.3390/en16237777 
 
 
 
 

 
Krystian Hennek, DEng. – Department of Vehicle 
and Machine Mechatronics, Opole University of 
Technology, Poland. 
e-mail: k.hennek@po.edu.pl 

 
  

Prof. Jarosław Mamala, DSc., DEng. – Department 
of Vehicle and Machine Mechatronics, Opole Uni-
versity of Technology, Poland. 
e-mail: j.mamala@po.opole.pl 

 
  

Andrzej Bieniek, DEng. – Department of Vehicle 
and Machine Mechatronics, Opole University of 
Technology, Poland. 
e-mail: a.bieniek@po.edu.pl 

 
  

Szymon Kołodziej, DEng. – Department of Vehicle 
and Machine Mechatronics, Opole University of 
Technology, Poland. 
e-mail: s.kolodziej@po.opole.pl 

 

 
 



 
Article citation info:  
Szpica D, Gęca MS, Hunicz J, Jakubowski M, Krzemiński A. Mieczkowski G. Cycle-by-cycle performance evaluation of a diesel engine 
fueled with a mixture of hydrotreated vegetable oil mixed with waste plastic pyrolysis oils. Combustion Engines. 2025;202(3):109-117. 
https://doi.org/10.19206/CE-207383 

COMBUSTION ENGINES, 2025;202(3) 109  

Dariusz SZPICA   
Michał S. GĘCA  
Jacek HUNICZ  
Mirosław JAKUBOWSKI   
Artur KRZEMIŃSKI  
Grzegorz MIECZKOWSKI  

 
 

Polish Scientific Society of Combustion Engines 

 
 
Cycle-by-cycle performance evaluation of a diesel engine fueled with a mixture  

of hydrotreated vegetable oil mixed with waste plastic pyrolysis oils 
 
ARTICLE INFO  Changing regulations on emissions from propulsion sources used in transportation and closed-loop resource 

management are intensifying the search for substitute fuels, especially for compression-ignition engines. In the 
study, three fuels were tested for comparison: conventional diesel fuel (DF), hydrotreated vegetable oil (HVO), 
and a mixture of HVO with waste pyrolytic oils from polypropylene (PPO) and polypropylene (PSO) in 60/20/20 
weight ratios (HVO + WPPO). Tests were conducted on a specialized platform with an AVL 5402 engine, 
analyzing their combustion and operating stability under two different load and speed conditions. The results 
showed that HVO and the HVO + WPPO mixture exhibit similar or even better combustion performance 
compared to DF. Some differences were found in cylinder pressure traces, indicated mean effective pressure and 
heat release. Statistical analyses, including ANOVA and Levene's tests, confirmed significant differences 
between the fuels, indicating the potential of the HVO + WPPO mixture as an environmentally friendly alterna-
tive. The determined coefficients of variation allowed an assessment of the stability of engine operation. In 
conclusion, the research suggests that both HVO and its mixture with PPO and PSO can be effective and 
environmentally friendly solutions for diesel engines, with the possibility of wide application in the future. 
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1. Introduction 

A very popular source of propulsion for motor vehicles 
and work machinery is the compression-ignition engine 
because of its relatively high efficiency, reliability, low fuel 
consumption, and ease of adaptation [10, 16, 29, 30]. How-
ever, the disadvantage of this type of propulsion is the 
emission of pollutants, including CO, NOx, and PM. In 
addition, fossil fuels account for 85% of CO2 emissions and 
64% of total greenhouse gas emissions [5, 25]. Therefore, 
internal combustion engines are subject to increasingly 
stringent rules and regulations regarding the emission of 
toxic compounds from exhaust [11, 15]. 

One method for reducing toxic compounds and CO2 
emissions is to develop alternative waste-derived fuels. 
This group of fuels includes HVO and TPO, which are 
combinations of aromatic and aliphatic compounds, and 
plastic fuels (PPO and PSO) obtained by pyrolysis [4, 13, 
14]. 

HVO can be produced from waste biomass, such as an-
imal fats and vegetable oils. This fuel did not contain sulfur 
or aromatic hydrocarbons. HVO, compared to conventional 
diesel, has a higher cetane number and lower viscosity and 
density compared to conventional diesel. The high cetane 
number of hydrogenated vegetable oils accelerates the onset 
of combustion, particularly at low and medium loads [17]. 
The use of HVO to power a compression-ignition engine 
results in a 40% reduction in NOx and PM emissions com-
pared with diesel [12, 18]. 

To date, engine tests have been conducted on HVO 
alone and diesel mixtures with 30% and 7% v/v HVO [26]. 
Engine tests on mixtures of diesel, HVO, rapeseed methyl 
ether, and n-octanol isomers have also been conducted [20]. 

The authors of [21] showed a reduction in CO emissions 
by more than 50% when feeding the engine during the cold 
start phase with a mixture of DF and HVO (30%). No sig-
nificant differences were observed in NOx emissions com-
pared to DF, whereas PM was reduced by 5.2–11.8%, de-
pending on the test conditions. 

Fuel obtained from waste plastic oil can be used in  
a compression-ignition engines at a higher compression 
ratio than that obtained from DF without any modifications 
to the power unit [1]. 

The results of ongoing research indicate that the use of 
fuels with the addition of plastic waste oil in a compres-
sion-ignition engine decreases the thermal efficiency by 
more than 2% compared with pure DF [7]. 

In [3], the authors demonstrated a positive or neutral ef-
fect of HVO on most of the measured emission components 
and engine operating parameters. Decreases of several tens 
of percent were observed in CO, THC, PM, and smoke 
emissions. NOx and CO2 emissions decreased, and the pow-
er output increased by a few percent. 

In the case of using plastic pyrolytic oil (PPO), the re-
sults obtained by researchers are divergent, particularly in 
the context of NOx emissions, with some studies reporting  
a reduction of more than 63%, whereas others reported an 
increase of more than 44% compared to running on pure 
DF [8]. 

Studies on mixtures of PPO with DF at concentrations 
of 10, 20% and 30% PPO showed that at 20%, the engine 
achieved a slightly higher thermal efficiency than that of 
pure DF [6]. It was further shown that NOx and HC emis-
sions were lower at low loads and increased with increasing 
load compared with DF. 
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Researchers [24] used a mixture of PPO and DF in pro-
portions up to 50% PPO and showed that a higher concen-
tration of PPO in the mixture increased the engine thermal 
efficiency and reduced the specific fuel consumption. 

In the literature, one can find a PPO designation associ-
ated with pyrolytic oil extracted from plastic or made from 
polypropylene. The above data related to PPO oil refers to 
the first meaning. With regard to pyrolytic oil extracted 
from polypropylene, the authors of [22] showed that the 
addition of 20% PPO in a mixture with DF had no signifi-
cant effect on HC and CO emissions, whereas the admix-
ture of PSO increased them. 

TPO can be used in fuel compression ignition engines 
as a mixture with diesel fuel (from 10% to 90%) without 
changing the engine design. 

Combustion stability is crucial to overall engine per-
formance because a mixture of fuels with different auto-
ignition properties can increase the variability of the com-
bustion cycle [23]. The available literature lacks studies on 
the combustion stability of HVO mixtures containing PPO 
and PSO. The research gap has directed efforts to develop 
an alternative fuel that is a mixture of these fuels. This type 
of activity is contained within a closed loop of raw materi-
als. An important feature of the developed mixture is the 
similarity of its ignition and combustion characteristics to 
those of DF. The scientific contribution of such an activity 
is the evaluation of the preservation of the stability of the 
engine operation fueled by the developed mixture, which 
guarantees the functional continuity of the propulsion 
source. 

2. Materials and methods 
2.1. Tested fuels 

In this study, three diesel fuels were tested. 
 conventional diesel fuel (DF) 
 hydrotreated vegetable oil (HVO) 
 a mixture containing 60 wt% HVO, 20 wt% PPO and 20 

wt% PSO (HVO + WPPO). 
 

Table 1. Basic technical parameters of the tested fuels 
Property Unit Diesel HVO PPO PSO 
Density at 15°C  kg/m3 828 778 761 937 
Kinematic viscosity (40°C)  mm2/s 2.94 2.86 1.77 1.70 
Lower heating value MJ/kg 43.6 44 42.4 41 
Flash point °C 66 68 29 < 19 
Cetane number – 55 90 28 ≈0 
Composition by mass: 
Carbon  % 86.7 84.5 87.8 91 
Hydrogen  % 13.1 15.2 12.2 8.2 
Oxygen  % 0.05 – – – 
Aromatic  % 17 < 1 – 98 
FAME % 6.3 – – 1 
Sulfur ppm 5.2 – 56 3 

 
The DF used as the base fuel was an EN 590-compliant 

conventional fuel from the ORLEN distribution network. 
HVO was a fuel derived from the hydrotreatment of vege-
table oil and was distributed by NESTE. PPO was derived 
from the pyrolysis of polypropylene, whereas PSO was 
derived from the pyrolysis of polystyrene. The HVO + 
WPPO mixture was developed to achieve a similar ignition 
delay, volatility, and viscosity to DF. All component fuels 

were subjected to detailed physicochemical analyses to aid 
in mixture formation (Table 1). 

2.2. Test equipment 
Experiments were conducted using a single-cylinder 

AVL 5402 research engine. The primary operating parame-
ters are listed in Table 2. A schematic of the test bench, 
detailing the air and fuel flow paths, is shown in Fig. 1. 

 
Table 2. Research engine specifications 

Parameter Value/specification 
Engine model AVL 5402 
Operating cycle single-cylinder, four-stroke 
Cylinder bore 85 mm 
Piston stroke 90 mm 
Connecting rod length 138 mm 
Total displacement 510.5 cm³ 
Compression ratio 17:1 
Number of valves 4 
Swirl number 1.7 
Fuel delivery method direct injection 
Injection system Bosch CP4.1, common rail 
Injector type electromagnetic, 8-hole, 0.12 mm orifice, 

151 deg spray angle 
Max. injection pressure 180 MPa 
Natural gas supply M+W D-6300 mass flow controller 
Boost system Eaton M45, electrically powered 
EGR configuration high-pressure loop, with cooling 
ECU and control system Bosch ETK7 with AVL-RPEMS 
Intake valve opens at 712 CAD 
Intake valve closes at 226 CAD 
Exhaust valve opens at 488 CAD 
Exhaust valve closes at 18 CAD 
Max. IMEP  2.4 MPa 

 
Fig. 1. Diagram of the engine air and fuel paths 

 
The engine incorporated a four-valve cylinder head and 

a toroidal combustion chamber formed within the piston. 
The fuel was delivered using a Bosch CP 4.1 high-pressure 
pump to an eight-hole solenoid injector with a spray angle 
of 151 deg. The injection process was managed using 
ETAS INCA software and an open Bosch electronic control 
unit (ECU). 

The fuel temperature and flow were regulated using an 
AVL 753C temperature controller and an AVL 733S dy-
namic flow meter. The boost pressure was generated using 
an Eaton M45 Roots-type supercharger powered by an  
11 kW electric motor. The compressed intake air was ther-
mally stabilized using a system of heat exchangers and  
a mixing valve. 

An exhaust backpressure valve was used to emulate the 
effect of a turbocharger, facilitating high-pressure exhaust 
gas recirculation (EGR) and preventing the scavenging of 
natural gas during valve overlap. 
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The coolant and engine oil temperatures were main-
tained with ±0.5°C accuracy using a dedicated thermal 
management system. The air-fuel ratio was measured using 
a Bosch LSU 4.2 lambda sensor and an ETAS LA4 lambda 
meter with pressure compensation. 

Combustion diagnostics relied on in-cylinder pressure 
data obtained from an AVL GU22C piezoelectric pressure 
sensor, synchronized with an optical encoder providing 0.1 
CAD resolution. 

Exhaust gas analysis of both the regulated and unregu-
lated compounds was performed using an AVL FTIR spec-
trometer. The size distribution of particulate matter was 
measured using a TSI EEPS 3090 spectrometer operating 
on the principle of electrical mobility, covering the 
(5.6…560) nm range across 32 size bins. The key parame-
ters of the measurement system are presented in Table 3. 
 

Table 3. Engine test bench measurement equipment and accuracy 
Parameter measured Device Meas. range Accuracy 
In-cylinder pressure AVL GU22C 0…25 MPa ±0.25…1.0% 
Liquid fuel consumpt. AVL 733S 0…1.25 kg/h ±0.12% 
Gaseous fuel flow M+W D-6300 0…120 NL/min ±2% 
Lambda (AFR) Bosch LSU 

4.2/ETAS LA4 
0.7…2.8 ±1.5% 

Air mass flow rate E+E EE741 2.6…1000 kg/h ±3% 
Pressure (int./exh.) WIKA A-10 0…4 bar ±0.5% 
Temperature TP-361 –40…400 degC ±0.2% 
Exhaust gas temp. TP-204 0…1200 degC ±0.8% 
CO emissions AVL FTIR 1…10000 ppm ±0.36% 
UHC emissions AVL FTIR 1…1000 ppm ±0.1…0.49% 
NOx emissions AVL FTIR 1…4000 ppm ±0.31% 
Particulate matter/ 
number 

TSI EEPS 3090 5.6…560 nm - 

2.2. Research and inference methodology 
DF, HVO, and HVO + WPPO tests were conducted on 

a test platform with an AVL 5402 engine at two World 
Harmonized Stationary Cycle (WHSC) operating points. 
Low load and low speed were represented by the 1100/25 
point, whereas high speed and high load were represented 
by the 1800/70 point. The first component of the test point 
designation was the engine crankshaft speed, while the 
second was the percentage of maximum load, which in this 
case was 2.2 MPa (BMEP). In the cases analyzed, the aver-
aged BMEP value was 1100/25 – 0.5 MPa, 1800/70 – 1.4 
MPa, respectively. In total, 100 consecutive cycles were 
performed. 

In all tests, the 8-hole injector along the common-rail 
system was controlled using an open control unit in accord-
ance with the modern EPA Tier IV emission standards. 

In the first stage of the analysis, the cylinder pressure 
traces were recorded as functions of the crankshaft angle 
(CAD). The pressure changes represent the result of a num-
ber of input factors and form the basis for evaluating the 
self-ignition of fuels, the course of their combustion, and 
other factors determining the engine's energy, environmen-
tal, or economic capabilities. 

Furthermore, based on the pressure traces and infor-
mation on the changes in cylinder geometry, the IMEP (Eq. 
(1)) was calculated, which is the quotient of the volumetric 
work of the circuit and displacement volume of the cylin-
der. 

 IMEP =
W

Vsc
=

1

Vsc
∫ pdVsc (1) 

where W is the volume work of the cycle; Vsc is the swept 
volume per cylinder; p is the cylinder pressure. 

The data used for the IMEP calculations allowed us to 
assess the heat release (Eq. (2)). 

 q =
κ

κ−1
pdV +

κ

κ−1
Vdp (2) 

where κ is the adiabatic exponent, which is the quotient of 
the specific heat at constant pressure to the specific heat at 
constant volume (cp/cv) determined by considering the 
effect of temperature and the chemical composition of the 
charge in the cylinder. 

The stability of the cycle-by-cycle engine operation was 
evaluated using the coefficient of variation (Eq. (3)) [2, 19, 
27].  

 COV = (
σ

x̅
) × 100%  (3) 

where σ is the standard deviation; x̅ is the mean value of the 
parameter under study. 

The standard deviation was calculated using Eq. (4). 

 σ = √
1

N−1
∑ (xi − x̅)2N
i=1  (4) 

The average value of the parameter according to Eq. (5). 

 x̅ =
1

N
∑ xi
N
i=1  (5) 

where N is the number of points assessed; xi is the value in 
each i-point. 

The following values were considered for the engine 
stability analysis: 
 maximum pressure in the cylinder – pmax 
 indicated mean effective pressure – IMEP 
 maximum heat exerted in the cylinder – qmax. 

For each of these parameters, the coefficient of variation 
was determined from the standard deviation and mean val-
ue (Eq. (6)–(8)). 

 COVpmax
= (

σ

x̅
)
pmax

× 100%  (6) 

 COVIMEP = (
σ

x̅
)
IMEP

× 100%  (7) 

 COVqmax
= (

σ

x̅
)
qmax

× 100%  (8) 

3. Results and analysis 
By compiling the sample pressure traces at the first 

1100/25 test points (Fig. 2a), the difference in shape be-
tween HVO + WPPO relative to DF and HVO was appar-
ent. The reasons for the differences in the pressure traces 
were correlated with heat evolution (Fig. 2b). It should be 
noted that the high reactivity of HVO affects the combus-
tion of pilot doses of 1 and 2. The heat evolution process 
developed 1°CA in advance relative to the DF with a simi-
lar gradient. This is different for HVO + WPPO, which 
lagged by approximately 2°CA behind the DF. The separa-
tion of pilot doses was evident in the cases of DF and HVO. 
A possible reason for this could be that the temperature in 
the cylinder increased after pilot injection 1, which promot-
ed immediate ignition of the next dose. The burning of pilot 
fuel 1 increased the temperature and left active radicals, 
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which caused immediate ignition of the next fuel dose. For 
the combustion of the main DF and HVO fuel doses, alt-
hough there is mostly overlap, HVO starts at a lower q 
value, similar to that of HVO + WPPO. There was a notice-
able angular shift in the heat release when the main dose of 
the HVO + WPPO fuel was burned, as can be seen in the 
pressure trace (Fig. 2a). The angular shift can affect the 
IMEP values. 

The situation was different at the second 1800/70 test 
point (Fig. 3a). The exemplary DF pressure trace was below 
the HVO and HVO + WPPO. The heat development at test 
point 1800/70 (Fig. 3b) showed a much higher reactivity of 
HVO, especially at pilot dose 1, where in this particular 
case it exceeded the value achieved when burning the main 
dose. Increasing the speed and load of the engine highlight-
ed the separation of pilot doses resulting from the higher 
brake drag torque, which determines the acceleration of the 
engine's crank-piston system in addition to the inertia of the 
mechanical system. 

The averaged values from 100 cycles of p̅max (Fig. 4) 
were 7.848, 7.781 MPa, and 7.556 MPa for DF, HVO, and 
HVO + WPPO, respectively (Table 4). This represents a 
0.85% lower value for HVO and a 3.72% lower value for 
HVO + WPPO relative to the reference fuel DF. The calcu-
lated average values from 100 cycles IMEP̅̅ ̅̅ ̅̅ ̅ of (Fig. 4) 
reached values for DF, of 0.667 MPa, for HVO of 0.659 
MPa and for HVO + WPPO of 0.668 MPa, respectively 
(Table 4). In this case, the percentage difference in HVO 
relative to the reference DF was 1.26%. HVO+WPPO 
showed IMPE compliance with DF, with a difference of 
only 0.07% compared to the disadvantage of DF. The aver-
aged maximum heat discharge q̅max from 100 cycles was 
2.05% lower for HVO (56.61 J/deg) and 12.68% lower for 
HVO + WPPO (50.47 J/deg) relative to DF (57.80 J/deg). 

At the second 1800/70 test point, the highest value aver-
aged over 100 cycles of p̅max (Fig. 5) was recorded for 
HVO + WPPO, it was 12.42 MPa (4.28% higher than the 
DF reference fuel, 11.906 MPa) (Table 4). HVO showed 
12.13 MPa (1.88% higher than that of DF). The 100-cycle 

averaged value IMEP̅̅ ̅̅ ̅̅ ̅ of 1.636 MPa showed HVO + 
WPPO's advantage over DF (3.28% increase). HVO 
achieved an IMEP of 1.628 MPa, which was above the 1.584 
MPa achieved by DF (2.79% difference). A significant dif-
ference from the 1100/25 test point was the change in the 
main fuel combustion dose. At the 1800/70 point, the highest 
values averaged over 100 cycles of exerted heat q̅max (Fig. 
5) were recorded for HVO (68.20 J/deg, 11.48% increase 
over DF, 61.18 J/deg). HVO + WPPO also showed an ad-
vantage over DF (66.74 J/deg, 9.09% increase) – Table 4. 

 
Table 4. Comparative values of the analyzed parameters at both operating 

points 
Fuel DF HVO HVO + 

WPPO 
DF HVO HVO + 

WPPO 
RPM/load 1100/20 1800/70 
p̅max, MPa 7.848 7.781 7.556 11.906 12.131 12.416 
σpmax

, MPa 0.047 0.045 0.059 0.058 0.136 0.095 
COVpmax

, % 0.604 0.573 0.785 0.491 1.122 0.767 
IMEP̅̅ ̅̅ ̅̅ ̅, MPa 0.667 0.659 0.668 1.584 1.628 1.636 
σIMEP, MPa 0.008 0.007 0.013 0.012 0.033 0.018 
COVIMEP, % 1.117 1.101 1.905 0.781 2.006 1.125 
q̅max, J/deg 57.799 56.612 50.467 61.181 68.203 66.743 
σqmax

, J/deg 1.679 1.430 1.520 1.615 2.631 2.076 
COVqmax

, % 2.904 2.526 3.011 2.640 3.858 3.110 
 
The highest values of pressure coefficient of variation 

COVpmax
 at the first test point (1100/25) were recorded for 

HVO and amounted to 0.573%, which represented a 5.19% 
increase relative to DF (0.604%) (Table 4). HVO + WPPO 
showed an increase in the coefficient of variation relative to 
DF of 29.84% (0.785%). COVIMEP variability differences 
relative to DF appeared in a similar pattern (1.117%). HVO 
obtained a value that was 1.48% lower (1.101%), whereas 
that of HVO + WPPO was 70.49% higher (1.905%). Also, 
the coefficient of variation COVqmax

 reached the lowest 
value for HVO (2.526%), 13.00% lower than DF (2.904%). 
HVO + WPPO had a 3.70% (3.011%) higher rate than that 
of the DF. 

  
Fig. 2. Examples of in-cylinder pressure traces (a) and heat release (b) 

at operating point 1100/25 
Fig. 3. Examples of in-cylinder pressure traces (a) and heat release (b) 

at test operating 1800/70 
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Fig. 4. Comparative values of analyzed parameters at operating point 1100/25 

 
Fig. 5. Comparative values of analyzed parameters at operating point 1800/70 

 
At the second test point (1800/70), where DF achieved 

lower average values of the compared parameters than the 
other tested fuels, it also exhibited the smallest variation in 
these parameters (Table 4). They amounted to COVpmax

 
0.491%, COVIMEP 0.781%, and COVqmax

 2.640%, respec-
tively, which were lower than those obtained at point 
1100/25. At the 1800/70 point, HVO showed an increase in 
COVpmax

 relative to DF by 128.78% (1.122%), whereas 
HVO + WPPO showed an increase of 56.23% (0.767%). 
For COVIMEP, the differences were, respectively, 156.88% 
increase for HVO (2.006%) and 44.06% increase for HVO 
+ WPPO (1.125%). The smallest differences relative to DF 
were observed for COVqmax

. For HVO, there was an in-
crease of 46.12% (3.858%), whereas for HVO + WPPO it 
increased by 17.81% (3.110%). It is noteworthy that all 
analyzed parameters showed a coefficient of variation of 
less than 4% for COVqmax

, to about 2% for COV_IMEP, 
and less than 1.15% for the most analyzed parameter 
COVpmax

. Although the tests at the two points in the WHSC 
cycle showed differences in the average values and their 
coefficients of variation, they were not sufficiently large to 
exclude the proposed fuel from use in the engine. Owing to 
the lack of literature in the area covering this study, the 
results of other researchers were not referenced. 

Because of the small number of analyzed values (100 
points) for each test point, 10 classes were used in the dis-
tribution analysis. A non-parametric kernel-smoothing 
distribution was used for the analysis. Histograms were 
plotted to fit the density function, which could indicate 
multimodality in addition to asymmetry (Fig. 6 and Fig. 7). 
Although for the most part the distributions were close to 
normal, a few slightly bi-modal distributions also became  
 

apparent (e.g., pmax⁡ at HVO and HVO + WPPO feeds and 
IMEP for HVO + WPPO). 

In the statistical analysis, kurtosis values  were deter-
mined using MATLAB software (Table 5), and the distribu-
tions of the analyzed values were compared to a normal 
distribution. The lowest  value 1.87 was found for qmax 
when the HVO was fed at test point 1800/70. This indicates 
the presence of a platykurtic. The vast majority of kurtosis 
values for both test points of operation were close to 3, 
which is the reference value of a normal distribution.  

The second parameter used to assess the shape of the 
distribution of the analyzed values was the skewness s. In 
this case, the reference value was zero, indicating the nor-
mality of the distribution. In the analyzed cases (Table 5), 
the values were variably located in both the left and right 
areas, with small deformations. The maximum value of the 
skewness of the distribution (–0.32) was found for the 
IMEP at the HVO + WPPO feed at test point 1100/25. In 
addition, in the case of pmax itself, s was shown at –0.23, 
which confirms the asymmetry of the distribution.  

One-way ANOVA [28] was used for the final statistical 
evaluation. The resulting groups were divided with respect 
to the fuels and study points, and MATLAB was used for 
the calculations. The null hypothesis was accepted, accord-
ing to which the mean values in each group at each test 
point were derived from a population with the same mean 
value (Eq. (9)) 

 H0:⁡⁡⁡⁡x̅DF = x̅HVO = x̅HVO+WPPO (9) 

According to the null hypothesis, the alternative hy-
pothesis assumes that the averages of the analyzed popula-
tions are not equal (Eq. (10)). 

