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Hydrotreated vegetable oil fuel within the Fit for 55 package  
 
ARTICLE INFO  On March 28, 2023, the EU Council adopted a regulation setting stringent carbon dioxide emission standards 

for new cars and vans. Under the new law, new vehicles with a 100 per cent reduction in carbon dioxide 

emissions will be able to be registered after 2035. The new EU legislation sets the following targets: a 55 per 
cent reduction in CO2 emissions for new cars and 50 per cent for new vans between 2030 and 2034 compared to 

2021 levels; a 100 per cent reduction in CO2 emissions for both new cars and vans from 2035. This will result in 

only electric or hydrogen-powered cars and vans being able to be registered after 2035. The fuel omitted from 
the Fit for 55 packages within cars and vans is hydrotreated vegetable oil. According to the research carried out 

so far, it is possible to replace diesel with HVO fuel even without interference with the fuel injection control 

system. If an internal combustion engine is fuelled with HVO fuel instead of diesel, the greenhouse gas emissions 
can be reduced by up to 90 per cent. What is more, the technology for using HVO fuel has many more 

possibilities for reducing CO2 emissions, if only by refining the exhaust after-treatment process. The exclusion of 

this fuel from the Fit for 55 package raises serious doubts about the quality of the analyses based on which HVO 
fuel was not included in the Fit for 55 packages. 
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1. Introduction 
Internal combustion engines are a main source of CO2 

emissions. Greenhouse gases such as CO2 are responsible 

for climate change. Reducing CO2 emissions from internal 

combustion engines is therefore crucial to reducing global 

warming and its effects, including rising temperatures, 

changing precipitation, melting glaciers, and rising sea 

levels. Given these risks from CO2 emissions from internal 

combustion engines, the Council of the European Union is 

introducing the 'Fit for 55' package. This is a set of reforms 

introduced in 2021 to accelerate action to reduce green-

house gas emissions and achieve the Paris Agreement tar-

gets [11]. From the legislature's perspective, the Fit for 55 

package aims to modernize existing legislation in line with 

the EU's 2030 climate target, a prerequisite for the trans-

formative changes needed in the economy to achieve cli-

mate neutrality by 2050. However, there is concern among 

biofuel market experts that the new legislation will ruin the 

internal combustion engine market. Due to EU regulations 

and emission standards, the automotive market will be 

forced to undergo a decarbonization process. The time 

horizon outlined by EU regulations seems very short and 

will force companies to implement organizational changes 

quickly. Unfortunately, if budgeting, purchasing, training, 

testing, and implementation issues are to be carried out 

diligently this process takes years. A great many companies 

with entire fleets of vehicles are now looking for solutions 

that quantifiably reduce the CO2 emissions of the compa-

ny's cars and at the same time do not force the company to 

change the composition of its fleet from combustion cars to 

all-electric ones. One such solution is to fuel internal com-

bustion engines with fuels with similar physical and chemi-

cal properties to diesel. Such fuels include those derived 

from biomass. Vegetable oils, animal fats and waste oils 

can be used as raw materials for alternative fuels [14]. Such 

fuels include higher fatty acid methyl esters (FAME). These 

are fuels produced from oilseed crops such as rapeseed or 

soybeans by transesterification. FAME fuels have several 

advantages over diesel fuel such as better ignition and re-

duced carbon monoxide (CO), hydrocarbon (HC) and par-

ticulate matter (PM) emissions [27]. However, FAME fuel 

applications come with some limitations. FAME fuel can 

corrode storage tanks and has a higher viscosity which 

negatively affects fuel injection. A promising alternative to 

FAME may be hydrotreated vegetable oil (HVO). It is  

a synthetic liquid biofuel free of aromatics, oxygen and 

sulfur. In terms of chemical structure, it consists of straight-

chain paraffinic hydrocarbons. The fuel is produced by 

hydrotreating vegetable oils, animal fats or waste oils [33]. 

Advantages of HVO fuel over FAME fuel include high 

heating value and cetane value, lower turbidity temperature, 

lower viscosity. With fewer unsaturated compounds in its 

chemical composition, HVO shows better oxidation stabil-

ity than FAME. HVO fuel consists of straight-chain al-

kanes, which have a lower activation energy than the aro-

matic ring-shaped hydrocarbons of which diesel fuel is 

composed. Therefore, the ignition delay for HVO fuel is 

shorter than for diesel fuel. This results in an earlier onset 

of combustion and reduced CO, HC and PM emissions 

compared to diesel. This shows that hydrotreated vegetable 

oil can be the fuel that can allow you to professionally plan 

and manage the reduction of carbon footprint and toxic 

emissions in your fleet. The subject matter of the article is 

up to date, as it systematizes information on the emission of 

toxic exhaust components when using HVO fuel in the 

engine, and the article also refers to the latest legal regula-

tions introduced by EU institutions. 

2. Fit for 55 
In line with a communication from the Council of the 

European Union on 28 March 2023, the Council adopted  

a regulation setting stricter CO2 emission standards for new 

http://orcid.org/0000-0002-4930-7738
http://orcid.org/0000-0002-1433-5202
http://www.combustion-engines.eu
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cars and vans. The new rules aim to reduce emissions from 

road transport, which accounts for the largest share of CO2 

emissions from transport [11]. They also serve to provide 

the right impetus for the automotive industry to move to-

wards zero-emission mobility, while ensuring continued 

innovation in the sector. The new legislation sets the fol-

lowing targets [11]: 

1. A target reduction in CO2 emissions of 55% for new 

cars and 50% for new vans between 2030 and 2034 

compared to 2021 levels. 

2. A target of a 100% reduction in CO2 emissions for both 

new cars and new vans from 2035. 

The regulation amends existing legislation, last revised 

in 2019. Under the regulation, each manufacturer must 

ensure that the average CO2 emissions of its fleet of newly 

registered vehicles in a given calendar year do not exceed 

its specific annual emissions target. If this is not the case, 

the manufacturer must pay a charge of €95 per gram of 

CO2/km above the target per registered vehicle [31]. As  

a result, the newly agreed targets will ultimately make zero-

emission cars cheaper than those powered by fossil fuels. 

The European Commission's proposal is to tighten carbon 

dioxide emission standards for passenger cars: by 2030 by 

55 percent (compared to the status quo), and from 2035 by 

100 percent. This means that in a few years it will not be 

possible to register a car with an internal combustion engine 

in the EU. This refers to newly manufactured cars. The 

European Commission also recommends improving the 

infrastructure: charging points for electric cars on main 

roads are to be spaced every 60 kilometers, and for hydro-

gen cars every 150. This could lead to a lack of profitability 

in the production of combustion cars. One solution that will 

take into account the goal of environmental protection and 

at the same time will not make it necessary to reorganise 

the operations of companies and ordinary households very 

quickly is to use biofuel as a substitute for diesel. Such  

a fuel is hydrotreated vegetable oil. 

3. Review of HVO fuel properties 
HVO (Hydrogenated Vegetable Oil), or hydrogenated 

vegetable oil, is a high-quality diesel product made entirely 

from renewable raw materials, i.e. vegetable oils and fat 

waste. HVO is a second-generation biofuel (the first was 

FAME or rapeseed oil methyl ester). HVO emits 90 per 

cent less carbon dioxide, 30 per cent less particulates and 9 

per cent less nitrogen oxide, compared to regular diesel [9, 

10, 25, 29]. Its production is based on vegetable waste, such 

as vegetable and fruit residues or even out-of-date marga-

rine. The transport and manufacturing industries calculate 

that the use of pure biodiesel will help them meet the EU's 

stringent targets for reducing pollution and using green 

energy sources [5, 32, 33]. Hydrogenated vegetable oil is  

a high-quality product made from renewable raw materials, 

i.e. vegetable oils and fatty waste. According to the litera-

ture available today, it is the most environmentally friendly 

fuel for diesel vehicles. Companies associated with the 

transport industry as a whole estimate that the use of hy-

drotreated vegetable oil will help the entire transport indus-

try to meet the EU's stringent pollution reduction standards. 

This includes meeting EU targets for the use of clean ener-

gy as widely as possible, in all sectors of the economy. It is 

estimated that reducing emissions of toxic exhaust compo-

nents by replacing diesel with hydrotreated vegetable oil 

could have a real impact on improving the health of our 

society. The entire transportation industry knows that the 

cost of fuel is not the only determinant of its popularity. 

The price of one liter of HVO fuel is about €0.6 higher than 

the price of one liter of diesel fuel. However, if you look at 

the total costs that transport companies have to bear due to 

the need to meet the European Union's requirements for 

emissions of toxic components of exhaust gases, transport 

companies are showing interest in hydrotreated vegetable 

oil and are willing to decide to fuel their fleet of vehicles 

with this fuel. What's more, this also applies to manufactur-

ing plants and factories, which are also required to report on 

the use of renewable energy and biofuels throughout the 

product manufacturing process. HVO production technolo-

gy has been known for several years. Its forerunner was the 

Finnish station brand Neste, which launched pure biodiesel 

stations in Finland, Sweden and Lithuania and Latvia. 

Western European networks such as Total and Eni are now 

following in their footsteps. In Poland, ORLEN has also 

conducted research into HVO fuel, which has shown that 

HVO fuel is of similar or even higher quality than standard 

diesel [25, 28]. It is worth emphasizing that filling up with 

HVO fuel does not exclude the use of traditional diesel fuel. 

HVO fuel can act as a substitute fuel for diesel [2, 19, 29]. 

This expands the possibilities of powering internal combus-

tion engines traditionally powered by diesel. Studies are 

confirming that HVO (including HVO100) is well-suited 

for diesel engines without any modifications [6, 22, 24]. 

This is why leading truck manufacturers are supporting the 

popularization of this fuel. Compliance with the standard 

for their entire fleet was recently announced by DAF and 

has been declared by Scania, MAN, Volvo, Mercedes-

Benz, Renault Trucks or Iveco for several years. In particu-

lar, HVO fuel can be used by owners of Euro V and VI 

class trucks, i.e. virtually the entire Polish fleet serving 

international traffic, as well as the majority of vehicles in 

local traffic [14, 30]. Vehicles with engines meeting Euro 

III and IV standards can also be fueled with HVO fuel, but 

this requires interference with the fuel dosage control sys-

tem [23]. 

Hydrotreated vegetable oils are mixtures of paraffin hy-

drocarbons. These fuels are free of any sulfur and aromatic 

compounds. The cetane number of Hydrotreated vegetable 

oils is extremely high and their other properties are compa-

rable to fuels currently used to power compression-ignition 

engines. Table 1 provides a comparison of the physico-

chemical properties of the three fuels: HVO, FAME and 

diesel. 

The physics-chemical properties of HVO and FAME 

fuels are determined by which vegetable oil they are pro-

duced from. For this reason, in Table 1 some parameters are 

reported in ranges.  

HVO fuel can be used for powering CI engines in three 

options. The first alternative is to add only a small percent-

age of the biocomponent to the diesel fuel [28]. This is very 

common with ester-type biodiesel (FAME). Now, we can 

most often find diesel at gas stations with a 7% content of 

methyl ester of higher fatty acids of rapeseed oil. This 



 

Hydrotreated vegetable oil fuel within the Fit for 55 package 

COMBUSTION ENGINES, 2024;197(2) 5 

amount takes into account the results of research on fuel 

stability and sediment formation in diesel engine power 

systems. 

 
Table 1. Physical and chemical properties of the three fuels HVO, FAME, 

and diesel fuel [2, 6, 16, 22, 23] 

Parameter Unit HVO FAME Diesel 
fuel 

Density at 15°C kg/m3 780 885 835 

Viscosity at 40°C mm2/s 2.5–3.5 4.5 3.5 

Cetane number – 60–98 52 54.6 

Distillation range °C 170–310 340–360 170–350 

Cloud point °C −5... −25 −5 −5 

Calorific value MJ/kg 44 37.5 42.7 

Calorific value MJ/ dm3 34.2 33.1 36.4 

Sulphur content % 0 0 30 

Oxygen content % 0 10 0 

Storage stability – good poor good 

 

The second option is to blend a few tens of per cent of 

HVO fuel with diesel fuel [28]. This is possible with hy-

drotreated vegetable oils (HVO) without any deterioration 

in fuel quality, adverse changes in exhaust emissions and 

degradation in engine performance. The fuel mixture will 

be of good quality, as the cetane number will be increased 

and the aromatic content will be reduced, resulting in lower 

emissions of selected exhaust components and better per-

formance during cold start. 

A final, third alternative is to take advantage of HVO as 

a clean fuel [28]. It is being considered primarily for public 

transportation, generators, and trucking companies. 

Based on the available literature, a comparative analysis 

of the elemental and chemical composition of diesel fuel, 

HVO fuel and a mixture of diesel fuel and HVO fuel was 

analyzed. The performance of this study is shown in Table 2. 

 
Table 2. Chemical composition of diesel fuel, HVO fuel and the mixture of 

diesel fuel and HVO fuel [9, 13, 35] 

Name Unit Diesel fuel HVO HVO-30 

Diesel fuel % 100 0 70 

HVO % 0 100 30 

Coal % 85.9 84.8 85.8 

Hydrogen % 13.5 15.2 14 

C/H ratio – 6.4 5.6 6.1 

Sulphur mg/kg 5 2.5 3 

Nitrogen mg/kg 28 1.5 20 

Aromatic compounds 

in total 

% 18.9 0.2 13.6 

Water mg/kg 20 7 18 

 

In the next step of the study, an analysis of the physics-

chemical features of diesel, HVO fuel and a blend of diesel 

and HVO fuel was made. The results of the comparative 

study are shown in Table 3. 

Table 2 and Table 3 show the physical and chemical prop-

erties of HVO fuel produced from rapeseed vegetable oil.  

Special focus should be placed on the different density 

values of HVO fuel relative to diesel and the higher cetane 

number value of HVO fuel compared to conventional die-

sel. The major benefits of HVO fuel are its high cetane 

number, high energy density and the freedom from oxygen 

in the molecule of the resulting fuel. An important ad-

vantage of HVO fuel is its cold point level, which can be as 

low as –25°C. This in turn renders HVO suited for use in 

very cold winters. Importantly, the production and use of 

HVO is largely climate-neutral if only renewable energy 

sources are used. HVO is obtained from waste cooking oils, 

fats and fat residues, waste fats and vegetable oil [33]. It is 

then converted into hydrocarbons by catalytic hydrogena-

tion, which is the addition of hydrogen at intense heating. 

This, in turn, is an energy carrier and thus a potential fuel. 

To what extent HVO will also establish itself in the market 

in the long term depends primarily on how global fuel pro-

duction volumes and associated availability develop. De-

spite significant growth in production, HVO is widely 

available in only a few countries in Europe. 

 
Table 3. Physicochemical properties of diesel, HVO fuel and the mixture 

of diesel and HVO fuel [11, 16, 38] 

Parameter Unit Diesel fuel HVO HVO-30 

Density at 15°C kg/m3 835 780 824 

Cloud point °C –5 –7 –6 

Flash point °C 67 98 73 

Viscosity at 

40°C 

mm2/s 3.5 3.1 3.2 

Calorific value MJ/kg 42.7 44 43.4 

MJ/ dm3 36.4 34.2 35.8 

Cetane number – 54.6 70 65 

Boiling point °C 363 313 358 

Lubricity 

(HFRR) 

μm 323 361 300 

Heat of 
combustion 

MJ/kg 45.98 47.28 46.34 

4. Emissions of toxic components  
Toxic components in the exhaust gas can make up sev-

eral per cent of the volume of the exhaust gas. The emission 

of toxic components depends on the type of fuel and the 

way it is burned in the engine [1, 18]. For compression-

ignition engines, the primary concern is the emission of 

carbon oxides, hydrocarbons, nitrogen oxides, particulates 

and carbon dioxide [4, 20, 28, 34]. The use of biofuel has 

an impact on the emission of these toxic exhaust compo-

nents. Such test results are presented in Fig. 1 for three 

mixtures of HVO and diesel showing the percentage differ-

ence between the emissions of selected toxic components of 

the exhaust gas when the engine is fueled with these fuels 

compared to being fueled with pure diesel. Simulation 

studies were carried out using AVL BOOST software. AVL 

BOOST is software with which you can model the operat-

ing conditions of an engine and then simulate the varying 

operating conditions of the engine. AVL BOOST is a calcu-

lation system with real-time capability. It contains basic 

engine components for the greatest possible flexibility in 

engine design. Modelling takes place in the following stag-

es. First, the gas stream, i.e. the gas properties, intake mani-

fold, air filter, compressor and cylinder must be modeled. 

This requires the input of data such as the geometrical pa-

rameters of the engine, the timing phases, etc. The next 

stage is to model the heat transfer through the cylinder 

walls, engine cooling. This boils down to defining the heat 

transfer model and the combustion process model. The next 

step is to model the mechanical load of the engine and the 

engine control, and to enter the fuel data. The volume pro-

portions of HVO fuel and diesel were chosen to compare 

the results with the available literature [10]. 
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Fig. 1. Difference in emissions of toxic exhaust constituents about pure 

 diesel 

 

The results in Fig. 1 show that HVO biofuel significant-

ly reduces carbon monoxide, particulate matter, and hydro-

carbon emissions compared to a diesel-fueled engine. This 

is true for both HVO biofuel and a blend in a volume ratio 

of 85% HVO and 15% diesel fuel 30% HVO and 70% 

diesel. The emissions of nitrogen oxides when using HVO 

biofuel and a mixture of 15% diesel fuel and 85% HVO 

fuel and also 30% HVO and 70% diesel are comparable to 

the emissions of nitrogen oxides when using diesel. This is 

the main advantage of this fuel, given the comparison be-

tween HVO biofuel and FAME biofuel. The use of FAME 

typically increases NOx emissions due to its elemental 

composition, which contains oxygen [18]. The simulation 

results obtained are consistent with those described by other 

researchers and available in the literature. 

5. HVO vs. the Fit for 55 package 
The transport and logistics industry is facing new challeng-

es with the Fit for 55 packages adopted by the European Un-

ion. The new EU legislation sets the following targets [11]:  

 55 per cent reduction in CO2 emissions for new cars and 

50 per cent for new vans between 2030 and 2034 com-

pared to 2021 levels [11] 

 a 100 per cent reduction in CO2 emissions for both new 

cars and vans from 2035 [11].  

More precisely, such targets will force the market to re-

place internal combustion vehicles, with electric and hy-

drogen vehicles. A similar solution is to apply to heavy 

vehicles used in road transport, as 90% of them are to be 

zero-emission from 2040. However, it seems that the dead-

lines proposed under the Fit for 55 package are virtually 

unrealistic to meet! No company can make such significant 

changes overnight. Truck manufacturers, already have an 

electric truck on sale. However, the charger to charge such 

an electric vehicle, which will travel up to 400 km, must 

have a power output of 750 kW. Today, the available ca-

pacities of chargers are 20 kW, with a maximum of 50 kW. 

Therefore, an expansion of the electrical grid infrastructure 

is necessary. With hydrogen, the situation seems even more 

difficult. At the moment, there is not a single hydrogen-

powered truck on the market for sale. Extensive research 

into hydrogen fuel was carried out by Lotos at one time, 

and it turned out that transporting this fuel was a problem. 

A hydrogen tanker weighs 23 tonnes and is capable of car-

rying about 300 kg of hydrogen at a time. It follows that 

hydrogen needs to be produced on-site, and hydrogen sta-

tions need to be built with small installations ready to pro-

duce this fuel on-site. Importantly, back in the second dec-

ade of the 21st century, it was estimated that with the pro-

jected increase in biodiesel demand, HVO fuel production 

would double on a European scale and triple globally. The 

entire biofuels market segment was expecting a steady 

increase in the share of biofuels in the fuel market and was 

therefore increasing its investments in this direction in 

order to cope with the expected increase in demand for 

biofuels [12]. Polish corporation PKN ORLEN is in the 

process of building a unit to hydrogenate vegetable oil. The 

investment is being built in Plock. The company estimates 

that it will be able to produce 300,000 tons of HVO fuel per 

year. The cost of this investment is estimated at €150 mil-

lion. Production is scheduled to begin in 2024. 

The solution to the problems described above for elec-

tric and hydrogen propulsion in heavy transport is HVO 

fuel, which reduces greenhouse gas emissions by 90 per 

cent [13]. Preliminary simulation studies carried out by the 

authors of this article using AVL BOOST software confirm 

this. A Perkins 3.4 854 E-E34TA engine equipped with  

a classic common rail fuel injection system was used as the 

test subject. As part of the simulation studies carried out by 

the authors, the test object was modelled by entering the 

geometric parameters of the engine and modelling the heat 

transfer process through the cylinder walls. Subsequently, 

the gas properties, intake manifold, air filter and HVO fuel 

data were modelled. Importantly, the introduction of such 

fuel does not require any investment in the vehicle, as the 

fuel simply replaces diesel. Research on this HVO fuel was 

conducted by ORLEN. These studies show that HVO fuel 

has comparable parameters to diesel. Hydrotreated vegeta-

ble oil is a very high-quality diesel fuel with an excellent 

cetane number level. It has a high calorific value and is free 

of aromatics and heteroatoms (Sulphur) and heteroatoms 

(Sulphur, nitrogen, or oxygen). HVO fuel is also immisci-

ble with water and completely compatible with diesel pro-

duced from crude oil. This makes HVO fuel an excellent 

alternative to diesel in terms of engine performance and 

environmental protection [12]. It is sufficient to extend the 

infrastructure of a diesel filling station with the possibility 

of filling up with HVO fuel. Such a solution will make it 

possible to travel freely throughout Europe with a combus-

tion engine fueled by HVO fuel. The exclusion of HVO 

fuel from the Fit for 55 packages, therefore, raises serious 

doubts about the quality of the experts drafting the regula-

tion! 

Conclusions 
Based on a comprehensive assessment of HVO fuel and 

an analysis of the proposals in the Fit for 55 package, the 

following conclusions can be drawn: 

 Under the new law, new passenger vehicles and vans 

will be able to be registered after 2035 with a 100% re-

duction in carbon dioxide emissions 

 From 2040 onwards, zero-emission is to apply to 90 per 

cent of heavy vehicles used in road transport 

 Such stringent emissions standards will result in vehi-

cles with internal combustion engines being replaced by 

electric or hydrogen power 
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 The deadlines proposed under the Fit for 55 package are 

virtually unrealistic to meet 

 It is possible to replace diesel with HVO fuel even with-

out interference with the fuel injection control system 

 Most of the physicochemical parameters of diesel and 

HVO fuel are of similar value. The exception is the den-

sity of HVO fuel, which is about 7% lower than that of 

diesel. Furthermore, the cetane number of HVO fuel is 

approx. 30% higher than the cetane number of diesel 

fuel. HVO fuel contains negligible amounts of aromatic 

compounds in contrast to diesel fuel (Table 1–3) 

 HVO fuel is a solution that will simultaneously reduce 

emissions of toxic exhaust components while not expos-

ing the transport market (especially heavy transport) to 

problems with refueling infrastructure 

 The entire biofuel market segment expected a steady 

increase in the share of biofuels in the fuel market and 

therefore increased investments in this direction to meet 

the anticipated increase in biofuel demand 

 With AVL BOOST software, the authors performed 

simulation studies to assess that HVO fuel can success-

fully replace diesel fuel. By replacing diesel with HVO 

fuel, similar engine performance can be achieved while 

reducing toxic emissions 

 There are more and more voices among biofuel experts 

that the Fit for 55 package will revolutionize the pas-

senger car market in Europe. In just a few years, society 

will no longer be able to drive cars with passenger en-

gines. The question arises whether this does not violate 

civil liberties. The more so that the regulations will ap-

ply to the European market, so Europeans will pay for 

the transformation. This transformation would really 

make sense, the whole world would have to be active in 

this matter, including China, India and the United States 

 The exclusion of HVO fuel from the Fit for 55 package 

raises serious doubts about the quality of the experts 

drafting the regulation! 