 H1:⁡⁡⁡⁡x̅DF ≠ x̅HVO ≠ x̅HVO+WPPO (10) 
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Fig. 6. Distributions of analyzed parameters at operating point 1100/25 Fig. 7. Distributions of analyzed parameters at test operating 1800/70 
 

Table 5. Comparative values of the kurtosis () and skewness (s) at both 
operating points 

operat. point 1100/25 1800/70 
fuel/ 

parameter DF HVO HVO 
+ WPPO DF HVO HVO 

+ WPPO 



pmax 2.5201 2.2559 2.6085 3.0940 2.4435 2.7119 
IMEP 2.8825 2.1528 3.1978 2.4370 2.1043 2.7506 
qmax 3.1465 2.9538 2.5597 2.0869 1.8698 2.8415 

s 
pmax 0.1041 0.0311 –0.2306 –0.0463 –0.1781 0.0677 
IMEP –0.0080 –0.0039 –0.3209 0.2053 0.1232 –0.1693 
qmax 0.1117 –0.1392 0.0373 0.0686 0.0392 0.0932 

 
Box plots (Fig. 8 and Fig. 9) highlighted differences in 

the location of mean values, clustering (25th and 75th per-
centile), and whiskers resulting from the spread of the ana-
lyzed values. A summary of the ANOVA is presented in 
Table 6, which includes the variance. SS represents the sum 
of squares, and df represents the degrees of freedom. The 
values of the mean square error MS clearly indicate low 
values relative to the mean values of the analyzed parame-
ters. The statistic F was the quotient of the mean squares. 
The final probability values prob > F for all analyzed val-
ues and test points clearly indicate that the sample statistics 
did not reach the accepted threshold F. The highest value 
was reached for the IMEP at test point 1100/20 and was 
1.01×10–11, which is very low in relation to the limit de-
rived from the 95% confidence threshold, which is 0.05. 
The remaining values prob > F were well below those 
indicated for the IMEP. This means that, in all the cases 
analyzed, the hypothesis H0 (Eq. (9)) showing agreement of 

mean values, should be rejected in favor of the alternative 
hypothesis H1 (Eq. (10)) indicating that the population 
means were different. 

Because the distributions shown in (Fig. 6 and Fig. 7) 
showed possible discrepancies from the normal distribution, 
an additional statistical test was performed. In such cases, it 
was expedient to use Levene, Brown-Forsythe and O'Brien 
absolute tests [9]. As with the ANOVA, MATLAB soft-
ware was used. The essence of the test is to show that the 
probability p of the test (fstat) is in the range (0...1), with a 
value of 1 indicating acceptance of the hypothesis H0 (Eq. 
(9)). All the p values determined in the course of the analy-
sis, shown in Table 7, show small values, which indicates 
the fact that the alternative hypothesis H1 has been accepted 
as valid, indicating the significance of the differences in the 
mean values of the analyzed parameters at the test points. 

Based on the results of the calculations and analyses 
presented in this paper, it was concluded that this goal was 
achieved. The proposed HVO + WPPO alternative fuel has 
slightly different ignition and combustion characteristics 
and engine stability compared with DF. Tests at two points 
in the WHSC cycle showed differences in the average val-
ues of pmax, IMEP, qmax, and their COV coefficients of 
variation, but they were not large enough to exclude the 
proposed fuel from use in the engine. The dependence of 
the differences in the analyzed parameters on the load and 
engine speed was also determined. These findings highlight 
the need for further research in this area. 

   
Fig. 8. Box plots indicating the location of the analyzed values at operating point 1100/25 
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Fig. 9. Box plots indicating the location of the analyzed values at operating point 1800/70 
 

Table 6. Summary ANOVA statistics of the values analyzed at both operating points 
RPM/load 1100/25 1800/70 
Parameter Source SS df MS F Prob > F SS df MS F Prob > F 

pmax 
Columns 4.68900 2 2.3445 907.46 3.09×10–127 13.04260 2 6.5213 631.00 1.17×10–107 

Error 0.76732 297 0.00258 
  

3.06950 297 0.01034 
  Total 5.45630 299 

   
16.11210 299 

   
IMEP 

Columns 0.00497 2 0.00248 27.60 1.01×10–11 0.15672 2 0.07836 150.89 6.03×10–46 
Error 0.02672 297 9.00×10–5 

  
0.15424 297 5.20×10-4 

  Total 0.03169 299 
   

0.31097 299 
   

qmax 
Columns 3097.50 2 1548.75 647.79 4.92×10–109 2745.75 2 1372.88 297.58 1.16×10–71 

Error 710.07 297 2.3908 
  

1370.20 297 4.6135 
  Total 3807.57 299 

   
4115.96 299 

    
Table 7. Summary Levene'a, Browna-Forsythe'a and O'Briena tests of the 

values analyzed at both operating points  
Parameter 1100/25 1800/70 

pmax p 0.0049 1.1059×10–15 
fstat 5.4099 38.7588 

IMEP p 6.6987×10–10 1.0665×10–21 
fstat 22.7002 57.0665 

qmax 
p 0.1436 4.5403×10–5 
fstat 1.9535 10.3443 

4. Conclusions 
In this study, three types of diesel fuel were compared: 

conventional diesel fuel (DF), hydrotreated vegetable oil 
(HVO), and a mixture of HVO with PPO and PSO additives 
(HVO + WPPO). Measurements were carried out on a spe-
cial platform with a research engine at two points of the 
World Harmonized Stationary Cycle (WHSC) 1100/25 and 
1800/70. Based on the measurements, calculations, and 
analysis, the following conclusions were drawn. 
1.  HVO and HVO + WPPO have slightly different com-

bustion patterns than the conventional DF. In the case of 
HVO, this may be due to the higher reactivity of the 
fuel, which affects engine performance. HVO + WPPO 
has shown similar performance to DF, which is the ra-
tionale for its use in engines. 

2.  The average maximum pressure values at the 1100/25 
point were 7.848, 7.781, and 7.556 MPa for DF, HVO, 
and HVO + WPPO, respectively. In contrast, at test 
point 1800/70, DF 11.906 MPa HVO 12.13MPa, HVO 
+ WPPO 12.42 MPa. The values obtained were not sig-
nificantly different. 

3.  The average values of the indicated mean effective 
pressure at the 1100/25 point were 0.667, 0.659, and 
0.668 MPa for DF, HVO, and HVO + WPPO, respec-

tively. However, at test points 1800/70, DF was 1.584 
MPa, HVO was 1.628 MPa, and HVO + WPPO was 
1.636 MPa. The values obtained were not significantly 
different. 

4.  The averaged maximum heat release values at the 
1100/25 point were for DF 57.80 J/deg, HVO 56.61 
J/deg MPa, and with HVO + WPPO 50.47 J/deg. In 
contrast, at test point 1800/70, DF 61.18 J/deg HVO 
68.203 J/deg, HVO + WPPO 66.74 J/deg. The values 
obtained also do not provide a basis for rejecting HVO 
+ WPPO from use in the engine. 

5.  The coefficients of variation of the analyzed parameters 
indicate the stability of the engine's operation, only in 
the case of heat generation approaching 4%, in other 
cases, they rarely reached 2%. Based on the small val-
ues of the coefficients of variation, the percentage dif-
ferences often exceeded 50%. 

6.  6 Statistical analyses, including ANOVA and Levene's 
tests, confirmed significant differences between the 
fuels, indicating the potential of the HVO + WPPO mix-
ture as an environmentally friendly alternative to DF, 
especially at higher speeds and loads. 
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Nomenclature 
BMEP brake mean effective pressure 
CAD crank angle degree 

CO carbon monoxide 
CO2 carbon dioxide 
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COV cycle-by-cycle variations 
DF diesel fuel 
FTIR Fourier-transform infrared 
HC hydrocarbon 
HVO hydrotreated vegetable oil 
IMEP indicated mean effective pressure 
NOx nitrogen oxides 
PM particulate matter 
PPO polypropylene oil 
PSO polystyrene oil 
 

THC total hydrocarbon 
TPO automobile tire oil 
WHSC World Harmonized Stationary Cycle 
WPPO waste plastic pyrolysis oils 
x̅ mean value of the parameter under study 
 kurtosis 
p maximum pressure in the cylinder 
q heat released in the cylinder 
s skewness 
σ standard deviation 
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Effect of using a combination of coatings on reducing structural defects  
in the working area of the combustion chamber and on the energy efficiency  

of a reciprocating internal combustion engine 
 
ARTICLE INFO  This article has reviewed the latest test results in the use of multi-layer thermal coatings in the combustion 

chambers of piston combustion engines. The work emphasized mainly their role in reducing the structural 
defects of thermal materials and their impact on improving the energy efficiency of engines. Two, three, or 
more layers of thermal coating systems reduce the consumption of material in areas undergoing the highest 
thermal load. Initially, significant disadvantages such as microcracks, corrosion and erosion of working com-
ponents of engine combustion chambers have been excluded. This construction approach using multi-layer 
coatings leads to an increase in durability and reliability of piston internal combustion engines. This reduces 
the costs of engine operation. 
The article compares various experimental and simulation results for different thermal coating systems. Com-
panies such as ceramics, metal oxides, and nanostructural composites were analyzed. The authors emphasize 
in this work the increasing interest in these coatings in order to achieve a significant reduction of fuel con-
sumption and greenhouse gas emissions. The conditions for the correct heat conduction, maintenance of ther-
mal stability, and the ability to self-heal the coating in extreme conditions were analyzed in great detail. The 
summary and detailed analysis of the current state of knowledge in this area is certainly very valuable for 
engine designers and technologists in the automotive industry. 
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1. Introduction 

Modern reciprocating internal combustion engines 
achieve high effective power through high rotational speed 
of the engine crankshaft and high value of mean effective 
pressure in the working chamber of the engine. The energy 
requirements imposed on modern engines necessitate new 
research into the use of materials for thermal and anti-wear 
coatings. The search for new solutions enforces studies on 
the possibility of applying multilayer coatings in the engine 
chamber. Such solutions allow for limiting the phenomenon 
of thermal microcrack formation, erosive and corrosive 
damage [15]. The use of these coatings also enables achiev-
ing higher thermal efficiency of internal combustion en-
gines. This article presents a summary of the most im-
portant experimental and simulation studies on the use of 
multilayer coatings in internal combustion engines, signifi-
cantly loaded mechanically and thermally. Most current 
research focuses on single-layer coatings. There are very 
few experimental studies involving piston components of 
internal combustion engines directed at multilayer coating 
systems. The authors point to the potential of this solution 
and the need for further research and analysis. 

Preliminary studies on the possibility of using coatings 
as a thermal barrier included thick ceramic layers applied 
by plasma spraying or flame spraying [29]. In such configu-
rations, it was often shown that these coatings, when ap-
plied to components of a reciprocating internal combustion 
engine, have limited crack resistance under dynamic tem-
perature changes, e.g., in the engine combustion chamber 
[33, 35]. In contrast, very thin coating layers applied using 

these methods on turbine surfaces or deposited using PVD, 
CVD, and ion implantation methods exhibit better wear 
resistance. This allows for better thermal insulation, greater 
control over the coating structure, and its surface rough-
ness. Coatings with a thickness greater than (> 0.5 mm) 
have significant disadvantages: low resistance to mechani-
cal damage, reduced volumetric efficiency due to high 
thermal expansion, limited ability to form an oil film at 
elevated temperatures, and limited applicability in spark-
ignition engines (in certain operating conditions, they cause 
knocking combustion). The research results presented in 
this study indicate very diverse problems related to the use 
of these coatings. 

Some studies report up to an 8% increase in engine 
power and a 9% reduction in fuel consumption [46]. In 
other words, increased fuel consumption is observed, at-
tributed to prolonged combustion time in the combustion 
chamber, dependent on the fuel dose [41]. This study pro-
poses adjusting the fuel injection timing to counteract this 
effect. Moreover, the limited ability of ceramic coatings to 
radiate in the infrared range reduces their effectiveness in 
lowering radiative heat transfer, which accounts for 40% of 
the total heat flux in compression-ignition engines [9]. 
Results for spark-ignition engines appear more consistent, 
with some studies reporting a 6% reduction in fuel consump-
tion. The same studies report increased hydrocarbon emis-
sions due to the surface structure of the coatings [10, 20]. 

The main problem is the repeatability of results in dif-
ferent testing environments. In a comparative study [16], 
fatigue tests on six coatings conducted in three laboratories 
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produced divergent results. The discrepancy in test results 
was attributed to different test conditions and the varying 
surface structure of the selected coatings. These studies 
demonstrate how strongly the geometry of the coatings and 
their chemical composition depend on engine operating 
parameters, such as combustion temperature, crankshaft 
rotational speed, and hydrodynamic pressure between se-
lected kinematic pairs of the engine. 

In response to these limitations, recent studies have 
shown that multilayer coatings with appropriate thickness 
and layer distribution of selected cooperating coatings can 
form systems with good mechanical and thermal properties. 
Proper selection of layers allows for meeting complex func-
tional parameters. This primarily concerns the function of 
thermal insulation and the prevention of microcracks. Such 
complex systems of various coatings enable the formation 
of a highly efficient structure operating within the combus-
tion chamber area, which translates into increased durabil-
ity of the main piston mechanism of the internal combus-
tion engine. Moreover, appropriate control of coating thick-
ness and thermodiffusion parameters allows for the adjust-
ment of their functional parameters to the operating condi-
tions of selected components of the reciprocating internal 
combustion engine. Advanced numerical models presented 
in this study confirm the behavior of selected coatings un-
der extreme engine operating conditions. These actions 
allow for the adoption of appropriate strategies in engine 
design. The literature review shows that multilayer coating 
systems are becoming increasingly advanced and are capa-
ble of meeting ever more demanding engine operating con-
ditions.  

Despite research challenges related to limitations in re-
producibility and the application of various coatings, these 
systems offer a wide range of solutions aimed at achieving 
high engine power, reduced fuel consumption, and lower 
emissions of harmful exhaust substances [30]. Future re-
search should focus on long-term durability tests under real 
engine operating conditions and should include studies on 
further improvement of materials and coating deposition 
technologies. In particular, this should concern the area of 
the engine combustion chamber. 

2. Thermal loads of internal combustion engines 
Computer simulation of the engine work cycle, com-

bined with models of unknown heat exchange in individual 
components, can be used to forecast the temperature of the 
combustion chamber surface with and without insulation 
coating. Such a model was presented at work [47]. In the 
case of a combustion chamber with an insulation layer, two 
basic issues are distinguished [47]: the average temperature 
of the insulated element increases with the coating thick-
ness and the amplitude of cyclical temperature fluctuations 
around this average is almost the same for thin and thick 
layers; In fact, the highest difference between peak and 
minimal values occurs for the thinnest tested layer (0.5 
mm). 

Thermal capacity, thermal conductivity, and thermal ex-
pansion are three key thermophysical features that deter-
mine the properties of the TBC coating. The heat capacity 
(C) expresses the amount of energy needed to increase the 
temperature of the material by one degree. It is primarily 

shaped by vibrations and rotation of atoms, electrons' tran-
sitions between energy levels, and changes in atom posi-
tion. In porous materials, which contain less solid substance 
per unit of volume, heating or cooling occurs faster than in 
non-porous materials. In insulation, where rapid tempera-
ture changes are important, low thermal capacity is crucial. 
In most cases, thermal capacity is not a fixed value – it 
depends on the temperature, pressure, and volume. The 
thermal capacity at a constant pressure (CP) and a constant 
volume (CV) is most often considered. The change in inter-
nal energy along with a change in temperature at a constant 
volume is described by the CV, while at constant pressure – 
CP [47]. 

Thermal conductivity (K) determines how quickly heat 
flows through the material and is expressed in W/(M×K). 
This size depends on the energy stored in the material (i.e. 
the volume of heat capacity C), on heat carriers (electrons 
or phonons), and the heat wave distortion. The lower C, the 
speed of the media (V), and the average free road (λ), the 
lower the thermal conductivity. In ceramics, the range of 
values K can be very different, and at the same time, it 
should not be assumed that all ceramics conduct heat worse 
than metals. The highest K values are observed in dense, 
well-ordered structures, while the introduction of admix-
tures or foreign atoms reduces conductivity by distracting 
phonons [40]. 

In crystalline ceramics, the main mechanism of heat 
transport is vibrations of the crystalline network (Phonons), 
and the average free path (λ) decreases as the temperature 
increases, which increases thermal conductivity at low 
temperatures. However, in glass (disordered structure) λ 
depends less on the temperature, so the conductivity in-
creases mainly due to increasing thermal capacity [40]. 

The importance of heat radiation also increases at higher 
temperatures. According to data at work [2], about 75% of 
radiation appears at frequencies above 3.1 kT/h (e.g. ap-
prox. 8.1×10¹³ Hz at 1300 K). The impact of inclusions and 
porosity on radiation absorption was also examined – point 
defects and oxygen gaps distract high-frequency network 
vibrations, reducing conductivity. To effectively disperse 
the waves with a frequency of 8.1×10¹³ Hz (at 12% porosi-
ty), spherical pores must have a radius of approximately. 
0.45 μm. Additional porosity on a nanometric scale further 
reduces thermal conductivity, but does not affect radiation. 
Ultimately, low conductivity and heat capacity are desirable 
in ceramic barrier coatings (TBC), as well as good adhesion 
to the ground, high stability at elevated temperatures, and 
resistance to oxidation. Such rules should be strictly ob-
served when designing coatings intended for work in piston 
combustion chambers of internal combustion engines. 

The study [7] showed that temperature fluctuations (ΔTs) 
on the surface of the engine combustion chamber are inverse-
ly proportional to the square element from the product of 
thermal conductivity (k), density (ρ), and specific heat (c). 

 ∆Ts~
1

kρc

1

2                                   (1) 

The next key aspect is the heat wave penetration into the 
material. The depth of penetration () is often referred to as 
a distance from the surface where the amplitude of tempera-



 

Effect of using a combination of coatings on reducing structural defects in the working area of the combustion chamber… 

120 COMBUSTION ENGINES, 2025;202(3) 

ture fluctuations drops to 1% of the initial value on the 
surface, is proportional to the square element from the 
thermal conductivity quotient (α) to the engine speed (N), 
which can be saved [7]: 

 ~ (
α

N
)

1

2                                     (2) 
where: 

 α =
k

ρc
                               (3) 

Based on the analysis, it can be stated that thin insulat-
ing coatings demonstrate significant benefits compared to 
thick insulating layers in multilayer coating systems. This is 
particularly applicable in reciprocating internal combustion 
engines. Owing to their low thermal inertia, they enable 
surfaces to respond rapidly to varying gas temperatures. 
Thin coatings can also be successfully applied in spark-
ignition engines. In these engines, a reduction in unburned 
hydrocarbon emissions is observed due to the flame-
quenching effect, which also leads to accelerated heating of 
the catalytic converter. Additional advantages of thin coat-
ings include less friction, better immunity for erosion and 
corrosion, increased life of components, and greater relia-
bility. Therefore, thin insulation coatings allow for various 
possibilities to improve the durability of the engine, elimi-
nating problems associated with thicker layers of insulation 
coatings. In the case of multi-layer coatings, it is possible to 
effectively use the properties of each coating and achieve a 
decisive reduction of erosion consumption resulting from 
the propagation of the flame in the combustion chamber. 

3. Tests of single-layer coatings applied  
to the piston bottom and the space  
of the combustion chamber 
Based on the analysis, it can be concluded that thin 

thermal-barrier coatings exhibit significant advantages over 
thick thermal-barrier layers in multilayer coating systems. 
This is particularly applicable in reciprocating internal 
combustion engines. Thanks to their low thermal inertia, 
they enable surfaces to respond quickly to changing gas 
temperatures. Thin coatings can also be successfully ap-
plied in spark-ignition engines. In these engines, a reduc-
tion in unburned hydrocarbon emissions is observed due to 
the flame-quenching effect, which also leads to accelerated 
heating of the catalytic converter. 

3.1. Metal-based coatings 
In the context of piston combustion engines and their 

combustion chambers, metallic coatings play an important 
role, especially in areas with increased temperatures and 
exposed to combustion gases. The use of such a protective 
layer allows: protecting elements against corrosion, protec-
tion against temperature increases, increasing chemical 
resistance, surface hardening, increasing the durability of 
components, and reducing the friction coefficient, which 
helps reduce the consumption of parts of selected cinematic 
pairs of the engine [50]. Large heat conduction, characteris-
tic of most metals. For this reason, metallic coatings are 
rarely used as insulation coatings in the chambers. The use 
of basic metal single-layer coatings of chromium, nickel, 
and molybdenum has many significant defects. These dis-

advantages limit the further development of these solutions 
for designing heat flow in the combustion chamber.  

3.2. Polymer coatings 
In piston combustion engines, polymer coverings are 

found less often directly in the combustion chamber, but 
they are used, e.g. in seals or anti-corrosion coatings in 
areas with a lower heat load. The latest research focuses on 
polymer coatings, which can autonomously repair their 
microtasus and thus prevent further corrosion of the sub-
strate. The main idea is that during operation, when the 
layer is outlined or damaged, active substances are released 
to enable partial regeneration of the coating. 

Polymer coatings can also be used in anti-corrosion pro-
tection – they are found in many industrial sectors, includ-
ing tank protection [1]. In [12], a compilation of self-
healing materials based on polydimethylsiloxane was pre-
sented, in which phase-separated droplets of HOPDMS and 
PDES undergo polycondensation catalyzed by di-n-butyltin 
dilaurate. In this system, the healing agent remains as sepa-
rate droplets, while the catalyst is encapsulated in polyure-
thane microcapsules that rupture under mechanical damage, 
releasing DBTL. This solution enables chemical stability 
even in humid and high-temperature conditions. Tests using 
a double-supported beam method showed the recovery of  
a significant portion of the original crack resistance, espe-
cially after the addition of an adhesion promoter [12]. The 
self-healing mechanism works such that when an external 
factor (e.g., a crack or scratch) disrupts the capsule struc-
ture, contact occurs between the particles of the active 
components (previously phase-separated). As a result of the 
reaction, a new polymer layer is formed, filling the damage 
and restoring the coating’s original protective properties. 
This significantly extends the coating’s service life [13]. 

In the context of piston internal combustion engines and 
their combustion chambers, polymers are used much less 
frequently than metallic and ceramic coatings, mainly due 
to their reduced thermal resistance and lower mechanical 
strength compared to metals and ceramics. Nevertheless, 
polymer coatings are sometimes employed on components 
that experience lower thermal loads or serve as lubricating 
layers, helping to reduce friction between engine parts. 
While the use of these coatings in the combustion chambers 
of piston engines seems unlikely, combining the unique 
characteristics of these materials may contribute to the 
development of thermal coatings for engine components 
that are less thermally stressed. 

3.3. Functional properties of ceramic coatings in the use 
of an engine 

Ceramics are non-metallic solid materials that can have 
a crystalline, partially crystalline, or amorphous structure. 
A wide range of ceramic coatings is available on the mar-
ket. These materials are characterized by very low thermal 
and electrical conductivity, corrosion resistance, the ability 
to operate at higher temperatures than most other materials, 
resistance to rapid temperature changes, and high wear 
resistance. Before applying a ceramic coating to the com-
ponents of internal combustion engine chambers, it is nec-
essary to verify the compatibility between the ceramic and 
the metallic substrate. One of the most important aspects is 
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the coefficient of thermal expansion. If the difference be-
tween the thermal expansion of the coating and the sub-
strate is too great, tensile and compressive stresses resulting 
from the thermal cycles of a four-stroke engine may cause 
cracks to develop. 

3.3.1. The use of TBC coatings in automatic and spark  
ignition engines 

Studies [45] show that the use of coatings (TBC) based 
on stabilized zirconia on the surface of the bottom of the 
piston affects the emissions of the engine and its thermal 
efficiency. The 100 µm thick coating was tested. However, 
the advantages of these coatings depend largely on the 
engine load and changes in operating conditions. Although 
the engine efficiency increased from 1.14% to 8.84% with 
50% engine load, the characteristics of these changes are 
non-linear. These studies indicate that the given energy 
benefits do not necessarily have to translate into such ener-
gy gains in real conditions of the piston internal combustion 
engine. 

The introduction of TBC coatings into the combustion 
engines reduces fuel consumption [45]. Fuel consumption 
decreases by approximately 3.38% in full load conditions, 
up to 28.59% at partial load (25%) of the engine. The work 
[45] presents a reduction in HC emissions by a value of 
35.27% and a reduction of emissions by 2.7%. An increase 
in CO2 emissions was observed by about 5.27%. These 
studies indicate an improvement in the combustion process. 
The work also indicates the appropriate disadvantages of 
emissions. Experimental research and results largely de-
pend on the conditions of the experiment and the engine 
itself. Therefore, the problem should be considered on the 
basis of other research data in other works. 

Although most of the test results indicate the great po-
tential to use TBC coatings, the practical possibility of 
using them requires further research. Such tests should take 
into account net energy balance, material stability in the 
longer period of engine operation, resistance to dynamic 
thermal load changes, and emissions to the environment. 
All these activities are closely related and require experi-
mental tests, especially in terms of the durability of coat-
ings.

 
Fig. 1. Graph showing the percentage change in the application of the YSZ 
coating compared to no coating for various engine loads. The graph is 
 based on selected data from the study [45] 

The basic coating presented in the study [45] comprises 
an outer layer of zirconium dioxide (ZrO₂) partially stabi-
lized with approximately 7% yttria (Y₂O₃). The MCrAlY 
(CoNiCrAlY) bond coat is applied using the HVOF meth-
od. The top coat is mainly applied by plasma spraying in an 
air atmosphere or by the EB-PVD method. Due to the high 
oxygen permeability in ceramic materials, corrosion protec-
tion relies on an intermediate layer capable of forming  
a dense, well-adhering oxide layer. The top coat is exposed 
to various types of damage caused by the penetration of 
foreign bodies, the effect of high temperatures that destabi-
lize ceramic materials, and erosion induced by solid parti-
cles in the exhaust gas stream. This work suggests that the 
best process repeatability is achieved with the SIFCO (va-
por phase) and HVOF methods; the APS method requires 
manual control of the coating thickness to maintain process 
stability. Current solutions include, among others, the use of 
new compositions for outer coatings (with additives of rare 
earth metal oxides), two-layer intermediate coatings, and 
the use of the HVOF spray technique [56]. 

In study [34], a thermal barrier coating (TBC) was ap-
plied to the cylinder head and valves of a spark-ignition 
engine by first removing a layer of material from the head, 
and then applying a 100 µm thick layer of NiCrAl (bond 
coat) and a 200 µm thick layer of yttria-stabilized zirconia 
(ZrO₂ with 8 wt.% Y₂O₃) using the atmospheric plasma 
spray (APS) method. The spraying specifications included  
a particle velocity of 500–550 mm/s, porosity of 1–8%, and 
a spraying distance of 100 mm. A single-cylinder Briggs & 
Stratton engine (10 HP, air-cooled) operating at a constant 
speed of 3000 rpm on gasoline and gasoline–n-butanol 
mixtures (GNB10 and GNB15) was used for the tests. In 
the engine with the TBC, a higher maximum cylinder pres-
sure (by 2–8 bar) and a shift in the maximum heat release 
closer to TDC by approximately 10°CA were observed. 
Improved thermal insulation resulted in a reduction in spe-
cific fuel consumption (SFC) and an increase in thermal 
efficiency – up to 6% higher on gasoline and 7.4% higher 
on the GNB10 mixture compared to the uncoated engine. 
Better thermal insulation also led to higher exhaust gas 
temperatures. Emission analysis showed that, thanks to the 
TBC and the addition of n-butanol, the concentrations of 
CO and HC decreased (aided by higher combustion tem-
peratures and the oxygen content in the fuel), whereas the 
concentration of NOx increased due to the higher tempera-
tures in the combustion chamber. Additionally, the ceramic 
layer protects the chamber components from damage 
caused by high temperatures, thereby enhancing the dura-
bility of that engine part. 

In study [27], a thin ceramic coating was applied to a di-
rect-injection diesel engine. The piston and cylinder head 
were coated with a 100-micrometer-thick thermal barrier 
coating based on yttria-stabilized zirconia, while the cylin-
der liner was protected with a 500-micrometer-thick coating 
of the same material. A reduction in fuel consumption of 
6% at full load and 2600 rpm, and 3.5% at 1600 rpm, was 
achieved compared to a standard engine without protective 
coatings. These positive results were obtained thanks to the 
use of delayed injection timing along with high fuel injec-
tion pressure and speed. The introduction of a modern high-
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pressure fuel injection system enabled the desired heat 
release characteristics during the premixed combustion 
phase to be achieved. The thermal barrier coating contribut-
ed to an increased rate of heat release compared to the 
standard engine, confirming the quality and reliability of 
the obtained data relative to other studies. 

In study [38], a 250-micrometer (0.25 mm) zirconia 
coating partially stabilized with yttria was applied to the 
combustion chamber surface and piston crown of an inter-
nal combustion engine. This enabled the operating tempera-
ture to increase from 350–400°C to 850–900°C and reduced 
heat losses to the external environment. As a result, thermal 
efficiency improved and the combustion process shifted 
from a premixed phase to diffusive combustion. The ex-
haust gas temperature changed from 410°C to 428°C.  
A significant reduction in emissions was also measured: CO 
lowered from 0.085% to 0.069%, HC lowered from 22 ppm 
to 14 ppm, and smoke levels from 4.4 to 4.13 BSU (bosch 
smoke unit). 

3.3.2. Advanced TBC materials in automatic ignition 
engines 

In the study [51], thermal barrier coatings (TBC) made 
of lanthanum zirconate (La₂Zr₂O₇) were applied to the pis-
ton, cylinder head, and valves of a single-cylinder diesel 
engine using APS plasma spray technology. The coatings 
had a total thickness of 500 μm, of which 150 μm was the 
bond coat (NiCrAlY) and 350 μm was the LZ layer. The 
spray process parameters included an arc current of 660 A, 
a primary gas (Ar) flow rate of 30 l/min, a secondary gas 
(H₂) flow rate of 15 l/min, a spray distance of 130 mm, and 
a powder feed rate of 40 g/min. The application of the TBC 
coatings resulted in significant energy and operational ben-
efits. In the TBC-coated engine, fuel consumption was 

reduced by 4.16% for diesel, 2.9% for the B20 blend (20% 
biodiesel, 80% diesel), and 9.5% for B100 compared to the 
B100 engine without the coating [51]. At the same time, 
brake thermal efficiency (BTE) increased by 4% for diesel, 
8.55% for B20, and 10.7% for B100 compared to the en-
gine without the coating. CO emissions were reduced by 
18% for diesel, 27.7% for B20, and 43.75% for B100, while 
HC emissions decreased by 11.68% for diesel, 40.98% for 
B20, and 62.26% for B100 [51]. However, NOx emissions 
increased by 3.5% for diesel, 12% for B20, and 15% for 
B100 due to the higher combustion temperature of the fuel–
air mixture in the combustion chamber [51]. Thanks to its 
low thermal conductivity (1.56 W/m·K compared to 2.5 
W/m·K in PSZ) and the stability of its pyrochlore structure 
up to 2300°C, this material is characterized by high re-
sistance to sintering and favorable catalytic properties, 
which translates into reduced HC, CO, and soot emissions 
[51]. 

The use of ceramic coatings, especially the type 
(La₂Zr₂O₇) coatings, indicates great advantages in the scope 
of their application on the elements of piston internal com-
bustion engines. In diesel-powered engines, a reduction in 
fuel consumption is observed [28]. The tests were carried 
out on the components of the piston internal combustion 
engine after applying the coating and without applying the 
coating, fuel mixtures B20–B100 were used [28]. It has 
been shown that engines with these coatings produce  
a smaller amount. The coating (La₂Zr₂O₇) has low thermal 
conductivity and shows temperature stability to 2573 K 
[28]. Higher combustion temperature of the fuel-air mixture 
and catalytic properties allow the reduction of toxic exhaust 
components. The coating also plays a very important role 
[28]. 

 
Table 1. A summary of research findings regarding the application of TBC coatings in compression ignition and spark ignition engines 

No. Engine 
type/research object 

Coating material and 
thickness 

Application 
method 

Key results (efficiency, fuel consumption, emissions) 

[45] Compression igni-
tion engine, coating 
on the bottom of the 
piston 

Yttria-stabilized 
zirconia (YSZ), thick-
ness 100 µm 

plasma 
spray 
coating 

 Increase in brake thermal efficiency: +1.14% to +8.84% (at 50% 
load) 

 Decrease in fuel consumption: up to –28.59% (at 25% load) 
 Reduction in HC emissions: –35.27% 
 Reduction in CO: –2.7% 
 Increase in CO₂: +5.27% 

[56] General solutions 
for TBC coatings in 
spark ignition and 
compression igni-
tion internal com-
bustion engines 

Surface coatings of 
ZrO₂–Y₂O₃ (approx. 
7% Y₂O₃) + MCrAlY 
layers (CoNiCrAlY) 

Gł. HVOF, 
EB-PVD, 
APS, 
SIFCO 
(vapor 
phase) 

 New surface coating compositions (with additions of rare earth metal 
oxides) 

 Bilayer intermediate coatings 
 Superior repeatability of the SIFCO and HVOF methods 
 Necessity for precise thickness control in APS 

[34] Spark ignition 
engine (SI), single-
cylinder Briggs & 
Stratton 10 HP 

NiCrAl layer (100 µm) 
+ ZrO₂–8%Y₂O₃ (200 
µm) 

APS (At-
mospheric 
Plasma 
Spraying) 

 Increase in maximum cylinder pressure (by 2–8 bar) 
 Higher thermal efficiency: up to +6% (gasoline), +7.4% (GNB10) 
 Reduction in SFC (specific fuel consumption) 
 Lower CO and HC emissions, increase in NOx (due to higher com-

bustion temperatures) 
[27] Compression igni-

tion engine 
ZrO₂–Y₂O₃ (100 µm 
on the piston and 
cylinder head, 500 µm 
on the cylinder liner) 

APS (At-
mospheric 
Plasma 
Spraying) 

 Reduction in fuel consumption: +6% at 2600 rpm (full load) and 
+3.5% at 1600 rpm 

 Retardation of the injection timing along with high injection pressure 
and velocity 

 Higher rate of heat release compared to an engine without a coating 
[38] Compression igni-

tion engine, coating 
on the combustion 
chamber and the 
bottom of the piston 

Partially yttria-
stabilized zirconia 
(250 µm) 

–  At 75% rated load: 
 Increase in operating temperature from 350–400°C to 850–900°C 
 Increase in thermal efficiency (shift of combustion toward the diffu-

sion phase) 
 Mitigations: CO emissions (–) 18.82%, HC (–) 36.3%, and smoke  

(–) 6.14%  
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In work [6, 39] the thermal diffusivity of modified ma-
terials is stable to a certain range of temperature. This pa-
rameter worsens with the increasing damage to the graphite 
coatings used in research. The use of platinum-based coat-
ings caused more accurate test results. The thermal capacity 
(CP) of these materials was studied to 1400°C. In these 
studies, high stability for most samples was shown, except 
for Eu₂Zr₂O₇, where significant surface defects occurred. 
The lower value of the young module (La₂Zr₂O₇) partly 
equalizes defects in the form of thermal differences. In this 
way, the stress decreases, which causes less damage to the 
coating during engine operation. 

 
Fig. 2. The impact of La₂Zr₂O₇ ceramic coatings on reducing fuel con-
sumption and CO emissions in internal combustion engines. The chart was 
 created based on studies [6, 28, 39] 

 
Fig. 3. The impact of La₂Zr₂O₇ ceramic coatings on thermal conductivity 
and thermal expansion coefficient in internal combustion engines. Chart 
 created based on studies [6, 28, 39] 

 
Similarly, the modifications described in [42] confirm 

the beneficial impact of coatings serving as thermal barriers 
on the operation of a spark ignition (SI) engine. After re-
moving the appropriate thickness of the combustion cham-
ber material to maintain the compression ratio, a bonding 
layer of NiCrAl (160 μm) and a layer of MgZrO₃ (320 μm) 
were applied to the piston, cylinder head, and valves, with 
the simultaneous use of an inert gas (argon) [42]. The ap-
plication of TBC – with NiCrAl, CaZrO₃, and MgZrO₃ 
coatings on the piston, cylinder head, and valves – contrib-
uted to a change in the engine’s operating parameters. In the 

standard engine (SE), an increase in energy efficiency of 
9.93% was observed (from 81.3% at 0% Ar to 91.23% at 
15% Ar), resulting from a higher mixture density and in-
creased air mass flow [42]. However, in the TBC engine 
(TBCE), a decrease in efficiency of 3.89% (at 9% Ar) was 
noted compared to the SE, which was due to an increase in 
the combustion chamber wall temperature. The use of TBC 
also influenced fuel consumption (BSFC). In the SE,  
a reduction in BSFC of 17 g/kWh was measured with an 
increase in argon concentration from 0% to 15%, while in 
the TBCE, the reduction amounted to 18.2 g/kWh [42]. In 
the engine with TBC, the lower fuel consumption was  
a result of the higher combustion chamber wall tempera-
tures, which enhanced the engine’s load-bearing capacity. 
The maximum difference in BSFC between the TBCE and 
SE was 3 g/kWh in favor of the TBCE [42]. Exhaust gas 
temperatures decreased in both cases with increasing argon 
concentration. In the SE, the exhaust gas temperature 
dropped from 725°C (at 0% Ar) to 661°C (at 15% Ar),  
a decrease of 34°C [42]. In the TBCE, the exhaust gas tem-
perature was 21°C higher compared to the SE, due to the 
adiabatic effect of the ceramic coatings. Regarding emis-
sions, it was observed that introducing argon into the air 
mixture resulted in a 55% reduction in NOx emissions in 
both the SE and TBCE compared to standard operating 
conditions without argon. However, NOx emissions in the 
TBCE were higher than in the SE due to the higher exhaust 
gas temperatures and a faster combustion process. CO 
emissions increased with rising argon concentrations, 
reaching 91.2 g/kgf (at 15% Ar) in the SE, which was due 
to the limited availability of oxygen in the combustion 
process [42]. In the TBCE, CO emissions were lower be-
cause of the conversion of CO to CO₂ at higher exhaust gas 
temperatures. CO₂ emissions increased at lower argon con-
centrations (3–6%) due to greater oxygen availability, but 
decreased at higher argon concentrations [42]. With increas-
ing engine speed (from 2100 rpm to 3300 rpm), an increase 
in exhaust gas temperature was observed in both cases; 
however, in the TBCE, it was on average 25°C (at 0% Ar) 
and 28°C (at 15% Ar) higher compared to the SE [42]. 

In the study [43], a CI engine with an LHR coating and 
one without was compared, powered by CSOME, NKOME, 
and diesel. The coating was applied using thermal plasma 
spraying, with several metal-ceramic layers on a Ni-Cr 
substrate. The thermal efficiency for CSOME and NKOME 
in the LHR engine was lower than that for diesel, and fuel 
consumption increased at full load. In the engine fueled by 
CSOME and NKOME, higher exhaust gas temperatures 
were recorded, along with increased emissions of unburned 
HC and CO. NOx levels were also higher compared to die-
sel, as was smoke. The maximum cylinder pressure at par-
tial load was highest for diesel, with a slightly lower rate of 
pressure increase observed for the methyl esters [43]. 
Thermal barrier coatings reduce heat losses, increase com-
bustion temperatures, and improve fuel efficiency, while 
advanced filtration systems provide cleaner intake air, 
which reduces wear and stabilizes combustion conditions; 
together, they contribute to improved engine performance, 
lower emissions, and increased durability of components 
[27]. The use of thermal insulation in the combustion 
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chamber raised the combustion temperature by approxi-
mately 300–350°C compared to a conventional diesel en-
gine, which unfortunately led to higher NOₓ emissions [6]. 

In study [52] and its co-authors, heat flow was analyzed 
at crank angles of 320°, 360°, and 410° for four models: the 
base model (without coatings), a model with a coating on 
the piston, one with a coating on the cylinder head and 
liner, and one with coatings on the piston, cylinder head, 
and liner simultaneously. It was demonstrated that ceramic 
materials (e.g., zirconia, silicon nitride) with low thermal 
conductivity reduce heat loss to the coolant and increase 
thermal efficiency. When the cylinder head and liner were 
insulated, heat conduction was significantly reduced, and 
energy transfer to the coolant was minimal. It was deter-
mined that isolating only the piston is less effective than 
full insulation of the piston, cylinder head, and liner. In 
contrast, study [58] conducted numerical investigations of 
an HCCI engine with catalytic combustion by coating the 
piston with platinum. This accelerated the ignition timing, 
slightly increased the maximum cylinder pressure and tem-
perature, reduced CO and HC emissions by 9% and 4%, 
respectively, but increased NOx by 5%. The indicated mean 
effective pressure increased by 5% and combustion effi-
ciency by 7%. Additionally, the combustion duration was 
prolonged by 9%, without affecting the later phase of the 
process. 

3.3.3. Coatings with additions of platinum and precious 
metals 

Studies [17] showed that coating the piston of a diesel 
engine powered by diesel fuel with a platinum layer reduces 
soot emissions by 40%. However, within 8 hours of opera-
tion, the coating wore out due to poor adhesion and the 
formation of iron oxide deposits on the piston. In [49],  
a combustion engine burning methanol in a prechamber 
with an incandescent glow plug and a platinum mesh was 
described – this engine achieved low fuel consumption at 

light loads and lower HC emissions. Studies [24] and [25] 
demonstrated that coating the piston of a spark ignition (SI) 
engine with a Pt-Rh coating reduced unburned HC by 20%. 
In [27], an increase in thermal efficiency of 5–6% was 
achieved by using an engine with a thin thermal barrier 
coating. The authors of [5] reported fuel savings of 16–
37%, while [54] showed an efficiency improvement of 14% 
under fully adiabatic conditions and 7% under partially 
adiabatic conditions. In [21], an improvement of 5–9% in 
specific fuel consumption was observed in the insulated 
engine compared to the standard engine. The influence of 
the combination of thermal conductivity and coating thick-
ness on fuel consumption was also investigated [21]. The 
best results were obtained with a coating thickness of ap-
proximately 100 μm (yielding greater fuel savings), where-
as thicknesses above 300 μm resulted in losses. However, 
thermal insulation of the engine can increase the combus-
tion temperature by 300–350 °C compared to a convention-
al engine [57], which leads to a significant increase in NOx 
emissions. Moreover, catalytic coatings may induce the 
phenomenon known as catalytic flame quenching, which 
negatively affects HC emissions [27]. 

3.3.4. Characteristics of damage and the life of coatings 
Protective coatings (TBC) based on ZrO₂–Y₂O₃, applied 

using the APS plasma spray method, are characterized by 
good resistance to thermal fatigue [26]. Erosion tests com-
plement thermal load tests, enabling additional assessment 
of top-layer damage caused by thermal fatigue. The greatest 
stress changes occur at the substrate/bond coat interface and 
the bond coat/top coat interface. Flame tests have been 
developed to simulate engine start-stop cycles, while fur-
nace tests can be used to control the quality of the coating 
manufacturing process [23]. This represents an interesting 
alternative to bench tests using a piston internal combustion 
engine. 

 
Table 2. Summary of the results of research on the use of TBC coatings in internal combustion engines 

No. TBC coating 
(material/ 
thickness) 

Results (relative to the standard variant) Key conclusions 

[51] La₂Zr₂O₇ 
(350 µm) 
Total TBC 
thickness: 
500 µm 

 BSFC: decrease by 4.16% (ON), 2.9% (B20), 9.5% (B100) 
 BTE: increase by 4% (ON), 8.55% (B20), 10.7% (B100) 
 CO: decrease by 18% (ON), 27.7% (B20), 43.75% (B100) 
 HC: decrease by 11.68% (ON), 40.98% (B20), 62.26% (B100) 
 NOx: increase by 3.5% (ON), 12% (B20), 15% (B100) 

 Higher combustion temperature and favorable 
catalytic properties (La₂Zr₂O₇) contribute to 
the reduction of CO, HC, and soot 

 Lower thermal conductivity (1.56 W/m·K) 
enables reduced heat losses 

  The increase in NOx is due to the higher 
temperature in the chamber 

[6], 
[28], 
[39] 

(La₂Zr₂O₇) 
and other 
pyrochlore 
TBC 
(Eu₂Zr₂O₇, 
Gd₂Zr₂O₇) 
with varied 
structural 
stability. 

 Thermal conductivity (La₂Zr₂O₇): 1.56 W/m·K 
 Pyrochlore structural stability: up to 2300 °C (or up to 2573 K) 
 Thermal expansion coefficient: 9.7×10⁻⁶ K⁻¹ (La₂Zr₂O₇) vs. 10.5×10⁻⁶ K⁻¹ 

(YSZ) 
 Heat capacity (Cp) stable up to 1400°C (exception: Eu₂Zr₂O₇) 
 Lower Young’s modulus reduces stresses 

 Low thermal conductivity and pyrochlore 
stability promote thermal insulation 

 Matching the thermal expansion coefficient 
with the substrate is key 

 A lower Young’s modulus minimizes the risk 
of coating cracking 

[43] (320 µm) + 
bonding layer 
(e.g., NiCrAl, 
CaZrO₃) 

 Volumetric efficiency: decrease of approximately 3.89% in the TBC 
engine (TBCE) at 9% Ar (compared to the standard engine, SE) 

 BSFC: reduction of 18.2 g/kWh in TBCE with Ar increased to 15% (in 
SE: 17 g/kWh) 

 Exhaust gas temperature: in TBCE, on average 21°C higher (adiabatic 
effect) 

 NOx emissions in TBCE are higher than in SE, but NOx decreases with 
the addition of Ar 

 High combustion chamber wall temperature in 
the TBCE reduces fuel consumption 

 The addition of Ar to the mixture decreases 
NOx (due to less oxygen and exhaust gas 
cooling) but increases CO emissions 

 Higher exhaust gas temperature in the TBCE 
promotes the conversion of CO to CO₂, there-
by reducing CO emissions compared to the SE 
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3.3.5. Issues of heat exchange in ceramic coatings 
Article [36] presents the results of heat transfer studies 

through surfaces covered with a thin ceramic coating. The 
theoretical analysis showed that the ceramic coating reduces 
the heat flux density at a constant heat transfer coefficient. 
The experiments were conducted on three types of thin ther-
mal insulation coatings: zirconium oxide (ZrO₂) partially 
stabilized with either yttria (Y₂O₃) or lanthana (Ln₂O₃), which 
were plasma-sprayed onto an aluminum alloy. The heat flux 
density, heat transfer coefficient, and thermal resistance of 
the coating were determined. It was demonstrated that heat 
transfer in such systems is strongly influenced by the coat-
ing’s porosity, roughness, and emissivity, and that knowledge 
of only the coating thickness and thermal conductivity is 
insufficient for accurate calculations. In such cases, heat 
transfer must be investigated experimentally, particularly in 
piston internal combustion engines. 

3.3.6. Popular oxides in protective coatings 
Aluminum oxide (Al₂O₃) is one of the most commonly 

used ceramic materials in the protective coatings industry. Its 
high hardness, chemical inertness, wear resistance, and  
a melting temperature of 2072°C make it a good choice for 
applications in the harsh operating conditions of piston inter-
nal combustion engines. The maximum operating tempera-
ture of this material is 1650°C, which further enhances its 
versatility. It can be combined with TiO₂ to improve fracture 
toughness, although this decreases its hardness [22, 48]. 

In other studies, the use of Cr₂O₃ coatings is suggested. 
This material is characterized by high hardness, wear re-
sistance, and chemical inertness, with a maximum operating 
temperature of 540°C. Its properties can be further en-
hanced by adding SiO₂ and TiO₂ [8, 48]. Cr₂O₃ is applied on 
the inner surfaces of air and gas cylinders, mechanical 
seals, and components in textile machinery. 

Another material is LSM – (La₀0.8Sr0.2) 0.98MnO₃, an 
advanced ceramic material used in solid oxide fuel cells 
(SOFC) based on YSZ electrolyte. Thanks to its thermal 
expansion coefficient, which is close to that of doped zirco-
nia, and a maximum operating temperature of 1500°C, this 
material is indispensable for limiting the evaporation of 
chromite components in SOFCs, as well as for catalysts and 
sensors [48]. Its application in internal combustion engines 
is possible, but it is limited to selected components exposed 
to high thermal loads. 

In work [48], the use of titanium oxide (TiO₂) is also 
suggested. Naturally occurring titanium oxide is character-
ized by low roughness and a dense coating structure. Its 
conductive properties enable its application as a conductive 
coating, for example, in architectural and automotive glass. 
With appropriate spraying parameters, both hard, dense 
coatings and more porous, thick layers can be achieved 
while avoiding cracking and delamination. The addition of 
Cr₂O₃ increases hardness as well as wear and corrosion 
resistance. TiO₂ coatings are used, among other applica-
tions, in cutting tools for CNC machines. 

 
 
 

4. Multi-layer systems of coatings are used  
for combustion chambers 
In thick TBC layers, a low thermal expansion coeffi-

cient (TEC) at the hot surface is essential to reduce thermal 
stresses and resistance to thermal shocks. However, a large 
TEC mismatch between the metal substrate and the coating 
hinders adhesion. Multilayer systems can help reconcile 
these opposing demands. A group of chemically compatible 
materials with varied TEC values and suitable thermal 
conductivity has been identified. Current research focuses 
on analyzing temperature and stress distributions within the 
coating to evaluate stress levels during deposition and un-
der operational conditions. The aim is to optimize layer 
thicknesses to minimize operational stresses. 

4.1. Multi-layered TBC coatings – concepts  
and materials 

In the following works, the results and design ideas of 
multilayer TBC coatings are presented, along with the role 
of various materials (including intermetallic, ceramic, and 
metallic layers) and the need to take into account conflict-
ing mechanical and thermal requirements. 