The authors' achievement in this article is to systematize 

the knowledge on HVO fueling of internal combustion 

engines and to compare the results from AVL Boost with 

those available in the literature. The simulation studies 

carried out so far are the first stage of HVO fuel testing 

carried out by the authors of the article. In the next stage, 

we will carry out an empirical study of HVO fuel feeding of 

an internal combustion engine and its actual impact on the 

emission of toxic components of the exhaust gas. 
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Possibilities to modify the properties of the AW7075 aluminum alloy  

for the automotive industry 
 
ARTICLE INFO  The paper investigated the AW7075 aluminum alloy that is used in the automotive industry. The alloy is widely 

used, among others, in the production of heads and engine blocks. The possibility of obtaining various 

properties of the alloy (material states) by appropriate heat treatment (saturation and aging) was demonstrated. 
The results of strength, hardness, abrasion, and fracture toughness tests of the alloy in the T73, RRA, and HTPP 

aging treatments, in comparison with the T651 reference state, are presented. The need to select the appropriate 

parameters of heat treatment in relation to the load conditions of the structural element, especially in elements 
with notches, was indicated. Depending on the state of the AW7075 alloy, the results prove the wide and diverse 

possibilities of its use and should be used consciously in the design and production processes of modern 

automotive drivetrain components. 
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1. Introduction 
Present efforts to reduce emissions of internal combus-

tion engines while at the same time increasing the efficien-

cy of drive units have placed ever higher demands on the 

structural materials used in their production, which is of 

particular importance on a large-series scale and in the 

context of the selection of appropriate materials. It can be 

said that the producers of steel and aluminum-containing 

alloys strive for the widespread use of their materials for 

structural elements [22]. Apart from steel, aluminum alloys 

are a group of basic structural materials that, in light of the 

aforementioned current trends in the development of drive 

units, are once again gaining importance. They are used for 

the construction of engines and in the load-bearing compo-

nents of motor vehicles, such as pistons [10], that require 

the use of materials with a low specific weight and a suffi-

ciently high strength. Reducing the weight of vehicles is 

necessary to reduce fuel consumption and thus reduce the 

emission of toxic exhaust components [22]. 

Among the aluminum alloys, the following are most 

commonly used: 6061-T6, 2024-T5, and 7075-T6. Each has 

slightly different properties: 6061 is easy to weld and ano-

dize and inexpensive, 2024 has greater strength and ma-

chinability, but the high copper content makes it difficult to 

anodize and weld. Compared to these two, 7075 has the 

highest strength (which, however, decreases at high tem-

peratures) but is difficult to weld. 

AW7075 aluminum alloy is used primarily in the basic 

T651 state, in turn ensuring maximum strength properties. 

This material is characterized by high strength, while at the 

same time maintaining good fracture toughness and corro-

sion resistance, despite the fact that maximum (static) 

strength is often achieved at the expense of both fracture 

toughness and stress corrosion cracking resistance [6]. 

Although this alloy has been used in the aerospace and 

automotive industries since the 1940s, work is still under-

way to modify its structure, mechanical properties, and 

resistance to intergranular corrosion through precise heat 

treatment [24]. Research is also conducted in the field of 

weldability and other methods of joining, which further 

expands the possibilities of using this alloy [6]. It has re-

cently been shown that the course of metallurgical process-

es, including the times of soaking, solution treatment, and 

aging of the AW7075 alloy, affects the value of tensile 

strength, microstructure, and corrosion resistance. For T6-

temper treatment in the pre-deformed condition, it has been 

proved that a short time of solution heat-treatment soaking 

causes a decrease of the elongation at fracture [18]. These 

properties are the most important with regard to the applica-

tion of AW7075 in the automotive industry. 

7075 aluminum is used in the production of motor vehi-

cles for both covers and mechanism housings, as well as for 

heavily loaded mechanical and thermal applications: slide 

bearings caps, heads, connecting rods [1], and the blocks of 

internal combustion engines [2, 19], including engines used 

in motorsport [14]. Rose et al. [16] even developed a model 

using an aluminum composite with silicon carbide as  

a material for an automotive camshaft. Based on the numer-

ical analysis, they obtained results showing that the Al-SiC 

composite camshafts have good strain and stress character-

istics and can be a good alternative to chilled cast iron and 

carbon steel camshafts. Sachar et al. [21] demonstrated the 

suitability of aluminum alloys for the construction of cylin-

der block fins. The low self-weight of this material reduces 

the weight of the engine and increases its efficiency. Be-

sides, it provides a better coefficient of heat removal from 

the engine than materials such as cast iron, copper, or mag-

nesium. 

At the same time, in the case of significant loads com-

bined with the influence of friction, there are problems with 

AW7075 wear in the long term due to the load and strength 

of the surface layer [6]. There are also reports of fatigue 

damage to the tested material.  

In addition, classic methods of surface finishing of en-

gine structures, such as cylinder honing [8], require good 

machinability and abrasion of the material. All this makes 

http://orcid.org/0000-0001-5891-0662
http://orcid.org/0000-0002-6761-6147
http://www.combustion-engines.eu


 

Possibilities to modify the properties of the AW7075 aluminum alloy for the automotive industry 

10 COMBUSTION ENGINES, 2024;197(2) 

operations modifying the AW7075 alloy, which will give it 

optimal properties for a given application, become very 

important. 

The treatment that modifies the properties of the materi-

al is primarily heat treatment. For the AW7075 alloy, three 

aging treatments (states) other than T651 can be consid-

ered: T73 (Overaging treatment), RRA (Retrogression and 

Reaging), and HTPP (High-Temperature Pre-Precipitation). 

Each treatment is obtained by a slightly different method of 

solution treatment and aging (Table 1), which affects the 

degree of precipitate dispersion and the mechanical proper-

ties of the alloy, including fatigue strength [5, 9]. For ex-

ample, it was found that the rate of fatigue cracking de-

creases with decreasing size of precipitates [4]. Trdan et al. 

[21] have also shown that the microstructure of aluminum 

alloys strongly affects the direction and propagation of  

a fatigue crack in welded joints. 

However, the influence of temperature and aging time 

on the mechanical properties of the material is not unam-

biguous. Although aging at a lower temperature generally 

increases the effect of precipitation hardening, it turns out 

that for short aging times, this effect may be stronger if it 

takes place at higher temperatures (Fig. 1) [12, 15]. There-

fore, experimental research is particularly valuable when 

optimizing the heat treatment process.  

  

Fig. 1. The influence of temperature and aging time on the hardness of the 

Al-Cu alloy [12] 

 

A large dispersion of precipitates increases the hardness, 

strength, and yield stress of aluminum alloys [15]. Such 

properties, on the one hand, have a positive effect on fa-

tigue strength because the formation of permanent defor-

mations in the structure is hindered (hence the use of sur-

face work in fatigue working elements) [23]. On the other 

hand, however, they reduce the resistance to temporary 

cracking, which occurs with regard to the existing crack 

(notch) [7]. This paradox may be explained by the descrip-

tion of fracture mechanics presented in Fig. 2. 

During cracking, the plastically deformed areas formed 

in the outer zones of the crack surface (the so-called shear 

lips) have the ability to stop the development of the crack, 

which is brittle in the inner zone. The extent of the slip lips 

is greater if the material is easier to be plasticized. As  

a result, elements made of high-strength materials have  

a lower fracture toughness (KIC or c) than those made of 

materials with higher plasticity (Fig. 3). 

The graph shown in Fig. 3 shows another regularity: the 

fracture toughness decreases significantly with the increase 

of the thickness (B) of the fractured element. This effect 

must be taken into account in the design and selection of 

material for structural elements. 

 

Fig. 2. Systems of strain and stress states on the fracture surface [23] 

 

Fig. 3. The influence of yield stress on fracture toughness [15] 

 

The presented theory was confirmed by the results of 

strength and the fracture toughness tests of various states of 

the AW 7075 material. In addition to them, hardness, mi-

crohardness, and abrasion resistance tests were also per-

formed, which are also important in the selection of the 

optimal material for automotive constructions. The results 

of these studies are presented in the next chapter.  

2. Materials and methods  
The primary material for the tests was AW7075 in four 

states: T651, T73, RRA, and HTPP. The last three are mod-

ifications of the material properties in the basic T651 state 

and are most often applied in industry (Table 1) [11]. 

Strength tests (tensile tests), hardness tests (Brinell and 

Vickers methods), fracture toughness tests (CTOD tests), 

and abrasion wear resistance tests were carried out for the 

conditions mentioned above. 

The static tensile tests at ambient temperature were per-

formed on three samples from each state. Typical cylindri-

cal, proportional test pieces were prepared with the diame-

ter d=6 mm and the gauge length L0 = 30 mm, which were 

tested in the rolling direction on an Instron 5982 testing 

machine with a force range of 100 kN. 

The Brinell hardness test was carried out for all states 

on the samples intended for the CTOD test in accordance 

with the requirements of the standard [14] and used the 

ZwickRoell ZHU testing machine and a ball indenter with  

a diameter of 2.5 mm. The machine acted under the load of 

187.5 kg applied for 15 seconds. Measurements were car-

ried out in the central parts of the front surfaces of compact 

samples that did not undergo plastic deformation during the 

fracture toughness tests. The average values of three measu-
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rements were determined for each of the samples (macro-

hardness). 

CTOD tests were carried out on compact samples with  

a thickness of B = 25 mm, which were loaded with tensile 

fatigue along the rolling direction (Fig. 4a) on an MTS 810 

hydraulic pulsator with a range of 250 kN. The tests were 

conducted to ascertain the occurrence of scrap and to de-

termine the critical value of crack opening c in accordance 

with the requirements of the standard [20]. 

Microhardness was determined by the Vickers method 

using the Opti MMX-X7B hardness tester with a diamond 

indenter in the form of a square pyramid and a load of 300 

g applied for 15 seconds. The measurements were carried 

out in the middle of the zones of occurrence of plastic de-

formations caused by fatigue load on the side surfaces (sec-

tions) of the samples and after the CTOD test. Mean values 

from three measurements were determined for each of the 

samples. The results obtained in this way (microhardness) 

were converted to the HBW scale in order to compare them 

with the results of hardness measurements (macrohardness). 

The resistance to abrasive wear tests of the AW7075 

aluminum during friction were performed on the T-07 tri-

botester in accordance with the requirements of GOST 

23.208-79. The tests were performed under constant load 

conditions of F = 44 N, and alumina particles (grain size 

#90) as required by the standard "Bonded Abrasives (...)" 

(ISO 8486-2:2007) were used. The test method is described 

in detail in [3]. In accordance with the requirements of the 

standard for materials with a hardness below 400 HV, each 

test lasted 10 minutes, which corresponds to 600 abrasive 

cycles. Two samples for each of the considered AW7075 

aluminum were tested. The samples had dimensions of 

30×30×3 mm and were taken from the plane across the 

thickness of the compact samples intended for the CTOD 

test. Values of the abrasive wear resistance rates (Kb) were 

determined using the weight wear method, which involves 

determining the difference in the mass of the sample before 

and after the test of abrasion, according to the relationship: 

Kb =
Zww

Zwb 
 

where Zww – mass loss of the reference specimen [g] – the 

standard sample i.e. aluminum in the T651 state, Zwb – 

mass loss of the test sample [g]. 

The mass loss on the actual friction path was also de-

termined for all the samples subjected to abrasion. Sample 

weights were determined using Sartorius Extend laboratory 

scales with an accuracy of 0.0001 g. 

3. Results 
Table 1 summarizes the heat treatment conditions per-

formed in order to obtain the four tested states of the 

AW7075 aluminum and also the results of the hardness 

determined in the tests. 

Table 2 shows the basic strength parameters obtained in 

the tests. The values of Rp0.2, Rm, and c for the AW7075 

material in the T73, RRA, and HTPP aging treatments were 

referred to the properties in the T651 (reference) aging 

treatment. The results of the abrasion resistance and crack-

ing resistance tests, according to the CTOD test, were also 

collected. They were compared, as in the case of the 

strength results, to the parameters of the material in the 

T651 aging treatment. 

 
Table 1. Heat treatment processes applied to the AW7075 aluminum alloy and material hardness 

Aging 

state 

Applied heat treatment Hardness 

solution aging 
Macrohardness HBW 

(% value relative to T651) 

Microhardness HBW 

(% value relative to T651) 

T73 
470oC, 1 h, 

cooling – cold water 
120oC, 24 h, 
160oC, 30 h 

152 
(90%) 

169 
(99%) 

RRA 
470oC, 1 h, 

cooling – cold water 

120oC, 24 h, 

203oC, 10 min, 
130oC, 18 h 

172 

(102%) 

180 

(106%) 

HTPP 

470oC, 1 h, 

445oC, 0.5 h, 

cooling – cold water 

120oC, 24 h 
171 

(101%) 
171 

(101%) 

T651 
material as supplied: solution treated, stretch relieved and artificially 

aged 

169 

(100%) 

170 

(100%) 

 

Table 2. Obtained results of the experimental tests: the strength test in relation to abrasion resistance and crack resistance according to the CTOD 
 test 

Aging 

state 

Strength properties  

(along the rolling direction) 

Abrasive wear  

resistance 

Fracture toughness 

according to the CTOD 
test 

Rp0,2 [MPa] 
(% value relative  

to T651) 

Rm [MPa] 
(% value relative to 

T651) 

abrasion resistance coeffi-

cient Kb [–] 

(% value relative to T651) 

weight loss due to friction 

[mg/m] 

(% value relative to T651) 

c [mm] 

(% value relative to 

T651) 

T73 
484 

(89%) 

543 

(91%) 

1.22 

(122%) 

1.13 

(82%) 

0.035 

(219%) 

RRA 
441 

(81%) 

497 

(83%) 

1.08 

(108%) 

1.27 

(92%) 

0.047 

(294%) 

HTPP 
508 

(94%) 

571 

(95%) 

1.00 

(101%) 

1.37 

(99%) 

0.023 

(144%) 

T651 
542 

(100%) 
600 

(100%) 
1.00 

(100%) 
1.38 

(100%) 
0.016 

(100%) 
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Fig. 4. Structure of the grain on the fracture surface of the AW7075-T7 

compact specimen: in the middle of the flat fracture with the rolling direc-

tion indicated (a), the edge-side area with plastic strain on the shear lip (b) 

4. Results analysis 
The tested states of the AW7075 aluminum are charac-

terized by very similar hardness values, with the exception 

of the T73 aging treatment, in which case the hardness 

decreased by 10% when compared to the delivery state 

(Table 1). However, the microhardness increases in the 

zone of plastic deformation and the strain hardening mech-

anism (noticeable in the case of RRA and HTPP aging 

treatments) – an increase of 11% and nearly 5%, respective-

ly. This becomes particularly important in the case of the 

occurrence of material fatigue loads. 

The results of the strength tests show a decrease in the 

value of the yield strength of each of the states of the mate-

rial after heat treatment (T73, RRA, and HTPP) when com-

pared to the T651 aging treatment (taken as the reference 

state). Such a modification of mechanical properties during 

cracking causes a greater extent of the plasticization zone in 

the slip lips that are formed on the edges of the crack sur-

face. This is indicated by the greater microhardness of the 

material in these zones in the RRA and HTPP aging treat-

ments (Table 2), and by the microscopic observation of the 

grain structure (Fig. 4b). Since the material in the slip lip 

zones has the ability to deform in the direction perpendicu-

lar to the direction of cracking (Fig. 2a, direction of axis 3), 

there is a triaxial strain state, and therefore also a plane 

stress state (PSN). The developing process of plastic de-

formation absorbs a significant part of the energy trans-

ferred to the structure by the work of external forces, which 

results in stopping the cracking process. This translates 

directly into higher fracture toughness results obtained in 

the CTOD tests: the best fracture toughness was shown by 

the material in the RRA aging treatment. It was lower for 

the T73 and HTPP aging treatments and the lowest in the 

T651 state (Table 2). 

The inhibition of crack development in plastically de-

forming near-surface zones is also confirmed by macroscopic 

observations of the surface of the fatigue fractures of the 

compact samples, which can be seen in the photographs of 

the specimens (Fig. 5–6). Figure 5 shows successive stages 

of fatigue crack formation in the samples from the RRA, 

T73, and HTPP aging treatments’ shear lip zone. Such an 

effect is clearly less visible in the T651 samples (Fig. 6).  

 

Fig. 5. Propagation of cracks in the AW-7075 material: cracks stopped by 

shear lips in the RRA, T73, and HTPP ageing treatment 

 

Fig. 6. Flat cracking in the T651 treatment, where the influence of shear 

 lips is much less visible 

 

The determined parameters, which represent resistance 

to abrasive wear, clearly indicate a significant increase in 

wear resistance in friction conditions. This is especially the 

case in the T73 aging treatment, despite its reduced hard-

ness, and also in the case of the RRA aging treatment (the 

value of the Kb coefficient increases by 22 and 8%, respec-

tively, and the loss of weight by 18% and nearly 8% respec-

tively, when compared to the generally applicable T651 

aging treatment). 

The obtained decrease in the yield strength and hardness 

values as a result of heat treatment, especially visible for 

the RRA state, proves the weakening of the precipitate 

strengthening mechanism in the AW7075 material. This is  

a result of the increase in the size of the second phase pre-

cipitates during annealing and aging of the material. Such 

precipitates, however, increase the cracking resistance of 

the material, stopping the development of fatigue cracking 

for some time [17], which can be seen in the SEM photo-

graph shown in Fig. 7. This effect is caused by the lack of 

coherence between the structure of the matrix and the pre-

cipitate, as a result of which an additional strong field of 

internal compressive stresses is created in front of the crack 

tip, forcing the crack to change the propagation plane. 

 

Fig. 7. Fatigue crack arrest mechanism by a second phase intermetallic 

 precipitate in AW7075 material [17] 

5. Conclusions 
The results of the conducted research show that: 

 the AW7075 alloy, which is a high-strength material, 

gains an improvement in crack resistance in notched 

structural elements through appropriate heat treatment, 

in turn resulting in greater ductility as a result of natural 

aging; this is indicated by the results of strength tests for 

the AW7075 material in the RRA and T73 aging treat-

ments, which had the lowest yield strength Rp0,2 when 

compared to the reference T651 aging treatment, and 

the highest fracture toughness c; 

 the positive effect of material plasticization on fracture 

toughness seen in the tests applies to cases of cracking 

of elements with notches; a different relationship is ob-

tained for fatigue strength, which increases with an in-

creasing yield point of the material; 

b) a) 

shear lip area 
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 as a result of the tests, it was found that the material in 

the T73 aging treatment has the best abrasion resistance; 

 when using the AW7075 material for structural ele-

ments, the nature of the work and the range of loads 

should be taken into account. Moreover, the heat treat-

ment (saturation and aging) should be controlled in or-

der to obtain the desired strength properties, abrasion 

resistance, fatigue strength, and crack resistance. 

It should be noted that the requirements for structural 

elements should not always prioritize maximum short-term 

strength, as high-strength materials have a limited and 

sometimes significantly lower fracture toughness. In appli-

cations where this parameter is crucial (mainly in elements 

with structural notches), a material with increased plastic 

properties should be selected at the expense of a slight 

reduction in strength parameters. 

Detailed use of the results of this work belongs to the 

designers of structural elements. If they decide on the AW 

7075 alloy, they should be aware that through appropriate 

heat treatment, the strength and resistance properties of this 

material can be modified to some extent. Each of the ele-

ments made of the AW 7075 alloy, examples of which are 

shown in Chapter 1, requires separate consideration in 

terms of strength requirements and hazards resulting from 

the presence of notches, temperature influence, dynamic 

loads, etc. 

Continuation of the research may contribute to fuller use 

of the advantages of the AW7075 alloy, which is increas-

ingly used in the automotive industry. 

 

Nomenclature 

PSS plane stress state 

T73, RRA, T651, HTPP aging treatments 

T73 overaging treatment 

RRA retrogression and reaging  

HTPP high-temperature pre-precipitation  
T651 solution heat-treated, artificially aged, permanent set  
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is to eliminate the throttle as an control valve for load and filling control of the SI engine, while retaining 
quantitative load control. The research aims to select the camless valve control algorithm most beneficial in 

terms of energy (the highest effective efficiency) and economy (the lowest fuel consumption). 
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1. Introduction – variable valve timing systems 
In spark-ignition engines, quantitative load control is 

used by throttling the airflow reaching the engine. Current-

ly, this is most often implemented by a throttle valve in-

stalled in the inlet system. 

SI engines sometimes use unusual load control solutions 

that can regulate the engine load without using the throttle. 

At the turn of the 1950s and 1960s, the first patents were 

issued for solutions allowing to change the valve lift in 

internal combustion engines. The first mass-produced en-

gine equipped with a system allowing the valve lift to be 

changed (or, more precisely, the disconnection of 2 of the 4 

valves per cylinder at a speed 9500 rpm) was the REV 

(Revolution-Modulated Valve Control) system used in 

1983 on the Honda CBR400RR motorcycle. In 1989, the 

REV system evolved into the VTEC (Variable Valve Tim-

ing and Lift Electronic Control) system, which allowed 

switching between two cam profiles on the camshaft. In 

1992, Mitsubishi used a similar system called MIVEC 

(Mitsubishi Innovative Valve timing and lift Electronic 

Control system). At the turn of the century, more compa-

nies started to use variable valve timing (e.g. Nissan and 

Toyota) [6]. 

With advances in technology, the first solutions ap-

peared to allow load regulation in SI engines by controlling 

the operation of the valve train, eliminating a throttle in the 

inlet system. The best known solutions are presented below. 

In 2001, BMW introduced the Valvetronic system, 

which allows for step-less adjustment of lift and valve 

opening time. The solution used by BMW has an additional 

electromechanically operated lever between the camshaft 

and the rocker arm which allows adjustment of the inlet 

valve lift [1]. A very similar solution was used by Nissan 

(system VVAL – Variable Valve Event and Lift) and Toyo-

ta (Valvematic system) in 2007 [18]. A more advanced 

solution emerged in 2009. Fiat has developed an electro-

hydraulic valve control system called MultiAir (UniAir). 