In work [8], the use of a layered TBC MMC structure 
contributes to improved thermal barrier properties. None-
theless, the high thermal conductivity of the aluminum 
layers limits the effectiveness of the intermetallic Fe-Al 
layers that form during the reactive sintering of the multi-
layer structure. To reduce the thermal conductivity of the 
aluminum layers, their reinforcement with ceramic phases 
of low thermal conductivity, such as YSZ (yttria-stabilized 
zirconia), is proposed. Such a design, consisting of interme-
tallic layers and Al-YSZ layers, enables the achievement of 
high mechanical strength and mitigates the negative impact 
of aluminum on the overall thermal barrier properties. Thus, 
the concept of a three-phase multilayer structure is justified. 
Enhancing the crack resistance of thermal coatings, espe-
cially under conditions of intense mechanical and thermal 
loading, is crucial for their durability. 

In work [31], LPCS (Low-Pressure Cold Spraying) 
technology combined with thermal treatment enables the 
production of multilayer TBC coatings with excellent ther-
mal and mechanical properties. These coatings are partly 
based on the addition of yttria-stabilized zirconia, alumi-
num, and stainless steel, combining the superior thermal 
insulation properties of ceramic materials with the high 
resistance of metals to thermal shocks. The composition of 
the multilayer ceramic-metal composite deposited by the 
LPCS method can be modified by incorporating catalytical-
ly active layers. This helps reduce the emission of harmful 
substances into the environment and improves the thermal 
efficiency of engines. Studies have shown that multilayer 
TBC coatings of the (Al-ZrO₂)-SHS 717 type, consisting of 
layers 40–50 μm thick, provide adequate insulating proper-
ties both during the spraying process and after sintering 
[31]. The sintering process of the Al-SHS 717 composite 
leads to interphase reactions and the formation of interme-
tallics, which results in reducing the effective thermal con-
ductivity to about 6.0 W/mK, comparable to that of yttria-
stabilized zirconia (YSZ) [31]. Depositing mixtures of Al-
ZrO₂ powders causes ZrO₂ particles to fracture upon impact 
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with the substrate, leading to the formation of a homogene-
ous structure with ZrO₂ particles sized 3–10 μm [31]. These 
coatings provide a temperature difference of about 55°C 
between the top surface and the substrate at a test tempera-
ture of approximately 530°C [31]. The developed TBCs 
demonstrate the ability to reduce thermal fatigue of compo-
nent surfaces [31]. 

At work [3], a multi-layered coating was used to in-
crease the strength of HFB₂ ceramic materials. Such an 
addition is widely used in single-layer coatings. This solu-
tion concerns the strengthening of the coating structure to 
avoid additional cracks. However, more advanced systems 
consisting of several coatings require more difficult techno-
logical procedures. Combining various ingredients, such as 
metals, ceramics, and intermetallic particles, allows you to 
obtain a coating that fulfills various functions in internal 
combustion engines. TBC coatings are very complex multi-
material systems. These coatings must meet thermal and 
functional requirements. They should also achieve high 
hardness and bending resistance. Their appropriate design 
and selection of materials increase the thermal efficiency of 
the engine, reduce fuel consumption, and contribute to 
reducing the emission of harmful fumes. 

Experimental studies on mechanical behavior are essen-
tial for understanding failure mechanisms. The strength of 
multilayer three-phase composites depends on both indi-
vidual layer properties and the interactions between them.  
A key obstacle is the limited availability of detailed data on 
such structures. Current research focuses on two main strat-
egies: metal-matrix composites and multilayer systems with 
enhanced barrier performance and crack resistance. 

4.2. Catalytic layers in TBC and impact on the emission 
of toxic substances 

The standard thermal-barrier coatings (TBC) with  
a thickness of about 300 μm presented in [11] are insuffi-
cient to achieve a significant improvement in energy effi-
ciency and to reduce harmful exhaust emissions. In this 
case, selected parameters of these coatings must be en-
hanced. For example, in [50], the TBC material applied to 
the surfaces of selected engine components caused a 12% 
increase in exhaust-gas temperature. That study also report-
ed a 28% decrease in CO and a 21% increase in NOx emis-
sions. Introducing catalytic layers into these coatings can 
help reduce NOx emissions. In oxygen-deficient zones, such 
as a piston crown coated with a catalytic layer, the NOx-
reduction process can be supported. This process can be 
promoted by catalysts such as Cu-Zn/Ni-Zeolite [37], 
MoSi₂/Mo₂C, or Cr₂O₃ [4].  

The temperatures prevailing in the engine working 
space during combustion are higher than in the exhaust 
gases, which increases catalyst activity. Nevertheless, the 
development of TBC with catalytic layers is not widely 
described in the literature. 

4.3. Methods of manufacturing and the properties  
of multi-layer TBC coatings 

Standard deposition methods, such as APS, HVOF, 
LPPS, or plasma techniques, enable precise control of coat-
ing parameters [14]. In the case of intermetallic coatings, 

for example, MCrAlY, controlling the thermodynamic and 
kinetic processes is crucial [18]. 

In [53], the research focused on multilayer thermal-
barrier coatings (TBC) produced by APS in order to in-
crease the durability of the coating system and improve its 
performance characteristics. The material used was 8% 
yttria-stabilized zirconia in powder form. These particles 
exhibited two distinct morphologies: hollow spherical par-
ticles (HOSP) and fused-and-crushed particles (FC). The 
powder particle diameters ranged from D10 = 6 µm to D90 
= 105 µm for HOSP and to 77 µm for FC [53]. The coatings 
were deposited on the nickel-based superalloy Rene 80 with 
a NiCoCrAlY bond coat and on aluminum for mechanical 
and thermal measurements. Single-layer coatings (C1–C6) 
with thicknesses of approximately 400 µm displayed vary-
ing densities and porosities [53]. Denser coatings, such as 
C4, achieved a fracture toughness of K_IC = 2.24 MPa√m 
and an elastic modulus E = 35.2 GPa, whereas more porous 
coatings, for example, C1, exhibited K_IC = 1.84 MPa√m 
and E = 22.4 GPa [53]. Furnace cyclic tests (FCT) at 
1100°C demonstrated that the single-layer coatings could 
endure between 600 and 800 cycles [53]. The two-layer 
coatings (B1–B7) with a total thickness of 300 µm were 
designed so that the inner layer (30–90 µm) was dense and 
robust, while the outer layer was porous to promote low 
thermal conductivity [53]. Coatings B6 and B7 showed 
durability beyond 1200 cycles – more than twice that of the 
single-layer coatings. In particular, coating B6, with an inner 
layer thickness of 60 µm, achieved the best compromise 
between durability and low thermal conductivity [53]. 

In studies [19] concerning 38MnSiVS5 steel, 
NiCoCrAlY coatings (applied via APS/HVAF) were used as 
the bonding layer, together with YSZ/GZO ceramics (via 
SPS). Additional sealing layers – both metallic and ceramic 
– improved tightness but reduced mechanical durability. 
SPS-GZO exhibited the best thermal insulation properties 
(thermal conductivity 0.7–0.8 W/m·K, porosity 10–15%), 
while APS offered high insulation efficiency but lower 
resistance to thermal cycling [19]. In thermal fatigue tests, 
SPS-GZO with ceramic sealing endured 4000 cycles, and 
without sealing, 6000 cycles, whereas coatings with metal-
lic sealing suffered damage after only a few hundred cycles. 
These results indicate the need for a compromise between 
thermal insulation, durability, and resistance to thermal 
cycles. In studies [32], single-layer YSZ was compared 
with two- and three-layer GZ/YSZ coatings (applied by 
SPS) on Hastelloy-X and IN-738 alloys. The multilayer 
TBCs demonstrated lower thermal conductivity across the 
entire temperature range of 25–1190°C and higher durabil-
ity at 1300°C (395 cycles for GZ/YSZ, 521 cycles for 
GZ_dense/GZ/YSZ), while single-layer YSZ survived only 
43 cycles. The lower fracture toughness of GZ (1.02 ±0.11 
MPa·m0.5) promoted crack formation at the GZ/YSZ inter-
face, and the sintering of GZ led to pore closure [32]. The 
tetragonal phase of YSZ remained stable up to 1200°C, 
while the cubic phase of GZ (with a fluorite defect) was 
stable above 1400°C [32]. Thus, multilayer GZ/YSZ coat-
ings offer higher durability and lower thermal conductivity 
under extreme conditions [32]. 
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In work [55], residual stresses in a two-layer 
La₂Zr₂O₇/8YSZ (DCL TBC) coating applied by APS were 
analyzed. The coating system comprised a NiCoCrAlY 
bond coat (100 μm), 8YSZ (240 μm), and an LZ layer (60 
μm). A finite element “birth and death element” method 
was used to simulate the spraying and cooling processes. 
The results indicated lower residual stresses in the DCL 
compared to a single-layer 8YSZ. The highest radial stress-
es were observed on the surface of the LZ, while axial and 
shear stresses concentrated at the interfaces’ edges. Compu-
tational micro-mechanics analyses revealed that pores and 
microcracks locally increased the stresses but reduced them 
across the entire LZ layer. Overall, DCL LZ/8YSZ exhibits 
better resistance to residual stresses and a lower risk of 
cracking compared to 8YSZ, making it a promising materi-
al for high-temperature protective coatings. 

 
Table 3. Summary of research on spraying techniques and coatings 

No. Spraying technique 
and coating config-
uration 

Material 
 

Thermal properties, 
cyclical durability 
and key conclusions 

[14, 
18] 

Overview of tech-
niques: APS, 
HVOF, LPPS, 
HVAF, CS. Process 
parameter control 
(gas flow, tempera-
ture, spraying 
speed) is crucial for 
the quality of the 
coatings. In the case 
of intermetallic 
coatings (MCrAlY), 
precise control of 
thermodynamic and 
kinetic phenomena 
is essential 

Mainly 
MCrAlY 
materials 
(NiCoCrAlY, 
CoNiCrAlY), 
yttria-
stabilized 
zirconia 
(YSZ), various 
single- and 
multilayer 
configurations 

Standard spraying 
methods allow for the 
production of coat-
ings with a strictly 
controlled micro-
structure. The proper 
selection of parame-
ters determines the 
mechanical and 
thermal properties, as 
well as the durability 
of the coatings under 
high-temperature 
conditions 

[53] Atmospheric plas-
ma spraying (APS). 
Single- and double-
layer TBCs depos-
ited on nickel-based 
superalloys (Rene 
80) with a 
NiCoCrAlY bond 
coat. Additionally, 
tests were per-
formed on an 
aluminum substrate 
(for measuring 
mechanical and 
thermal properties) 

YSZ (8% 
Y₂O₃) in the 
form of pow-
ders with 
different 
morphologies: 
Hollow Sphere 
(HOSP) and 
Fused & 
Crushed (FC). 
Layer thick-
nesses: ap-
proximately 
400 µm (sin-
gle-layer) and 
300 µm (two-
layer) 

Single-layer: durabil-
ity of 600–800 cycles 
in the FCT test 
(1100°C). 
Two-layer: durability 
exceeding 1200 
cycles (B6, B7). 
Coating B6 (with an 
inner layer of 60 µm) 
demonstrated the best 
compromise between 
durability and low 
thermal conductivity. 
Multilayer TBC 
significantly increas-
es the number of 
cycles while main-
taining favorable 
insulation properties 

5. Impact of the use of multi-layer coatings  
on the reduction of structural defects and engine 
energy efficiency 
Multilayer barrier coatings applied to thermally stressed 

components of piston engine combustion chambers offer an 
effective method for reducing structural defects such as 
cracks, erosion, and corrosion, while improving overall 
engine efficiency. These systems use ceramic, metallic, or 
hybrid layers arranged in two- or multilayer configurations, 
with each layer fulfilling a specific, engineered function. 
The following sections outline the general effectiveness and 

limitations of TBC coatings, along with proposals for their 
further development. The most common benefit of multi-
layer coatings is their ability to reduce heat transfer to the 
cooling system, thereby improving the utilization of energy 
from fuel combustion. Higher temperatures prevailing in 
the combustion chamber of reciprocating internal combus-
tion engines lead to improved thermal efficiency. Unfortu-
nately, this requires controlling changes in NOₓ emissions. 
Proper material selection and layer design – using compo-
nents such as YSZ, La₂Zr₂O₇, GZO, or MCrAlY – can sig-
nificantly minimize the formation of material defects, e.g., 
microcracks. Two-layer or three-layer thermal-barrier coat-
ing systems allow for: 
 Protection against erosion and corrosion 
 Facilitation of thermal-expansion matching by means of 

an appropriate interlayer 
 Good thermal-barrier performance while maintaining 

high mechanical strength (by employing differentiated 
surface roughness for the various layers within the sys-
tem). 
Such coating solutions protect not only the piston-crown 

structure or cylinder-head components but also improve 
their durability and reduce engine operating costs. 

Summary 
 Studies of multilayer coatings deposited on the combus-

tion-chamber surfaces of reciprocating internal combus-
tion engines have demonstrated their key importance in 
increasing thermal and mechanical efficiency, as well as 
in reducing emissions. The thermal barrier provided by 
appropriately selected coatings reduces heat losses to 
the cooling system. This, in turn, increases durability 
and resistance to erosion and corrosion under the high-
temperature and medium mean-effective-pressure con-
ditions prevailing in the combustion chamber. 

 Multilayer coatings (two or three layered, etc.) effec-
tively reduce the risk of microcracks and show high re-
sistance to corrosion and erosion in critical working 
conditions of the engine. Reducing structural defects by 
multi-layer coatings allow you to improve thermal 
properties and reduce operating costs.  

 TBC coatings reduce heat loss, enabling higher fuel-air 
mixture combustion temperatures. The cited studies 
showed that it is possible to reduce fuel consumption by 
over 10%using these systems. Higher temperatures and 
catalytic properties (e.g. La₂Zr₂O₇) reduce CO, HC and 
soot emissions, although they often lead to increased 
NOₓ emissions. This is due to the higher combustion 
temperature, especially for a poor fuel-air mixture.  

 Ceramic layers are made of materials such as YSZ, 
La₂Zr₂O₇, Gd₂Zr₂O₇, MgZrO₃, Al₂O₃, Cr₂O₃ and Multi-
phase Composites. More important parameters. These 
coatings include thermal and mechanical properties 
(thermal conductivity, thermal capacity, resistance to 
cracking, and matching thermal expansion coefficients 
to the ground). The intermediate layers used (e.g., 
McRaly) and double-layer structures help reduce resid-
ual stress. This increases the durability of coatings, es-
pecially in terms of dynamic temperature changes in the 
combustion process.  
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 The use of thicker coatings (above 0.5 mm) can cause 
problems with lubrication and increase the risk of prem-
ature ignition (in engines with spark plugs). Incorrect 
surface roughness and large differences in thermal ex-
pansion can lead to cracking of these coatings and even 
their detachment. In this case, higher combustion tem-
peratures can increase the emissions of nitrogen oxides. 
In this case, you can modify fuel injection parameters or 
add appropriate catalytic layers to the multilayer coat-
ings system (e.g. PT, RH). 

 Multilayer thermal-barrier coatings (TBCs) offer an 
effective means of increasing the power and torque of 
reciprocating internal combustion engines while main-
taining their durability. These coatings increase the lon-
gevity of combustion-chamber components and enhance 
energy efficiency. Major challenges remain the elevated 
NOₓ emissions and the need to ensure stable mechanical 
properties. Multilayer thermal-barrier coating solutions 
represent the next step in advancing modern engine de-
sign, especially today, when high durability, excellent 
performance, and low exhaust emissions are paramount. 

 

Nomenclature 
APS  air plasma spraying 
BSFC  brake-specific fuel consumption 
CI/Diesel  compression-ignition engine 
CO  carbon monoxide 
CSOME  cotton seed oil methyl ester 
DCL TBC  double ceramic layer TBC  
EB-PVD  electron beam physical vapor deposition 
FCT  furnace cycle test 
HC  hydrocarbons 
La₂Zr₂O₇  lanthanum zirconate (pyrochlore phase) 
LHR  low heat rejection engine 

LZ  La₂Zr₂O₇ (cyrkonian lantu) 
MES  the method of finite elements 
MgZrO₃  magnesium zirconate 
MMC  metal matrix composite 
NKOME  neem kernel oil methyl ester 
NOx  nitrogen oxides 
SI  spark-ignition engine 
TBC  thermal barrier coating 
YSZ  yttria stabilized zirconia 
ZrO₂  zirconium oxide 
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1. Introduction  

Over the past three decades, internal combustion en-
gines have undergone rapid, multidirectional development. 
This development has been driven by the systematic tight-
ening of regulations to limit emissions of pollutants and 
greenhouse gases (GHG) and the associated need to in-
crease engine efficiency [12]. As a result, modern combus-
tion systems were introduced, high-pressure fuel injection 
systems became widespread in both CI and SI engines, and 
advanced exhaust aftertreatment systems were implement-
ed. Consequently, novel requirements for fuels for contem-
porary internal combustion engines have been established. 
The utilization of biocomponents as fuel additives, particu-
larly alcohol and biofuels, has emerged as a pivotal aspect 
in this context [3, 4]. The following is a list of the elements 
in question: As a result, new requirements for motor fuels 
were introduced. Some of these requirements (in terms of 
physicochemical properties) are contained in the European 
standards EN590 for diesel fuel and EN228 for motor gaso-
line. Much broader requirements, including performance 
characteristics with a breakdown by category of diesel fuel 
and motor gasoline, were included and subsequently re-
vised and supplemented in subsequent editions of the 
Worldwide Fuel Charter, the latest edition of which was 
released on October 28, 2019 [5]. The testing and evalua-
tion of fuel performance properties has become of particu-
lar importance to both fuel manufacturers, the additive 
packages used for them, and engine manufacturers who 
have begun to demand the introduction of standardized, 
generally recognized testing methodologies and criteria for 
evaluating fuel performance. In response to such demands, 
American procedures for testing specific fuel properties by 
engine methods were developed in the US under ASTM, 
and in Europe, similar procedures were developed by the 
Coordinating European Council for the Development of 
Performance Tests for Fuel, Lubricants and Other Fluids 

(CEC). Both U.S. and European procedures for testing 
motor fuels have been identified in the Worldwide Fuel 
Charter as required tests for specific properties for both 
various categories of diesel fuel and motor gasoline. In 
addition, the Worldwide Fuel Charter also includes the 
limiting requirements that evaluations of tested fuel proper-
ties should meet.  

Fuel plays a central role in engine design and perfor-
mance optimization. This role encompasses the selection 
process of construction materials, including lubricating oils. 
The limits of engine control parameters, which determine 
its efficiency and the optimization of exhaust emissions, 
performance, and utility-operating characteristics, are de-
termined by the properties of the fuel. Consequently, the 
fuel should guarantee the technical functionality and ade-
quate, unchanging performance characteristics of the vehi-
cle. It is imperative to consider the maintenance of requisite 
emission standards throughout the engine's life cycle. This 
consideration must be in accordance with the stipulated 
regulations and the vehicle manufacturer's warranty period. 
Any change of fuels on the market must be adapted to the 
existing fleet of motor vehicles and the technical require-
ments arising from engine design. As early as the 1980s, it 
was found that the formation of harmful deposits in internal 
combustion engines had a major negative impact on the 
quantitative and qualitative course of combustion mixture 
formation, as well as the process of cargo preparation and 
its combustion in the engine combustion chambers. At the 
same time, it was noted that in the case of engines with CI, 
the most dangerous deposits are formed on components of 
the fuel injection system [16]. In SI engines with indirect 
gasoline injection, the most deleterious deposits are those 
that form in the engine's combustion chambers, on the in-
take valves, and on their stems. In SI engines with direct 
fuel injection, the deposits that pose the greatest threat to 
engine operation are those formed in high-pressure fuel 
injection injectors.  
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The global policy to reduce pollution from road 
transport requires the introduction of diversified power-
trains, which in turn requires the development of entirely 
new or significantly modified technologies and design 
solutions already in use. In the automotive sector, the fun-
damental direction of these endeavors is to subordinate the 
development of motor vehicles and the fuels or other ener-
gy sources used for them to the overriding goal of reducing 
emissions of harmful components, including greenhouse 
gases, into the atmosphere. Given these expectations, alco-
hol emerges as a compelling alternative for commercial use 
as a fuel, either as a standalone fuel or in blends with gaso-
line or diesel. The utilization of alcohol fuels has the poten-
tial to play a significant role in reducing the emissions of 
harmful components from exhaust gases. However, it is 
imperative to possess a thorough comprehension of the 
properties inherent to these fuels and to utilize them in  
a manner that corresponds with the requirements of con-
temporary engine designs. Ethanol and butanol are alcohols 
that are regarded as the most promising biocomponents for 
current conventional fuels. It is imperative to acknowledge 
that the prevailing criterion for assessing the viability of 
fuel alternatives for vehicles in operation is their environ-
mental sustainability, a characteristic that is exemplified by 
alcohol fuels. A substantial body of research has been dedi-
cated to the study of blends of conventional fuels with vari-
ous alcohols. Among other things, the fuel's effects on the 
performance, efficiency, and various performance parame-
ters of SI engines powered by it with indirect injection [2, 
8, 10, 20] and direct injection [10] have been evaluated. 
The present study aims to elucidate the effects of alco-
hol/gasoline blends on the propensity to form or leach pre-
formed various injector deposits of SI DI engines and their 
impact on the quantitatively and qualitatively assessed fuel 
atomization process in the combustion chambers.  

The results of this study contribute to a more complete 
understanding of the subject and provide a basis for further 
research in this area. The motivation for the authors to un-
dertake research aimed at deepening and expanding the 
knowledge of the effect of alcohol-doped fuels (ethanol or 
butanol) in keeping the fuel injectors of SI DI engines clean 
was provided by this study. The study also addressed the 
effect of deposits produced in the injectors on fuel atomiza-
tion quality processes. The novelty of the work lies in the 
hybrid combination of two different research methodolo-
gies for evaluating the fuel injection process. The first part 
of the study evaluated changes in fuel dose due to the for-
mation of fuel injector deposits and was conducted using an 
engine-wide standardized test methodology. In the second 
part of the study, changes in fuel spray quality were evalu-
ated based on studies of macroscopic indicators of fuel 
spray in a constant volume chamber using laser illumina-
tion. The engine test procedure was developed by CEC and 
bears the designation CEC F-113 and the name: VW 
EA111 DISI Injector Deposit Test. It is currently the only 
standardized and recognized procedure in Europe to relia-
bly evaluate fuels in terms of their tendency to keep SI DI 
engine injectors clean and their ability to leach deposits 
after they have been previously produced [17].  

Engine analyses do not provide a complete research di-
agnosis of injector quality, including fuel atomization. 
Complementary to such analyses are optical evaluations of 
fuel atomization. Their uniqueness lies in the optical regis-
tration of fuel atomization images, and on the basis of these 
images, a diagnostic evaluation of the atomization is possi-
ble. Depending on the complexity of these optical analyses, 
macroscopic and microscopic evaluation of the fuel spray is 
possible. Injector tips located in combustion chambers are 
directly exposed to extreme conditions during the combus-
tion process, including high pressure, temperature, and 
chemical interaction of fuel components. These conditions 
result in the intensive formation of deposits, which signifi-
cantly affect the injector performance and thus the quality 
of the fuel-air mixture formed [9, 14]. External deposits, 
forming mainly around the exhaust ports, come primarily 
from the fuel being burned and, to a lesser extent, from 
engine oil. They cause deformation of the fuel jet and its 
excessive elongation, washing out the walls of the combus-
tion chamber and the bottom of the piston. This results in 
increased fuel consumption and emissions of pollutants, 
particularly hydrocarbons (HC) and particulate matter 
(PM). Internal deposits, on the other hand, formed in the 
flow channels of injectors due to thermal oxidation and 
polymerization of fuel components (e.g., in the form of 
lacquers and resins), come exclusively from the fuel itself. 
Their presence leads to a reduction in the cross-sectional 
area of the outlet channels, reducing fuel flow and worsen-
ing its atomization. As a result, the average diameter of fuel 
droplets increases, the homogenization of the mixture dete-
riorates (lower excess air ratio, λ), and the evaporation time 
increases. All these factors contribute to a decrease in en-
gine efficiency, lower engine performance, and increased 
fuel consumption [15, 21]. 

2. Properties of ethanol and butanol relevant  
to engine applications 
Applying alcohol as a fuel admixture provides several 

benefits, such as reducing greenhouse gas (GHG) emis-
sions, decreasing toxic exhaust emissions, improving ener-
gy security, and enhancing many fuel performance proper-
ties, including resistance to knock combustion [6, 7]. Table 
1 compares the selected properties of gasoline, n-butanol, 
and ethanol. 