This solution eliminates one of the camshafts and the throt-

tle. The inlet valves are electro-hydraulically operated and 

the exhaust valves are conventionally operated. This system 

allows the inlet valves to be opened and closed at any time 

and even opened several times during the suction stroke [2, 

5, 7, 14]. Fiat for the first time on the Alfa Romeo MiTo 

has used engine with electro-hydraulic inlet valve control 

with "UniAir" ("Multiair") technology. 

Advanced work is also being done on mechanisms 

where the opening and closing of valves is done by elec-

tromagnetic actuators [4, 9, 12, 17]. The latest solution is  

a system being developed by Freevalve AB. This technolo-

gy, still in the prototype phase, eliminates camshafts and 

throttle valves using hydraulic and pneumatic actuators. 

[13]. 

Data presented in the literature [3, 15] demonstrate the 

potential for significant improvements in engine perfor-

mance and fuel consumption reduction (by 20%) in the 

part-load range through the use of camless valve control 

systems. Maximum engine torque can increase by 10% and 

torque in the part-load range can increase by up to approx-

imately 50%. Fuel savings in this engine operating range 

can be up to 20% [16]. 

Also noteworthy is the development of camless valve 

control systems for marine engines. At the beginning of the 

21
st
 century, MAN B&W launched two-stroke, low-speed, 

electronically controlled marine Diesel engines without  

a camshaft. They were marked as ME. The 7S50ME-C 

engine was the first ME engine. Its official presentation 

took place on 19.02.2003 in Denmark [10, 11]. 

The ME engine refers to the smart engine concept, using 

an electronic system to control a hydraulically driven ex-

haust valve, a hydraulically driven fuel injection system and 

an integrated engine control process. The energy to actuate 

both systems comes from the engine-driven hydraulic sys-

tem that distributes oil at a pressure of 200 bar through  

a common line. 

An important feature of the ME engines is the ability to 

optimise exhaust valve timing and fuel dosage. The main 

advantages of ME series engines with an electronic control 

system are as follows: 

http://orcid.org/0000-0001-7253-5942
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– liquidation of the camshaft and its drive as well as other 

mechanical components 

– electronic control of exhaust valve opening time and fuel 

injection time, which leads to lower fuel consumption 

and better engine performance 

– very low minimum engine speed, which has a decisive 

influence on the ship's maneuverability 

– more favorable emission characteristics, lower NOx emis-

sion and lower engine smoke at all loads. 

In the development of Polish designs, the HCP D55 type 

engine is an example of a daring innovation solution. In the 

period 1961–1971, 17 engines of this type with a total of 

123 cylinders were produced. [10, 11]. In the 1970s, based 

on this engine, the HCP plants also carried out construction 

and research work in the field of electronic control of ma-

rine diesel engines. 

Reducing the charge exchange work, especially at par-

tial loads, may be a design measure leading to an increase 

in the effective efficiency of the SI engine. This can be 

achieved by introducing modifications to the regulation and 

control systems of the charge exchange process, the essence 

of which is the use of independent valve control. 

The objects of the study were theoretical cycles of the 

load control systems and charge exchange process realiza-

tion of the SI engine, including: 

1) classic, quantitative throttling control, using a throttle 

valve (Seiliger-Sabathe open cycle) [19, 21] 

2) late inlet valve closing LIVC (the Atkinson-Miller open 

cycle) [19] 

3) early inlet valve closing EIVC [19] 

4) early exhaust valve closing EEVC, enabling internal 

EGR [20] 

5) fully independent valve control FIVC that enables inter-

nal EGR and precise control of the fuel rate (general var-

iant, which is a combination of variants 3 and 4, i.e. the 

systems EIVC and EEVC) [20]. 

In the analysis carried out, the classic control system (1) 

was the reference for all the other (2 to 5) studied systems 

for the charge exchange, using independent valve control.  

This approach to the analysis was due, among other 

things, to the fact that the objective of independent valve 

control is elimination of the throttle as a load and fill con-

trol valve for the SI engine, while retaining quantitative 

load control. In the proposed independent valve control 

systems, the throttle's role in regulating the load and filling 

of the engine is covered by the valves controlling the entire 

load exchange process. The role of the intake valves is to 

match the amount of fresh charge delivered to the cylinder 

to the engine load. The task of the exhaust valves, on the 

other hand, is the controlled implementation of internal 

EGR. Eliminating the throttle through the use of independ-

ent valve control leads to a decrease in charge exchange 

work, an increase in the internal work of the engine and 

effective work, and consequently to an increase in the ef-

fective energy efficiency of the engine. 

The aim of the research is an analytical study of systems 

of independent control of inlet and exhaust valve move-

ment. Then, the selection of the camless valve control algo-

rithm most beneficial in terms of energy (highest effective 

efficiency) and economy (lowest fuel consumption). Taking 

into account both aspects mentioned above, the most advan-

tageous is the algorithm for variant 1 of the FIVC system, 

which has been evidenced in the following chapters. 

2. Theoretical cycles of independent valve control 

systems – basic characteristics 

2.1. System with late inlet valve closing LIVC 

The theoretical Atkinson-Miller open cycle presented in 

Fig. 1 provides a model for the LIVC system [19]. 

 

Fig. 1. System with late inlet valve closing – the open, theoretical Atkin-
 son-Miller cycle [19] 

 

The inlet valve closes at the volume V1,A and this is  

a load regulation parameter. This parameter can also be 

expressed in a relative (dimensionless) way as: 

 
A

2

A,1

A
1,

V

V
 (1) 

which can be called the isentropic compression ratio. 

2.2. System with early inlet valve closing EIVC 

The theoretical cycle for the EIVC system is that shown 

in Fig. 2 [19]. 

 

Fig. 2. The open, theoretical cycle of the system with early inlet valve 

 closing [19] 
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In this case, the volume V9 (Vd,z) of the cylinder (the 

moment of closing the intake valve) is a load control pa-

rameter. This parameter εd can also be expressed in dimen-

sionless terms as defined by: 

 
d

2

z,d

d
1,

V

V  (2) 

It should be mentioned here, that he expansion of gases 

from point “9” to point “1” leads to a lowering of tempera-

ture and as a result, to a higher specific volume of the 

charge. 

2.3. System with early exhaust valve closing EEVC 

The theoretical cycle SI engine for the EEVC is shown 

in Fig. 3 [20]. The load (filling) control parameter is the 

volume Vw,z (V7) of the cylinder at which the exhaust valve 

closes. At the same time, it is a parameter that regulates the 

mass of the recirculated exhaust gas msr and thus the value 

of the EGR rate αr. The volume Vw,z can be related to the 

minimum volume V2 of the cylinder, thus defining the 

compression ratio εw,z of the recirculated exhaust gas: 

 
z,w

2

z,w

z,w
1,

V

V
 (3) 

The expansion rate of the recirculated exhaust gas is al-

so defined: 
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Fig. 3. Open, theoretical cycle of the system EEVC [20] 

 

The relation between the expansion ratio εd,o and com-

pression ratio εw,z of the recirculated exhaust gas is ex-

pressed by the formula: 
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where: p0 – ambient pressure, Δpd – pressure drop in inlet 

system, Δpw – pressure drop in exhaust system. 

It is noteworthy that the system under consideration en-

ables, among other things, the realization of internal EGR. 

The EGR rate αr is defined as: 

 10,
m

m

r

1

sr

r
  (6) 

where: msr – mass of a recirculated exhaust gas, m1 – total 

mass of a charge. 

In addition, multiplicity of the exhaust gas recirculation 

αk is defined as: 

 0,
m

m

k

m

sr

k
  (7) 

where: mm – mass of the fresh charge. 

2.4. System of fully independent valve control FIVC 

The fully independent valve control system is an algo-

rithm that combines the procedures for independent control 

of the inlet and exhaust valves. FIVC is achieved by com-

bining the EIVC system [19] with the EEVC system [20]. 

The theoretical cycle for FIVC is presented in Fig. 4. [20]. 

 

Fig. 4. Open, theoretical cycle for the system of fully independent valve 
 control [20] 

 

The FIVC system is implemented using two control pa-

rameters: 

 εd,z (2) relative cylinder volume when the intake valve is 

fully closed 

 εw,z (4) compression ratio of the recirculated exhaust 

gas. 

3. Comparative analysis of the effectiveness of us-

ing the tested independent valve control systems 
As part of the joint consideration of the studied control 

procedures for the internal combustion engine valves,  

a comparative analysis of the effectiveness of the use of the 

proposed systems was carried out based on the following 

quantities: 

 load control parameters 

 dose of fuel mp 

 total energy Qd supplied to the cycle 

 work of the cycle Wo 
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 charge exchange work Ww and relative charge exchange 

work μ 

 theoretical open cycle efficiency ηo 

 parameters of the internal EGR: αr – recirculation rate 

and αk – recirculation multiplicity (for EEVC and 

FIVC). 

The analysis carried out assumes an excess air ratio (λ) 

of 1 for all systems tested, over the entire load range, in-

cluding part loads, as the test object is a spark-ignition 

engine. 

The course of the above-mentioned parameters, sepa-

rately for each of the tested systems, has been presented in 

previous publications: LIVC in [19], EIVC in [19], EEVC 

in [20], FIVC in [20]. In this publication, to evaluate the 

effectiveness and benefits of the proposed independent 

valve control systems, a comparative analysis of the select-

ed, listed above, key parameters has been carried out. In the 

conducted analysis, the classic throttling load control 

(Seiliger-Sabathe open cycle) was the reference for all other 

tested systems. 

The values of control parameters for the tested systems, 

depending on the work of the cycles are compared in Fig. 5. 

In this figure and all others, the work of the cycles Wo is 

related to the maximum work Wo,max of the theoretical 

Seiliger-Sabathe cycle. This approach allows to compare 

the tested systems with each other, and thus to assess the 

effectiveness and benefits of their use. 

 

Fig. 5. Comparison of the control parameters for the analysed independent 

valve control systems versus work of the cycles 

 

From the list of control parameters (Fig. 5), it can be 

seen that specified values of cycle work can be achieved by 

implementing each of the systems. This situation is ob-

served in a wide load range. It should be emphasised that 

the dependence of the control parameters on circuit opera-

tion is linear for all systems, which is beneficial for regula-

tory reasons. 

Figure 6 shows a comparison of the relative reduction of 

fuel doses Δmp/mp,SS for the tested systems, in relation to 

the system with classic throttling control (Seiliger-Sabathe 

cycle).  

Using each of the tested systems of independent valve 

control, a decrease in the fuel dose is observed in the entire 

range of the cycle work. Fuel consumption reduction is 

particularly significant in the low load range and amounts 

up to 4% for the EIVC system, up to 8% for variant 2 and 

up to 19% for variant 1 of the FIVC system. A fuel dose 

saving of 19% is achieved for a relative work of the cycle 

Wo/Wo,max of approximately 0.18. Achieving such a reduc-

tion in fuel consumption in variant 1 may therefore not be 

possible due to too high value of the recirculation rate 

(αr = 0.35) at this cycle work. However, a reduction in fuel 

consumption in the order of 15% is realistic, as it is 

achieved with recirculation rates that are acceptable in 

operation [20]. 

 

Fig. 6. Comparison of the relative reduction of the fuel doses Δmp/mp,SS for 

the analysed independent valve control systems compared with the classic 
 throttle governing system, versus work of the cycles 

 

The observed benefits in terms of fuel consumption re-

duction result primarily from the fact that the charge ex-

change work is reduced. The charge exchange work 

Ww/(p0V1) (in dimensionless terms) for the tested systems 

of independent valve control, depending on the achieved 

work of the cycles is compared in Fig. 7. Figure 8, on the 

other hand, shows a comparison of the index μ of relative 

charge exchange work, which is defined as: 
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where: Ww – charge exchange work, Wo – cycle work. 

 

Fig. 7. Comparison of the charge exchange works Ww/(p0V1) for the 

 analysed independent valve control systems versus work of cycles 

 

The works Ww of the charge exchange, as to the abso-

lute value, for all systems of independent valve control is 

much smaller than the work of the charge exchange for the 

classic throttling control. The differences in works of 

charge exchange in favor of independent valve control 

systems are the greater, the lower the load (Fig. 7). The 
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reduction in charge exchange work in systems of the inde-

pendent valve control is primarily due to the elimination of 

the throttle as a load control valve for the SI engine, while 

retaining quantitative load control. 

An advantageous feature of the EIVC, EEVC and FIVC 

systems is that the absolute value of the charge exchange 

work reduces as the value of the cycle work decreases (Fig. 

7). The reverse, unfavorable situation is observed for the 

classical throttling control and the LIVC system, in which 

the absolute value of the charge exchange work increases 

with the decrease of the load. This increase is particularly 

large for the open S-S theoretical cycle and is the effect of 

closing the throttle, and thus increasing the resistance to the 

flow of fresh charge in the inlet system. 

 

Fig. 8. Comparison of the relative charge exchange works μ for the ana-
 lysed independent valve control systems versus work of the cycles 

 

For all the tested systems of independent valve control, 

the relation of charge exchange work Ww to the cycle work 

Wo is also favorable, compared to this relation for the clas-

sical system. The parameter characterising this relationship 

is the index μ of the relative work of charge exchange. For 

the classic throttling control of load, the index μ reaches 

very high values, even over 30% in the range of small loads 

(Fig. 8.). For all variants of independent valve control, the 

index μ is below 10%, in the whole range of cycles work. 

The system of fully independent valve control, also in this 

case, proved to be the most beneficial, as the index μ is 

below 4%. Such low values for the relative work of charge 

exchange are precisely the result of eliminating the throttle 

valve from the inlet system. 

From an energy point of view, the key parameter of the 

cycle is its efficiency, defined as follows: 
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where: Wo – cycle work, Qd – total energy fed into a cycle. 

The efficiency ηo of the cycles for the studied charge 

exchange systems, depending on the cycle work achieved, 

is compared in Fig. 9. 

The cycle efficiencies ηo of all investigated independent 

valve control systems are higher than the theoretical 

Seiliger-Sabathe cycle efficiency. The highest efficiencies 

are achieved by the cycle for variant 1 full independent 

valve control. In the low load range, the cycle efficiency ηo 

of variant 1 of the FIVC system is approximately 0.13 

higher than the efficiency of the cycle for classic throttle 

control (Fig. 9). For this variant 1, a flat course of the cycle 

efficiency ηo is characteristic and advantageous, in the 

entire range of the achieved cycle work. Thus, this variant 

is the most suitable for controlling the load of the SI engine. 

 

Fig. 9. Comparison of efficiencies ηo of the cycles for the analysed inde-

 pendent valve control systems, versus work of the cycles 

4. Conclusion 
Four independent valve control systems for the SI en-

gine, presented in Chapter 3, were analysed. The reference 

for the evaluation of the efficiency of work acquisition, as  

a result of the use of independent valve control systems, is 

the S-S theoretical cycle, which is a model of the processes 

occurring in an SI engine with classic load control using  

a throttle. 

For each system tested (except the LIVC cycle), a de-

crease in fuel consumption (fuel dose) is observed, with  

a particularly large decrease in the low load range (Fig. 6). 

It has been shown that the greatest (up to 15%) fuel con-

sumption savings can be achieved using variant 1 of the 

FIVC system. Experimental studies of engines equipped 

with electromagnetic valve control systems, presented in 

publications, show fuel consumption savings from 7% to 

19% [3, 4, 9, 12]. 

The charge exchange work for all proposed systems is 

considerably lower, especially for partial loads, than the 

charge exchange work for classic throttle control. For vari-

ant 1 of the FIVC system, at the smallest loads 

(Wo/Wo.max < 0.2), the charge exchange work is over 8 

times lower than the charge exchange work for the S-S 

theoretical cycle. The nature of changes in the work of 

charge exchange is also particularly advantageous (except 

for the LIVC), as it, in terms of the absolute value, decreas-

es with the decrease in the work of the cycle. The result of 

this desirable situation is a significant reduction in the rela-

tive work of charge exchange. For the FIVC and EEVC 

systems, the value of the index of the relative charge ex-

change work is less than 4% over the entire engine operat-

ing field. The above-mentioned beneficial effects of inde-

pendent valve control systems can be best expressed by the 

energy efficiency of the cycles. The highest energy effi-

ciency is achieved by the fully independent valve control 

system. Therefore, this variant is the most advantageous in 

terms of engine load regulation. 
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It should be emphasised that in FIVC and EEVC sys-

tems, the maximum temperature during combustion is low-

ered by internal EGR, with a consequent reduction in nitro-

gen oxide emissions. However, the main benefits investi-

gated are related to the reduction in charge exchange work 

as a result of the elimination of the throttle. 
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Nomenclature 

EEVC early exhaust valve closing 

EIVC early inlet valve closing 

Ew energy output 

FIVC fully independent valve control 

LIVC late inlet valve closing 

m mass 

mp fuel dose 

MIVEC Mitsubishi innovative valve timing and lift 

electronic control system 

p pressure 

pd pressure in an inlet system, 

pw pressure in the exhaust system 

Q heat 

Qd,p heat input with isobaric process 

Qd,v heat input with isochoric process 

REV  revolution-modulated valve control 

s entropy 

SI spark ignition 

V volume 

Vs cylinder displacement 

VTEC variable valve timing & lift electronic control 

VVAL variable valve event and lift 

W work 

Wo cycle work 

Ww charge exchange work 

αk multiplicity of exhaust gas recirculation 

αr exhaust gas recirculation rate 

ε compression ratio 

εA isentropic compression ratio for LIVC 

εd load control parameter for EIVC 

εd,o expansion rate of a recirculated exhaust gas 

εw,z compression ratio of a recirculated exhaust gas 

ηo cycle energy efficiency 

μ relative charge exchange work 

Ψ heat distribution number 
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ARTICLE INFO  Despite the undoubted advantages of electric drives, the mass and volume energy density of chemical batteries 

makes it difficult to rely solely on cheap and green electricity in many applications such as airplanes, long-

distance trains, ocean-going vessels and heavy equipment. The answer combining the advantages of EV and 
ICE are hybrid drives. Hybrid electric drives have also found their use in military applications thanks to, among 

others, the quiet operation of the system in EV mode, which may be a key advantage in some combat 

applications, e.g. urban areas. The range of a small hybrid vehicle extended by the use of ICE increases its 
operational capabilities. Hybrid systems can also use alternative hydrocarbon fuels. The aim of the work was to 

determine the impact of alternative fuels, potentially the most available on the modern battlefield, on the 

performance of the hybrid drive system of a wheeled military platform intended for operation in urban areas. 
The experiment showed that alternative fuels such as F-34 and Jet A-1 are compatible, but may result in 

increased fuel consumption, reduced energy efficiency and negative environmental impact due to higher exhaust 

emissions. 
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1. Introduction 
The modern development of hybrid drive systems takes 

into account the need to combine conflicting requirements. 

On the one hand, ecological and economical requirements 

are growing. On the other hand, these systems are required 

to achieve maximum work units, long range and light-

weight construction [23]. The continuous development of 

hybrid systems increases the complexity of their construc-

tion [16]. The internal combustion engines themselves also 

use very precise power and control systems to increase 

thermal efficiency [20]. Precision fuel systems are very 

sensitive to changes in fuel parameters or contamination. 

Modern multi-element hybrid systems, in which various 

forms of energy are transformed several times, are therefore 

very susceptible to the influence of fuel on the quality of 

their work [6, 9]. In connection with the above, checking 

the impact of the use of alternative fuels in the hybrid (elec-

tric-combustion) drive system on the operational properties 

of the vehicle seems to be a necessary path to check [4]. In 

the context of military vehicles, this task is additionally 

noteworthy due to the possibilities of using fuels available 

on the battlefield. All the possibilities of the so-called flex 

fuel are welcome in military applications, and the ability to 

use different types of fuel on the battlefield can be worth as 

much as a human life [13]. The article analyzes the impact 

of the use of 3 types of fuels that may be available during 

warfare in compression-ignition engines that are the “com-

bustion part” of the hybrid propulsion system in the Light 

Unmanned Military Wheeled Platform (LUMWP) con-

structed at Military University of Technology in Warsaw as 

shown on Fig. 1.  

The LUMWP is equipped with a series hybrid power-

train system. Figure 2 below presents a schematic diagram 

of a series hybrid electric-combustion drive. 

 

 

Fig. 1. An isometric view of Light Unmanned Military Wheeled Platform 

 

Fig. 2. Diagram of a series hybrid electric-combustion drive (based on 9) 
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The vehicle has electric motors built into drive modules 

with reducers powered by a battery charged by an electric 

current generator. Thus, the most important properties of 

electric motors are used (maximum torque at low speed, 

quiet operation, and the possibility of overloading), as well 

as the extended range of the vehicle, thanks to the possibil-

ity of recharging the battery with a combustion generator. 

In addition, the electric motor can work as a generator dur-

ing braking, which allows for energy recovery and lower 

fuel consumption [16, 21]. The system with electric motors 

directly driving the wheels of the vehicle does not require 

mechanical power transmission systems (gearboxes and 

shafts), which allows for the reduction of the weight and 

size of such drive systems. Figure 3 shows a block diagram 

of the vehicle drive system. 

 

Fig. 3. Diagram of the LUMWP drive system: 1) control system, 2) elec-

tric current ICE generator, 3) distribution box, 4) battery, 5) inverters,  
 6) electric motors with gears and wheels [author's source] 

 

In the further part of the article, the fuels selected for 

comparison, technical details of the tested propulsion sys-

tem, research methods, results, and a summary with conclu-

sions will be discussed. 

2. Materials and methods  

2.1. Fuels selected for comparison 

The fuels selected for comparison are the crude oil frac-

tion boiling during the refining process at a temperature of 

180–350°C [19]. These are fuels widely available on any 

potential battlefield. F34 is a universal general-purpose fuel 

in NATO structures [18]. Jet A-1 is the most popular avia-

tion fuel in the world [12]. Diesel fuel is the most popular 

hydrocarbon fuel in the world (dedicated to the discussed 

engine) [10]. Each of the fuels came from one batch and 

had normative parameters (important for the operation of 

diesel engines), which are listed in Table 1. 

In general, each type of fuel has its own unique proper-

ties and is suitable for specific applications [10]. The choice 

of fuel depends on factors such as engine type, mode of 

transport, and desired performance. Analysis of the parame-

ters of the above fuels shows a great similarity between Jet 

A-1 and F-34 this is also indicated in the literature  

[6, 10]. Replacing a compression ignition (CI) engine with 

diesel fuel, one should take into account the occurrence of 

the following problems: 

 lower density, viscosity, and calorific value in relation 

to diesel fuel may reduce the value of the maximum 

useful parameters of the engine [6, 10] 

 a lower cetane number may impair cold starting and 

increase the tendency to hard work [10, 19]. 

The criterion for selecting these specific fuels for testing 

was their potential availability in combat conditions. 

 
Table 1. Selected normative parameters of diesel, F-34, Jet A-1 (source: 

 fuels datasheet, [7]) 

 Fuel type 

Parameter Diesel Fuel F-34 Jet A-1 

Density in 15ºC [kg/m3] 831 804 796 

Cetane number 50 45 42 

Temp. ignition [ºC] 66 57 38 

Viscosity at –20 ºC [mm2/s] 2.210 3.102 3.815 

Calorific value [MJ/kg] 43 42.35 42.28 

CFPP [ºC] –27 –54 – 

2.2. The tested hybrid drive system 

As mentioned in paragraph 1, LUMWP has a hybrid se-

ries combustion and electric drive system. Figures 4 and 5 

show the actual location of the ICE and the generator on the 

vehicle.  

 

Fig. 4. LUMWP without upper body and battery removed, isometric view  

 

Fig. 5. LUMWP without upper body, front view 
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The tested hybrid drive system consists of a generating 

set: Yanmar L100AE diesel engine (technical information 

of the CI engine is shown in Table 2 below) and E1S10L 

KE synchronous generator (technical information of the 

generator is shown in Table 3 below), and a lithium-

polymer electrochemical battery (technical information 

battery is shown in Table 3).  

 
Table 2. Selected technical data of the Yanmar L100AE engine [source: 

user manual, 22] 

Engine type Yanmar L100AE 

Construction CI, air-cooled, single-cylinder 

Power type 
Direct injection, piston pump, 

mechanical injection 

Stroke capacity 406 cm³ 

Bore x stroke 8675 mm 

Maximum power for the base 

fuel 
6.5 kW 

Crankshaft operating speed ~3000 rpm 

 

The Yanmar L100AE engine was combined to work 

with a synchronous generator, the technical data of which 

are presented in Table 3 below. 

 
Table 3. Technical data of the E1S10L KE generator (source: user manual, 

[22]) 

Generator type E1S10L KE 

Construction Self-excited, synchronous 

The type of electricity produced AC, three-phase 50 Hz 

Rated voltage 400 V 

Rated power 7.0 kVA 

Insulation class H 

 

The task of the generator is to charge the lithium-

polymer LiFePO4 battery. It consists of a stack of twelve 

lithium-polymer cells connected in series. Inside the battery 

housing is a compartment for electrical connectors, a recti-

fier unit, and a BMS (Battery Management System) which 

supervises the proper operation of all cells during battery 

charging and discharging [15]. This system prevents the 

battery from discharging to a level that could lead to irre-

versible damage, as well as monitors which of the battery 

cells is weak or damaged. The BMS system also measures 

cell and ambient temperatures. Inside the battery, there is a 

system protecting it against excessive load. Based on these 

data, the system assesses the condition of the cells, and in 

the event of a failure or overtemperature, it disconnects the 

battery from the output terminals. The battery is equipped 

with a diagnostic interface that allows to control the battery 

operation via a computer network. The battery parameters 

are presented in Table 4. 

 
Table 4. Basic technical data of the tested lithium-polymer battery [source: 

user manual, provided by the battery manufacturer Wamtechnik, battery 

cells made by Kokam] 

Rated capacity 70 Ah 

Rated operating voltage 44.4 V (3.7 V/cell) 

maximum charging current 70 A 

Minimum discharge voltage 2.70 V/cell ±0.05 V = 32.4 V 

Permissible operating temperature  
–20–45°C (discharging)| 

0–40°C (charging)| 

The theoretical course of engine load related to charging  

(Fig. 6) furthermore, resulting from the operation of the 

generator and the battery BMS module distinguishes two 

stages: 

 

Fig. 6. Theoretical electrical loading diagram of the tested engine over 

time 

 Stage I: the battery is charged with constant current 

until the appropriate cell voltage is obtained 

 Stage II: BMS, after obtaining the appropriate cell volt-

age in the battery, maintains this voltage and reduces the 

current until the end of charging. 

2.3. Description of the measuring station 

The test stand set up to test the operational properties of 

the hybrid drive system powered by substitute fuels is 

shown in Fig. 7.  

 

Fig. 7. Schematic layout of the research stand [author's source] 

 

In order to analyze and record current data during the 

tests, the BMR trading PLA34 analyzer was used, with 

three voltage inputs and eight current inputs for measuring 

electrical parameters. The PLA34 works by continuously 

sampling the voltage and current inputs at 40 kHz. PLA34 

is an instrument for monitoring power quality in accordance 

with the EN 50160 standard [5]. The analyzer was connect-

ed in series between the generator and the battery. 

Fuel consumption during the tests was determined using 

the AVL 733S Fuel Balance fuel scale [3]. This device 

determines fuel consumption by means of a suitable weigh-

ing vessel connected to a bending beam with a capacitive 

displacement sensor. Due to the fact that the weighing ves-

sel must be replenished for each measurement, this is  
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a discontinuous measurement principle. The mass of the 

fuel consumed is thus determined gravimetrically, which 

means that the density need not be additionally determined. 

Fuel consumption can be determined with an accuracy of 

0.12%. The built-in calibration unit is standard equipment 

and allows calibration and accuracy control according to 

ISO 9001 [8]. The scale saves data in the form of hourly 

fuel consumption Ge [3]. 
Exhaust gas opacity was measured using the AVL 439 

OPACIMETER, which operates on the principle of light 

absorption [2]. The AVL 439 opacimeter measures the 

transparency of polluted air, in particular exhaust emissions 

from diesel engines. The measuring chamber with a defined 

measuring length and non-reflecting surface is evenly filled 

with exhaust gases. The light intensity loss between the 

light source and the receiver is measured and the exhaust 

gas transparency is calculated from it. The calculations are 

based on the Lambert-Beer law [2, 6]. The opacimeter col-

lects exhaust gas samples from the engine exhaust mani-

fold, where the appropriate ½ inch threaded connection is 

mounted. 

A set of exhaust gas analyzers CEB II – 2000 was used 

to analyze the shares of gaseous components of exhaust 

gases. It is a fully automated, computer-controlled set of 

measuring instruments. Exhaust gases collected using a 

probe mounted on the exhaust manifold were pre-filtered 

and then flowed through the gas path to the exhaust gas 

dosing unit for individual analyzers. Water vapor was con-

densed from the exhaust gases and directed to the "cold 

exhaust gas analyzers" in the cooler located in the measur-

ing cabinet with analyzers. Exhaust gases for the analyzers 

requiring hot exhaust gases were supplied through a heated 

gas path. The CO and CO2 analyzers operated by absorbing 

infrared radiation. All analyzer modules are built into the 

gas sample conditioning cabinet. Reference gases, two 

concentrations of each of the measured exhaust gas compo-

nents, were supplied to the analyzers [1]. The gas cylinders 

were placed in a rack and connected to the analyzers with 

teflon hoses. 

The exhaust gas temperature was measured using  

a thermocouple. The thermocouple consists of a pair of 

dissimilar metals, usually in the form of wires, bonded at 

both ends. The thermocouple used in the tests consisted of 

NiCr–NiAl. The operating range of this thermocouple is 

50–400 ±1°C. The thermocouple was mounted in the ex-

haust manifold on which the appropriate M5 threaded con-

nection was welded. Analog data from thermocouples were 

converted into digital form by a computer module. 

HP-605A current clamps were used during the battery 

discharge. With their participation, the values of the dis-

charge current flowing through the cable connecting the 

battery with the water resistor were monitored. 

The water resistor is a device used in the tests to dis-

charge the electric battery of the system. It is made of ele-

ments produced from stainless steel. The resistor converts 

electrical energy into work in the chemical process of water 

hydrolysis. 

The fuel tank with a capacity of 5 dm
3
 was placed above 

the fuel scale. The fuel from the tank to the fuel scale 

flowed by gravity. 

The tests were carried out in a closed room. In order to 

maintain occupational health and safety, exhaust fumes 

were discharged into the atmosphere outside the building 

using an exhaust extractor powered by an electric motor. 

The control of the test stand and the recording of meas-

urement results were carried out using a series of computers 

equipped with appropriate measurement and control mod-

ules and appropriate software. 

2.4. Method of conducting measurements of  

performance properties of the tested vehicle’s  

propulsion 

Exploitation is defined as a set of purposeful organiza-

tional, technical, and economic activities of people with 

equipment and mutual relations between them from the 

moment of accepting the equipment for use in accordance 

with its intended purpose until its liquidation [17, 24]. In 

the context of the tested hybrid vehicle, the measurement of 

operational properties consists of examining: 

 times of full charge – telling, among others, about the 

speed of the ability to perform tasks by the tested un-

manned vehicle (the shorter, the better) 

 the amount of fuel used to fully charge – talking about, 

for example, the frequency of refueling (the less often, 

the better) or the cost of its operation (the smaller the 

better) 

 the values of the exhaust gas components – showing the 

level of environmental performance during the use of this 

vehicle (the lower the CO and CO2 content, the better). 

In order to determine these properties, tests of the hy-

brid system were carried out for three selected fuels. The 

first stage of the research was to fill the tank with the fuel 

used in the test. When changing fuel to another engine fuel 

system (filter, fuel lines), the fuel scale and the tank were 

previously drained. The lithium-polymer battery was dis-

charged using a water resistor. In order to maintain the 

repeatability of the tests, the battery was discharged with a 

DC current of ~50 A. The discharge current values were 

monitored using current clamps. By adjusting the depth of 

immersion of the resistor sheets in water, the value of the 

current flowing from the battery was determined. The BMS 

battery control system disconnects the discharge circuit 

automatically at the appropriate cell voltage level. After 

discharge, the battery remained idle for at least 30 minutes 

in order to "relax" the cells, i.e., restore their chemical and 

temperature stability. At that time, the diesel engine was 

started in order to warm it up to the operating temperature 

and possibly burn out the fuel residues from the previous test. 

The next stage was the preparation of the analyzers: 

switching on the analyzer of electrical parameters, filling 

the fuel scale, and calibration of the exhaust gas analyzer. 

When all the measuring devices were ready for work, the 

engine was started and the battery charging process began. 

The methodology of comparing the impact of selected 

substitute fuels on the tested hybrid system inform about 

determining the load characteristics of the internal combus-

tion engine over time. The load characteristic of the engine 

is the dependence of the hourly fuel consumption as a func-

tion of power. This characteristic is used to evaluate motors 

that are characterized by a constant rotational speed. The 
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rotational speed of the shaft for the tested L100AE engine 

recommended by the manufacturer for the Diesel base fuel 

is 3000 rpm. Ideally, this value was set before the tests 

during engine operation on the base fuel. The load charac-

teristics of the compression-ignition engine are determined 

during operational adjustment of the injection advance 

angle. The size of the dose of fuel injected into the engine is 

obtained by changing the position of the dose control ele-

ment (i.e. the rack of the injection pump piston). At a fixed 

engine speed, the amount of air entering the cylinders is 

constant. The composition of the fuel-air mixture produced 

in the engine cylinders is, therefore variable. Therefore, the 

coefficient of excess air λ is also variable. As the amount of 

fuel injected increases, the combustion conditions change. 

The element loading the diesel engine in the test was the 

generator, whose task was to carry out a full battery charg-

ing cycle. The element recording the value and change of 

the load over time was the analyzer of electrical parameters, 

which processed the measurements and calculations of all 

parameters and electrical values of the battery charging in 

real time before the battery rectifier system. Instantaneous 

fuel consumption values during the test were recorded by a 

fuel scale. Instantaneous flue gas composition values were 

recorded by the flue gas analyzer. The BMS disconnected 

the charging circuit automatically at the appropriate cell 

voltage level. The end of charging was a sign to turn off the 

internal combustion engine and end the research. The bat-

tery, as in the case of discharging after charging, remained 

idle for at least 30 minutes in order to "relaxation". All tests 

were carried out in a closed room at 20°C. 

All results of parameter measurements were observed 

and collected throughout the experiment and during the 

tests for the purpose of ongoing control of the technical 

condition of the hybrid system and measuring instruments, 

and determination of the circumstances of a possible fail-

ure, and control of the implementation of subsequent phases 

of the research cycle. The measurement results downloaded 

from the analyzers were processed on a computer using the 

Microsoft Excel program and presented on charts. 

2.5. Mathematics formulas used to develop  

measurement results [17] 

Below are the mathematical formulas used to develop 

the test results: 

 charging active power Pt at time t [W]: 

 Pt = (I1 · U1 · cos φ1)t + (I2 · U2 · cos φ2)t +
        (I3 · U3 · cos φ3)t   (1) 

where: I1 – phase current 1 [A], I2 – phase current  

2 [A], I3 – phase current 3 [A], U1 – phase voltage  

1 [V], U2 – phase voltage 2 [V], U3 – phase voltage  

3 [V], φ1– phase shift angle 1 [rad], φ2– phase shift an-

gle 2 [rad], φ3– phase shift angle 3 [rad] 

 total active charging energy El [W·h]: 

 El = ∑ (Pt · t )n
t    (2) 

 charging reactive power Qt at time t [var]: 

Qt = (I1 · U1 · sin φ1)t + (I2 · U2 · sin φ2)t + 
 (I3 · U3 · sin φ3)t 

(3) 

where: I1 – phase current 1 [A], I2 – phase current 2 

[A], I3 – phase current 3 [A], U1 – phase voltage 1 [V], 

U2 – phase voltage 2 [V], U3 – phase voltage 3 [V], 

φ1 – phase shift angle 1 [rad], φ2 – phase shift angle 2 

[rad], φ3 – phase shift angle 3 [rad]  

 mass fuel consumption [kg]: 

 ∑ (Ge · t)n
t = mass fuel consumption  (4) 

where: Ge – fuel consumption [kg/h], t – time [h]. 

 energy produced [MJ] 

 energy produced =
Eł

1000000·3600
  (5) 

 energetic efficiency [%]: 

 energetic efficiency =
energy produced

calorific value

mass fuel consumption
· 100%  (6) 

3. Results 
This section will discuss the external charging charac-

teristics for 3 types of fuels, common statements regarding 

hourly fuel consumption, Active charging power, Reactive 

power, and emission lists of selected exhaust gas compo-

nents (including temperature and smoke). Mass fuel con-

sumption, energy produced and overall energy efficiency 

are also presented. 

3.1. Charging load characteristics and exhaust emission 

for Diesel fuel 

Figure 8 below shows the characteristics of the load as  

a function of time performed on the diesel base fuel. The 

battery charging system forced a current-voltage waveform 

that loaded the diesel engine. The power curve of the inter-

nal combustion engine is marked in blue. The hourly fuel 

consumption changed analogously to the course of the 

power generated by the diesel engine. A full charging cycle 

lasted 1:29:34 hours, and 1.14 kg of diesel fuel was used to 

charge the battery.  

 

Fig. 8. Load characteristics as a function of time for diesel fuel 

 

In Figure 9 presents the course of the percentage share 

of selected exhaust gas components during the performance 

of the load characteristics on the base fuel (diesel). The runs 

of the exhaust gas components change analogously to 

changes in the diesel engine load. 
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Fig. 9. Percentage share of selected exhaust gas components for diesel fuel  

3.2. Charging load characteristics and exhaust emission 

for F-34 

Figure 10 presents the load characteristics of a diesel 

engine made on the F-34 substitute fuel for a diesel engine 

being part of a serial hybrid propulsion system of an un-

manned platform. During the test, the internal combustion 

engine maintained the rotational speed of the engine shaft at 

~2850 rpm without changing the settings of the speed con-

troller. A full charging cycle lasted 1:49:26 hour, and 1.46 

kg of F-34 fuel was used to charge the battery. 

 

Fig. 10. Load characteristics as a function of time performed on substitute 
 fuel F-34  

 
Figure 11 presents the course of the percentage share of 

selected exhaust gas components during the performance of 

the load characteristics on the substitute F-34 fuel. The runs 

of the exhaust gas components change analogously to 

changes in the diesel engine load. 

3.3. Charging load characteristics and exhaust emission 

for Jet A-1 

Figure 12 shows the time load characteristics of a com-

pression-ignition engine (part of a series hybrid drive sys-

tem) made on substitute fuel, a mixture of Jet A-1 fuel. 

During the test, the internal combustion engine maintained 

the rotational speed of the engine shaft at ~2830 rpm with-

out changing the settings of the speed controller. A full 

charging cycle lasted 1:52:52 hours, and 1.61 kg of Jet A-1 

was used to charge the battery. 

 

Fig. 11. Percentage of selected exhaust gas components for F-34 fuel  

 

Fig. 12. Load characteristics over time performed Jet A-1 

 

Figure 13 shows the course of the percentage share of 

selected exhaust gas components during the performance of 

the load characteristics on the substitute fuel – Jet A-1 fuel 

mixing. The runs of the exhaust gas components change 

analogously to changes in the diesel engine load. 

 

Fig. 13. Percentage of selected exhaust gas components for F-34 fuel 

3.4. Common results for all tested fuels 

3.4.1. Hourly fuel consumption 

Due to the differences in the calorific values of fuels 

and the decrease in the charging power resulting from the 
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change in engine speed on the substitute fuels, the hourly 

fuel consumption values differ, as shown in Fig. 14. 

 

Fig. 14. Summary of hourly fuel consumption over time for diesel, F-34 

 and Jet A-1 

3.4.2. Active charging power 

Figure 15 shows the active power generated during the 

tests for individual fuels. Active power is the part of the 

power that the load takes from the source and converts it to 

work or heat. The differences in the power generated for the 

base and substitute fuels result from the difference in the 

rotational speed of the engine crankshaft and thus, the gen-

erator rotor. This affects the desynchronization of the gen-

erator's operation and the increase in reactive power genera-

tion. The difference between the tested substitute fuels 

results from the difference in calorific value 

 

Fig. 15. List of active power over time for diesel, F-34 and Jet A-1  

3.4.3. Reactive power 

Reactive power in AC circuits is a quantity describing 

the pulsation of electric energy between the elements of the 

electric circuit. This oscillating energy is not converted into 

useful work or heat, but it is necessary for the generator to 

function in the hybrid system under investigation. Differ-

ences in generated reactive power have a direct impact on 

active power [8]. Figure 16 shows the reactive power gen-

erated during the tests for individual fuels. 

 

Fig. 16. Summary of reactive power over time for diesel, F-34 and Jet A-1  

3.4.4. Exhaust gases composition 

Carbon dioxide 

Figure 17 presents the percentage share of carbon diox-

ide in exhaust gases for the base and tested substitute fuels. 

The graph shows that the carbon dioxide values oscillate in 

similar values for each of the tested fuels. Slightly higher 

contents for substitute fuels result from their incomplete 

combustion. 

 

Fig. 17. A summary of the percentage of carbon dioxide in the exhaust gas 

composition over time for diesel, F-34 and Jet A-1 

 

Oxygen 

Figure 18 shows the percentage share of oxygen in the 

exhaust gas for the base fuel and the tested substitute fuels. 

The graph shows that the oxygen values in the exhaust 

gases are similar. Similar amounts of oxygen particles con-

tained in the tested fuels are also reflected in the exhaust 

gas composition.  

 

Carbon monoxide 

Figure 19 presents the percentage share of carbon mon-

oxide in exhaust gases for the base fuel and the tested sub-

stitute fuels. The chart shows that Jet A-1, due to less effec-

tive combustion (e.g. lower exhaust gas temperature) and 

the content of additional carbon particles in the admixture, 

is characterized by the highest content of carbon monoxide 

in exhaust gases [9]. 
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Fig. 18. Summary of the percentage of oxygen in the exhaust gas composi-

tion over time for diesel, F-34 and Jet A-1 

 

Fig. 19. Percentage of carbon dioxide in the composition of exhaust gases 

 over time for diesel, F-34 and Jet A-1 
 

Exhaust smoke opacity 

Figure 20 presents smoke opacity for the base fuel and 

the tested substitute fuels. The graph shows that smoke 

opacity for substitute fuels is higher by about 30% through-

out the charging process. 

 

Fig. 20. Comparison of smoke opacity over time for diesel, F-34 and Jet A-1 

 

Exhaust gases temperature 

The exhaust gas temperature (Fig. 21) during the test 

was the highest for diesel fuel. This indicates the most 

efficient combustion. The exhaust temperature of the F-34 

fuel is higher than that of Jet A-1, most likely due to the 

higher calorific value. 

 

Fig. 21. Comparison of exhaust gas temperature over time for diesel, F-34 
 and Jet A-1 

3.4.5. Mass fuel consumption 

Figure 22 presents the total mass amount of fuel needed 

for a full charging cycle of the battery of the tested system. 

 

Fig. 22. Mass fuel consumption per charging cycle for diesel, F-34 and Jet 
 A-1  

3.4.6. Energy produced 

Figure 23 summarizes the total amount of electricity 

needed to fully charge the battery during the tests for indi-

vidual fuels. Different charging powers most likely affected 

the temporary current-voltage state of the battery cells, and 

thus the reaction of the BMS. Therefore, the battery charg-

ing control system disconnected the charging circuit at 

different values of energy produced by the generator. 

 

Fig. 23. Total energy produced from diesel fuel, F-34 and Jet A-1 

3.4.7. Energetic efficiency 

Figure 24 shows the overall efficiency of converting the 

energy contained in the fuel into electricity for individual 

fuels. 
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Fig. 24. Total engine energy efficiency using diesel, F-34 and Jet A-1 

4. Discussion 
In the tested hybrid drive system, the transition to the 

substitute fuels used in the test, due to the fact that the 

chemical composition is very similar to the base fuel, can 

take place at any time. The tested combustion engine can 

successfully use them without structural changes and fully 

charge the battery.  

The construction of the injection system and the speed 

controller in the tested internal combustion engine as well 

as large differences in the viscosity and calorific value of 

the tested substitute fuels resulted in a 5–6% decrease in the 

rotational speed of the engine shaft. The engine speed 

maintenance system is not fully adapted to the use of other 

fuels. The rotational speeds of the generating set-in series 

hybrid systems are most often selected in a way that guar-

antees their most effective operation. The internal combus-

tion engine operates at the point of the lowest specific com-

bustion, and the generator at the point where the losses 

resulting from the generated reactive power are compen-

sated or minimized. Changing the rotational speed has 

negative consequences in the form of a decrease in the 

energy efficiency of the entire system [15]. In terms of 

operational properties, this results in increased charging 

time (22% for F-34 and 26% for Jet A-1), increased fuel 

consumption (26% for F-34 and 41% for Jet A-1) and more 

frequent refueling. However, in ad-hoc situations, tested 

alternative fuels can be used. Changing the volumetric size 

of the injected fuel (moving the injector's control rack, or 

using a different speed regulator system) to a larger one 

would increase the efficiency of the generator. At the same 

time, the entire system, and recommended changing it in 

long-term applications of the tested substitute fuels. Litera-

ture analysis indicates that with long-term use due to the 

low viscosity and very good cleaning properties of the 

tested alternative fuels, any faults in the fuel system may be 

revealed [6, 12, 14]. This may exacerbate the decline in 

energy efficiency. Also, the lower cetane number of the 

tested alternative fuels may impair the cold start of the 

engine and increase the tendency to hard work. Due to the 

lower combustion temperature of substitute fuels, a greater 

amount of incomplete combustion products and greater 

opacity of exhaust gases can be observed in the exhaust 

gases. Both this and the very fact of the longer charging 

process indicate the negative effects of the use of the tested 

substitute fuels in the ecological context. In the propulsion 

system, the transition to the substitute fuels used in the test, 

due to the fact that the chemical composition is very similar 

to the base fuel, may take place at any time. The tested 

combustion engine can successfully use them without struc-

tural changes and fully charge the battery.  