 
Table 1. Comparison of selected fuel properties [11] 

Properties Gasoline n-butanol Etha-
nol 

Chemical formula Blend C4H9OH C2H5O 
RON (Research Octane Number) 95 94–96 110 
Density [kg/m3] 753 810 790 
Molecular weight [g/mol] 114 74 46 
Gravimetric lower heating value 
[MJ/kg] 

42.9 33.3 26.8 

Volumetric lower heating value 
[MJ/dm3] 

32.3 27.0 21.2 

Enthalpy of vaporization [kJ/kg] 380–500 716 904 
Mass fraction of carbon [%] 86 65 52 
Mass fraction of hydrogen „H” [%] 14 13.5 13 
Mass fraction of oxygen „O” [%] 0 21.5 35 
Viscosity [mPa · s] 0.4–0.8 2.57 1.08 
Boiling point [°C] 199 118 78 
Stoichiometric air-to-fuel ratio 14.7 11.2 9.0 
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In blends with gasoline, butanol exhibits several signifi-
cant advantages over ethanol. Butanol is much less hygro-
scopic, better mixable with gasoline, and has a higher spe-
cific calorific value, which translates into lower specific 
fuel consumption (butanol versus ethanol blends). When 
butanol is blended with gasoline, the vapor pressure of 
butanol is lower than that of ethanol, making it easier to 
meet the requirements of EN 228. The biggest disad-
vantages of butanol relative to ethanol in blends with gaso-
line are a lower octane number and lower heat of vaporiza-
tion, as well as higher density and viscosity, which can 
contribute to a higher tendency than ethanol to form depos-
its. Like conventional motor gasoline, ethanol fuels are 
prone to form deposits on engine components, particularly 
in intake manifolds, injector tips, intake valves, and com-
bustion chambers [13, 19].  

3. Aim and scope of the research 
The purpose of the study was to investigate the effect of 

ethanol or butanol admixture to gasoline on the fouling 
process of SI DI engine fuel injectors. In addition, the ef-
fectiveness of ethanol or butanol admixture with Deposit 
Control Additives (DCAs) on the ability to leach previously 
formed fuel injector deposits was evaluated. The scope of 
the study included two phases of research:  
 Engine tests to evaluate the change in operating condi-

tions of injectors as a result of deposit contamination 
and flushing capabilities using prepared gasoline blends 
with alcohol and with/without DCA. The main objective 
of the tests was to maintain a constant engine operating 
point regardless of the change in the level of injector 
fouling. 

 Research on optical evaluation of fuel atomization geo-
metric indicators. Conducted on a model test bench, 
leading to a macroscopic assessment of the injected fuel 
spray based on injectors from various phases of engine 
tests. Different fuels were not evaluated during static 
optical tests; instead, injectors from prior engine testing 
phases were used. The goal was to analyze the differ-
ences in injectors during tests using the same fuel. 

4. Research methodology 
4.1. Engine test procedure and bench equipment 

The tests were conducted in accordance with European 
engine test procedures CEC F-113 and used two variations 
of the procedure, i.e., CEC F-113-KC "Keep-Clean" Test 
Procedure and CEC F-113-CU "Clean-Up" Test Procedure 
(VW EA111 BLG) [18]. The tests were performed with  
a VW EA111 BLG engine, the selected technical parame-
ters of which are included in Table 2. The engine was 
equipped with wall-guided direct fuel injection and a com-
bined supercharging system (mechanical supercharging + 
turbocharging). The injection system featured 6-hole sole-
noid controlled injectors. 

In the "Keep-Clean" version of the CEC F-113-KC pro-
cedure, the time allocated for conducting the one-step test is 
48 hours. Throughout the duration of the test, the engine 
functions under steady-state conditions, characterized by 
two fundamental parameters: constant speed (2000 rpm) 
and constant load (56 Nm). The primary objective of the 

test is to assess the propensity of the fuel to form injector 
deposits, thereby determining the efficacy of maintaining 
clean injectors. 

In the CEC F-113-CU "Clean-Up" variant of the proce-
dure, the test is divided into two stages. In the first stage, 
which lasts 48 h, a base fuel is applied, without DCA addi-
tives. In this stage, the "Dirty-Up" injector fouling process 
is carried out. In the second stage of the test, 24 h, refined 
fuel is used. That part of the test allows assessment of the 
cleaning properties of the "Clean-Up" fuel, and therefore 
the effectiveness of flushing out the deposits formed in the 
first stage.  

 
Table 2. Technical data of VW EA111 BLG engine 

Type – 4-cyl., in-line (wall-guided mixture 
formation system) 

Displacement cm3 1390 
Cylinder bore. mm 76.5 
Piston stroke mm 75.6 
No. of valve/cyl. – 4 
Compression ratio – 10:1 
Max power kW 125 kW at 6000 rpm 
Max torque  Nm 220 Nm at 1750–4500 rpm 
Aftertreatment 
systems 

– Three-way catalysts,  
closed feedback loop 

Emission norm  – Euro 4 
 
The change in the width of the injector control impulse 

was used as a criterion for evaluating the intensity and 
magnitude of changes in deposits formed or flushed out. 
The injection time is extended as the amount of deposits 
accumulating outside and inside the injector gradually in-
creases, or reduced as deposits are flushed out of the injec-
tors. The tendency of a fuel to form injector deposits is  
a key criterion for distinguishing fuels in terms of their 
functional and operational characteristics. 

The fuel tests were carried out on an engine test stand in 
accordance with the CEC F-113-KC "Keep-Clean" Test 
Procedure and the CEC F-113-CU "Clean-Up" Test Proce-
dure (VW EA111 BLG) – 2022 edition. Figure 1 presents  
a general view of the test stand. 

 
Fig. 1. View of the VW EA111 BLG engine test stand at INiG-PIB 
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4.2. DISI injector spray evaluation – optical test  
methodology 

The second stage tests were carried out with a constant 
volume chamber (2.2 dm3), which, along with the layout of 
the entire test stand, is shown in Fig. 2. Fuel was injected at 
a 10 MPa pressure with a 0.6 ms injector opening time. 
Spray pattern evaluation was performed as follows:  
 a high-speed camera was used along with halogen illu-

mination to evaluate geometric indicators of the spray 
 a high-speed camera and NG:YAS 532 nm laser illumi-

nation system were used to evaluate the cross-sectional 
spray area of injected fuel.  
The high-speed record process included: 

– imaging frequency f = 10 kHz  
– LaVision's HSS5 camera image size 512  512 px 
– Nikkon AF Nikkor 24-85 mm 1:2.8-4 D lens 
– image analysis was conducted using DaVis 10 software.  

 
 Fig. 3. View of raw images recorded with laser illumination  

 
Data analysis was conducted using LaVision's DaVis 10 

software. An example of a raw image is shown in Fig. 3. 

The program allowed the creation of macros for image 
analysis, including analysis of macroscopic indicators. The 
images were saved in a grayscale format that allowed indi-
vidual assessment of each pixel's luminance (brightness). 
The choice of such an image processing form allowed the 
numerical representation of the results obtained. 

The results were processed separately for halogen illu-
mination and laser illumination. The first approach required 
the identification of macroscopic indicators of the spray 
(Fig. 4a), and the second – the area of the spray after it was 
cut with an optical cutter in a plane orthogonal to the fuel 
outflow (Fig. 4b). 

a) b) 

  
Fig. 4. Method of evaluating the fuel jet: a) with halogen lamps, b) with 
 laser illumination  

4.3. The fuel mixtures employed in the study 
Five gasoline types with different physical and chemical 

properties were tested: 
– RF-12-09 batch 11 used in CEC test procedures for 

checking, adjusting and calibrating test engines; it is of-
ten used for research or comparison purposes; this gaso-
line does not contain DCA and has a high tendency to 
form deposits on the intake valves of SI engines; in the 
tests it was the base fuel and at the same time (refer-
ence) fuel 

 

 
Fig. 2. Layout of fuel atomization studies under halogen illumination 

 
 
 
 
 
 

 

Cam system  

DaVis 

System control 

HSD V711 

tank 

10 MPa 600 rpm 

P-inj n 

Fuel control 

Fuel tank 

Common rail 

Fuel supply  

Pump 

5 V 

60 V 
10 MPa 

Timing control 

TTL/60 V 

Air conditioning 

in 
out 

Hydraulic line Air line Signal line 

HSS5 LaVision Light control 

 
LED  
2 x 500 W 

Electric line 

t-inj 

0.1–5 MPa 

S 
A 

Ai 

A = Ai 



 

The influence of alcohol-gasoline blends and deposit control additives on fuel injector contamination in SI DI engines 

COMBUSTION ENGINES, 2025;202(3) 135 

 

– RF-12-09 batch 11 + 20% (v/v) ethanol 
– RF-12-09 batch 11 + 20% (v/v) butanol 
– RF-12-09 batch 11 + 20% (v/v) butanol refined with 

500 ppm (m/m) DCA type additive 
– gasoline RF-12-09 batch 11 doped with 20% (v/v) etha-

nol refined with 500 ppm (m/m) DCA-type additive. 
The different fuel compositions (only 20%) resulted in 

similar (initial) fuel injection times – Table 3. 
 

Table 3. Initial injection times of the tested fuels 
Type of fuel Initial injection time [ms] 
RF-12-09 batch 11 1.577 
RF-12-09 batch 11 + 20% (v/v) ethanol 1.575 
RF-12-09 batch 11 + 20% (v/v) butanol 1.576 
RF-12-09 batch 11 + 20% (v/v) butanol 
+ 500 ppm (m/m) DCA  

1.576 

RF-12-09 batch 11 + 20% (v/v) ethanol 
+ 500 ppm (m/m) DCA 

1.577 

The injection time values are average values 
 
The limitation of alcohol admixture to 20% (v/v) was 

due to the engine manufacturer's requirements for the max-
imum allowable alcohol content in gasoline. A DCA addi-
tive compatible with gasoline with alcohol content was 
used to refine the fuel blend. The amount of DCA additive 
was set at a level typical of fuels on the European market. 
The physicochemical properties of the fuel blends prepared 
for the tests are shown in Table 4. 

All tests used the same set of injectors, which were sub-
jected to a cleaning process strictly described in the CEC  
F-113 test procedure after each test. In addition, each injec-
tor was assigned to a specific engine cylinder and was 
therefore mounted to the same engine cylinder in each test. 

5. Results 
5.1. Assessing the tendency of fuels to generate injector 

deposits 
Based on the engine tests carried out, the characteristics 

of the injection time variation in relation to the test duration 
were obtained. Figure 5 shows a comparison of the injec-
tion time changes of the tested fuels (base, base + 20E, base 
+ 20B) obtained in tests conducted according to the CEC  

F-113-KC procedure. A test referred to as "Keep-Clean" 
(KC) in that case was equivalent to the "Dirty-Up" (DU) 
test due to the fact that the tested fuels cause the injectors to 
become more and more contaminated with deposits formed. 
The results (Fig. 5) represent the averaged difference in the 
electrical pulse width controlling the opening time of the 
injectors measured during engine operation in individual 
tests. As the measured pulse is unstable (it changes with  
a very high frequency and large amplitude over time), cal-
culating the increase in pulse width (injection time) as the 
magnitude of its difference at the beginning and end of the 
test could be affected by a large error. Therefore, a method-
ology based on a trend function was used to calculate the 
change in pulse width that occurred during the test.  

The averaged values calculated based on the trend are 
more representative than t based on the endpoints of the 
actual measurements. In this way, the average calculated 
width of the electrical pulse controlling the timing of  
a single injection during the test was obtained. The result is 
given in [%] of electric pulse width increase. The greater 
the difference, the greater the fuel's tendency to form de-
posits. Based on the CEC tests performed to date, based on 
the Student t-distribution, it was determined that a differ-
ence in the width of the electric control pulse of at least 
1.8% is required to distinguish between the two results at 
the 90% confidence level. 

Comparison of the test results for the three fuels tested 
(Fig. 5) divided the injection time increment up to 15 h and 
for the remainder of the test duration. The split is mainly 
due to the rapid increase in injection time, followed by its 
stabilization. 

In relation to the reference RF-12-09 batch 11, the aver-
age calculated increase (during the first part of the test) in 
injection time was 3.06%, for the RF-12-09 batch 11 + 20% 
(v/v) ethanol – 3.94%, while for RF-12-09 batch 11 + 20% 
(v/v) butanol – 3.75%. The results so far have shown that 
the most important properties of unrefined fuel that have  
a major impact on injector deposit formation processes are 
T90, sulfur, olefins, and aromatics content, as well as vapor 
pressure, density, IBP, and octane number and upper distil-
lation run [1, 21].  

 
Table 4. Physicochemical properties of fuels used in engine tests 

Property Unit 
RF-1 
2-09  

batch 11 

RF-12-09 
batch 11 +20% 
(v/v) ethanol 

RF-12-09 
batch 11 + 20% (v/v) 
ethanol + 500 ppm 

(m/m); DCA 

RF-12-09  
batch 11 + 20% 

(v/v) butanol 

RF-12-09 
batch 11 + 20% 

(v/v) butanol + 500 
ppm (m/m); DCA 

Test  
procedure 

Notation – base base + 20E base + 20E + DCA base + 20B base + 20B + DCA  
Research octane number – 96.3 98.3 98.2 98.8 98.8 EN ISO 5164 
Motor octane number – 87.1 87.7 87.6 88.7 88.7 EN ISO 5163 
Sulfur content mg/kg 5.0 3.7 3.3 3.5 3.4 EN ISO 20846 
Content of hydrocarbon types: 
Olefinic % (v/v) 5.5 < 4.0 < 4.0 < 4.0 < 4.0 EN 15553 Aromatic % (v/v) 27.8 21.5 21.2 23.1 20.5 
Oxygen  % (m/m) < 0.1 7.53 7.27 4.94 4.57 EN 1601 
Organic compounds containing oxygen: 
Butanol % (v/v) < 0.80 < 0.17 < 0.17 20.2 20.1 EN 1601 Ethanol % (v/v) < 0.80 20.4 20.0 < 0.17 < 0.17 
Fractional composition: 
T10 °C 52.4 52.8 51.9 61.7 59.4 

EN ISO 3405 T50 °C 106.8 72.7 72.0 102.6 101.9 
T90 °C 173.2 152.3 152.1 153.4 153.8 
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Fig. 5. Results comparison of the fuels ability to keep DISI engine injec-
 tors clean during the CEC F-113-KC (48 h) test  

 
However, all the tested fuels were based on the same 

reference RF-12-09 Batch 11 fuel. Thus, the differences 
between their physicochemical properties were small and 
were mainly due to the admixture of ethanol or butanol – 
Table 2. In addition, the result is affected by the simultane-
ous interaction of different fuel properties, which can inter-
act with each other. It is very difficult to determine the 
interactions that have different effects on the formation of 
injector deposits. 

In the second part of the test, a continuous increase in 
injection time for the base fuel was observed. The final 
value of the injection time increment was 5.04%. The use 
of ethanol and butanol admixtures indicates that their share 
significantly reduces the fuel injection time. The use of 
butanol does not increase the injection time – a practically 
constant average value was obtained after 15 h of testing. 
The ethanol content increases the injection time, but the 
increment is only 0.5% of the base time. 

The application of alcohol-enrichment fuels, after ap-
proximately 15 h of a test, caused deposit formation stabili-
zation. The differences in the trends for different fuels are 
due to the intensity of the deposit precursor formation, the 
strength of their adhesion to the surface, and the simultane-
ous self-cleaning processes. Thus, the course of deposit 
formation is the result of their growth and flushing. It can 
be hypothesized that in that case, fuels that contain alcohol 
have a lower tendency to contaminate fuel injectors. As  
a result of the linear increase in injection time caused by 
non-alcohol-enrichment fuels, the level of contamination 
created will exceed that created by alcohol-containing fuels. 
The hypothesis put forward is confirmed by the trend lines 
in Fig. 5, which are plotted for each of the waveforms of 
changes in the size of the injection time control pulse width 
throughout the test. It can be seen that the trend lines have  
a flatter course for alcohol-doped fuel, including the flattest 
for fuel doped with 20% (v/v) butanol. In contrast, the 
course of the line showing the increase in injection time of 
a single dose of the base fuel during the test is much steep-
er. 

5.2. Assessing the tendency of fuels to remove injector 
deposits 

Figure 6 includes the results of the injection time 
changes of the tested fuels in a cycle including the “Dirty-
Up” (DU) and “Clean-Up” (CU) phases. Each time, the DU 
phase was carried out with the reference fuel RF-12-09 
Batch 11 fuel (base). Subsequently, four clean-up phases 
were carried out using alcohol-enriched fuels. Through this 
path, the effectiveness of flushing out injector deposits was 
evaluated by applying an admixture of alcohol without or 
with DCA to the reference fuel used in the “Dirty-Up” test. 

 
Fig. 6. Comparison of fuels' ability to remove DISI engine injector depos-
its according to CEC F-113-DU (48 h) and CEC F-113-CU (24 h) proce-
 dures 

 
As in the previous test, the injection time increment pe-

riod was divided into two groups: up to 15 h of the test and 
the rest of the 48 h of the test. This was due to a similar 
observation that the first part of the test generates a very 
large increase in injection time, and then a reduction in this 
phenomenon was observed. Mainly, the second part of the 
test was analyzed by linearizing the results obtained. The 
average slope of the curves is similar, which results from 
testing the same fuel (base).  

The average increase in injection time extension was 
0.6% for every 10 h of the test (this value is derived from 
the directional coefficient “a” in the equations in Fig. 6). 

During the second part of the test – the “Clean-Up” – an 
addition of 20% (v/v) ethanol and the same concentration of 
butanol was applied to the base fuel. The use of the butanol 
additive resulted in a deposit washout rate of about 0.1% 
for every 10 h of the test. The use of the ethanol additive 
resulted in a higher rate of deposit washout, about 0.3% for 
every 10 h of test. 

In the following part of the research, two more tests 
were carried out according to the F-113-CU procedure. In 
an effort to improve the efficiency of injector flushing, 
fuels with alcohol and DCA-type additive (performance 
additive) were used. When a reference fuel with a do-mix 
of 20% (v/v) ethanol + 500 ppm (m/m) DCA was used in 
the “Clean-Up” part of the test, a rapid reduction in injec-
tion time increment was achieved (within 1–2 h after the 
start of the test). A further phase of the test was able to 
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achieve a 0.5% reduction in injection time increment for 
every 10 h.  

By using a reference fuel admixed with 20% (v/v) buta-
nol + 500 ppm (m/m) DCA in the “Clean-Up” part of the 
test, an average calculated reduction in injection time was 
also achieved by 0.5% for every 10 h of the test. In addi-
tion, it can be concluded that the efficiency of using the 
DCA additive is significantly higher than that of admixing 
ethanol or butanol.  

5.3. Optical evaluation of spray indicators 
Analysis of macroscopic indicators was carried out for 

all test cases. Fuel spray images under halogen illumination 
are shown in Fig. 7. The first three rows were dedicated to 
the effects of the DU phase, while the next four are a cycle 
covering the DU and CU phases. 

Based on the camera images, analyses were made ac-
cording to the data shown in Fig. 4a. The range of the 
spray, the flat area of the spray exposure, and the angle of 
the spray cone were taken for analysis (each jet was not 
analyzed separately). The results of this work are shown in 
Fig. 8, separately for contamination (DU) and leaching 
(CU) tests of injector orifices. 

DU(base) 

 

DU(base+20E) 

 

DU(base+20B) 

 

DU(base) +  
CU(base+20E) 

 

DU(base) +  
CU(base+20B) 

 
DU(base) +  
CU(base+20E 
+DCA)  
DU(base) +  
CU(base+20B 
+DCA) 

 

Fig. 7. Fuel spray images with halogen illumination (Δt = 100 μs; labels as 
 shown in Table 2) 

 

 

a) 

 
b) 

 
Fig. 8. Macroscopic indicators (penetration; spray area; spray angle) of the spray jet (t = 0.6 ms; pinj = 10 MPa): a) after Dirty-Up test, b) after Dirty-Up 

and Clean-Up tests 
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a)  b) 

          
Fig. 9. Analysis of fuel atomization in the form of area fields under perpendicular laser light illumination of the jet: a) after Dirty-Up test, b) after  
 Dirty-Up and Clean-Up tests 

 
Analysis of fuel spray penetration indicates that there 

are no significant differences, regardless of the use of DU 
or DU + CU in the test. However, analysis of the fuel spray 
area already indicates some differences: significantly larger 
areas were obtained in the CU test. The application of etha-
nol and butanol increases the surface area in the DU test by 
approximately 15%. It means a reduction in injection time, 
which is also confirmed in Fig. 5. The shortest injection 
duration was recorded during the addition of butanol, which 
also confirms the area of the fuel jet from time 300 to ap-
proximately 800 μs after the start of injection. During the 
DU + CU test, the application of the DCA additive increas-
es the jet area by 37% compared to the base fuel. It is diffi-
cult to identify a better system (butanol or ethanol additive), 
but the DCA additive is critical here.  

The spray area is closely related to the angle of the 
spray cone. A small field correlates with a small spray 
angle (hole coking). Such correlations were noted during 
DU analysis, especially for the base fuel. Similarly, during 
DU + CU analysis, it can be clearly indicated that the use of 
DCA additives increases the spray cone angle. The use of 
DCA with ethanol allows for the largest spray cone angles. 
It follows that optical analyses are complementary to en-
gine tests, but their results cannot determine the nature of 
the problem. 

To further confirm the relationships obtained, cross-
sections of fuel spray were analyzed according to Fig. 4b. 
On this basis, the individual areas of the plumes were 
summed, and their interpretation is included in Fig. 9. 

In this part of the optical study, the area is presented as 
the number of pixels covering the spray. Basic research 
(DU) indicates that the maximum area occurs approximate-
ly 15 mm from the first measurement plane (which is half 
of the spray range – 50 mm). This means that the occur-
rence of the maximum area in the system containing the 
laser illumination takes place around 65 mm from the injec-
tor tip. It was confirmed that the sum of the cross-sectional 
area of the fuel plumes is the smallest at the base fuel (in 
the DU test) – Fig. 9a. Subsequent areas are larger and 
close to each other (also in the DU test with the addition of 
ethanol or butanol).  

The analysis of the next part of the study during the 
leaching test (DU + CU) indicates that the lack of DCA 
addition results in similar cross-sectional area magnitudes. 

Such results are also confirmed by the data in Fig. 6. 
There, too, the lack of DCA addition does not result in large 
changes in injection time. The largest areas were obtained 
with the addition of DCA with both butanol – an increase of 
more than 40% over CU(base) and ethanol – an increase of 
as much as 60% – Fig. 9b. Although the individual areas do 
not represent exact relationships, the use of a trend line 
captures the trend of field changes very well.  

Engine and non-engine fuel atomization tests were sup-
ported by photo material of the injector tips. The first test 
series (sample images of the injector tip) are shown in Fig. 
10. Significant contamination of the injector nozzles, reduc-
ing the flow diameter, can be seen (after the Dirty-Up test). 
Such fouling is evident both for the reference fuel (base) 
and with the application of ethanol and butanol additives. 
The fouling indicates limitations in fuel atomization and, at 
the same time, the need to increase the percentage injection 
time during the test.  

 
DU (base) DU (base + 20E) DU (base + 20B) 

   

Fig. 10. View of unclean injector holes after Dirty-Up test 
 
Figure 11 includes a view of the injector holes after the 

Clean-Up test. A view of the injector tip after the Dirty-Up 
test (first photo) is also included for comparison purposes. 
Significant differences in nozzle contamination were noted. 
The Clean-Up phases result in significant leaching of foul-
ing. 

6. Summary and conclusions 
The combination of engine and non-engine tests, includ-

ing optical studies, allows a wide-ranging (multi-
directional) assessment of injector contamination and its 
effects during the application of varying base fuel additives 
(in the form of ethanol, butanol, and DCA additive).  

Engine results analysis indicates an increase in injection 
time during Dirty-Up tests: 
–  by 5% in total for base fuel 



 

The influence of alcohol-gasoline blends and deposit control additives on fuel injector contamination in SI DI engines 

COMBUSTION ENGINES, 2025;202(3) 139 

–  by approximately 4% with the application of fuels with 
20% ethanol and butanol content, with a significant re-
duction in this increment observed after approximately 
15 h of testing. 
 

DU (base) DU (base)  
+ CU (base + 20E) 

DU (base) 
+ CU (base + 20B) 

   
   

DU (base)  
+ CU (base + 20E + DCA) 

DU (base)  
+ CU (base + 20B + DCA) 

  

Fig. 11. Images of the spray holes after Dirty-Up and Clean-Up tests 
 
An investigation of the Clean-Up test (using various ad-

ditives) after the Dirty-Up test (base fuel) resulted in: 

–  similar injection extension during the Dirty-Up test 
(absolute increase of about 4%) 

–  a minor reduction in relative injection time (0.5% in the 
test) during the use of ethanol additive and a slight re-
duction in this time during the use of butanol admixture 

–  significant reduction in injection time increase with 
DCA addition: after 1–2 h of test, absolute injection 
time was reduced by about 3%; after that, injection time 
reduction was significantly reduced 

–  the ability to achieve the original (baseline) injection 
time with the use of DCA additive; it follows that the 
contaminants formed during the 48 h Dirty-Up test are 
leveled in the 24 h Clean-Up test after the use of 20% 
ethanol or butanol additive with DCA additive; the 
leaching of contaminants occurs rapidly (1–2 h) after 
the start of the test, and then take on a linear, slow 
leaching character.  
Among the optical metrics evaluated, only selected 

macroscopic parameters (spray area and angle) showed 
sensitivity to fuel composition. Although the spray penetra-
tion does not indicate differences, the other indicators in the 
form of spray area and spray angle significantly indicate 
changes due to the use of additives.  
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Nomenclature 
20D admixture of 20% (v/v) ethanol 
20E admixture of 20% (v/v) buthanol 
CU Clean-Up 
DCA  500 ppm (m/m) Deposit Control Additives 

DU Dirty-Up 
KC Keep-Clean 
SIDI spark ignition direct injection 
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Improving heat transfer of air-cooled cylinders with fins with slits 
 
ARTICLE INFO  In finned cylinders with slits around the cooling fin circumference, thermocouples were attached at three 

positions in the radial direction on the surface of the fin, and fin surface temperatures were measured by 
rotating the cylinders relative to the flow direction in a wind tunnel to change the angular position of the 
attached thermocouples. The temperature distribution around the fin circumference and the average heat 
transfer coefficient were then investigated at air velocities from 20 km/h (5.6 m/s) to 60 km/h (16.7 m/s). Results 
indicated that, compared with fins without slits, fins with slits, either aligned or offset, decreased fin surface 
temperatures and increased the heat transfer coefficient. The fins with slits also resulted in a more uniform 
circumferential temperature at the fin root at a lower air velocity, but not at a higher air velocity, compared to 
fins without slits. 
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1. Introduction 

Air-cooled motorcycle engines are cooled by transfer-
ring waste heat from the cylinder through the cooling fins 
to the surrounding air. Therefore, increasing total fin sur-
face area is generally effective in increasing cylinder cool-
ing. Several studies have reported on the effect of fin di-
mensions and number of fins on cooling performance in 
conventional finned cylinders, in order to increase fin sur-
face area [2, 5, 9–14]. For example, Biermann and Pinkel 
[2] investigated the surface heat transfer coefficient around 
the fin circumference under forced convection, using verti-
cal steel cylinders with fins with various pitches, lengths, 
and thicknesses. They found that the space between the fins 
significantly affected the heat transfer coefficient. Thornhill 
and May [11] examined the surface heat transfer coefficient 
around the fin circumference under forced convection, 
utilizing vertical aluminium alloy cylinders with fins with 
various pitches and lengths. They also indicated that fin 
separation has a great effect on the heat transfer coefficient. 
Thornhill et al. [12, 13] also investigated the heat transfer 
coefficient around the fin root under forced convection, 
using vertical aluminium alloy cylinders with fins with 
various pitches and lengths. They clarified that there is  
a limit to the heat transfer coefficient for a given fin length, 
even with increased fin separation. The authors [14] used 
vertical aluminium alloy cylinders with different fin pitches 
and numbers of fins to investigate the heat transfer rate 
from the cylinder and the fin temperature under both natural 
convection and forced convection, and determined the opti-
mal fin pitch for cooling. In addition to the above-mentioned 
studies, the numerical analysis by Mishra et al. [5] also re-
vealed that, as more fins are mounted on the cylinder at too 
narrow a pitch in an effort to increase the total fin surface 
area, thermal boundary layers overlap between the upper and 
lower fins, reducing cylinder cooling [9].  

Besides increasing total fin surface area, there have 
been practical examples of finned cylinders with slits [4]. 
However, even though 40 years had passed since the finned 

cylinder with slits was put into practical use, less research 
had been done on its cooling performance. Over the past 10 
years or so, under natural convection, there have been some 
reports on the cooling performance of finned cylinders with 
slits where the slits promote a natural convection air flow. 
That is, for vertical aluminium alloy cylinders, the experi-
ment in our previous study [6] or the numerical analysis by 
Dubey et al. [3] showed that there are optimal slit widths 
for cooling, while for a horizontal aluminium alloy cylinder, 
the numerical analysis by Angamuthu et al. [1] revealed 
that cooling is improved with a narrower slit width. On the 
other hand, under forced convection, there have been only 
our reports on the cooling performance of finned cylinders 
with slits [7, 8], where the slits disrupt the air flow between 
the fins, increasing cooling. In our previous studies [7, 8], 
using the vertical aluminium alloy cylinders with various 
slit widths around the circumference of the fins, both with 
slits set in line with cylinder axis, and with slits offset to the 
slits immediately above, the heat transfer rate from the 
cylinder was determined by measuring the temperature drop 
of the heat storage liquid in the cylinder. In addition, the air 
flow between the fins was observed with the smoke wire 
method and the air flow on the fin surface with the oil film 
method. Thus, the optimum slit width was identified for 
each slit arrangement. In general, it is important for an 
engine cylinder to be cooled uniformly around its circum-
ference. However, the temperature distribution around the 
circumference of the finned cylinders with slits has not 
been clarified. This study set thermocouples to the fin sur-
faces of finned cylinders with slits around the fin circum-
ference, and then investigated the temperature distribution 
around its circumference and average heat transfer coeffi-
cient under forced convection. 

2. Experimental apparatus and method 
Figure 1 shows the experimental finned cylinder with 

slits. For these finned cylinders, the cylinder bore diameter, 
the cylinder length, and the fin length were designed to 
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approximate most actual single-cylinder motorcycle en-
gines with displacement volumes of 150 cm3 to 187 cm3. 
The fins and cylinder were made of aluminium alloy (JIS 
A5052). In the fins, the slits were arranged in an equiangu-
lar 30° spiral around the circumference. The slit width was 
14 mm, which achieved the greatest cooling when all the 
slits were set in line with the cylinder axis, in our previous 
study [7]. Six fins were fitted tightly in the cylinder at a fin 
pitch of 10 mm, either with slits set in line with cylinder 
axis, or with slits offset at a phase difference of 15° to the 
slits immediately above. These finned cylinders with slits 
were compared to a conventional finned cylinder without 
slits. 

Figure 2 shows the experimental facilities, including an 
Eiffel-type wind tunnel, with a nozzle of height 680 mm 
and width 400 mm. The experimental cylinder was mount-
ed on a support table, at a distance of 340 mm from the 
nozzle of the wind tunnel, with the cylinder axis perpendic-
ular to the air flow. 

Figure 3 shows the experimental apparatus. As shown in 
Fig. 3, a 300 W heater, a stirrer, and a K type thermocouple 
of 50 μm diameter wire were installed into the cylinder. 
The cylinder was filled with 290 cm3 of ethylene glycol as 
heat storage liquid. On the upper surface of the fourth fin 
from the top, three K type thermocouples with a wire diam-
eter of 50 μm were attached at positions 5 mm, 20 mm, and 
33 mm radially from the fin root, as shown in Fig. 4.  

 
Fig. 1. Experimental finned cylinder with slits 

 
Fig. 2. Experimental facilities 

 
Fig. 3. Experimental apparatus 

 
Fig. 4. Installation positions of thermocouples 

 
In the experiment, the stirrer was run, the heat storage 

liquid was heated with the heater, and the wind tunnel was 
started. After the temperature of the heat storage liquid 
became constant, the temperatures of the fin surface and the 
heat storage liquid were recorded. Here, the cylinder was 
rotated so that the installation positions of the thermocou-
ples in Fig. 4 were set at 15° intervals from 0° on the 
windward side (in front of the air flow) to 180° on the lee-
ward side, and the temperatures were recorded for 5 
minutes at each angular position of the thermocouple instal-
lation. In this case, the fins were located directly in front of 
the air flow, at 30° intervals from 0° to 180° in the angle 
position of the thermocouple installation, and the slits were 
located directly in front of air flow, at 30° intervals from 
15° to 165° in the angle position (Table 1). Experiments 
were carried out at air velocities of 20 km/h (5.6 m/s), 40 
km/h (11.1 m/s), and 60 km/h (16.7 m/s), and at an ambient 
temperature of 22.4 ±1.2°C. The measured temperature was 
accurate to within ±0.2°C. 

 
Table 1. Slit arrangements 

 
 
The heat rate used to calculate the average heat transfer 

coefficient was obtained by heating the heat storage liquid 
with the heater. Here, an insulated vessel (a double-layered 
stainless steel vacuum vessel wrapped with glass wool on 
the outside) was equipped with a 300 W heater, a stirrer, 
and a K type thermocouple with a wire diameter of 50 μm, 
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and then filled with 290 cm3 of heat storage liquid. The heat 
storage liquid in the insulated vessel was heated by a heater, 
while the stirrer ran, and the temperature of the heat storage 
liquid was measured without air blowing. The heat rate was 
determined from Eq. (1). 

 Q =
Cm∙m∙(T1−T2)

t
   (1) 

where Q is the heat rate [W], T1 is 100°C (the approximate 
temperature of the heat storage liquid at an air velocity of 
20 km/h (5.6 m/s)), T2 is 70°C (the approximate tempera-
ture of the heat storage liquid at an air velocity of 60 km/h 
(16.7 m/s)), t is the time taken for the heat storage liquid to 
heat from 70°C to 100°C [s], cm is the average specific heat 
of the heat storage liquid from 70°C to 100°C [J/(kg °C)], 
and m is the mass of the heat storage liquid [kg].  

Here, the heat rate obtained in this experiment is the in-
creased heat rate of both the heat storage liquid and the 
vessel from 70°C to 100°C. However, only the increased 
heat rate of the heat storage liquid was considered. 

The average heat transfer coefficient was determined 
from Eq. (2). 

 h =
Q

(T3−T4)∙A
             (2) 

where h is the average heat transfer coefficient [W/(m2 °C)], 
T3 is the average fin surface temperature [°C], T4 is the 
ambient temperature [°C], and A is the total surface area of 
the cylinder [m2]. Here the fluctuation range of the heat 
transfer coefficient was within ±3%. 

3. Results and discussion 
Figures 5 and 6 show the fin surface temperatures at 

each angle position for the finned cylinder, without slits, 
with aligned slits, and with offset slits, at air velocities of 
20 km/h (5.6 m/s) and 60 km/h (16.7 m/s), respectively. As 
shown in Table 1, in the slit arrangements in our previous 
studies [7, 8, 15], Figs. 5 and 6 also show the fin surface 
temperatures both in the aligned slits and in the offset slits, 
both separately with the front fin and with the front slit. 

For all fins, the temperature difference from the wind-
ward side to the leeward side tended to decrease as air ve-
locities increased. At all air velocities, the temperatures at 
each angle and radial position were lower for fins with slits 
aligned both with the front fin and with the front slit, and 
for slits offset both with the front fin and with the front slit, 
than for those without slits. The temperature drop in the fins 
with the aligned slits and the offset slits at each angle and 
radial position was greater when the air velocity was slower 
and smaller when the air velocity was faster. It appears that 
the air flow disturbance between the fins caused by the slits 
has a great effect at a lower air velocity. At all air velocities, 
the temperature differences between the fin root and the fin 
edge, at angle positions of 0° to 90° in the slits aligned and 
the slits offset with front fins, were larger than those with-
out slits. The temperature differences between the fin root 
and the fin edge at angle positions of 15° to 105° in the 
aligned slits and the offset slits with front slits were also 
larger than those without slits. Thus, cooling is enhanced by 
slits, especially at angle positions of 0° to 105°. 

 

 
Fig. 5. Fin surface temperatures at an air velocity of 20 km/h (5.6 m/s) 

 
Compared to the slits offset with the front fin, in the 

slits aligned with the front fin, the temperature at an angle 
of 90° was lower at a lower air velocity, but the tempera-
tures at all angles were similar at a higher air velocity. 
Compared to the slits offset with the front slit, in the slits 
aligned with the front slit, the temperatures at angles of 
135° and 165° were also lower at a lower air velocity, but 
the temperatures at all angles were almost the same at  
a higher air velocity. 
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Fig. 6. Fin surface temperatures at an air velocity of 60 km/h (16.7 m/s) 

 
In the fins without slits, the differences between the 

maximum and the minimum temperatures at the fin root 
were Δ10.0°C at an air velocity of 20 km/h (5.6 m/s), 
Δ6.6°C at an air velocity of 40 km/h (11.1 m/s) and Δ4.6°C 
at an air velocity of 60 km/h (16.7 m/s). Compared to the 
fins without slits, the differences between the maximum 
and the minimum temperatures at the fin root, with the slits 
aligned with the front fin and with the front slit, and with 
the slits offset with the front fin and with the front slit, were 
smaller at a lower air velocity, but tended to be almost the 
same or slightly larger at a higher air velocity. It seems that, 
at a lower air velocity, in all slit arrangements, air flow is 

disturbed between the fins, and the flow separation position 
moves to the rear side, decreasing the differences between 
the maximum and the minimum temperatures at the fin root. 
Figure 7 shows the flow pattern on the surface of the sec-
ond fin from the top, at an air velocity of 60 km/h (16.7 
m/s), observed using the oil film method in our previous 
study [15].  

 
Fig. 7. Observed flow pattern on fin surface between fins at an air velocity 

of 60 km/h (16.7 m/s) [15] 
 
As shown in Fig. 7, at a higher air velocity, the flow 

separation position is located at the rear side, even in fins 
without slits. The flow separation position moves further to 
the rear side, both in the slits aligned with the front fin and 
the front slit, and in the slits offset with the front fin and the 
front slit. These flow separation positions observed with the 
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oil film method did not coincide with the angle positions 
where the temperature drop was smaller in the slits aligned 
with the front fin and the front slit, and in the slits offset 
with the front fin and the front slit, compared to the fins 
without slits. However, from our fin surface temperature 
measurements, compared to the fins without slits, the effect 
of the slits was greater at angle positions of 0° to 150°, but 
smaller at angle positions of 165° to 180°. As a result, at a 
higher air velocity, the differences between the maximum 
and the minimum temperatures at the fin root in all slit 
arrangements tended to be roughly the same or slightly 
larger than without slits. 

 
Fig. 8. Average heat transfer coefficient vs. air velocity 

 
Figure 8 shows the average heat transfer coefficient ver-

sus air velocity for all slit arrangements and without slits. In 
all air velocities, the heat transfer coefficients for all slit  
 

arrangements were higher than those without slits. For 
example, the heat transfer coefficient with the slits aligned 
with the front fin was 47% to 49% higher than that without 
slits. However, there was no significant difference in the 
heat transfer coefficient between slits aligned with the front 
fin and with the front slit, and slits offset with the front fin 
and with the front slit. 

The heat transfer rates from the cylinders with slits and 
without slits have been investigated by measuring the tem-
perature drop of the heat storage liquid in the cylinder, in 
our previous study [15]. The result indicated that the heat 
transfer rate is in descending order of slits aligned with the 
front fin > slits offset > slits aligned with the front slit > 
without slits. The reasons why there was no significant 
difference in the heat transfer coefficient depending on the 
slit arrangements in this study, are thought to be as follows: 
First, the ambient temperature was higher than that in our 
previous study [15], second, the surface temperature on the 
root side of the slit was not measured, and third, the tem-
peratures on the circumference were examined by attaching 
thermocouples to only three points on the surface of the fin 
and rotating the cylinder at 15° intervals from 0° on the 
windward side to 180° on the leeward side. Our future work 
will attach thermocouples on the circumferential surfaces of 
the root side of both the fins and the slits from the wind-
ward to leeward sides, in all slit arrangements, simultane-
ously measure the temperatures around the fin circumfer-
ence, and then examine the heat transfer coefficient. 

4. Conclusions 
Using finned cylinders with slits around the fin circum-

ference, the fin surface temperature distribution and the 
heat transfer coefficient were examined under forced con-
vection. Results show the fin surface temperatures at each 
angle and radial position were lower, and the heat transfer 
coefficient was higher, for both fins with aligned slits and 
with offset slits, than for fins without slits. Compared to 
fins without slits, the fins both with aligned slits and with 
offset slits also had more uniform circumferential tempera-
tures at the fin root at a lower air velocity, but not at a high-
er air velocity. 
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Simple dynamic model of a PEM-type fuel cell 
 
ARTICLE INFO  This paper presents a heuristic zero-dimensional model of a PEM-type fuel cell including dynamic states. The 

model is based on the static energy characteristics of the cell as a function of the voltage generated from the 
current drawn from the cell. The model was supplemented with a module of inertia under load change and the 
cleaning process. The phenomenon of cell efficiency decrease under the influence of water accumulation on the 
cathode side and purging of the cell, controlled by purging and short-circuiting, was also taken into account. 
The simulation and research results for the Horizon 300 W fuel cell are shown. Measurements and simulations 
were compared to demonstrate the model's high accuracy. 
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1. Introduction 

With the growing challenges of climate change, deple-
tion of fossil fuel resources, and the need to reduce green-
house gas emissions, the development of renewable energy 
technologies is becoming one of the key directions for 
research and technological innovation. Hydrogen, as a clean 
and high-energy fuel, is becoming increasingly important in 
the context of the energy transition. Its use in fuel cells, 
which enable emission-free conversion of chemical energy 
into electricity, is a promising alternative to conventional 
energy technologies. 

Today, the European Union is pursuing its declared hy-
drogen strategy to achieve climate neutrality by 2050 [14, 
22]. Hydrogen, especially so-called green hydrogen (pro-
duced using renewable energy sources), plays a key role in 
this transition. The strategy, also adopted by the member 
countries [23], includes the following actions [14]: 
1. Increasing the share of hydrogen in the energy sources. 

Currently, hydrogen accounts for only about 2% of the 
EU's energy consumption, with most of it coming from 
fossil fuels. The Union's objective is to significantly in-
crease the share of low-carbon hydrogen, primarily 
green hydrogen, in total energy consumption. 

2. Green hydrogen development. The EU is emphasising 
the development of green hydrogen, which produces no 
CO₂ emissions. Although its production is currently 
more expensive than grey or blue hydrogen, the strategy 
includes investment in RES-powered electrolysers, re-
ducing production costs through technology scaling, and 
support for research and innovation in electrolysis pro-
cess efficiency. 

3. Hydrogen applications in industry and transport. Hy-
drogen is expected to replace fossil fuels in sectors dif-
ficult to decarbonise, such as steel and chemical indus-
tries, heavy transport (trucks, railways, ships), energy 
storage, and grid stabilization. 

4. Integration of energy systems. Hydrogen to act as an 
energy carrier and store, enabling seasonal integration 
of RES (e.g. surplus energy from photovoltaics in sum-
mer can be converted to hydrogen and used in winter). 

5. Integration of energy systems. Hydrogen to act as an 
energy carrier and store, enabling seasonal integration 
of RES (e.g. surplus energy from photovoltaics in sum-
mer can be converted to hydrogen and used in winter). 
Fuel cells are being considered as one of the key techno-

logical solutions [22]. Fuel cells, and in particular Proton 
Exchange Membrane Fuel Cell (PEMFC) hydrogen cells, 
are characterized by their high efficiency, low emissions, 
and ability to operate over a wide power range. Thanks to 
these properties, they find applications in both transport 
(cars, buses, trains) and stationary systems (emergency 
power, microgrids). However, despite their numerous ad-
vantages, the widespread deployment of fuel cells faces  
a number of technological and economic challenges, in-
cluding production costs, component durability, and opti-
misation of the processes inside the cell [2, 7, 17]. 

Fuel cells as part of machine power systems are an im-
portant element in the energy efficiency of a machine. The 
static and dynamic characteristics of the cell make it neces-
sary to adapt and optimise the power supply and control 
systems. This is easier with whole-machine (system-level) 
simulation methods. In most cases, it is not necessary to 
develop models describing the exact phenomena taking 
place in the cell (including physico-chemical phenomena, 
gas and heat flow), but they can be replaced by simplified 
models based on empirical data. This approach is often 
used in the development of system models [6, 10, 13, 20]. 

The aim of this article is to present a mathematical 
model describing the operation of a hydrogen fuel cell of 
the PEMFC type. A simple model has been developed, 
including the dependence of the current generated by the 
cell on the system voltage, taking into account not only its 
static characteristics, but also dynamic phenomena. 

2. Simple fuel cell model 
The basic assumption of the model was to obtain a sim-

ple form of the model that is as easy to identify as possible 
(with a small number of parameters), giving the model's 
response to the cell's operating conditions, which is correct 
in terms of both static and dynamic conditions. Due to the 
availability of measurement data, it was decided to use an 
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empirical model instead of a physical model, which is an 
acceptable method for creating simplified models [10].  

 
Fig. 1. Voltage and current flow for Spectronik Protium-450 fuel cell 
 
From the testing of a Spectronik Protium-450 cell 

equipped with a control system that optimizes its perfor-
mance (Fig. 1), it was noted that, in addition to the static 
characteristics of the voltage-current dependence of the 
cell's load, there are changes due to inertia during load 
spikes and changes due to the cell's cleaning process. This 
can be seen as periodic (with a frequency of about 60 s) 
voltage spikes.  

It was therefore proposed that the model should take in-
to account three phenomena: the static characteristics, the 
dynamic characteristics resulting from inertia under load 
change, and the cell cleaning characteristics. The compo-
nents of the model are described below. 

The simple fuel cell model is the relationship of the out-
put voltage from the cell as a function of load (current) and 
time. The model, according to the assumption described 
above, is divided into three components: 

 UFC = UP + UDyn + UPurg (1) 

where: UP – static fuel cell characteristic (polarization 
curve); UDyn – dynamic fuel cell characteristic; UPurg – 
dynamic fuel cell characteristic during cleaning. 

The first component of the model is the static character-
istics of the cell. This is termed the polarization curve [1, 
3]. This curve (Fig. 2) is characteristic of all PEM fuel cells 
and is divided into three regions: an initial activation region 
where the voltage decreases logarithmically with increasing 
current, a ohmic region where increasing current causes  
a linear decrease in voltage and a mass transport region 
where further increases in current lead to an exponential 
decrease in voltage. There are many simplified models 
describing these characteristics [1, 3, 9, 15]. These are 
based on a simple description of the physical phenomena 
occurring in the cell. The proposed model, however, adopts 
a much simpler approach based on an approximation of test 
results. 

 UP = f(I) (2) 

where: I – current, A. 
The second component of the model is related to the 

dynamic response of the cell during a step change in load. 
As tests have shown (Fig. 3), with a step increase in load 
change, the system needs time to decrease the voltage (with 

respect to the polarization curve) and then asymptotically 
return to the polarization curve [11]. With a step decrease in 
load, the opposite occurs – a temporary increase in voltage 
relative to the polarization curve. As described in the arti-
cles [8, 11, 18, 20], this is due to the inertia of the phenom-
ena occurring in the cell, mainly related to mass transport 
both to the membrane region and in the membrane struc-
ture. The phenomenon can therefore be described as: 

 UDyn = −kDyn ∙
dU

dt
 (3) 

where: kDyn– model parameters – fuel cell inertia. 

 
Fig. 2. Nonlinear U = f(I) characteristic of the fuel cell [3] 

 
Fig. 3. Dynamic response of the fuel cell [11] 

 
The final component of the model is the segment re-

sponsible for changing the polarization curve as a result of 
cleaning the cell. The effectiveness of the membrane de-
pends, among other things, on the amount of accumulated 
water (or water vapor) on its surface and in its surround-
ings. This vapor is generated by the oxidation of hydrogen 
on the cathode side, but some of it enters the anode side, 
obstructing the flow of hydrogen to the membrane, reduc-
ing its efficiency. To prevent this phenomenon, periodic 
cleaning of the anode side is used [4, 5, 11, 16]. This is 
done by short-circuiting the cell (to evaporate the water) 
and opening the through-valve (purge) and blowing off  
a small amount of hydrogen with the water vapor. The 
result of this action is a temporary increase in the cell's 
efficiency, followed by a slow return to the basic polarity 
curve (Fig. 4). The frequency of purging and its intensity 
are selected to suit the design parameters and operating 
conditions of the cell.  
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Fig. 4. The voltage variation of the average single cell under traditional 
 long-cycle purge intervals [11] 

 
In the developed model, the following function was 

adopted to describe this action: 

 UPurg = ∆Umax + ∆Utot ∙ (
1

ekC∙t
− 1) (4) 

where: ∆Umax – maximum increase over polarization curve; 
∆Utot – total possible drop of characteristic under polariza-
tion curve; kC – model parameter; t – time form last clean-
ing process. 

It should also be remembered that the implementation of 
cleaning causes a step change in the load of the cell. During 
a short-circuit, a much higher current flows through the cell 
(resulting from the low resistance of the cell). This change 
must therefore be taken into account in the calculation ac-
cording to the formula: 

 I = {
ILoad, Purge = off
IShort, Purge = on

 (5) 

 
Fig. 5. Fuel cell model implementation in Modelica 

 
The above model was implemented in the Modelica en-

vironment. Figure 5 shows the developed model, which is  
a component of an electrical circuit connected by pins 
(pin_p and pin_n) to an electrical circuit. A data matrix 
interpolation element using the continuous derivative meth-
od is responsible for the static model. Below this is the 
element responsible for the inertia of the system under 
dynamic load changes and at the bottom is the cell cleaning 

model. The model thus prepared was subjected to an identi-
fication process. 

3. Model identification 
3.1. Object research 

The developed model, implemented in the Modelica en-
vironment, requires parameter identification. To this end, 
tests were carried out on a selected cell model equipped 
with an integrated control system performing the purifica-
tion function automatically. Details are provided below. 

The object of the study is a PEMFC Horizon 300 type 
cell from Horizon (Fig. 6). It is a cell consisting of 60 open-
cathode cells with a nominal power of 300 W. Detailed data 
are provided in Table 1. 