5. Summary and final conclusions 
The modern development of hybrid drive systems takes 

into account the need to combine conflicting requirements. 

On the one hand, ecological requirements are growing, on 

the other hand, these systems are required to obtain maxi-

mum work units. The continuous development of hybrid 

systems increases the complexity of their construction. The 

internal combustion engines themselves also use very pre-

cise power and control systems to increase thermal effi-

ciency. Precision fuel systems are very sensitive to changes 

in fuel parameters or contamination. Modern multi-element 

hybrid systems, in which various forms of energy are trans-

formed several times, are therefore very susceptible to the 

influence of fuel on the quality of their work. Therefore, the 

use of alternative fuels in such systems should be part of the 

design process. The use of substitute fuels at this point may 

turn out to be very beneficial in the ecological context, and 

in the long term, their use due to the depletion of oil re-

sources will be a necessity. The final conclusions are pre-

sented below: 

 alternative fuels can be successfully used in internal 

combustion engines of hybrid drive 

 in the tested serial hybrid propulsion system of the un-

manned platform, it is possible to use F-34 fuel and Jet 

A-1 fuel 

 if the above-mentioned fuels are used to propel the 

platform, one should be aware of the increased fuel con-

sumption and the potential decrease in energy efficiency 

and the negative impact on the environment associated 

with increased exhaust emissions 

 if there is an intention or need to use substitute fuels in 

modern multi-element hybrid systems, the possibility of 

using such fuels should be taken into account in the pro-

cess of designing and constructing these hybrid systems. 

Thanks to this, they will maintain their high work effi-

ciency. 
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Nomenclature 

AC alternate current 

Al  aluminium 

BLDCM brushless direct current motor 

BMS  battery management system 

Cd  cadmium 

CFPP  cold filter plugging point 

CI  compression ignition 

CO  carbon oxide 

CO2  carbon dioxide 

DC  direct current 

EN  European Standard 

Eł  total active charging energy 
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F-34  NATO general use fuel 

Ge hourly fuel consumption 

I  phase current 

ICE  internal combustion engine 

ISO  International Organization for Standardization 

Jet A-1  type of aviation fuel 

LUMWP  light unmanned military wheeled platform 

NATO  North Atlantic Treaty Organization 

Ni  nickel 

O  oxygen 

PC  personal computer 

Pt  charging active power 

Qt  charging reactive power 

t  time 

U  voltage (phase voltage) 

VAR  volt ampere reactive 

λ  excess air factor 

φ  current phase shift angle 
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ARTICLE INFO  Hydrogen, as a zero-emission fuel, makes it possible to build a piston combustion engine that can be qualified as 

a drive for a "Zero Emission Vehicles", in terms of CO2 emissions. Thus, a hydrogen-powered piston combustion 

engine may be a future transitional technology for powertrains, especially in trucks and off-road vehicles, 
competitive with both electric drives and fuel cells. The article presents a multi-directional analysis of the 
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engines, the current state of their development and the challenges that need to be overcome were presented. 
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1. Introduction 
Climate protection has long become a priority topic in 

the activities of many political groups in the world. New 

regulations, standards, norms and directives related to coun-

teracting the broadly understood degradation of the natural 

environment are being introduced or tightened continuous-

ly. Concerns about combustion engines exacerbating cli-

mate change have become a public and political topic. Im-

partial assessments of the actual impact of combustion 

engine emissions on climate change are necessary, taking 

into account the enormous progress that has been made in 

reducing all standardized exhaust emissions from combus-

tion piston engines (Euro 1–Euro 6; Euro 7). To achieve 

national and EU climate goals and meet the successively 

stricter regulations on reducing exhaust emissions from 

road and off-road vehicles, it became necessary to both 

significantly increase the energy efficiency of their power 

units and move away from fossil fuels. As part of the 

adopted action plan called the Green Deal, the European 

Union has set itself the goal of achieving net zero green-

house gas emissions by 2050. The intermediate goal is to 

reduce their emissions by 55% by 2030 compared to the 

reference year of 1990. Therefore, the entry of EU Regula-

tion 2019/1242 into force, the targets for reducing CO2 

emissions of the vehicle fleet by –15% by 2025 and –30% 

by 2030 (compared to 2019 levels) became permanent 

legislation for truck manufacturers in the EU. Currently, the 

automotive industry is looking for and developing various 

solutions for power units with zero or very low CO2 emis-

sions and at the same time reducing emissions of harmful, 

regulated and not yet regulated exhaust gas components. So 

far, a rapid development of electric drive units, an increase 

in interest in fuel cells and the possibility of using various 

alternative, pro-ecological fuels such as hydrogen, ammo-

nia and others have all been observed. This raises the ques-

tion of what role combustion engines will play in the com-

ing decades and whether they can meet future environmen-

tal requirements through the use of alternative, non-

hydrocarbon fuels [20, 22]. It is worth remembering the 

basic advantages of combustion engines over electric drives 

and fuel cells, the most important of which are: resistance 

to environmental conditions, including fuel and air pollution, 

low demand for rare earths and precious metals, and well-

established development and production practices [4, 32].  

Hydrogen has the potential to become a sustainable fuel 

of the future, to reduce global dependence on fossil fuel 

resources, and can also be used as an ecological fuel with 

zero CO2 emissions because it does not contain carbon. 

Hydrogen is the most common element in the world, as an 

energy carrier it has the highest specific energy of 33 Wh/g 

and a calorific value of 120 MJ/kg. The energy per unit of 

mass stored in hydrogen is approximately 2.6 times greater 

than that of gasoline. However, hydrogen requires about 

four times more volume to store than gasoline when stored 

as a liquid, and about 19 times more volume when stored in 

gas form. Although hydrogen does not occur freely in na-

ture, it can be produced using various processes, the most 

popular of which are steam reforming of natural gas or 

biomass gases, coal gasification and water electrolysis. The 

use of hydrogen as a fuel in vehicles powered by an internal 

combustion engine (H2ICE) or fuel cells (FC) is currently  

a promising direction for the future of the transport sector. 

The use of hydrogen as a fuel for piston combustion en-

gines would make it possible to almost completely elimi-

nate CO2 emissions. In addition, emissions of toxic sub-

stances such as carbon monoxide (CO), hydrocarbons (HC) 

and particulate matter (PM) can be reduced to very low 

(trace) levels. This is because these emissions will only 

arise from the combustion of lubricating oil entering the 

engine's combustion chambers. The only exhaust compo-

nent that may be produced in notable amount during hydro-

gen combustion in the engine is nitrogen oxides (NOx). 

However, they can be reduced almost to zero through  

a properly designed exhaust aftertreatment system, without 

increasing secondary emissions such as N2O and NH3 [7, 

11, 34]. Consequently, H2ICE may play the role of a transi-

tional technology in the development of propulsion sys-

tems, especially in trucks and off-road vehicles, at least 

until fuel cells become technologically advanced, easy to 

use and fully profitable. In the medium term, a hydrogen-

powered internal combustion engine may provide a compet-

itive alternative to electric powertrains until a sufficient 

http://orcid.org/0000-0003-0615-6930
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amount of fully renewable electricity is available. In turn, 

hybrid drive systems with a hydrogen combustion engine 

are a real alternative to electric drives and fuel cells, both 

from the point of view of CO2 emission equivalent and the 

total cost of production and long-term use [27, 31]. In addi-

tion to advantages in terms of efficiency and driving range, 

this leads to attractive functional synergies and additional 

degrees of freedom in terms of design and operating strate-

gies that need to be taken into account. Hydrogen can also 

be used as admixtures with hydrocarbon fuels or as alterna-

tive fuels such as ammonia [34]. Despite extensive work 

already being carried out on the use of both pure hydrogen 

and its mixtures with other fuels to power piston combus-

tion engines, further actions are necessary to optimize the 

design changes of the piston combustion engine, in particu-

lar its fuel supply system and combustion processes allow-

ing the full use of the properties of hydrogen. There are 

several manufacturers currently interested in introducing 

hydrogen-powered internal combustion piston engines into 

production that have announced their current status of work 

on such drive units (Table 1). 

 
Table 1. List of manufacturers currently exploring new H2ICE technolo-

 gies [13, 17, 18, 23] 

 

The article was motivated by the intention to present the 

current interest and plans of the automotive industry in the 

field of hydrogen-powered internal combustion engines, the 

challenges facing their further development and to analyze 

the prospects for using such engines in the future.  

2. Advantages of H2ICE – future possibilities 
The use of hydrogen as a standalone fuel or as an ad-

mixture with another fuel (e.g. hydrocarbon, synthetic or 

alternative) is considered possible in both SI (spark igni-

tion) and CI (compression ignition) engines. Hydrogen as a 

fuel is characterized by several favorable properties ena-

bling high efficiency of the combustion process. The most 

important of these properties are [31]: 

 Wide range of flammability 

Compared to hydrocarbon fuels, the flammability range 

of hydrogen is very wide, it ranges from 4 to 76% of the 

volume content in air [9, 21, 28] (these values are for ex-

ample 1–7.6% for diesel oil, and 0.6–5.5% for gasoline). 

This property allows the engine to run on a very lean mix-

ture. This, combined with the complete combustion of hy-

drogen, allows for greater fuel savings and optimization of 

the combustion process in terms of reducing NOx emissions 

thanks to a lower combustion temperature. Moreover, lower 

heat losses through the walls of the combustion chamber 

make it possible to achieve higher thermal efficiency of the 

engine [5]. 

 High rate of combustion 

The combustion rate of a hydrogen-air mixture is ap-

proximately seven times faster than a mixture of air and any 

hydrocarbon fuel. As the combustion rate increases, the 

actual curve of the indicator graph approaches the ideal 

one. This means that an increasingly higher thermodynamic 

efficiency can be achieved [1]. When using a stoichiometric 

mixture, the hydrogen engine comes closest to the ideal 

thermodynamic cycle, and the propagation speed of the 

hydrogen flame is almost an order of magnitude greater 

than that of the gasoline flame [19]. Making the combustion 

mixture more lean reduces the speed of flame propagation. 

The speed of flame propagation and its adiabatic tempera-

ture have a significant impact on the thermal efficiency of 

the engine, the stability of the combustion process and the 

level of emissions (especially NOx) [9, 19, 28]. 

 High stoichiometric air-to-fuel ratio 

The stoichiometric air-to-fuel (A/F) mass ratio for com-

plete combustion of hydrogen in air is approximately 

34.4:1, which is significantly greater than that of gasoline 

(14.7:1) or diesel (14.5:1) [9, 19, 28]. 

 Very low energy of ignition 

The ignition energy of the hydrogen-air mixture is only 

0.02 mJ, which is very low compared to a mixture of gaso-

line with air or diesel fuel with air, which both require 0.24 

mJ. Such low ignition energy creates a risk of premature, 

uncontrolled ignition and flame returning to the engine 

intake duct. Such premature ignition may be initiated by 

particles of unburned lubricating oil in the fuel-air mixture, 

hot spots in the combustion chamber resulting from the 

formation of deposits, hot electrodes of the spark plug, etc. 

[13, 28]. 

 High auto-ignition temperature 

The auto-ignition temperature of hydrogen fuel is high 

compared to hydrocarbon fuels (853 K compared to ~623 K 

for gasoline and ~520 K for diesel oil). Thus, it is difficult 

to ignite the hydrogen-air mixture through compression in 

the engine cylinder and an external ignition source is usual-

ly required. Therefore, the auto-ignition temperature is an 

important factor in determining the engine's compression 

ratio, which is related to the temperature of the compressed 

mixture. The possibility of increasing the compression ratio 

makes it possible to increase the engine thermal efficiency. 

On the other hand, the high auto-ignition temperature of 

hydrogen makes it difficult to achieve auto-ignition in  

a diesel engine [1, 13, 28]. 
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 Small distance of flame quenching from the cylinder wall 

The quenching distance is the shortest distance from the 

inner wall of the cylinder at which the flame is quenched. 

In the case of hydrogen, the flame-quenching distance is 

0.64 mm, while for gasoline it is 2 mm. Thus, it is more 

difficult to extinguish a hydrogen flame compared to other 

fuels. This creates the possibility of hydrogen burning in 

narrow gaps, such as between the piston and the cylinder, 

or retreating into the intake channel when the intake valve 

is not yet fully closed [1, 13, 28]. 

 High diffusivity 

Hydrogen is characterized by a very high diffusivity, 

which means that its ability to disperse in the air is much 

greater than that of gasoline. This is beneficial from the 

point of view of the combustible mixture quality in the 

engine, as it facilitates the rapid creation of a homogeneous 

mixture of fuel and air. Moreover, if hydrogen leaks, it 

quickly dissipates in the surrounding air. In this way, the 

potential hazards of hydrogen leaks can be at least partially 

avoided or minimized [9, 19, 28]. 

 High octane number (~130) 

This makes hydrogen more resistant to knocking com-

bustion even when burning in very lean mixtures. 

The interest in H2ICE has been increasing in recent 

years due to significant progress in optimizing their power 

and combustion processes, which allow for a significant 

increase in their thermal efficiency while reducing NOx 

emissions [25]. This was graphically presented (Fig. 1) by 

the relationships between the air-fuel ratio (AFR), mean 

effective pressure, thermal efficiency and NOx emission [2, 

25]. The operation of H2ICE in the stoichiometric mixture 

range is unfavorable because at high engine load, the onset 

of knocking combustion occurs at lower BMEP values, 

while the thermal efficiency is low and NOx emissions are 

quite high due to high cylinder temperatures. With high 

excess air coefficients (with very lean mixtures, AFR = 

2.0–2.5), high thermal efficiency and low NOx emissions 

can be achieved at the same time, (Fig. 1 – area in green 

dashed line). However, in this range of the excess air ratio, 

the combustion process slows down significantly, the sta-

bility of the combustion process becomes difficult to main-

tain and control, and NOx emissions increase in transient 

engine operating states [2, 25]. All in all, the operation of 

the engine in the indicated range of the excess air coeffi-

cient has more advantages than disadvantages and is cur-

rently a direction for further work in the optimization of the 

H2ICE combustion process [2, 10, 15, 16, 23, 25, 35]. 

Overall, the research and development work carried out 

so far has shown that the combustion process of a lean 

hydrogen-air mixture with the selective addition of exhaust 

gas recirculation (EGR) is the basis for achieving competi-

tive operational parameters for the H2ICE. This combustion 

process allows obtaining high torque at low engine speeds, 

high specific engine power, maximum thermal efficiency 

and low NOx emissions [3, 24]. The stoichiometric mixture 

combustion process, due to the high laminar flame speed, 

high isentropic exponent and high adiabatic combustion 

temperature, favors the formation of nitrogen oxides (NOx) 

[3, 24, 25]. Moreover, hydrogen combustion is character-

ized by short flame quenching distances, which causes the 

hydrogen flame to burn close to the walls of the combustion 

chamber. As a consequence, heat losses increase, which in 

turn leads to a reduction in engine efficiency [25]. Lower-

ing the temperature in the combustion chamber y using a 

leaner combustible mixture counteracts these phenomena. 

Lean mixture combustion requires a large amount of intake 

air, which necessitates the use of a high compression ratio 

to obtain high engine efficiency [12]. 

 

Fig. 1. Visualization of the relationships between the parameters involved 
in optimization of the combustion process in H2ICE [16, 17] 

 

ICE can be divided into two groups based on the em-

ployed injection strategy: engines with indirect injection, 

i.e. with fuel injection into the intake manifold (PFI – port 

fuel injection or MPI – multi-point injection) and engines 

with direct injection (DI – direct injection). These two 

groups can be further divided into categories according to 

the ignition strategy [18, 36]. The divisions in question 

along with specific solutions were presented in Fig. 2 [18]. 

Injecting fuel into the intake port of each cylinder (ahead of 

the intake valves) has the advantage of providing a longer 

homogenization and mixing period for the mixture. At the 

same time, the turbulence generated at the intake valve 

ensures a high level of mixture homogeneity. In addition, 

lower injection pressures (~10 bar) can be used, which 

simplifies the injection system. However, with the transi-

tion to hydrogen fueling, problems may arise when using 

PFI. These include pre-ignition, knocking and flashback 

into the intake system due to low ignition energy and the 

low hydrogen flame quenching distance. 

Moreover, the injected hydrogen displaces a significant 

amount of air from the air intake system, which significant-

ly reduces the amount of specific power obtained and en-

gine efficiency [32, 34]. PFI reduces the filling of the cyl-

inder. The reduction in volumetric efficiency depends 

largely on the air-fuel ratio. This efficiency decreases the 

more the leaner the mixture becomes. At a typical relative 

air-fuel ratio of λ = 2, the air dose in the cylinder is reduced 

by approximately 20% due to the presence of hydrogen. As a 

result, this incentivizes a further increase in boost pressure. 

Moreover, the injected hydrogen displaces a significant 

amount of air from the air intake system, which significant-

ly reduces the amount of specific power obtained and en-

gine efficiency [32, 34]. PFI reduces the filling of the cyl-

inder. The reduction in volumetric efficiency depends 

largely on the air-fuel ratio. This efficiency decreases the 

more the leaner the mixture becomes. At a typical relative 

air-fuel ratio of λ = 2, the air dose in the cylinder is reduced 

by approximately 20% due to the presence of hydrogen. As 

a result, this incentivizes further increase in boost pressure. 
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Fig. 2. Possible combustion strategies that can be employed in a H2ICE [18] 

 

In the case of direct injection (DI) of fuel into the en-

gine cylinder, the injection begins immediately after the 

intake valve closes, which should completely prevent the 

occurrence of dangerous phenomena such as reverse igni-

tion due to the return of the flame from the combustion 

chamber into the intake channel. In addition, pre-ignition 

can be prevented because the exposure time of the hydro-

gen mixture to the so-called "hot spots" is shortened. More-

over, hydrogen is injected directly into the combustion 

chambers, which avoids the problems of limiting the en-

gine's specific power due to the displacement of air by the 

injected hydrogen. The disadvantage of DI is the shorter 

time afforded to homogenize the air-fuel mixture before the 

start of the combustion. The probability of knocking com-

bustion occurring increases as a consequence of this. How-

ever, direct injection enables the implementation of other 

combustion processes, including stratified combustion.  

It is also possible to use a multiple injection strategy 

with controlled, variable fuel injection timing. Direct fuel 

injection requires a much higher injection pressure com-

pared to indirect injection (PFI) [37]. 

H2 combustion concepts in ICE can be divided into 

spark ignition combustion with a homogeneous pre-mixed 

chargé, and compression ignition combustion (Table 2). 

Spark ignition H2ICE using a pre-mixed homogeneous air-

fuel mixture enables 100% CO2 reduction, when ignoring 

trace emissions from burnt lubricating oil or SCR reagent. 

The main operation and performance challenges of the 

spark ignition H2ICE are specific power, fuel economy and 

transient performance. For low-pressure mixture concepts, 

only a moderate hydrogen injection pressure is needed and 

there is no need to use any additional compression systems. 

Thus, hydrogen can be supplied to the fuel injection system 

directly from the hydrogen storage pressure tanks. High-

pressure mixture concepts, on the other hand, require  

a hydrogen injection pressure level of 250–300 bar. There-

fore, an additional compression system becomes necessary 

to be able to utilize the maximum capacity of the hydrogen 

storage system [6]. 

In terms of low-pressure mixture concepts, multi-point 

fuel injection (MPI) combined with spark ignition is con-

sidered the most cost-effective solution. Good mixture 

formation, and therefore low NOx emissions, partially com-

pensate for the disadvantage of needing a higher boost 

pressure [14] (Table 2). In the case of MPI type indirect 

injection, a higher boost pressure is required if the same 

excess air ratio "λ" is to be maintained as in case of direct 

injection. Based on the concept of low-pressure mixture 

creation using direct injection (LP-DI) and spark ignition, 

the high calorific value of the created combustible mixture 

allows for obtaining a high BMEP. Currently, this mixture 

formation concept and combustion process is of greatest 

interest to researchers and manufacturers developing tech-

nologies related to H2ICE engines [30] (Table 2) [6, 14, 

37]. To achieve the greatest specific power value, the low-

est specific fuel consumption and the greatest stability in 

engine transient operating conditions, diffusion combustion 

(similar to diesel fuel) is indicated as the most appropriate 

(Table 2). To initiate a stable hydrogen ignition, it is bene-

ficial to use pilot diesel fuel injection. However, to fully use 

the potential of the emission-free energy carrier hydrogen, 

it would be necessary to replace diesel fuel as the source of 

ignition initiation [30, 31]. 

To sum up, the greatest advantage of the DI fuel supply 

system is the increase in the efficiency of filling the com-

bustion chambers and the reduction of work related to the 

pushing of the air-fuel mixture through the engine cylin-

ders. Furthermore, with DI, higher torque can be achieved 

in the lower engine speed range as well as helping to avoid 

knock combustion and other irregularities in the process. 

These benefits are counterbalanced by the high technical 

difficulties associated with integrating the DI system in the 

case of H2ICE. Currently, this technology is still not fully 

developed yet and very expensive. The PFI system, on the 

other hand, is a well-known technology and ready for use in 

H2ICE. In this case, the components are available and very 

advanced, which allows the rapid development of new 

H2ICE engines, but with limited potential for optimization.  
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Table 2. Comparison of different mixture formation, ignition and combustion concepts in H2ICE [6, 14, 33] 

 
 

The biggest disadvantage of the PFI injection system is 

the limited engine efficiency. Another significant disad-

vantage of this system is the possibility of the combustion 

process not taking place as intended. Therefore, the PFI 

system can be used in the first vehicle prototypes and then 

quickly enter the market as a low-cost solution [18, 30]. 

Achieving the intended, competitive performance of the 

H2ICE engine at full load with the maximum permissible 

NOx emissions from the engine (< 10 g/kWh), requires  

a high excess air ratio (~1.9) at full load. State-of-the-art 

single-stage engine boost systems can meet these require-

ments under standard ambient and steady-state operating 

conditions. However, in the case of specific boundary con-

ditions of the lean hydrogen combustion process, specific 

designs of the turbocharging system are required for this 

type of engine and its application. They can differ signifi-

cantly from the existing systems in terms of complexity 

(Fig. 3). The combination of low exhaust gas enthalpy and 

high boost requirements in lean combustion concepts leads 

to the need for dedicated and particularly precise matching 

of the compressor and turbine compared to conventional 

engine boost systems. In addition, the turbine design must 

ensure a high potential for exhaust gas recirculation. To 

fully exploit the potential of such an H2 combustion pro-

cess, especially in direct injection concepts, it is crucial to 

ensure not only the appropriate design of the H2 injection 

system [3], but also the engine boost system. With boost 

pressures required to achieve a mean effective pressure 

(BMEP) above 20 bar, single-stage boost systems quickly 

reach their limits. Therefore, more specialized boost sys-

tems are required, where some selected configurations were 

identified (Fig. 3) [7]. 