 
Table 1. Parameters of Horizon 300 fuel cell [21] 

Fuel cell Horizon 300 
Type PEM 
No. of cells 60 
Architecture Open cathode 
Coolant Air cooled 
Rated power 300 W 
Rated current 8.3A 
Voltage output 32–54 VDC 
Start-up time < 30 s 
Hydrogen gas Dry, 99.999% purity 
Delivery pressure 0.4–0.5 bar 
Fuel consumption 3.9 dm3/min 

 
Fig. 6. Object of the research – Horizon-300W fuel cell [21] 

3.2. Test stand 
The research was carried out at the Lublin University of 

Technology. The hydrogen cell was supplied from a 0.4-
litre bottle via a Spectronik EMPR regulator. The cell was 
connected to a current load EA-EL 3080-60 B, allowing the 
electrical load of the cell to be varied. Control of the cell 
was performed by a system that was an integral part of the 
cell. Current and voltage were measured using an oscillo-
scope, Tektronix TBS1052C 50 MHz, with a data recording 
card and current probe, Tektronix TCP0030A, plus an am-
plifier, Tektronix TCPA300. A schematic of the test bench 
is shown in Fig. 7 and Fig. 8. Measurements were taken at  
a frequency of 1 kHz. The measurement error of the voltage 
was 0.003 V, and the current was 0.01 A. 
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Fig. 7. Test stand block diagram 

 
Fig. 8. Test stand  

3.3. Methodology 
The identification tests were divided into 2 parts. In the 

first, tests were carried out under steady-state conditions, 
and in the second, under dynamic conditions.  

The first part involved determining the polarization 
curve of the cell when the purification system was switched 
off. For this purpose, the cell was loaded with a specific 
current and, after stabilization of its operation (a period of 1 
minute), the voltage was measured. Measurements were 
carried out with increasing and decreasing load on then the 
average value was drawn.  

The second part of the research was carried out in a set 
resistance system allowing for a step change in the load of 
the fuel cell between 65 and 130 W. Variations were per-

formed with a current load on a 10 second cycle: 5 s – 65 W 
load, 5 s – 130 W load. In one cycle, there was both  
a step increase and a step decrease of the load. In addition, 
a purge circuit operating at 1 Hz was active in this experi-
ment. 

3.4. Analysis 
The first part of the study involved the determination of 

the polarization curve. The result is shown in Fig. 9. The 

shape of the curve is consistent with the literature data [1, 3, 
13, 16]. It should be noted that the power obtained is signif-
icantly less than that declared by the manufacturer. The 
maximum power, located at the end of the ohmic part of the 
curve (see Fig. 2), was 150 W (30 V · 5 A) against a rated 
300 W (see Table 1). This is due to the high degradation of 
the cell. The test unit was used for six years as part of the 
activities of the Student Scientific Club of Aerospace Pro-
pulsion in the Shell Eco-marathon competition. 

 
Fig. 9. Static characteristic of fuel cell – polarization curve  

 
The second part of the research included load cycling 

and the operation of the cleaning system. Four load cycles 
were carried out. The results are presented in Fig. 10 and 
Fig. 11. The inertia of the system can be seen – when the 
load is activated, the voltage momentarily drops below the 
base value and the current increases, while when the load is 
deactivated, there is a momentary increase in voltage. The 
operation of the purge system causes, after the circuit out-
put current drops due to a short circuit, a jump in the effi-
ciency of the cell – an increase in both voltage and current, 
followed by a slow decrease in both values to the level of 
the polarization curve. 

 
Fig. 10. Voltage during changed load conditions  
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Fig. 11. Current during changed load conditions 

3.5. Model parameters identification 
As the model developed in Modelica used the derivative 

continuity approximation module to determine the polariza-
tion curve, it was therefore not necessary to determine the 
parameters of this model. The characteristics based on the 
test results shown in Fig. 9 were used for further calcula-
tions. 

Figures 12–15 show the results of the measurements 
compared with the simulation results of the developed 
model. The blue line shows the bench measurements, the 
green line the model without the cleaning module (only 
with the dynamic module), and the orange line the results of 
the full model. 

 
Fig. 12. Voltage measurement and simulation during changed load condi-

tions 
 
The identification of the dynamic model parameters and 

the cleaning were divided into two separate operations, but 
based on the same set of measurement data. Using the re-
sults of the bench tests described above, the identification 
of the dynamic model parameter was carried out using the 
least squares method, with the focus on obtaining a correct 
representation of the system inertia. A model with a con-
cordance of R = 0.853 was obtained, although this was 
compared with the tests of the system with active cleaning. 
Figures 12–15 show the effect of the cell inertia. 

 
Fig. 13. Voltage simulation with and without active cleaning module 
 during changed load condition 

  
Fig. 14. Current measurement and simulation during a changed load 
 condition 

 
Fig. 15. Current simulation with and without active cleaning module 
 during changed load condition 

 
After the identification of the dynamic model, the iden-

tification of the cleaning model was performed. Again, the 
least squares method was used, with the simulation work 
performed on the model with the dynamic module parame-
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ters already identified. In this case, a much higher compli-
ance performance R = 0.958 was obtained. Figures 13 and 
15 show the difference in the behaviour of the model with 
the cleaning module on and off. Cleaning, as reported in the 
literature described in chapter 2 of this article, leads to  
a periodic increase in the capacity of the cell, despite the 
occurrence of temporary interruptions in the energy supply 
to external systems. The purpose of the purification process 
is to remove water accumulating on the cathode side. Water 
blocks the flow through the membrane, which causes  
a decrease in cell efficiency. Water accumulation also caus-
es membrane degradation and a decrease in service life. 
Therefore, this process is carried out despite the fact that it 
causes fuel losses (fuel is blown into the atmosphere). Ac-
cording to publications [4, 5, 11, 16], this reduces the over-
all efficiency of the cell by about 10%, but extends its ser-
vice life more than threefold. 

The parameters of both models are shown in Table 2. 
 

Table 2. Parameters of the dynamic and cleaning module 
Parameter Value 

kDyn 0.541 
Umax 3.00 
Utot 3.12 

kc 10.03 

4. Summaries 
A simple fuel cell model was developed, describing 

both the static characteristics of the polarization curve and 
also the dynamics of the model during load changes and the 
change in cell performance after the cleaning process. The 
model was developed as an empirical model by simplifying 
a physical description of the phenomena occurring inside 

the fuel cell. However, based on measurement data, a mod-
el with very high correlation with measurement results was 
obtained. A correlation of R = 0.958 was obtained. 

The polarization curve obtained during the tests shows  
a significant reduction in cell performance resulting from 
wear and tear. The drop in power relative to the catalogue 
parameters is approximately 50%. During sudden load 
changes, there is a temporary deviation from the polariza-
tion curve of approximately 15% (with an increase in load, 
the voltage drops by 3.5 V from the nominal 23 V, and with 
a decrease in load, the voltage increases by 7.3 V from the 
nominal 28 V). Stabilization occurs after approximately  
2 seconds. 

Cleaning the cell causes a temporary increase in effi-
ciency (increase in voltage relative to the polarization 
curve) of approximately 7%, with a return to the nominal 
value occurring after just 0.7 seconds. 

Thanks to its simplicity, this model can be very easily 
identified for any fuel cell and thus provides a tool for sim-
ulation and optimizing control systems and powerplant 
systems using the cell as an energy source. The introduction 
of a cleaning model also allows the energy efficiency opti-
mization of the cell by selecting the frequency of cleaning 
occurrence. 
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Results repeatability evaluation of exhaust emission data obtained in laboratory 
WLTC test conditions using stationary and PEMS analysers 

 
ARTICLE INFO  The article presents an assessment of the repeatability of exhaust emission results in the WLTC test using two 

types of measurement systems: stationary laboratory analysers and a PEMS. The tests were conducted in 
laboratory conditions at BOSMAL Institute of Automotive Research and Development on a passenger car with  
a gasoline engine on a chassis dynamometer. The assessment included CO₂, CO, NOₓ, THC emissions, and the 
particle number in each phase of the WLTC test and in the entire test. The coefficient of variation was used to 
assess the repeatability. The results showed greater repeatability of measurements in the case of laboratory 
analysers, especially for CO₂ and CO. The PEMS system showed greater variability, especially in the dynamic 
test phases. Despite this, the results validation confirmed the compliance of the PEMS system with regulatory 
requirements. The article emphasizes the importance of the precision of exhaust emission tests in the context of 
measurement technologies development and the implementation of more restrictive emission standards, and it 
indicates CO₂ as the most stable parameter for both systems. 
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1. Introduction 

Modern exhaust emission regulations require vehicle 
manufacturers to monitor the emissions more and more 
precisely in various operating conditions. Consequently, 
precise measurement and analysis of vehicle exhaust emis-
sions are increasingly crucial in the context of reducing the 
negative impact of motorization on the environment. In 
addition to classic homologation tests on chassis dynamom-
eters, emission tests in real conditions (RDE) are becoming 
increasingly important, carried out using smaller devices 
collectively classified as PEMS. Due to various environ-
mental, operational, and hardware factors, these systems 
may show greater variability of measurement results com-
pared to their stationary laboratory analyser counterparts. 
The aim of this article is to assess the repeatability of ex-
haust emission measurement results obtained in the WLTC 
test, performed using both of the above-mentioned meas-
urement systems, with particular emphasis placed on the 
statistical analysis of the coefficient of variation. The issue 
of exhaust emission test results repeatability has been ad-
dressed in numerous research works, although it is still an 
area with a limited number of empirical analyses. Chłopek 
and Rostkowski [7] emphasized the importance of formaliz-
ing the repeatability assessment of combustion engines 
operating properties, including exhaust emissions. Studies 
have shown that CO and NOₓ emission measurements are 
highly sensitive to random disturbances, which translates 
into difficulties in obtaining stable results. Jaworski et al. 
[13] conducted an emissions repeatability analysis in cold 
and hot engine start conditions in the NEDC test. The re-
sults confirmed the validity of using the coefficient of var-
iation (CV) as an assessment tool for measuring reliability. 
Andrych-Zalewska et al. [2–4] focused on emission tests in 
dynamic conditions and in the RDE test. Their works em-
phasize the influence of engine operating states (e.g. torque, 
temperature) on the exhaust emission level, also paying 

attention to the differences resulting from the test method-
ology. One of the newer publications [2] analysed emission 
data from a full WLTC cycle and proposed methods for 
assessing the measurement data variability. The article by 
Merkisz et al. [14] is also particularly important, as it di-
rectly concerns the repeatability of WLTP test results. In 
this work, additional indicators were used besides CV (r – 
the ratio of extreme values to the mean and k – the cold/hot 
ratio), which allow for a broader interpretation of data vari-
ability. 

The literature review shows that while the coefficient of 
variation remains the basic statistical measure of emissions 
repeatability, it is also important to take into account the 
environmental conditions, the thermal state of the engine, 
and the phase of the driving cycle in which the measure-
ment was made. 

2. Test method 
The tests were carried out at the BOSMAL Automotive 

Research and Development Institute on the AVL Zoellner 
48” Compact chassis dynamometer in laboratory no. 1 (Fig. 
1). The dynamometer was fully integrated with the labora-
tory management system (AVL iGEM). The system was 
controlled by software that allowed not only to carry out 
exhaust emission tests in accordance with international test 
cycles (such as European cycles: WLTC, RTS95 – RDE, 
NEDC, WMTC; American: FTP-75, HWFET, US06; and 
the former Japanese cycle: JC08), but also allowed for 
measuring engine power in both static and dynamic condi-
tions [6]. The laboratory system used the method of analys-
ing diluted gases using the CVS system, collected in meas-
uring bags, while the PEMS system recorded the emission 
of undiluted gases in real time. The coefficient of variation 
(CV), calculated separately for each phase of the cycle and 
the entire test, was used to assess repeatability. Each vehi-
cle test that involves using portable exhaust measuring 
systems (PEMS) must be preceded by validation performed 

http://orcid.org/0009-0005-9200-9487
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on a chassis dynamometer. The validation procedure is used 
to verify the correct installation and operation of the device. 
The PEMS system has been subjected to a validation pro-
cedure in accordance with Commission Regulation (EU) 
2017/1151 and 2023/443 [ 9–12]. 

The air conditioning system in laboratory No. 1 enabled 
the following functions [1]: 
 Temperature control in the range from +14°C to +28°C 
 Maintaining a stable temperature during tests with an 

accuracy of ±2.0°C 
 Regulating the humidity level from 5.5 to 12.2 grams of 

water per kilogram of dry air at temperatures between 
+14°C and +28°C 

 Maintaining the target relative humidity with an accura-
cy of ±5% during tests. 
The tests were conducted on a chassis dynamometer in 

accordance with the WLTP cycle procedures. The WLTP 
procedure has been used in Europe since September 2017, 
replacing the older NEDC cycle. As with the NEDC and 
EPA, the WLTP test is conducted in a laboratory setting. 
However, the WLTP cycle (Fig. 2) is divided into four 
parts, which correspond to different speed ranges: low, 
medium, high, and very high. The entire test lasts 30 
minutes and covers 23.25 km of distance. The test route is  
a combination of urban and motorway conditions – 52% 
being city driving and 48% being on the motorway. The 
average test speed is 46.5 km/h, and the maximum speed is 
131 km/h [5]. Unlike the NEDC, the WLTP test considers 
different vehicle equipment levels and tire and wheel con-
figurations. The tire/wheel combination has an impact on 
the fuel consumption and vehicle range, as it changes the 
aerodynamics and increases the unsprung mass, depending 
on the wheel and tire size. 

 
Fig. 2. The WLTP test cycle [5] 

 
The vehicle used for the tests was a Skoda Scala with  

a 1.0 TSI petrol engine (Euro 6), equipped with a 5-speed 
manual gearbox. Emissions were measured simultaneously 
using a stationary laboratory system and PEMS. The test 
was performed five times by one experienced driver. Before 
each test, the car was thermally stabilized at a temperature 
of 21°C, as outlined by the regulations. 

 
Table 1. Data of the vehicle used in the study 

Vehicle designation Car 
Brand Skoda 
Model Scala 
Fuel type Petrol 
Engine type TSI 
Engine displacement [dm3] 1 
Power [kW] 81 
Transmission Manual 5-speed 
Emission standard Euro 6 
Vehicle mileage [km] 7208 

 
 

 
Fig. 1. Laboratory 1 equipment and setup schematic [1] 
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Fig. 3. The test vehicle during testing on the chassis dynamometer in the 
 laboratory 

 
To assess the repeatability of emission results, a detailed 

statistical analysis was performed. For each phase of the 
WLTC test, i.e. LOW, MIDDLE, HIGH, Ex-HIGH and the 
entire WLTC cycle, the arithmetic mean, standard deviation 
and coefficient of variation (CV) [15] were determined. The 
arithmetic mean was used to determine the typical emission 
level in each test phase, while the standard deviation was 
used to assess the dispersion of the results around the mean, 
indicating the stability of the measurements. 

The main assessment method relied on the coefficient of 
variation (CV), which was calculated according to the for-
mula: 

 CV= 
 σ 

μ
∙ 100 [%] (1) 

where: σ – is the standard deviation, and μ is the arithmetic 
mean for a given phase; CV – shows the relative variability 
of the data, regardless of the mean emission scale, which 
allows for results repeatability comparison in phases with 
significantly different emission levels. 

To assess the repeatability of measurement results in de-
tail, a percentage-based classification of the coefficient of 
variation (CV) was used, in accordance with recommenda-
tions from statistical and technical literature [8, 14, 15]. 
 CV < 25% – Low variability (very good repeatability): 

Results are stable, and the data is distributed relatively 
close to the mean value 

 25% ≤ CV < 45% – Moderate variability (moderate 
repeatability): Data points show a moderate amount of 
scatter but are still acceptable in most cases 

 45% ≤ CV < 100% – Higher variability (low repeatabil-
ity): Results are very widely distributed, requiring fur-
ther analysis to identify sources of instability 

 CV ≥ 100% – Very high variability (very low repeata-
bility): Results are extremely widely distributed and 
should not be considered reliable without further verifi-
cation. 

3. Results 
3.1. Repeatability of the stationary laboratory  

measurement results 
Figures 4–8 show the results of THC, CO, NOₓ, particle 

number (PN), CO₂, emission measurements obtained using 
stationary laboratory analysers. The graphs show the mean 
emission values and the corresponding coefficients of varia-
tion (CV) in the individual phases of the WLTC as well as 
overall values for the entire test.  

Based on the analysis conducted using laboratory ana-
lyzers, it can be concluded that hydrocarbon emissions 
exhibit very good repeatability in all phases of the WLTC 
cycle. The coefficient of variation (CV) did not exceed 25% 
in any phase of the test.  

In the analysis of carbon monoxide (CO) emissions, the 
coefficient of variation was lowest in the LOW phase 
(4.81%), confirming very good measurement repeatability, 
while the highest value (17.36%) was observed in the Ex-
HIGH phase. For the entire test, the CV was 5.93%, which 
indicates very good repeatability overall (Fig. 5). 

 

 
Fig. 4. Mean results of road emission of hydrocarbons with coefficient of variation in WLTC tests measured using stationary laboratory analysers 
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In the conducted analysis of nitrogen oxides (NOₓ) 
emissions, the LOW phase showed the highest measure-
ment stability, confirmed by a coefficient of variation (CV) 
of 1.77%, which indicates very good repeatability. This 
phase demonstrated the lowest data dispersion, making it 
the most reliable in terms of data quality. NOₓ variability 
exceeded 25% in the HIGH (31.13%) and Ex-HIGH 
(27.91%) phases, which classifies them as having good 
repeatability. These results are consistent with the findings 

of Merkisz et al. [14], where dynamic WLTC phases led to 
increased NOₓ dispersion – Fig. 6. 

PN emission were characterized by very good repeata-
bility in the LOW, MIDDLE, Ex-HIGH phases and the 
entire test, where the coefficient of variation did not exceed 
25%. In contrast, the HIGH phase showed a CV of 43.58%, 
which, according to the adopted scale, places this result at 
the upper limit of good repeatability – Fig. 7. Increased 
variability is typical for this phase, especially under sudden 
load changes, as also noted in study [4].  

 
Fig. 5. Mean results of road emission of carbon monoxide with coefficient of variation in WLTC tests measured using stationary laboratory analysers 

 
Fig. 6. Mean results of road emission of nitrogen oxides with coefficient of variation in WLTC tests measured using stationary laboratory analysers 

 
Fig. 7. Mean results of road emission of particle number with coefficient of variation in WLTC tests measured using stationary laboratory analysers 
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Fig. 8. Mean results of road emission of carbon dioxide with coefficient of variation in WLTC tests measured using stationary laboratory analysers 

 
CO₂ emission demonstrated very good repeatability – 

CV did not exceed 2% in any phase, reaching a minimum 
of 0.42% in the LOW phase. This result aligns with the 
literature [14], where CO₂ was the least variable among all 
measured exhaust components. Such stable outcomes indi-
cate high measurement quality for stationary CO₂ analyzers 
(Fig. 8). 

Measurements performed at the laboratory using sta-
tionary laboratory analysers showed high emission results 
repeatability for most of the tested substances. The most 
stable was the CO₂ emission, for which the coefficient of 
variation (CV) did not exceed 2% in all WLTC phases. 
THC and CO emissions were also characterized by very 
good repeatability – in the entire cycle, CV values were 
3.43% and 5.93%, respectively. NOₓ emission was well 
repeatable in the LOW and MIDDLE phases of the test, 
while in the HIGH and Ex-HIGH phases the variability was 
notably increased (CV above 27%). The greatest variability 
was obtained for PN emissions – especially in the HIGH 
phase (CV = 43.58%), which indicates measurement diffi-
culties related to the dynamic operation of the engine. 
However, for the entire WLTC cycle, CV values for PN 
and NOₓ remained low, confirming generally very good 
repeatability of measurements. 

3.2. Repeatability of the PEMS exhaust measurement 
results 

Figures 9–12 present the test result data obtained using 
PEMS in a laboratory setting. These results show the mean 
emission levels and CV factors for all tested exhaust com-
ponents in the four test phases of the WLTC as well as 
overall results for the entire test. 

The hydrocarbon emission results obtained using the 
PEMS system indicate a very good level of repeatability 
across all phases of the WLTC test. The highest result sta-
bility was observed in the LOW phase, where the coeffi-
cient of variation reached 4.25%. In the HIGH phase, the 
CV value reached 20.48%, which still falls within the very 
good repeatability category, although the data already show 
a higher degree of variability. 

Among the analyzed CO results, the highest measure-
ment stability was observed in the LOW phase, where the 
coefficient of variation was 5.34%. In the MIDDLE and 
Ex-HIGH phases, CV values exceeded 25%, indicating 
good repeatability in these parts of the test. For the entire 
WLTC cycle, a CV of 8.59% was obtained, confirming 
very good overall repeatability of the results. 

 

 
Fig. 9. Mean results of road emission of hydrocarbons with coefficient of variation in WLTC tests measured using PEMS 
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Fig. 10. Mean results of road emission of carbon monoxide with coefficient of variation in WLTC tests measured using PEMS 

 
Nitrogen oxides (NOₓ) emission measured using the 

PEMS system shows differences in repeatability levels 
depending on the WLTC phase. The most repeatable results 
were observed in the LOW phase, where the coefficient of 
variation (CV) was 2.62%. NOₓ variability was noticeable 
in the Ex-HIGH phase (CV = 36.22%) and HIGH phase 
(29.87%), which indicates good repeatability. These results 
are consistent with similar studies [14], which indicated 
increased NOₓ scatter in dynamic phases of WLTC, and 
with [7], where NOₓ was shown to be highly sensitive to 
random disturbances in engine operating conditions. 

The distribution of road PN emission results across in-
dividual WLTC phases shows clear differences in variabil-
ity levels. The lowest coefficient of variation (CV), and 
thus the highest measurement repeatability, was observed in 
the LOW phase, where CV was 7.34%. In the MIDDLE 
phase, the CV reached 18.15%, also indicating very good 
repeatability. The highest data dispersion was recorded in 
the HIGH phase, with CV reaching 56.45%, which classi-
fies this phase as having low repeatability. The Ex-HIGH 
phase had a CV of 26.91%, indicating moderate repeatabil-
ity. The high PN variability confirms the observations in 
[4], which highlight the sensitivity of this exhaust compo-
nent to the dynamic nature of the test. 

The CO₂ emission data across individual WLTC phases 
indicate very good measurement repeatability in all ana-
lyzed stages of the test. The CV for the entire cycle was 
3.27%. Although slightly higher than in laboratory condi-
tions, the results confirm high measurement quality 
throughout the test range. Similar behavior of CO₂ as the 
most stable parameter was also observed in the study [14]. 

PEMS measurements generally showed very good re-
peatability of CO₂ and THC emission results over the entire 
WLTC test, with CV values of 3.27% and 4.60%, respec-
tively. The LOW and MIDDLE phases were more stable 
than the dynamic phases of the test cycle. For CO and NOₓ 
emissions, a clear increase in data variability was observed 
in the HIGH and Ex-HIGH phases, to CV = 33.00% and 
CV = 36.22%, respectively. The greatest data dispersion 
was obtained for PN emissions, especially in the HIGH 
phase (CV = 56.45%). Nevertheless, for the full WLTC 
cycle, the coefficient of variation value for all measured 
exhaust components was at a level characterized by very 
good repeatability. The results indicate that PEMS meas-
urements under dynamic conditions may require further 
optimization in terms of stability and calibration. 

 
Fig. 11. Mean results of road emission of nitrogen oxides with coefficient of variation in WLTC tests measured using PEMS 
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Fig. 12. Mean results of road emission of particle number with coefficient of variation in WLTC tests measured using PEMS 

  
Fig. 13. Mean results of road emission of carbon dioxide with coefficient of variation in WLTC tests measured using PEMS 

 
4. Conclusions 

The conducted studies have shown that the repeatability 
of exhaust emission results in the WLTC test depends on 
both the measurement system used and the type of exhaust 
component analysed. Laboratory analysers generally pro-
vided higher stability of measurement results than PEMS 
devices, especially in dynamic test phases. CO₂ emissions 
were the most stable in both systems, while the greatest 
variability was noted for PN and NOₓ emissions. 

Main conclusions: 
 For CO₂, CV values did not exceed 3.27% in the entire 

test in any of the systems used – this confirms the stabil-
ity of this compound’s emissions regardless of the test 
conditions 

 THC showed very good repeatability in both systems, 
with slightly greater variability in the HIGH and Ex-
HIGH test phases 

 NOₓ and CO results were more variable, especially in 
dynamic conditions, which indicates the sensitivity of 
the combustion process to variable loads and tempera-
tures 

 The greatest variability was shown by the PN emission 
results, reaching CV values exceeding 50% in the HIGH 
phase for the PEMS measurement 

 The dynamic phases of the WLTC influenced the in-
crease in the coefficient of variation, which suggests the 

need for further development of validation procedures 
and measurement technology for these test conditions 

 Validation of the results showed that the absolute and 
relative differences for all analysed components were 
within acceptable limits. Despite the higher variability of 
the results, the PEMS measurements met the validation 
criteria set out in the EU regulations, which confirms its 
usefulness in measuring emissions in road traffic. 
The impact of transport on the natural environment is 

multifaceted, and a full assessment of this impact requires 
detailed analyses that take into account various operating 
and technological conditions. The results of the research 
conducted in this work constitute a significant contribution 
to the field of analysis of the repeatability of exhaust emis-
sion results, but they do not answer all questions related to 
the construction and functionality of measurement systems. 
Therefore, the following directions for further research 
were proposed: 
1. Expanding comparative analyses, conducting tests on  

a larger number of vehicles equipped with different 
types of engines: 
 Compression ignition engines (Diesel)  
 Vehicles powered by alternative fuels such as LPG, 

CNG, or hydrogen 
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 Engines with different displacements, which would 
allow for assessing the impact of engine size on the 
repeatability of emission results 

2. Tests in different atmospheric conditions: 
 Temperatures below 10°C and above 30°C, to de-

termine the impact of atmospheric conditions on 
measurement results 

 Different levels of humidity and atmospheric pres-
sure 

3. Development of measurement technologies, develop-
ment of new technological solutions that will increase 
the precision of mobile measurement systems in dynam-
ic operating conditions: 
 Increasing the resistance of measurement systems to 

vibrations and changes in environmental conditions. 
 Improving the measurement methods for the particle 

number, especially in the dynamic test phases. 

 

Nomenclature 
CO  carbon monoxide 
CO2 carbon dioxide  
CV coefficient of variation 
CVS  constant volume sampler 
ECE fuel consumption test in the urban driving cycle 
GDI gasoline direct injection  
HDV heavy duty vehicle  
LDV light duty vehicle  
NEDC New European Driving Cycle 
NOx nitrogen oxides  

PEMS portable emissions measurement system 
PM particulate mass  
PN particulate number  
RDE real driving emissions 
THC  total hydrocarbons 
WLTC Worldwide Harmonized Light Vehicles Test 

Cycles  
WLTP Worldwide Harmonized Light Vehicles Test 

Procedure 
WMTC World Motorcycle Test Cycle 
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Conversion of an internal combustion engine to supply of hydrogen or other  

gaseous fuels 
 
ARTICLE INFO  The article contains practical knowledge on the process of converting a compression-ignition combustion engine 

to various types of gaseous fuels, including hydrogen. The content of the article is related to the completed 
project of this type of adaptation of an industrial engine. The process of preparing a gaseous fuel combustion 
system, the design of the ignition, power supply, safety, and power regulation systems are described. The basic 
functions of the adaptive engine control system are presented, which allow for the adjustment of its control 
parameters to the physicochemical properties of the gaseous fuel used. The preliminary results of tests of the 
engine powered by hydrogen or natural gas are also presented. 
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1. Introduction 

In the era of searching for new sources of power for ve-
hicles and machines, the use of hydrogen as a new energy 
carrier in transport is a very promising solution [14]. In the 
transition period, hydrogen can be used as a fuel in com-
monly known internal combustion engines (ICE), creating  
a bridge between traditional motorization and modern drive 
systems with hydrogen fuel cells. It can also help in build-
ing hydrogen distribution infrastructure and in shaping 
social awareness of the new energy carrier. A major ad-
vantage of hydrogen is the lack of geopolitical limitations, 
because hydrogen is not a fossil fuel dependent on local 
natural resources, but can be produced anywhere on the 
globe where we have access to water and electricity [5]. 
Hydrogen can be used in all transport sectors, both in 
wheeled [11, 12] and rail vehicles, in maritime transport 
[10], as a drive for industrial machines, and also as aviation 
fuel. When powered by hydrogen, the problem of vehicle 
range disappears, and its operation does not burden the 
environment. In practice, the conversion of IC engine to 
hydrogen fuel is a complex task, requiring interference in 
both the engine design and the control system, and this 
applies to all engines, both compression-ignition, spark-
ignition, and engines powered by gaseous fuels. Due to the 
large scope of necessary changes, the conversion of an 
engine to hydrogen fuel is not possible using methods 
known from the practice of conversion to fuel with gaseous 
fuels such as natural gas, biogas, or propane-butane. In this 
case, the preparation of the engine to hydrogen fuel should 
be carried out in the process of its production [6, 7, 15]. 

In the Department of Automotive Vehicles of Cracow 
University of Technology, the first works on hydrogen fuel 
supply for ICE were carried out in the 1980s, a team of 
scientists led by Prof. Kordziński on the hydrogen drive of 
IC engines [8, 9]. Their continuation was the implementa-
tion in the years 2012–2018 of the project: "Use of waste 
hydrogen for energy purposes", in which a power plant with 
a rated power of 1 MW was developed and built, powered 
by waste hydrogen from the chemical industry [1]. The 

main difficulty in using this fuel to power engines was due 
to the contamination of hydrogen with various hydrocar-
bons and the frequent and rapid changes in the gas compo-
sition. For instance, the share of hydrogen varied from 60 to 
90% in a time shorter than 1 minute [4]. The power plant 
consisted of three SI engines with a power of: 2  400 kW, 
1  200 kW, equipped with an innovative hydrogen injec-
tion system, a system identifying the quality of the supplied 
hydrogen and a remote control and monitoring system [2, 3, 
13]. The extension of this project is the work carried out 
since 2020, concerning the modernization of the hydrogen 
injection system of IC engines and the control system and 
operational safety systems, including the development of 
our own, electronically controlled systems of the mixing 
and injection system of the hydrogen engine supply system. 
The results of this work were used in the adaptation of  
a modern, 5-cylinder industrial engine from the Scania 
company to hydrogen supply. 

2. Theoretical considerations  
The basics of the operation of piston combustion en-

gines powered by hydrocarbon fuels are based on the use of 
the exothermic oxidation reaction of hydrocarbon fuel, 
which supplies heat to the working medium. The main 
working medium of IC engine is always atmospheric nitro-
gen, regardless of the type of hydrocarbon fuel or alcohol 
used (Fig. 1). The share of the remaining components of the 
working medium, which are products of complete combus-
tion, such as CO2 and H2O, varies depending on the share 
of carbon and hydrogen in the fuel molecule, and the share 
of oxygen is significant only in relation to compression-
ignition engines. The gaseous toxic components included in 
the working medium do not play a major role in terms of its 
operating parameters. 

In the case of fueling the engine with hydrogen, the 
composition of the working medium changes, with atmos-
pheric nitrogen still being the main working medium, but 
the share of the remaining components changes, among 
which there is no CO2, while the share of oxygen depends 
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on the excess air coefficient used when fueling the engine 
with hydrogen (Fig. 2). 

 
Fig. 1. Schematic diagram of the combustion process of hydrocarbon fuels 
 in a combustion engine 

 
Fig. 2. Schematic diagram of the hydrogen combustion process in a com-
 bustion engine 

 
An important factor influencing the heat flow rate re-

leased during combustion is the amount of oxygen in the 
cylinder. Therefore, the volume fraction of fuel in relation 
to the volume of air is very important (Fig. 3). In this case, 
hydrogen is not a good fuel compared to other fuels, espe-
cially gasoline. Therefore, a lower unit power of the engine 
should be expected. 

 
Fig. 3. Volumetric share of fuel in the stoichiometric mixture related to the 
 energy unit 
 

Another unfavorable feature of hydrogen is the course 
of the combustion process, which takes place at a very high 
speed and, in the internal combustion engine, leads to com-
bustion anomalies and the impact effect of the gas force on 
the piston crown. Therefore, the only parameter that effec-
tively influences the control of the flame movement in the 
combustion chamber of the piston internal combustion 
engine is the value of the excess air coefficient in the hy-
drogen-air mixture, and also, although to a lesser extent, the 
value of the ignition timing. 

All of the above-mentioned features of hydrogen supply 
to the internal combustion engine create specific problems 
that must be addressed when undertaking the conversion of 
a specific type of engine. 

3. Conversion of an internal combustion engine  
to hydrogen fueling 

3.1. Research object 
The object of the research and conversion to hydrogen 

power was an industrial engine type DI09 074M manufac-
tured by Scania. It was a 4-stroke, turbocharged, diesel 

engine designed for marine applications. Basic technical 
data of the engine is as follows: 
 Number of cylinders – 5 
 Displacement – 9.3 L 
 Cylinder bore  stroke – 130 mm  140 mm 
 Compression ratio – 18 
 Rated power – 199 kW 
 Pistons made of aluminum alloy 
 Toroidal combustion chamber 
 4 valves per cylinder 
 Fuel supply system – electronically controlled unit in-

jector system 
 Individual cylinder heads and wet cylinder liners 
 Electrical installation voltage – 24 V 
 Engine weight (with oil and coolant) – 1150 kg. 

3.2. Combustion system 
The basic task of converting the engine to hydrogen 

power is to develop a new combustion system. In the stand-
ard version, the engine is a compression ignition unit 
equipped with toroidal combustion chambers located in the 
piston. Changing the engine's operation from compression 
ignition to spark ignition requires significant design chang-
es to the combustion system. In addition to the need to 
place a spark plug in the combustion chamber, it is neces-
sary to reduce the compression ratio and use a combustion 
chamber with different geometric parameters. For this pur-
pose, a design analysis of the existing combustion system in 
the engine was necessary, the result of which determined 
the possibility of converting the existing structure to power 
gas fuels, especially hydrogen. 

This analysis required dismantling the engine, consist-
ing of removing the heads and pistons. The measurements 
of the geometry of the channels in the cylinder head, in-
tended for mounting the injectors, showed the possibility of 
mounting the spark plugs and placing integrated ignition 
system modules, consisting of spark plugs and high-voltage 
coils. 

The piston structures of the converted engine were sub-
jected to a detailed analysis. On the one hand, an analysis of 
the piston design was carried out, paying attention to the 
type of material, the location of the cooling channels, and 
the thickness of the walls subject to processing. 

The standard engine piston (Fig. 4) was equipped with  
a typical, toroidal chamber combustion, commonly used in 
compression-ignition engines. 

Due to the combustion process in the spark-ignition en-
gine, it is necessary to design a new shape of the combus-
tion chamber and reduce the compression ratio. Based on 
theoretical knowledge and design experience, a combustion 
chamber placed in a so-called cup-shaped piston was se-
lected, which, thanks to the large surfaces of the squeezing 
zone in the final phase of the compression process, guaran-
tees high charge swirl. At the same time, this type of con-
version of the standard piston allows for selecting the ap-
propriate compression ratio value. Figure 5 shows the de-
sign of the piston intended for the engine powered by gase-
ous fuels and an executive drawing showing the basic di-
mensions in relation to the standard version, necessary for 
the conversion process. 
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Fig. 4. Inventory of the standard engine version – the piston cross-section 

 
Fig. 5. Design of the engine piston for an engine powered by gas fuels, 
 including hydrogen, and a production drawing for the conversion 

 
Designing the shape of the combustion chamber re-

quired a series of theoretical analyses involving computer 
simulation of the thermal and mechanical loads of the com-
bustion system, and in particular the piston (Fig. 6). An 
important element of the analysis was the selection of the 
appropriate geometric dimensions of the combustion cham-
ber, which, on the one hand, met the requirements for the 
compression ratio, and on the other hand, the strength prop-
erties of the individual piston elements, especially the bot-
tom, which transfers the highest value of gas force. This is 
important, especially when powering the engine with hy-
drogen, when the high speed of the combustion reaction 
causes large, momentary increases in pressure and tempera-
ture, loading the piston. 

 
Fig. 6. Theoretical model analysis of thermal and mechanical loads of the 
 standard version of the piston 

 
Theoretical analyses showed the possibility of convert-

ing a standard compression-ignition engine piston after the 
above-mentioned design changes, using it in an engine 

powered by gaseous fuels. The designed piston met the 
requirements of an engine powered by gaseous fuels, in-
cluding hydrogen. 

3.3. Intake system 
The compression-ignition engine, which is the object of 

conversion, is equipped with a classic power supply system 
implementing qualitative power regulation, which does not 
provide for throttling the air flow into the cylinders. In the 
case of spark-ignition engines, power is regulated by  
a quantitative method, and in engines powered by gaseous 
fuel with a large flammability range, also by a quantitative-
qualitative method. Therefore, the intake system should be 
equipped with a valve to throttle the air flow. 

In the designed engine designed to be powered by vari-
ous gas fuels, including hydrogen, which is characterized 
by a very wide flammability limit, quantitative and qualita-
tive power regulation is planned, which places special re-
quirements on the accuracy of the selection of the excess air 
coefficient feeding the engine. In connection with this, the 
engine is planned to be equipped with a throttle module 
(Fig. 7), which is controlled by a stepper motor. Thanks to 
this solution, the degree of throttle opening can be included 
in the group of parameters constituting input signals to the 
electronic control module of the entire engine. 

 
Fig. 7. Throttle module, during installation in the engine intake system 
 (left), module with stepper motor controlling the throttle position 

 
Placing the throttle module in the engine intake system 

changes its geometric dimensions, moving the original 
intake manifold away from the engine cylinder head body 
by a distance equal to the length of the module. In order to 
compensate for this dimension, elements fastening the gas 
fuel injectors with appropriately selected dimensions were 
designed (Fig. 8).  

 
Fig. 8. Injector mounting body (in the photo – one of the prototypes print-
 ed using the 3D method from standard plastic) 
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These elements, called injector bodies, were designed 
using modern design tools and manufactured using the 3D 
printing method. An appropriately selected polymer materi-
al saturated with aluminum powder, which is resistant to 
high temperature and the chemical effects of hydrogen, was 
used to make the bodies. In addition, this material is charac-
terized by plastic susceptibility and a controlled tearing 
process. This is a very positive feature from the point of view 
of operational safety, because in the event of the so-called 
flashback (backfire), depending on the intensity of this pro-
cess, the body material may only undergo plastic deformation 
or crack without generating dangerous fragments. 

3.4. Gas supply system 
The engine, which was the subject of conversion to  

a gas fuel supply, was a compression ignition engine 
equipped with UIS (Unit Injector System) type pump injec-
tors for diesel fuel injection. The entire standard power 
supply system was built into the engine. The developed 
concept of powering the engine with gas fuel assumed the 
use of an indirect gas fuel injection system to individual 
engine intake channels. The power supply system consists 
of a fuel rail in the form of a pipe made of acid-resistant 
steel, to which gas fuel is supplied at a pressure of not less 
than 4 bar (Fig. 9). The value of the gas fuel pressure in the 
fuel rail is controlled by a pressure sensor. 

 
 Fig. 9. A part of the fuel rail of the engine powered by gas fuels 

 
From the fuel rail, gas fuel is transferred to the injectors 

through short pipes made of a plastic resistant to the chemi-
cal effects of the gas fuels used. Due to the design of the 
charge exchange system in the engine, which is equipped 
with two intake valves, and also due to the possibility of 
more precise selection of the dose of injected fuel, two 
injectors were used in the converted engine to supply each 
of the engine cylinders. These are serially produced, elec-
tronically controlled injectors designed for engines powered 
by natural gas (Fig. 10). For the needs of the implemented 
project, the injector dosing characteristics were made after 
previous calibration activities, thanks to which there was  
a guarantee of equal dosing of gas fuel in relation to the 
control signal. 

The injectors were installed in developed injector 
mounting bodies (Fig. 11), which were made using the 3D 
printing method. In addition to the function of mounting the 
injectors, these bodies act as extensions of the intake chan-

nels, filling the space between the intake manifold and the 
heads, which changed after the introduction of the throttle 
body in the engine intake system. 

 
 Fig. 10. Electronically controlled gas fuel injector 

 
 Fig. 11. Body of gas fuel injector 

 
A characteristic feature of the bodies is the placement of 

special nozzles inside them, which are an extension of the 
injector nozzles, allowing gas fuel to be injected into the 
cylinder directly onto the intake valve. The developed pow-
er supply system provides for sequential gas fuel injection, 
synchronized with the position of the intake valves. Such  
a system largely prevents the risk of gas fuel accumulating 
in the engine intake channels, which may pose a risk of its 
explosion (Fig. 12). 

 
 Fig. 12. Position of the gas fuel injector nozzles in the injector body 

 
The arrangement of the injector bodies with injectors 

supplying gas fuel to the subsequent engine cylinders is 
shown in Fig. 13. 

 
Fig. 13. Arrangement of gas fuel injectors in the engine (2 injectors per 
 cylinder) 
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3.5. Ignition system 
A conversion of the compression ignition engine to an 

engine powered by gas fuels involves developing an igni-
tion system from scratch. Ignition modules from Denso, 
mass-produced for the automotive industry, were used.  
A single module consists of a spark plug integrated with an 
ignition coil. Modules of this type were placed in specially 
prepared sockets in the cylinder heads after the built-in 
injectors. Preparing the sockets required mechanical ma-
chining of the cylinder heads, together with the valve co-
vers, and placing sleeves and seals protecting the ignition 
modules from external factors. The arrangement of the 
ignition modules in the engine is shown in Fig. 14. 

 
 Fig. 14. Arrangement of ignition modules in the engine 

3.6. Control system 
The control system designed and manufactured at the 

Cracow University of Technology is the most important 
system of the engine, designed to be powered by various 
gas fuels, including hydrogen. The engine uses an integrat-
ed electronic control system for individual processes that 
make up the full engine cycle in various operating condi-
tions. This system uses the LabView software environment, 
which allows for multi-component regulation of all engine 
parameters in adaptive mode. It concerns both the control 
of basic systems necessary for the engine to operate, such 
as the power supply system and the ignition system, but 
also integrates signals from all sensors equipped with the 
engine. For this purpose, an electrical installation was de-
veloped, consisting of wiring harnesses creating a network 
of connections between the control parameters used. 

The most important system of the engine powered by 
various gas fuels is the combustion process control system. 
In the developed solution, the basic role in controlling the 
operation of the combustion system is played by the value 
of the exhaust gas temperature exiting individual cylinders 
and signals from the knock sensors. These two parameters 
are linked in adaptive mode with the fuel supply system, 
which selects the appropriate value of the excess air coeffi-
cient, and with the ignition system, which selects the ap-
propriate ignition timing. This type of system is also an 
element of the engine operation safety system, which can 
implement the engine shutdown procedure, e.g. in the event 
of a lack of combustion in one of the cylinders (exhaust gas 
temperature from a given cylinder is too low) or in the 
event of exceeding the set knock combustion threshold, 
which can no longer be corrected by appropriately setting 
the ignition advance angle. This system is also integrated 
with many other sensors transmitting signals related to 
operational safety. An example of this is the individual 
mixture temperature sensors, located in the engine intake 
channels, which decide to cut off the fuel supply in the 
event of the so-called backfire. 

In the standard version, the engine was equipped with 
mechanically activated pump injectors by camshaft cams. 
During the adaptation of the engine to a gas fuel supply, it 
was necessary to make a new measurement system, requir-
ing the installation of additional sensors necessary to syn-
chronize many engine operating parameters. The developed 
system uses signals taken from the flywheel ring gear and 
the camshaft drive gear. The signal generated from them 
determines the instantaneous angular position of the crank-
shaft. Based on this parameter, the control system defines: 
 fuel injection angle 
 ignition timing 
 knock detection zone 
 engine speed 
 and other engine parameters. 

Figure 15 shows the location of both sensors. These are 
Honeywell LCZ260-30 sensors operating based on the Hall 
effect. 

 
 Fig. 15. Crankshaft and camshaft position sensors 

 
 Fig. 16. Cassettes with the main engine control system 

 
The main control units are located in cassettes attached 

to the engine block (Fig. 16). 
Injector operation is controlled by individual control 

units (Fig. 17), which support each of the two injectors per 
cylinder. The operation of these controllers is integrated 
and synchronized with the operation of the main control 
system. 

 
 Fig. 17. Cassettes with individual injector drivers for each cylinder 
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4. Preliminary tests 
4.1. Start-up tests 

The tested engine was equipped with a complete set en-
abling start-up tests and initial measurements of operating 
parameters. Start-up tests of the engine were carried out in 
the Laboratory of ICEs of the Cracow University of Tech-
nology on a test stand equipped with a 500 kW Zoellner 
eddy current brake (Fig. 18). It should be emphasized that 
the research did not provide for a change in the supercharg-
ing system, therefore the engine was equipped with a Hol-
set turbocharger, used in the standard version of the engine. 

 
Fig. 18. Engine on the test stand in the Laboratory of ICEs of the Cracow 
 University of Technology 

 
Start-up tests were carried out while fueled with two se-

lected types of gas fuel (natural gas or hydrogen), which 
present different properties in terms of use as fuel for ICEs. 
The first tests were carried out while the engine was fueled 
with natural gas. During these tests, the functioning of 
individual engine components was checked, including 
mainly components and systems developed during the en-
gine conversion. Tests of the functioning of the control 
system and safety systems were performed. 

The next stage of the initial start-up tests was to feed the 
engine with hydrogen. In both cases, starting the engine 
powered by natural gas or hydrogen did not cause any prob-
lems, and the tests performed to check the operation of the 
control system, including the operation of the adaptive 
functions, were positive. 

4.2. Initial bench measurements 
The methodology of the measurements consisted of 

measuring selected operating parameters of the engine in 
operating conditions corresponding to its use in cooperation 
with a generator in a power generator. Therefore, measure-
ments were carried out while the engine was running at  
a constant rotational speed of 1500 1/min and with variable 
load. The determination of engine control parameters, such 
as the excess air coefficient and the ignition advance angle 
in the initial tests, was selected individually to the engine 
operating conditions. During the measurements, all meas-
ured engine parameters were subject to control, while pa-
rameters important from the point of view of the conducted 
research, which were of an exploratory nature, were record-
ed. These parameters were: 
 engine torque 
 intake manifold absolute pressure 
 excess air coefficient λ 
 fuel consumption. 

Based on these measured values, the following were 
calculated: engine effective power, specific fuel consump-
tion and overall efficiency. 

Initial tests of the engine control system operation and 
measurements of selected parameters, which were carried 
out while fueled with natural gas or hydrogen, were posi-
tive. In both cases, engine start-up did not cause any prob-
lems, and the tests performed to check the operation of the 
control system, including the operation of adaptive func-
tions and the operation of safety systems, showed conver-
gence with the design assumptions. Since the tested engine 
is designed to work with an electric generator, the engine 
speed was constant and amounted to n = 1500 1/min. 

Initial tests have shown that when the engine is powered 
by natural gas and the ignition timing and excess air coeffi-
cient are adjusted, as determined by the developed control-
ler, the effective power of the engine reaches the assumed 
value, while when the engine is powered by hydrogen, the 
effective power is approximately 30% lower. This signifi-
cant difference in the obtained effective power value result-
ed from other physicochemical properties of the fuels used, 
and mainly from the calorific value of the mixture, which is 
significantly lower for the hydrogen-air mixture used, com-
pared to the calorific value of the natural gas-air mixture. 
The second reason for the reduction in power when pow-
ered by hydrogen was the significantly lower energy of the 
exhaust gases flowing into the turbocharger, which signifi-
cantly reduces the boost pressure and prevents the delivery 
of a larger mass of the hydrogen-air mixture. The turbo-
charger, which the engine is equipped with, was adapted to 
the exhaust gas flow generated in the process of diesel 
combustion, in which the thermodynamic parameters of the 
exhaust gas stream significantly differ from those parame-
ters obtained when powered by natural gas or hydrogen.  

5. Conclusions 
The implementation of the project has shown that it is 

possible to convert a conventional combustion engine to be 
powered by various types of gas fuels with significantly 
different properties. This type of conversion is a complex 
issue that requires comprehensive technical analysis and 
development of an appropriate methodology for conducting 
work, taking into account the specific design features of the 
engine. In this case, it is not possible to develop a universal 
conversion system, similar to the methods used when adapt-
ing combustion engines to power, for example, natural gas 
or LPG. The necessary design changes should be intro-
duced in the combustion system, ignition system, and pow-
er supply system. The most important thing here is the 
development of a control system that interactively com-
bines the parameters of the ignition system and power sup-
ply system with the value of the engine's operating parame-
ters. At the same time, the properties of the engine's con-
struction materials should be taken into account, mainly in 
terms of exposure to thermal loads, mechanical loads result-
ing from the gas force, the course and dynamics of which 
depend on the properties of the fuel used. An important 
aspect of conversion is also the need to ensure the safety of 
engine operation. Therefore, an appropriate system should 
be introduced to monitor the change in pressure and tem-
perature in the charge flow path, both on the inlet and outlet 
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sides. The obtained engine operating parameters depend 
significantly on the physicochemical properties of the gas 
fuel used due to the existing limitations. Such limitations 
include, among others, the tendency to self-ignite, re-
sistance to knocking combustion, backfire into the intake 
system, combustion process temperature, calorific value of 

the mixture, or the properties of the construction materials 
used. A significant improvement in the engine operating 
parameters can also be expected after conducting an analy-
sis of the cooperation of the turbocharger with the engine, 
taking into account its flow characteristics, allowing it to be 
adapted to the type of fuel used. 

 

Nomenclature 
CI compression ignition 
ICE internal combustion engine 
LPG liquified petroleum gas 
n engine speed 
SI spark ignition 

UIS unit injector system 
Vm volume of mixture per unit of energy 
ε compression ratio 
λ excess air coefficient 
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