For example, the PFI H2ICE has proven that in addition 

to the 50% greater mass flow, a 90% higher boost pressure 

is required compared to a regular turbocharged petrol en-

gine. This is something that a single-stage supercharging 

system cannot provide over a wide range of engine operat-

ing conditions. In this case, a two-stage boost system with  

a variable geometry turbocharger becomes necessary. 

In the case of the H2ICE engine, trace amounts of CO, 

CO2, HC and particulate matter resulting from the combus-

tion of the engine lubricating oil, as well as urea injection in 

the case of an SCR catalytic converter, are expected to be 

found in the exhaust gases. Additionally, secondary emis-

sions such as NH3 and N2O can form in the exhaust after-

treatment system itself and should be taken into account. 

However, NOx emissions are the most difficult to reduce. 

As previously stated, this emission is strongly dependent on 

the excess air coefficient of the combustion mixture (so-

called raw emissions), while the structure and effectiveness 

of the exhaust aftertreatment system depend on the compo-

sition of the exhaust gases, their temperature and mass flow 

rate [1]. Although exhaust gas aftertreatment systems and 

their components used in engines powered by conventional 

fuels, such as three-way catalytic converters (TWC), active 

and passive SCR and NOx adsorbers, may be taken into 

account, in the case of engines powered by hydrogen they 

will not only have to be specially adapted to the composi-

tion and temperatures of hydrogen exhaust gases – but also 

to the required durability and operational reliability. There-

fore, their design, and in particular the materials from 

which they are made, will have to be adapted to the differ-

ent requirements of H2ICE [31]. 
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Fig. 3. Engine boost system concepts envisioned for H2ICE [7] 

 

Figure 4 shows various concepts of exhaust gas after-

treatment systems for hydrogen-powered engines.  

A different basic engine structure and a different excess 

air coefficient "λ" of the combusted hydrogen-air mixture 

were also taken into account [29, 30]. 

3. Disadvantages of H2ICE – challenges 
A major disadvantage of H2ICE engines is their tenden-

cy to promote the formation of nitrogen oxides during com-

bustion, especially when striving to obtain high specific 

power. In this case, the air-fuel ratio must be reduced to 

stoichiometric, leading to high NOx emissions. A signifi-

cant reduction in raw NOx emissions, without the need to 

apply exhaust aftertreatment systems, requires an excess air 

coefficient of approximately λ > 2.5 to achieve the NOx 

emissions level that would be compliant for passenger cars 

with the expected EU7 emission standards. This directly 

necessitates the use of a very high boost pressure and, con-

sequently, engines that must be fundamentally resistant to 

high peak combustion pressure [30]. At the same time, the 

higher maximum combustion pressure, due to the laminar 

combustion speed being almost 6 times greater compared to 

liquid gasoline, causes greater mechanical stress and higher 

friction losses. Currently, most gasoline engines that have 

the structural properties to be used for H2ICE do not meet 

this requirement. Furthermore, very efficient and expensive 

turbocharging systems are needed, which must provide both 

sufficient air mass flow and boost pressure at low exhaust 

gas enthalpy levels. Otherwise, a significant reduction in 

engine specific power and very moderate torque levels 

would have to be accepted as the trade-off. Reducing boost 

pressure requirements can be achieved to some extent by  

a combination of diluting the combustible mixture with 

both air and external EGR. Operating the engine on a stoi-

chiometric mixture without a combustion moderator (EGR 

and/or water injection) leads to irregular combustion pro-

cesses [30]. 

The creation of NOx reaches its peak at an excess air ra-

tio of approximately λ = 1.2. With a leaner mixture, the 

combustion temperature decreases, which reduces the 

amount of NOx produced. Lean combustion requires a large 

amount of intake air, which requires a high compression 

ratio to achieve the desired engine efficiency. Moreover, in 

this case the combustion speed decreases, which negatively 

affects the engine's efficiency. Hydrogen combustion is 

subject to anomalies such as engine knock, pre-ignition and 

ignited mixture backdraft. These anomalies pose problems 

when measuring downstream emissions because each 

anomaly can lead to changes in peak temperatures and 

emissions, making steady-state measurements challenging. 

An effective method of controlling combustion anomalies is 

to create a mixture. Direct injection (DI) after closing the 

intake valves can eliminate backdraft. However, the disad-

vantage of this method of fuel injection is the shorter ho-

mogenization time of the mixture, which means that locally 

areas with richer fuel content may create potential knocking 

combustion nodes as well as serve as sources of NOx for-

mation [27]. Another problem is the small quenching dis-

tance of the burning hydrogen flame from the wall, which 

results in increased wall heat losses, which leads to a reduc-

tion in the overall engine thermal efficiency [7]. 

Adapting the ICE for hydrogen fuel requires numerous 

changes to be made, the type and scope of which depends 

on the engine that is used as the basis for the hydrogen 

powered engine (spark ignition engine, compression igni-

tion engine powered by diesel oil or natural gas) [6, 30, 34]. 

Generally, the cylinder head must usually be changed due 

to variable thermomechanical loads and high stresses result-

ing from the irregular combustion processes. These irregu-

lar processes cannot be avoided in certain H2ICE operating 

points. They also cause temperature and pressure fluctua-

tions in critical areas of the engine head, such as valves or 

valve seats, which can lead to reduced lifespan due to fa-

tigue. Elements of the crank system must also be adapted to 

the frequent occurrence of irregular combustion processes 

[6]. The exhaust gases of a hydrogen engine contain much 

more water vapor compared to the exhaust gases of an 

engine powered by hydrocarbon fuel. Not only exhaust gas  
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Fig. 4. Aftertreatment system layout for (a) the gasoline engine-based concept including stoichiometric operation and (b) the HD diesel engine-based 

concept at always lean conditions [29] 

 

aftertreatment systems must be adapted to the increased 

water content in flue gases, but engine structural elements 

in contact with exhaust gases must also be adapter due to 

the higher corrosion risk [6]. 

Moreover, water entering the oil can accelerate the deg-

radation processes and loss of lubricating properties. There-

fore, managing the water content in the engine crankcase 

proves to be yet another challenge to be solved with 

H2ICE. It is also necessary to develop an efficient, reliable 

crankcase ventilation system, since a large amount of un-

burned hydrogen may penetrate through it, which could 

otherwise lead to an explosion hazard. At the same time, 

the piston ring assembly should minimize oil entry into the 

combustion chamber because, as explained earlier, oil drop-

lets are a potential source of emissions of carbon oxides, 

hydrocarbons and particulates, as well as a pre-ignition 

source. To sum up, in recent years, great progress has been 

made in the development of hydrogen-powered internal 

combustion engines, significantly improving their perfor-

mance by using direct hydrogen injection into the combus-

tion chambers and optimizing the organization of the com-

bustion process and turbocharging. However, the operation 

and popularization of internal combustion engines powered 

by hydrogen fuel are still associated with several challeng-

es, especially in terms of improving reliability, which must 

be addressed and solved in the course of their further de-

velopment. These concern maintaining low lubricating oil 

consumption, further optimization of hydrogen fueling 

processes and combustion strategy, including counteracting 

premature fuel ignition. Greater attention should also be 

paid to the harmful effects of hydrogen on metals and their 

alloys (hydride formation, hydrogen embrittlement, crack-

ing caused by hydrogen leakage, and formation of hydrogen 

bubbles). Another challenge is the very low lubricity of 

hydrogen, which causes premature wear of elements that 

come in contact with it, such as intake valves and engine 

valve seat seals, injector needles and their seats (loss of 

airtightness), etc. Problems related to the engine lubrication 

system and the lubricating oil itself also require solutions. 

As the oil is quickly diluted with a large amount of water 

released from the hydrogen combustion process [30, 31]. 

4. Opportunities for H2ICE 
Climate protection is becoming an increasingly political 

issue, which results in far-reaching environmental protec-

tion regulations, in particular covering economic sectors 

using piston combustion engines. Concerns about the im-

pact of combustion engines on climate change have become 

a publicly politicized subject. Impartial assessments of the 

actual impact of combustion engine emissions on climate 

change are necessary, taking into account the enormous 

progress that has been made in reducing all standardized 

exhaust emissions from combustion piston engines (Euro 

1–Euro 6; Euro 7). 

In addition to the currently rapidly developed and popu-

larized electric (battery-powered) vehicle drives and drives 

using fuel cells, emission-free fuels also offer great oppor-

tunities to significantly reduce CO2 emissions. Among 

them, hydrogen is given wide recognition as a fuel that does 

not contain carbon and does not cause CO2 emissions. Re-

search that has already been carried out showed that H2ICE 

can become a drive system of the future, especially in the 

commercial vehicle and off-road machinery sectors, indi-

cating that it can achieve similar levels of performance and 

efficiency as a modern compression-ignition engine. The 

criteria that a commercial vehicle must meet to qualify as 

(ZEV – Zero Emission Vehicles) are set out in EU Regula-

tions 2019/1242 and 2017/2400. In the case of a heavy duty 

truck, which is outlined to be a vehicle powered by a non-

combustion engine, or by an internal combustion engine 

that emits less than 1 g CO2/kWh, following Regulation 

(EC) No 595/2009 and its implementing acts, or under 

Regulation (EC) No. 715/2007 of the European Parliament 
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and of the Council and its implementing acts (European 

Parliament, 2019). According to these regulations, the only 

currently known combustion engine that could feasibly 

meet the strict EU regulations is a hydrogen-powered com-

bustion engine. It should be remembered that in truck 

transport the electrification of drive systems is currently 

still significantly delayed compared to the vehicles of the 

passenger transport sector. Moreover, hydrogen as an ener-

gy carrier still has a higher storage density than batteries 

[26]. Hydrogen also has a much shorter refueling time than 

batteries, being much closer to fossil fuel refueling, which 

makes it more convenient to use than rechargeable batter-

ies. Compared to a fuel cell-based drive system, H2ICE 

offer the following advantages: much lower purity require-

ments of hydrogen fuel used to power them, greater dura-

bility and longer lifespan, as well as much simpler opera-

tion and lower cost of such a drive system [11]. The hydro-

gen combustion engine is the next logical step in the evolu-

tion of a conventional combustion engine and is similar to it 

in terms of structure, operation and operating conditions. 

Advanced technological and design modifications, which 

are now possible, can change the conventional combustion 

engine into a H2ICE characterized by almost zero CO2 

emissions [17, 30]. Therefore, for heavy commercial vehi-

cles for long-haul applications, H2ICE-based powertrains 

represent a rapid means to achieve CO2-free mobility, espe-

cially in the short and medium term [27]. Hydrogen-

powered internal combustion piston engines can be inte-

grated with electric motors in electrified drive systems 

(hybrid drive systems). In addition to advantages in terms 

of efficiency and driving range, this leads to advantageous 

functional synergies and additional degrees of freedom in 

terms of design and operating strategies that need to be 

taken into account.  

In 2020, the ACEA HD Expert Group on H2ICE was 

established and developed the necessary changes and 

amendments to UN R49 and UN R85 to enable the type 

approval of hydrogen combustion engines. ACEA experts 

presented the topic of OICA (Organisation Internationale 

des Construc-teurs d'Automobiles) in the first half of 2021. 

This group of experts systematically progressed their work 

which led to the following documents being presented at 

the beginning of this year: 

 ECE/TRANS/WP.29/GRPE/2023/6 – Working docu-

ment, joint EC/OICA proposal for a revision of R49 (07 

series) 

 GRPE 87 30 – Informal update document for 

ECE/TRANS/WP.29/GRPE/2023/6 

 ECE/TRANS/WP.29/GRPE/2023/7 – Working docu-

ment, OICA proposal to amend R85 

 GRPE 87 16 Rev.1 – Informal update document for 

ECE/TRANS/WP.29/GRPE/2023/7 

It is expected that further work by ACEA and OICE will 

soon lead to the final clarification of the regulations that 

will enable the full type approval of H2ICE [24]. 

5. Dangers for H2ICE 
So far, hydrogen combustion engines have not yet en-

tered into mass production around the world. This is pri-

marily due to the insufficiently developed hydrogen infra-

structure, which is required for all hydrogen-powered vehi-

cles. At the same time, for the use of hydrogen in the 

transport sector to be sustainable it must be produced using 

energy from renewable sources. This requires significant 

development and a large increase in the rate of renewable 

energy production. Unfortunately, currently, the regions of 

the world where renewable energy – meaning primarily 

wind or solar – is available are not the same as the regions 

where this energy will be most needed [30]. Due to the still 

high costs of hydrogen and the small number of plants 

producing hydrogen, especially from renewable sources, 

hydrogen drive technologies are not yet competitive with 

conventional technologies, such as vehicles with combus-

tion engines [35]. In practice, there are currently three main 

barriers that need to be overcome to the deployment of 

H2ICE-based powertrains in transportation to become eco-

nomically and technologically viable. The first is the costs 

of hydrogen production and its delivery, which should be 

competitive with currently commonly used fuels, such as 

gasoline and diesel. The cost of hydrogen depends on the 

process/technology used for its production, the primary 

energy source and the adopted models of transport, storage 

and distribution. The second challenge is to develop a new 

or improved method for storing hydrogen in automotive 

vehicles to ensure a reasonable driving range. Thirdly, the 

cost of producing and operating hydrogen vehicles (H2ICE 

or FCV) should be reduced as a way of improving their life 

cycle assessment. Moreover, socio-cultural factors also play 

a significant role in the spread of hydrogen as a fuel in the 

transport system. Therefore, all information campaigns 

have a significant impact on the development of hydrogen 

technologies, especially at this early stage, to increase the 

awareness of people with low knowledge and have a posi-

tive impact on attitudes towards hydrogen vehicles.  

The stance of the Council of the European Union, which 

has so far maintained their distance from this technology, 

will be of great importance for the development prospects 

and, above all, the spread of hydrogen-powered internal 

combustion engines. Currently, the EU is reluctant to diver-

sify powertrains, focusing primarily on electric drives, 

especially in passenger cars, but not only. Currently, it is 

difficult to predict whether and to what extent the EU will 

support the development of power units based on H2ICE. 

Conclusions 
1. Hydrogen has the potential to become the sustainable 

fuel of the future, reducing global dependence on fossil 

fuel resources and significantly lowering automotive 

emissions. 

2. Hydrogen, as a zero-emission fuel, can be used to make 

a piston combustion engine with zero emissions of 

CO2. 

3. H2ICE can produce trace CO, HC and particulate emis-

sions solely from the combustion of engine lubricating 

oil entering the engine's combustion chambers. 

4. NOx emissions caused by H2ICE can be effectively 

reduced by optimizing the fuel supply and combustion 

systems (raw emissions) and using a dedicated exhaust 

aftertreatment system for H2ICE. 

5. When high continuous engine power is required in low 

transient operating conditions, a hydrogen-powered in-

ternal combustion engine is a cost-effective approach to 
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CO2-free long-distance transport, with a long service 

life, that relies on tested and proven technology. 

6. It is possible to adapt both SI and CI engines to run on 

hydrogen. 

7. In the medium term, a hydrogen drive system may be 

an alternative to electric drive systems in passenger 

cars until sufficient availability of fully renewable elec-

tricity is achieved. 

8. H2ICE-based hybrid powertrains represent a viable 

alternative to electric and fuel cell drive systems to be 

used for light commercial vehicles in the medium to 

long term, both from a CO2 equivalent and total cost of 

ownership perspective. 

9. The advantage of H2ICE is that this technology can be 

brought to market relatively quickly, so it can be made 

available as a technology with minimal delay. 

10. The operation of H2ICE presents several specific relia-

bility challenges that will need to be addressed through 

further development. The already identified challenges 

concern maintaining low lubricating oil consumption, 

preventing irregularities occurring in the combustion 

process and ensuring the adequate durability of struc-

tural and operational elements of the engine, which can 

be caused by low H2 lubricity and the so-called hydro-

gen embrittlement of metals. 

11. The main challenge preventing the widespread use of 

hydrogen as fuel in automotive engine units is the lim-

ited on-board hydrogen storage technology for vehicles 

as well as the current scarcity of refueling stations. 

12. The further development of H2ICE will require infra-

structure and financial resources, which can only be 

achieved through a significant amount of political sup-

port, in particular from the EU. 
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Nomenclature 

ACEA European Automobile Manufacturers' Association 

AFR air fuel ratio 

BMEP brake mean effective pressure 

CI compression ignition 

DI direct injection 

ECE Europe Vehicle Certification & Solutions 

EGR exhaust gas recirculation 

EU European Union 

FC fuel cell 

H2ICE hydrogen internal combustion engine 

ICE internal combustion engine 

LP-DI low pressure direct injection 

MPI multi point injection 

OICA Organisation Internationale des Constructeurs 

d'Automobiles 

PFI port fuel injection 

SCR selective catalytic reduction 

SI spark ignition 

TWC three way catalyst 

UN United Nations 

ZEV zero emission vehicles
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ARTICLE INFO  The content of this article presents research on used and fresh engine oils. The aim of the experiment is to 
preliminarily develop a method for assessing the condition of engine oil subjected to service. A four-ball tester 

was used to compare the lubricating properties of the engine oil as one component of the tribosystem under 

laboratory conditions. The method used to determine the mashing load consisted of subjecting the kinematic 
node to a linearly increasing load with a build-up rate of 409 N·s–1 under operating conditions of approximately 

20°C and a spindle speed of 500 rpm. The presented article is a continuation of the consideration of the lubricat-

ing properties of engine oils subjected to operation. The tests carried out made it possible to observe that fresh 
oils are characterised by their ability to carry higher loads in relation to oils subjected to service. This is 

evidenced by the obtained values of scuffing loads, which have a higher value for fresh oils (The average 

percentage increase in scuffing load for fresh oils was 62.23%). Comparing the friction torque characteristics 
with each other, it can be seen that the values of maximum friction torque are also higher for the fresh oils 

group. The modelling process made it possible to characterise changes in the tribological properties of the 

lubricating oil being used. In the future, the described model will be extended to include further input parame-
ters (viscosity, contaminant content, fractional composition, etc.), which will allow a multi-parametric assess-

ment of lubricating oil wear. 
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1. Introduction 
The primary function of oil in an internal combustion 

engine is to protect it from wear and to slow down the de-

pletion of its operating potential. As is well known, ma-

chines are subject to wear and tear in the process of use. 

This process also applies to lubricants, which are an inte-

gral part of tribosystems. 

Most often, lubricating oil changes in an internal combus-

tion engine take place when the kilometers or time resourse 

is exhausted [10]. Modern cars are also equipped with sys-

tems that generate messages about the need to change engine 

oil based on algorithms analysing driving style or signals 

from oil quality sensors measuring selected oil parameters or 

contaminant concentrations. As recent research [17] shows, 

the strategies used in the lube oil change process are insuffi-

cient (low precision). This can lead to a situation where en-

gine oil degradation is so high that the oil fails to perform its 

key feature, resulting in reduced engine life. This is not al-

ways unambiguous, as other studies [8] show that engine oil 

still retains its properties despite having exhausted its entire 

service life. The work [7] considering used engine oils also 

allows us to conclude that the vehicle mileage commonly 

accepted as an indicator of lubricating oil change intervals is 

not an unambiguously reliable criterion. Due to these dis-

crepancies, there is a need to develop a universal method for 

assessing the condition of engine oil to determine its ability 

to protect engine components. 

Effective engine wear protection occurs when a perma-

nent lubricating oil film is formed between tribological 

pairs. This phenomenon should occur for a wide tempera-

ture range - both after the engine has warmed up and short-

ly after starting at low operating environment temperatures. 

Engine starting at low temperatures results in increased 

lubricant consumption [14]. High temperatures also con-

tribute to engine oil degradation [12]. In the temperature 

aspect, engine oil plays another important function, it dissi-

pates heat. In addition to the wide range of operating tem-

peratures at which the oil must function, a wide range of 

loads is also indicated in the literature. These varying oper-

ating conditions of the oil including engine start-up, idling, 

varying load depending on the driving mode [16] should 

not adversely affect the protection of the tribological nodes 

and the wear intensity of the friction surfaces. Another 

factor related to the different temperature conditions in the 

engine is the formation of high and low temperature sludge. 

This is due to the accumulation of oxidation products, 

which are not neutralised by the limited amount of additives 

improving the lubricating properties of the engine oil. The 

accelerated oxidation process can be influenced by over-

heating of the lube oil, which leads to the formation of 

sludge plugs that block the flow of oil and thus the distribu-

tion of oil in the engine compartment, which contributes to 

the aforementioned reduction in heat dissipation [20]. An-

other important function of engine oil is corrosion protec-

tion [13]. Its intensity is inhibited by adding inhibitors to 

the oil. The anti-wear additives in the oil help to prevent 

abrasive or adhesive wear, but also corrosion wear. 

The degradation of engine oil is contributed to by phe-

nomena such as oxidation and the depletion of additives 

responsible for improving lubricating properties [2]. This 

results in the need for more frequent oil changes to effec-

tively protect the engine from wear. Another reason for this 

phenomenon is the contaminants that accumulate during the 

operation process. One of them is carbon black [11], which, 

by deteriorating tribological properties, causes an intensifi-

cation of wear of the tribosystem understood as engine and 

lubricant. Work [5] shows that, with the process of opera-

tion, carbonaceous contaminants accumulate in the annular 
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grooves of the engine, resulting in oil degradation. The 

effect of increased soot content in engine oil is to increase 

viscosity and also to form an abrasive substance that dam-

ages mating surfaces [19]. The formation of soot agglomer-

ates can lead to the closing of oil distribution channels in 

the engine and the local occurrence of dry friction, resulting 

in increased wear. A second type of engine oil contamina-

tion involving metallic elements that are solid contaminants 

in the engine oil can pose analogous threats to the system. 

Monitoring the condition of engine oil can bring bene-

fits not only in terms of protecting mechanical systems, but 

also in environmental terms. This relationship exists for 

both the production and disposal of engine oils [9]. The 

possibility of extending the service life of lube oil that con-

tinues to perform its protective function has a direct impact 

on reducing chemical waste. 

Failure to detect a defect during engine operation can lead 

to damage, the consequence of which may be an increased 

intake of engine oil, which is burned in the engine compart-

ment causing the vehicle to fail to meet emission standards 

[4]. While this is insignificant in the case of a motor vehicle 

engine, in the case of large marine engines, the negative 

environmental impact is already significant and is associated 

with high operating costs for such a vessel. 

One of the most popular lubricant testing stations is the 

tribotester. The test results from this tribotester make it 

possible to assess the quality of the engine oil under test. As 

the work [6] shows, if the wear trace obtained during a test 

run is small, it can be inferred that the lubricant has good 

anti-wear properties. Extending this inference, it can be 

concluded that the engine oil has not yet degraded and 

continues to protect the kinematic node. The validity of 

using this apparatus when considering lubricant quality is 

confirmed by work [1]. The high reproducibility of the 

testing performed with the four-ball tester ensures that the 

results obtained are precise. 

Due to the multitude of parameters affecting the lubri-

cating oil wear process, it is necessary to use statistical 

methods to show the relationships between the various 

parameters. Such an approach was presented in the work 

[3]. Its results confirmed the great potential of the applica-

tion of statistical analysis in the consideration of engine 

oils, as well as the importance of modelling in cognitive 

processes in this area. 

The present work is a continuation of the study [15] of 

motor vehicle oils. The study of the oil's physicochemical, 

rheological, and tribological properties has been supple-

mented with results obtained using a four-ball tester. An 

analysis of the available literature indicates that the systems 

used to assess engine oil degradation status are inaccurate 

and may have a negative impact on the environment and the 

operating process of an internal combustion engine. The 

aim of this study is to develop a method for assessing en-

gine oil consumption. The method is based on a model 

using artificial intelligence algorithms (Mamdani model). 

The model adopted is scalable (it can be easily extended to 

include further parameters affecting the oil consumption 

rate). The coefficients in the model were determined on the 

basis of test results using a four-ball apparatus. The model 

created must be considered as a base, which will be extended 

based on the results of tests to be performed in the future. 

2. Methodology 

2.1. Object of study 

Eleven engine oils obtained from passenger vehicles 

used in urban and extra-urban traffic were experimentally 

tested. The oils had five different viscosity grades (0W30, 

5W20, 5W30, 5W40, 10W40). Both fresh and used lubri-

cating oils were tested. The mileage range for the used oils 

was 5002 to 15,000 km. The oils were used in both com-

pression-ignition (2 units) and spark-ignition (9 units) en-

gines. In two cases the spark ignition engines were powered 

by LPG. The vehicles from which the lubricating oils came 

had mileages between 15,000 and 3,622,211 km. The en-

gines lubricated by the oils had displacements in the range 

of 1 to 2.5 dm
3
 and had power outputs of 57 to 120 kW. 

Detailed data on the oils tested and the vehicles in which 

they were used are presented in Table 1. A passive experi-

ment was adopted during the research (users of the vehicles 

from which the used oil originated decided on the course of 

the exploitation process and the mileage at which the used 

oil was replaced with fresh oil). 

2.2. Tribological tests 

Tribological tests were carried out using a four-ball test-

er. The tests carried out consisted of subjecting the kine-

matic node to an increasing load for 18 s. The load was 
 

 
Table 1. Data on operating conditions of used oil samples [15]

Engine oil Vehicle 

#sample 

number 

Producent Viscosity 

class SAE 

Oil mileage 

[km] 

Type of fuel to power 

the engine 

Engine capacity 

[dm3] 

Nominal motor 

power [kW] 

Car mileage at oil 

drain [km] 

1 Fanfaro 5W30 12,650 Gasoline + LPG 1.4 63 362,211 

2 Mobil 5W30 14,141 Gasoline  1.6 85 91,635 

3 Shell 5W30 5481 Gasoline  1.2 57 110,007 

4 Total 5W40 7734 Gasoline  1.6 120 60,631 

5 Fanfaro 5W30 11,452 Gasoline + LPG 1.6 63 157,473 

6 Selenia 5W30 14,998 Diesel 1.6 77 101,021 

7 Shell 5W30 5002 Gasoline  1.0 57 52,333 

8 Mobil 10W40 6500 Gasoline  1.6 72 330,041 

9 Fanfaro 5W30 5159 Diesel 2.5 88 196,427 

10 Total 5W20 5126 Gasoline  1.5 110 112,927 

11 Volkswagen 0W30 15,000 Gasoline  1.0 95 15,000 
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built up in the range 0–7200 N, with a load build-up rate of 

409 N·s
–1

 throughout the run. The spindle speed was 500 

rpm. The initial temperature of the test lubricant was in the 

range of 20–25°C. During the tests, the friction torque, the 

temperature in the grip of the kinematic node and the load 

applied to the friction node were measured. The measure-

ments were sampled at a frequency of 50 Hz. The tests 

were performed in accordance with the requirements of  

PN-76/C-04147. Three tests runs were performed for each 

lubricating oil during the experiment. The result character-

ising each lube oil was derived from the average of the 

three attempt. They were subjected to an assessment as to 

whether there was a result with a gross error in a given set 

of results (Q-Dixon test). 

3. Results 

3.1. Results of tribological tests 

Based on the experimental results, a graph of friction 

torque in the load domain (Fig. 1) was drawn up for each 

engine oil tested. Oils were designated by numbers preced-

ed by the "#" sign. Numbers 1 to 11 were assigned to oils 

that had been used in the engines, while numbers 12 to 19 

were assigned to corresponding fresh lubricating oils (the 

smaller number of fresh oils is due to the use of the same 

oils in more than 1 engine). 

In the load range from 0 to about 1300 N for all engine 

oils tested, the course of the mashing torque showed almost 

the same increase. Changes can be observed in the range 

1300–2800 N. In this range, a dynamic increase in frictional 

torque was recorded for all samples, but at a load of about 

1790 N (red line), 2 groups of oils for which the dynamics 

of change differed were distinguished. In the first group,  

a dynamic increase in frictional torque was observed earli-

er, and these were oils in service, while the second group, 

for which a sharp increase in rubbing torque occurred later, 

were fresh oils. To detail this phenomenon, the scuffing 

load values for in-service and fresh lube oils were read 

from Fig. 1 and the relative differences between them were 

determined (Table 2 and Fig. 2). In addition, it was ob-

served that, for fresh oils, the maximum values of the fric-

tional torque were higher than for in-service oils and the 

load range in which the dynamic increase and decrease in 

frictional torque occurred was narrower than for the runs 

obtained for in-service oils. 

Figure 2 shows the scuffing load values for used and 

fresh engine oils. 

 

Fig. 1. Friction torque waveform in the load domain of a kinematic node 

 

Fig. 2. Measured scuffing load values: green – fresh engine oils, red – used engine oil 
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Table 2. Scuffing load of engine oils 

Group Engine oil 
Scuffing load 

[N] 

Relative increase in 

scuffing load [%] 

1 – used #1 5W30 1467 
57.94 

2 – fresh #13 5W30 2317 

1 – used #2 5W30 1329 
34.99 

2 – fresh #16 5W30 1794 

1 – used #3 5W30 1431 
45.98 

2 – fresh #12 5W30 2089 

1 – used #4 5W40 1323 
105.44 

2 – fresh #18 5W40 2718 

1 – used #5 5W30 1407 
64.68 

2 – fresh #13 5W30 2317 

1 – used #6 5W30 1426 
67.39 

2 – fresh #19 5W30 2387 

1 – used #7 5W30 1360 
53.60 

2 – fresh #12 5W30 2089 

1 – used #8 10W40 1544 
74.29 

2 – fresh #15 10W40 2691 

1 – used #9 5W30 1641 
41.19 

2 – fresh #13 5W30 2317 

1 – used #10 5W20 1493 
62.09 

2 – fresh #14 5W20 2420 

1 – used #11 0W30 1434 
76.92 

2 – fresh #17 0W30 2537 

 

It was observed that all of the scuffing loads for fresh 

oils were greater than those for in-service oils. In the case 

of fresh oils, the values were greater from 34.99% to as 

high as 105.44%. The average percentage increase in mash-

ing load was 62.23%, and the median was 62.09%. 

After statistical processing of the results obtained, an 

equation describing the average relationship between oil 

mileage and scuffing load was determined: 

 F = –0.07128∙PO + 2222.65752 [N] (1) 

where PO – oil mileage [km]. 

A green line was also plotted in Fig. 1, visualising  

a friction torque level of 10 Nm, above which the machine 

drive was switched off for safety reasons. Three of the 

samples tested exceeded this threshold. All of the oils test-

ed, for which the friction torque of 10 Nm was exceeded, 

belonged to the group of fresh oils. It should also be noted 

that, during the experiment, in some cases there was a phe-

nomenon of welding of the top ball placed in the machine 

spindle with the balls placed in the chuck. This phenome-

non was noted in the case of three oils: #13 5W30 (in two 

of the three trials), #16 5W30 (in two of the three trials) and 

#18 5W40 (in one of the three trials). These data are the 

same as the samples that passed the machine's safety 

threshold. 

It is not only the scuffing forces that change with oil 

mileage. Another parameter for which a similar relationship 

was noted is wear diameters. These were determined during 

ball apparatus tests in accordance with ASTM D 4172-94 

and are described in [15]. The values of the wear diameters 

are shown in Fig. 3. In this case, an increase in wear diame-

ter with increasing oil mileage was observed in all tests. 

After statistical treatment of the data shown in Fig. 3, an 

equation describing the average relationship between oil 

mileage and wear diameter was determined: 

 D = 0.03250253∙PO + 597.67580742 [µm] (2) 

where PO – oil mileage [km]. 

4. Model for estimating oil consumption 
As part of the work, a model was built to estimate oil 

consumption rates. When building the model, it was as-

sumed that it must be scalable (the possibility of adding 

further input parameters on the basis of which the degree of 

wear will be determined). For this reason, it was decided to 

use the Mamdani model, which belongs to the group of 

models from the area of artificial intelligence (fuzzy logic). 

To build the model, data obtained during the experimental 

research described in Chapter 3 were used. 

The input variables in the model were: 

 scuffing force F [N] 

 wear diameter D [µm] 

 oil mileage PO [km] 

and output variables: 

 wear rate Z [%]. 

In the first stage of model construction, linguistic varia-

bles were adopted for which their spaces (membership 

functions) were determined. Next, the coefficients in the 

membership functions were determined based on equations 

1 and 2, assuming that the oil mileage according to the 

service life should be 15,000 km (readings of significant 

values from equations 1 and 2 for mileage: 3.75, 7.5, 11.25 

and 15,000 km). To obtain the fuzzy consequences, the 

limiting equations of the coordinate of the ordinate axis 

were determined and the rule aggregation equation was 

determined. The results of this work are presented in Tables 

2 and 3. 

 
Fig. 3. Measured values of the wear diameter [14]: green – fresh oil, red –used oil 
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Calculations were made using the model, the results of 

which are shown in Fig. 4. The calculations were made for 

data obtained during experimental tests (engine oil runs, 

scuffing forces and wear diameters). Oil wear rates were 

determined in 3 variants (by condition, by remaining oil 

life, mixed model). 

Analysing the calculation results shown in Fig. 4, it was 

found that the oil consumption rate determined from the 

model by condition indicates greater oil degradation for 

mileages up to about 11,000 km compared to the value of 

this parameter determined from the model by resurfacing. 

The relationship takes on an inverse relationship once this 

mileage is exceeded. This is due to the fact that the deter-

mined values of engine oil degradation by condition were 

based on tribological parameters. The values of these pa-

rameters are strongly influenced by the oil's rheological 

properties (viscosity), which change during operation. The 

lubricating oil's viscosity changes in the process of use. 

After an oil change, viscosity initially decreases and reach-

es a minimum after a few thousand kilometres. The viscosi-

ty then starts to increase to reach a value close to or greater 

than the viscosity of fresh engine oil after the resurface is 

exhausted. For a description of this phenomenon, see [18]. 

Oils with higher viscosity are more resistant to oil film 

rupture, which has a positive effect on the wear process in 

highly loaded tribological pairs.  

5. Conclusion 
The tribological tests carried out allow us to conclude 

that there is a significant difference between fresh and in-

service oils. The friction torque waveforms as a function of 

load for fresh oils are more dynamic in a narrower load 

range than in the case of used oils. Significantly lower 

scuffing loads occurred in the group of in-service oils com-

pared to fresh oils, indicating that fresh oils have the ability 

to carry higher loads and protect the mating components 

more effectively. As the results show, the opposite is true 

for maximum friction torque. It is the used lube oils sub-

jected to the same load that show a lower friction torque 

value than fresh oils. For all the engine oils tested, a de-

crease in scuffing load and an increase in wear diameters 

were observed during operation. These phenomena were 

used in the construction of a model to estimate the degree 

of wear. The developed model uses artificial intelligence 

algorithms (fuzzy logic) and can be extended with new 

input parameters, which will allow it to increase its accura-

cy of inference after adding further parameters that will be 

identified in the course of future research. The presented 

results from the modelling process show that it is possible 

to determine the degree of engine oil wear based on its 

condition and remaining life. Thus, by comparing the calcu-

lation results, it is possible to show the differences in the 

dynamics of oil consumption changes according to the two 

strategies. In addition, the changing differences in the de-

gree of engine oil wear according to the different strategies 

showed that the tribological parameters determined during 

oil testing do not have a linear characteristic associated with 

the run and are related to the rheological parameters of the 

oil, which include viscosity. This parameter has a non-

linear characteristic during the operating process. In the 

first stage, it decreases, and after reaching a minimum, 

which occurs after a few thousand kilometres of mileage, it 

then begins to increase mainly due to the accumulation of 

wear products and contaminants in the engine oil.  

The reduction in lubricating oil viscosity results in  

a lower oil film life and thus protection of the mating com-

ponents against wear. The advantage of the represented 

approach is that the presented model can be successively 

extended with further criteria for the assessment of lubri-

cants so that a comprehensive evaluation can be carried out. 

As a result of the modelling, it was found that oil consump-

tion assessed by mileage in the range from 0 to about 50% 

of the assumed distance, which was 15,000 km, was higher 

than the consumption determined by condition. In the sec-

ond mileage interval (above 50%), consumption according 

to condition was lower than consumption according to 

mileage. This demonstrates the non-linear behaviour of 

wear by condition. It has a degressive course. In the initial 

phase, lubricating oil wear has a large increase because 

there is a decrease in viscosity caused by changes in the 

fractional composition of the lubricating oil. After this 

period, the tribological properties stabilise and the oil wear 

process decelerates. Therefore, the modelling process made 

it possible to characterise the changes in the tribological 

properties of the lubricating oil being worn. In the future, 

the described model will be extended with further input 

parameters (viscosity, contaminant content, fractional com-

position, etc.), which will allow a multi-parametric evalua-

tion of lubricating oil wear. 

 

Fig. 4. Results of oil consumption calculation from the model in 3 variants (by condition, by remaining oil life, mixed model) 
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Table 3. Structure of the oil consumption estimation model (output variables) 

Input 

variable 
Scuffing load F 

Linguistic 
variables 

High scuffing load µd(F) Medium scuffing load µś(F) Low scuffing load µm(F) 

Affiliation 

functions 

   

Equations 
{

0 ↔ F < Fa
F − Fa
Fd − Fa

↔ F ≥ Fa ∧ F ≤ Fd

1 ↔ F > Fd

 

{
 
 

 
 

0 ↔ F < Fb ∨ F > Fc
F − Fb
Fa − Fb

↔ F ≥ Fb ∧ F ≤ Fa

Fc − F

Fc − Fa
↔ F > Fa ∧ F ≤ Fc

 
{

1 ↔ F < Fb
Fa − F

Fa − Fb
↔ F ≤ Fa ∧ F ≥ Fb

0 ↔ F > Fa

 

Coefficients 

in the 
equations 

Fa = 1688 N, Fb = 1420 N, Fc = 1955 N, Fd = 2222 N 

Input 

variable 
Wear diameter D 

Linguistic 
variables 

Small diameter wear µm(D) Medium diameter wear µś(D) Large diameter wear µd(D) 

Affiliation 

functions 

   

Equations {

1 ↔ D < Db
Da−D

Da−Db
↔ D ≤ Da ∧ D ≥ Db

0 ↔ D > Da

  

{
 

 
0 ↔ D < Db ∨ D > Dc

D−Db

Da−Db
↔ D ≥ Db ∧ D ≤ Da

Dc−D

Dc−Da
↔ D > Da ∧ D ≤ Dc

  {

0 ↔ D < Da
D−Da

Dd−Da
↔ D ≥ Da ∧ D ≤ Dd

1 ↔ D > Dd

  

Coefficients 

in the 
equations 

Da = 841 µm, Db = 719 µm, Dc = 963 µm, Dd = 1085 µm 

Input 

variable 
Oil mileage PO 

Linguistic 
variables 

Low engine oil mileage µm(P) Average engine oil mileage µś(P) High engine oil mileage µd(P) 

Affiliation 

functions 

   

Equations 

{

1 − P

Pa
↔ P ≤ Pa

0 ↔ P > Pa

 

{
 
 

 
 

0 ↔ P < Pb ∨ P > Pc
P − Pb
Pa − Pb

↔ P ≥ Pb ∧ P ≤ Pa

Pc − P

Pc − Pa
↔ P > Pa ∧ P ≤ Pc

 
{

0 ↔ P < Pa
P − Pa
Pd − Pa

↔ P ≥ Pa ∧ P ≤ Pd

1 ↔ P > Pd

 

Coefficients 
in the 

equations 

Pa = 7500 km, Pb = 3750 km, Pc = 11250 km, Pd = 15000 km 
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Table 4. Structure of the engine oil consumption estimation model (output variables) 

Output  
variable 

Degree of wear Z 

Linguistic 

variables 
Fresh oil µś(Z) Average oil consumption µs(Z) Used oil µz(Z) 

Affiliation 

functions 

   

Equations 

{

1 − Z

Za
↔ Z ≤ Za

0 ↔ Z > Za

 

{
 
 

 
 

0 ↔ Z < Zb ∨ Z > Zc
Z − Zb
Za − Zb

↔ Z ≥ Zb ∧ Z ≤ Za

Zc − Z

Zc − Za
↔ Z > Za ∧ Z ≤ Zc

 

{

0 ↔ Z < Za
Z − Za
Pd − Pa

↔ Z ≥ Za
 

Coefficients in 
the equations 

Za = 50%, Zb = 25%, Zc = 75%, Zd = 100% 

Limiting 

equation  
(by state) 

μśmax =
μd(F) ∙ μm(D)

2
 μsmax =

μś(F) ∙ μś(D)

2
 μzmax =

μm(F) ∙ μd(D)

2
 

Limiting 

equation 

(according  
to resource) 

μśmax = μm(P) μsmax = μś(P) μzmax = μd(P) 

Limiting 

equation 

(mixed) 

μśmax

= max{
μd(F) ∙ μm(D)

2
, μm(P) } 

μsmax

= max{
μś(F) ∙ μś(D)

2
, μś(P) } μzmax = max{

μm(F) ∙ μd(D)

2
, μd(P) } 

Rule  

aggregation 

 

Z =
∑ Zi ∙ max [μi

′]n
i=1

∑ max [μi
′]n

i=1

 

 

Nomenclature 

D wear diameter 

F scuffing load 

PO oil mileage 

Z wear rate 

Z mileage wear rate calculated with oil mileage 

Z state wear rate calculated with tribological tests results 

μ linguistic variables 
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Analysis of harmful compounds concentrations in the exhaust behind a vehicle 

with compression ignition engine  
 
ARTICLE INFO  The article presents issues related to the assessment of concentrations of harmful substances in the exhaust gas 

cloud behind a compression-ignition passenger vehicle. The introduction describes issues related to the impact 

of air pollution on the environment and on human health and life expectancy. The article presents exhaust gas 

dispersion tests behind the vehicle were carried out both in stationary conditions (a specially prepared 
laboratory stand) and in real operating conditions. PEMS testing equipment was used for this type of 

measurements. During the measurements, concentrations of harmful exhaust gas compounds were analyzed in 

relation to the distance of the measuring probe from the exhaust system. In stationary conditions, the influence 
of the engine speed on the dispersion of pollutants was also studied. The tests carried out show that the 

concentrations obtained behind a moving vehicle significantly decrease with the distance of the measuring 

probe, and their dispersion is much smaller in most cases than in the case of stationary tests. This is the basis for 
recognizing that thanks to this, it is possible to analyze the concentrations obtained and conduct tests using the 

emission gate. 
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1. Introduction 
The latest State of Global Air report published in 2019 

states that air pollution was the fourth leading risk factor for 

premature death worldwide. It is estimated that it contribut-

ed to 6.67 million deaths per year, which is almost 12% of 

the global number (Fig. 1). The report also reports on the 

effects of pollution, which is the focus of the Global Burden 

of Disease Study (GBD). The GBD analysis estimates the 

burden on society in terms of the impact on years lived with 

the disease and the number of deaths resulting, in most 

cases, from long-term exposure to air pollution. The re-

search focuses on mortality from the five chronic non-

communicable diseases for which there is currently the 

strongest evidence – diabetes, stroke, chronic obstructive 

pulmonary disease, lung cancer, and coronary heart disease, 

and one infectious disease, lower respiratory tract infection. 

Nitrogen oxides and particulate matter have a particularly 

negative impact on human health and life. Therefore, scien-

tists are constantly trying to find new ways to reduce them, 

including by using biofuels [9, 13, 15]. 

 

Fig. 1. Global ranking of risk factors by total deaths from all causes in 

 2019 [9] 

One of the main threats to the environment is CO2 emis-

sions. About 50 billion tonnes of greenhouse gases, meas-

ured in carbon dioxide equivalents, are emitted around the 

world each year. The EEA (European Environment Agen-

cy) reports from 2019 state that transport is responsible for 

approximately one quarter of total CO2 emissions in the 

European Union, of which almost 72% came from road 

transport, including passenger vehicles (60.6%), light 

commercial vehicles (11%), trucks (11%) and motorcycles 

(1.3%) (Fig. 2). Due to the significant impact of transport 

on air pollution, newer regulations are being introduced to 

reduce emissions of harmful exhaust gases. The main goal 

of the European Union is to introduce zero CO2 emission 

regulations for these vehicles by 2035. However, transport 

is the only sector where greenhouse gas emissions have 

increased by 33.5% between 1990 and 2019 over the past 

three decades. Significant reductions in CO2 emissions will 

therefore not be easy as the rate of reduction has slowed. To 

achieve the assumed goals and solve the health crisis relat-

ed to air pollution, it is necessary to quickly take all possi-

ble actions. In highly developed countries, a number of 

solutions are being introduced to improve air quality, such 

as the creation of low-emission zones in city centers [6, 12, 

14, 16, 25]. The feasibility of introducing zones of this type 

can be achieved by using devices for remote measurement 

of harmful exhaust gas compounds based on the study of 

the actual flow of vehicles moving within the low-emission 

zone. The main advantage of this type of measurements is 

obtaining the actual condition of vehicles driving in a given 

area in terms of legislative regulations and the level of wear 

and tear of research facilities. Remote sensing measurement 

makes it possible to determine the concentrations of harm-

ful compounds from vehicles driving in low-emission zones 

http://orcid.org/0000-0002-2063-8023
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and outside these zones. Thanks to this, it is possible to 

obtain information regarding the actual impact of their 

introduction on reducing the impact of automotive pollution 

on the environment [23–25]. 

A literature study showed that for several years in vari-

ous global research centers [1, 3–5, 7, 8, 10, 11, 17, 19] 

work has been carried out on devices for assessing pollutant 

emissions both in stationary and real conditions. However, 

the solutions being developed are still insufficient. Due to 

the problem of emissions of harmful exhaust gases from 

motor vehicles, there is a need for further research using 

more developed measurement equipment. 

 

Fig. 2. Transport emission in the EU – greenhouse gas emissions break-

 down by transport mode [23] 

2. Research methodology 

2.1. Research object 

The tests were carried out using a passenger car 

equipped with a compression-ignition drive unit with  

a capacity of 1.9 dm
3
 (Fig. 3, Table 1). The engine had  

a rated power of 110 kW at 4000 rpm and a maximum 

torque of 320 Nm at 2000 rpm. The vehicle was equipped 

with a diesel particulate filter (DPF) and was approved in 

accordance with the Euro 4 standard. 

 

Fig. 3. Test object a) on a measuring stand, b) in real operating conditions 

 
Table 1. Basic parameters of the research object 

Parameter Data 

Year of production 2006 

Fuel type Diesel oil 

Stroke capacity [dm3] 1.9 

Engine layout R4 

Power [kW]/at engine speed [rpm] 110/4000 

Maximum torque [Nm]/at engine speed [rpm] 320/2000 

Injection type Common Rail 

Compression ratio 18.4:1 

Euro standard Euro 4 

2.2. Measuring station and research route 

Tests of concentrations of harmful compounds in ex-

haust gases were carried out both in stationary and real 

conditions. Laboratory tests were carried out at a measuring 

station located on the campus of the Poznań University of 

Technology. They included measurements of concentra-

tions of harmful compounds in the cloud of exhaust gases 

behind a stationary vehicle. The measurement points  

(Table 2) were placed at different distances and at different 

heights from the flue gas exhaust system. In addition, the 

influence of engine speed (idling, 1500 rpm, and 3000 rpm) 

on the obtained measurements was investigated. In the next 

stage, measurements were carried out in real operating 

conditions. The measurement route was the first communi-

cation frame of the city of Poznań, covering the very center 

of the city (Fig. 4). The journey covered a section of road 

with a length of 8.9 km. 

 
Table 2. Basic parameters of the research object 

Measurement 

point 

Distance from the  

Exhaust Pipe l [cm] 

Height from the Exhaust 

Gas System h [cm] 

1 0 0 

2 5 10 

3 10 10 

4 20 10 

 

Fig. 4. Test route used [22] 

2.3. Measurement equipment 

The mobile Micro PEMS Axion R/S+ analyzer manu-

factured by Global MRV was used for the measurements 

(Table 3). It enables the measurement of the concentration 

of gaseous toxic compounds using: a non-dispersive infra-

red analyzer – NDIR (CO2, CO, HC) and an electrochemi-

cal analyzer (NO). The equipment also allows testing the 

concentration of PM using the method based on Laser Scat-

ter, in which the speed of particle movement is measured 

(taking into account the values assigned to PM10) [18, 20]. 

 
Table 3. Axion R/S+ Analyzer Specifications [2] 

Gas 
Measurement 

Range 
Accuracy Resolution 

Type of 

Measurement 

HC 0–4000 ppm ±3% 1 ppm NDIR 

CO 0–10% ±3% 0.01 vol. % NDIR 

CO2 0–16% ±4% 0.01 vol. % NDIR 

NO 0–4000 ppm ±3% 1 ppm E-chem 

O2 0–25% ±3% 0.01 vol. % E-chem 

PM 0–300 mg/m3 ±2% 0.01 mg/m3 Laser Scatter 

 

 

a) b) 
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3. Measurement results 
Passenger vehicles with SI and CI were tested at four 

measurement points, differing in the distance of the meas-

urement probe from the exhaust gas outlet system. The 

points were selected on the basis of previously conducted 

tests, which showed that the test objects should be tested 

directly in the exhaust system and 10 cm, 15 cm, and 20 cm 

behind the exhaust system. The dispersion of harmful ex-

haust gas compounds was determined on the basis of the 

last analyzed measurement point. Laboratory tests of vehi-

cles were carried out for various rotational speeds – idle 

(800 rpm – SI vehicle, 850 rpm – CI vehicle), 1500 rpm, 

and 3000 rpm. The tests were carried out without checking 

the influence of load on the obtained results. The authors 

intend to pursue further steps in this direction. Analogous 

measurements were also carried out in real operating condi-

tions on a route covering the very center of the city. These 

measurements were performed to confirm the possibility of 

conducting dispersed exhaust gas tests. These studies con-

stitute the basis for determining the appropriateness of 

using the emission gate for remote sensing measurements, 

as well as for establishing the conditions under which such 

a measurement would take place. 

Carbon dioxide concentrations measured stationary di-

rectly in the exhaust system were characterized by similar 

values – 3.58% for idling, 4.36% for 1500 rpm, and 3.67% 

at 3000 rpm (Fig. 5). At point 4, 20 cm away from the ex-

haust system, these values were between 0.39% and 0.6%. 

This means that the CO2 values were similarly dispersed for 

all vehicle speeds. The obtained dispersion exceeded 83% 

for idling and 89% for rotational speeds of 1500 rpm and 

3000 rpm. Measurements in real conditions for the first 

measurement point (3.43%) were identical to those ob-

tained in stationary conditions. In point 4, the value of car-

bon dioxide was obtained at the level of 1.08%. This means 

that the obtained dispersion (68%) was about 20% lower 

than in the case of measurements on a stationary vehicle. 

 

Fig. 5. Carbon dioxide concentration in relation to the measuring point and 

 engine speed 

 

In the case of stationary tests, the obtained CO results 

for the first measurement point closely depended on the 

engine speed. The concentration of carbon monoxide at 

idling was 342 ppm, for 1500 rpm 561 ppm, and for 3000 

rpm – 735 ppm (Fig. 6). At the 4th measurement point, the 

concentration obtained for the rotational speed of 850 rpm 

was characterized by the lowest value, at the level of  

8 ppm. For the remaining engine speeds, the following 

values were recorded – 122 ppm (1500 rpm) and 212 ppm 

(3000 rpm). The obtained dispersion for idling was there-

fore 97.5%, while for higher rotational speeds it was 78% 

and 71%, respectively. In the case of driving in real condi-

tions, the values obtained directly from the exhaust system 

(550 ppm) were similar to those obtained in stationary 

conditions for 1500 rpm. At the farthest point from the 

exhaust system, 95 ppm was obtained. Thus, an exhaust gas 

dispersion of 83% was obtained. The achieved results were 

therefore only lower than those obtained at idling. 

 

Fig. 6. Carbon monoxide concentration in relation to the measuring point 

 and engine speed 

 

Stationary tests of hydrocarbons for all engine speeds 

were similar (Fig. 7). Directly in the exhaust system, hy-

drocarbon concentrations ranged from 33.2 ppm to 35 ppm, 

while at the farthest point from 8.3 ppm to 8.6 ppm. There-

fore, the HC dissipation was maintained for idling and 

engine speeds equal to 1500 rpm and 3000 rpm at the level 

of about 75%. It follows that the dispersion of this com-

pound did not depend on the rotational speed of the vehicle. 

In the case of measurements in real conditions, the disper-

sion was at the same level (75.2%), although the concentra-

tions obtained at the first measurement point were charac-

terized by much higher values – 129 ppm. 

 

Fig. 7. Hydrocarbon concentration related to measurement point and 

 engine speed 
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The concentration of nitrogen oxide also depended on 

the engine speed (Fig. 8). They increased in direct propor-

tion to the rotational speed. In tests performed in laboratory 

conditions with the probe placed directly in the exhaust 

system, the following results were recorded – 96.4 ppm at 

idle, 144 ppm at 1500 rpm, and 229 ppm at 3000 rpm. At 

the furthest point, relatively similar values from 8.9 ppm to 

19 ppm were recorded. The obtained dispersion for all 

rotational speeds was about 90%. This indicates that the 

dispersion of exhaust gases from the vehicle was not affect-

ed by the rotational speed of the drive unit. Measurements 

in real operation conditions indicate that NO dispersion 

obtained during the tests was much lower than in stationary 

conditions and amounted to 61%. At the first measurement 

point, a value of 154 ppm was obtained, while at the last  

60 ppm. 

 

Fig. 8. Nitrogen oxide concentration related to measuring point and engine 

 speed 

 

The concentration of particulate matter strictly depend-

ed on the engine speed. Its increase was directly propor-

tional to the increase in PM (Fig. 9).  

 

Fig. 9. Particulate matter concentration related to measurement point and 
 engine speed 

 

In the first point, the following results were obtained – 

0.59 mg/m
3
 for idling, 1.2 mg/m

3
 for the rotational speed of 

1500 rpm, and 2.2 mg/m
3
 for 3000 rpm. These values suc-

cessively decreased to 0.043 mg/m
3
, 0.08 mg/m

3,
 and 0.2 

mg/m
3
, respectively. Thus, exhaust gas dispersion exceed-

ing 90% was obtained at all points (92.7% – 850 rpm, 

93.3% – 1500 rpm, 90.9% – 3000 rpm). Measurements in 

real conditions were characterized by the highest values of 

particulate matter concentration measured directly in the 

vehicle exhaust system (2.7 mg/m
3
). However, at the most 

distant point, the result obtained was only higher than that 

obtained at idling and amounted to 0.06 mg/m
3
. Road 

measurements indicate that dispersion remained at around 

98%. 

4. Conclusions 
The conducted empirical research on the analysis of 

concentrations of harmful compounds in the cloud of ex-

haust fumes behind an object equipped with a diesel engine 

is part of the problem of evaluating emissions from moving 

vehicles. The summary of the relative dispersion of the 

exhaust gases behind the vehicle for both stationary and 

dynamic tests is presented in Table 4. As the table shows, 

the dispersion obtained for all stationary measurement 

points exceeded 90% only in a few cases. The obtained 

results ranged from about 70% to over 97%. The highest 

values were characterized by solid particles and the lowest 

by hydrocarbons. During real operation, the results ranged 

from 61% for nitrogen oxides to almost 98% for particulate 

matter. The dispersion values of other harmful compounds 

of exhaust gases ranged from about 68% to over 82%.  

 
Table 4. Dispersion of harmful exhaust compounds 

Harmful  
compound 

Measuring  
point 

Engine speed  

n [rpm] 

850 1500 3000 
Real  

driving 

CO2 [%] 

1 3.58 4.36 3.67 3.34 

2 1.45 1.39 1.88 4.22 

3 1.3 1.51 1.56 1.08 

4 0.6 0.46 0.39 1.08 

Dispersion  

of CO2 [%] 
1–4 83.2 89.5 89.4 67.7 

CO [ppm] 

1 342 561 735 550 

2 232 474 661 388 

3 162 367 372 160 

4 8 122 212 95 

Dispersion  

of CO [%] 
1–4 97.7 78.2 71.2 82.7 

HC [ppm] 

1 33.2 34.4 35 129 

2 18.2 25.2 33.2 59 

3 10.2 26.6 32 54 

4 8.4 8.3 8.6 32 

Dispersion  
of HC [%] 

1–4 74.7 75.9 75.4 75.2 

NO [ppm] 

1 96.4 144 229 154 

2 60 65.5 89 120 

3 58 50 57.4 57 

4 9.8 8.9 19 60 

Dispersion  
of NO [%] 

1–4 89.8 93.8 91.7 61 

PM [mg/m3] 

1 0.59 1.25 2.2 2.7 

2 0.17 0.32 0.57 0.32 

3 0.14 0.19 0.24 0.09 

4 0.043 0.08 0.2 0.06 

Dispersion  

of PM [%] 
1–4 92.7 93.3 90.9 97.8 

 

The results of the measurement obtained indicate that 

the greatest diffusion of exhaust gas is obtained at low 

rotational speeds in laboratory conditions. In addition, the 

presented summary shows that the movement of the vehicle 
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is conducive to the assessment of concentrations behind the 

moving vehicle, because the obtained exhaust gas disper-

sion is not as large as in the case of laboratory tests (espe-

cially for low engine speeds). It is possible to analyze the 

obtained concentrations and conduct tests using the emis-

sion gate. The most constant conditions should be used for 

this, so that the dispersion remains at a similar level for 

each research object.  

The emission gate is a modular device for quick as-

sessment of the concentration of harmful exhaust gas com-

pounds. It enables the identification of concentrations of 

harmful exhaust gases from various means of transport. The 

device enables individual analysis of the obtained values 

for each vehicle or set of vehicles moving in a given area 

(road in the case of road vehicles or track for rail vehicles) 

and time. The emission gate has extensive measurement 

capabilities and allows you to carry out measurements on at 

least several vehicles within one hour. This is undoubtedly 

the greatest advantage over PEMS equipment, in which the 

measurement of one vehicle on a precisely defined route 

takes at least several hours. A quick assessment of the value 

of harmful exhaust gases from the tested objects allows the 

identification of the largest emitters (worn-out, damaged 

and technically neglected vehicles), which may constitute 

the basis for eliminating them from traffic if certain stand-

ards are exceeded. 
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CO carbon monoxide 

CO2 carbon dioxide 

DPF diesel particulate filter 

h height 
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l distance 

n engine speed 

NDIR non dispersive infra red 

NO nitrogen oxide 
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Study of the effect of ignition crank angle and mixture composition  

on the performance of a spark-ignition engine fueled with ethanol 
 
ARTICLE INFO  The publication presents the results of the measurements of the operating parameters of a spark-ignition engine 

fueled with 95-octane unleaded gasoline (ES95) and ethyl alcohol, approx. 92%. The measurements were 

carried out at a constant load: an engine speed of 1500 rpm and a constant pressure in the intake system – MAP 
= 0.45 bar. For each type of fuel, the measurements were carried out in two series for two variables. The 

ignition crank angle was varied in the range of 0˚÷40˚ and the mixture composition λ in the range of 0.85–1.25. 

The recorded engine performance parameters included torque, intake manifold pressure, intake air temperature, 
exhaust gas temperature and temporal fuel consumption; and exhaust gas composition was examined in terms of 

carbon monoxide, hydrocarbons and nitrogen oxides. The study showed that an ethanol-fueled engine has lower 

average efficiency compared to a gasoline one. The highest efficiency for ethanol was obtained for rich mixtures 
in the range λ = 0.85–1.0 and at high ignition advance angles. The use of alcohol fuel showed a very favorable 

effect on the composition of exhaust gas and a significantly lower content of harmful exhaust components was 

demonstrated. For the same operating points, carbon monoxide content was reduced by an average of 15%, and 
hydrocarbons and nitrogen oxides by an average of 80%. 
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1. Introduction 
Internal combustion engines still play an important role 

in the economy, providing propulsion for most vehicles and 

agricultural or industrial machinery. However, traditional 

fossil fuels used to power internal combustion engines have 

a negative impact on the environment due to emitted harm-

ful substances such as carbon dioxide, nitrogen oxides, 

hydrocarbons and other chemical compounds during com-

bustion [5]. It is clear that it is not possible to quickly re-

place internal combustion engines with electric ones [19], 

so work and research are being conducted so that internal 

combustion engines could remain in use but their consump-

tion of fossil fuels was minimized [22]. In addition to zero-

carbon fuels such as hydrogen [15, 21] or its mixtures with 

oxygen (HHO) [9, 11, 33], reduced-carbon fuels such as 

gases [10] or alcohols [12, 28] are being used. These can be 

the primary fuel or used as an additive to the origi-

nal/factory fuel [1, 3]. Such fueled internal combustion 

engines can reduce the CO2 emissions of the vehicle under 

study [20]. Often proposed as an alternative to fossil fuels 

are biofuels [8, 22] which have gained great popularity in 

recent years due to their environmental benefits and poten-

tial to reduce transportation dependence on traditional fuel 

sources [14]. Therefore, one of the most important areas of 

research is alternative fuels that would allow the continued 

use of traditional internal combustion engines [24, 32]. 

Alcohol fuels such as ethyl alcohol, which is produced by 

fermenting plant biomass, are an important type of fuel 

produced from plant components [31]. Many publications 

refer to the use of alcohol fuels in internal combustion en-

gines and their impact on the operating parameters of such 

engines such as vibration and the way they are measured [6, 

27], noise intensity [13], energy efficiency [2] or reduction 

in the number of harmful exhaust components [15, 23]. 

Ongoing research has shown that the use of alcohol addi-

tives and alcohol as a stand-alone fuel both in spark-

ignition engines [16, 25] and diesel engines [17, 30] can 

significantly affect the engine performance. In the case of 

spark-ignition engines, ethyl and methyl alcohol fuels are 

among the most widely studied alternative fuels due to their 

relatively low viscosity and high vapor pressure. Many 

studies focus on comparing the combustion behavior of 

these fuels with the properties of gasoline which is current-

ly the most widely used fuel in this type of engine. Their 

effect on the performance of such engines is also investi-

gated. Studies have also been conducted on the physical 

and chemical properties of alcohol fuels and their blends 

[14], their effect on atmospheric emissions [7, 18] and their 

use to increase combustion efficiency and reduce harmful 

gas emissions [4]. 

2. Test stand and test methodology 
To examine the effect of fuel type on the performance 

of an internal combustion engine, this paper compares two 

types of fuel: 95-octane gasoline: ES95 and ethyl alcohol of 

a concentration of about 92%. Two series of measurements 

were carried out in which the ignition crank angle and fuel 

mixture composition were changed, and engine torque, fuel 

consumption and exhaust gas composition were recorded in 

each series. The purpose of the study was to compare the 

effects of using ethyl alcohol on selected performance pa-

rameters of a spark-ignition engine. 

2.1. Engine 

The study used the Lublin University of Technology's 

dynamometer stand with a Holden C20LE engine (Fig. 1). 

It is a four-stroke gasoline engine to propels cars and vans. 

The engine is powered by electronically controlled mul-

tipoint indirect fuel injection. The engine is equipped with  

a DIS ignition system and an EGR exhaust gas recirculation 

http://orcid.org/0000-0002-5575-7014
http://orcid.org/0000-0003-3882-1800
http://orcid.org/0000-0003-0337-5863
http://www.combustion-engines.eu
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system. A microprocessor-based ADAM 5510 system was 

responsible for regulating and maintaining the engine's 

thermal condition. The engine's technical data is shown in 

Table 1. 

 

Fig. 1. Holden C20LE engine 

 
Table 1. Technical data of Holden C20LE engine 

Type of engine C20LE 

Layout and number of cylinders 4, in-line 

Cylinder diameter 86 mm 

Piston stroke 86 mm 

Engine displacement 1 998 cm3 

Compression ratio 8.8:1 

Max power 77 kW/5200 rpm 

Max torque 164 Nm/2600 rpm 

Number of valves 8 

2.2. Measurement equipment 

The proper construction of a test bench should be pre-

ceded by a CAD design and an analysis of the robustness of 

the structure with a view to its safe use in scientific research 

[26]. The test stand was equipped with the measurement 

systems necessary to measure the exhaust gas composition 

and energy efficiency of the engine and to read basic pa-

rameters of its operation. The measuring and regulating of 

the engine load was done with a brake, the SAK-670 N 

engine brake from VEB Elbtalwerk, connected to the en-

gine via a 5-speed gearbox and a shaft with a flexible cou-

pling. It is an electric brake whose braking torque is con-

trolled by direct current. The accuracy of torque measure-

ment by the brake measuring system was 0.5 Nm. The 

gearbox was locked in direct gear.  

Energy demand was measured using a fuel scale. En-

gine speed (RPM), intake manifold pressure (MAP), com-

position and exhaust gas temperature (CHT) were also 

recorded. An AMX 200 CAN programmable logic control-

ler (PLC) was used as the engine control system. The con-

troller allowed arbitrary changes in the ignition crank angle 

and injector opening time. A proprietary strain gauge fuel 

scale was used to measure fuel consumption. The meas-

urement time for fuel consumption at one operating point 

was 60 s. 

 

Fig. 2. Test stand with electric brake 

 

An HGA 400 exhaust gas analyzer was used to measure 

the composition of the exhaust gas during the tests. The 

measurement range of the various components of the ex-

haust gas is shown in Table 2. 

 
Table 2. Technical data of the HGA 400 exhaust gas analyzer 

Component Measuring range Measurement accuracy 

CO 0–10% ±0.06% 

CO2 0–20% ±0.5% 

HC 0–20,000 ppm ±11 ppm 

O2 0–22% ±5% 

NOx 0–5000 ppm ±10% 

2.3. Research methodology 

The study was aimed at making comparative measure-

ments of the performance of a spark ignition engine fueled 

with the original fuel – ES95 and 92% ethanol. During the 

measurements, the same measuring apparatus and engine 

supply system were used. Table 3 shows the physicochemi-

cal data of the fuels used during the study. 

 
Table 3. Physical and chemical parameters of the fuels used [29] 

Parameter ES95 Ethanol 92% 

Calorific value 42.0 MJ/kg 26.2 MJ/kg 

Density 750 kg/m3 806 kg/m3 

RON 95 110 

Enthalpy of vaporization 315–350 kJ/kg 879 kJ/kg 

Specific heat 2.0 kJ/kg·K 2.2 kJ/kg·K 

Freezing point –40°C –114°C 

Viscosity (20℃) 0.37–0.44 mPa·s 1.19 mPa·s 

 

It was decided to obtain two control characteristics of 

the engine: the characteristics of changing the ignition ad-

vance angle and the characteristics of the mixture composi-

tion. All measurements were carried out at an engine speed 

of 1500 rpm, controlled with the engine brake by adjusting 

the load. For each measurement point, the throttle opening 

angle was also selected to obtain an intake manifold pres-

sure MAP = 0.45 bar. Such an operating point was chosen 

because an engine operating at low speed and low load is 

more sensitive to changes in feed conditions, changes in 

mixture composition, unevenness of operation, and deterio-

ration of the uniformity of the air-fuel mixture in the cylin-
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der. The use of such engine operating conditions was in-

tended to highlight the change in the performance of the 

internal combustion engine caused by the change in fuel. 

Previous series of tests have shown that under these condi-

tions the engine will operate at the limit of stability, so all 

changes in parameters caused by a change in fuel, will be 

easily noticeable. 

The first measurements were made for a variable igni-

tion advance angle. The engine was brought to a stable 

operating point. The ignition crank angle was varied from 

0
o
 to 40

o
, in 10

o
 increments. Once the ignition crank angle 

was set, the stoichiometric mixture composition (λ = 1) was 

established by changing the opening time of the injectors. 

Once the engine was stabilized, the measurement started. 

The recording time of a single measurement point lasted 60 

seconds. During this time, the fuel consumption, the ex-

haust gas composition and the torque were measured. When 

the measurement was completed, the next value of the igni-

tion crank angle was set, the mixture composition was de-

termined and the measurement was repeated. 

The mixture composition was plotted at a fixed value of 

the ignition crank angle of 20
o
. Once a stable operating 

point was established, the injection time was changed to 

achieve the required mixture composition in the range of λ 

= 0.85–1.25, with a step of 0.1. The common measuring 

point for both characteristics was the operating point of λ =  

= 1, ICA = 20°. Figure 3 shows the distribution of the tested 

measurement points. 

 

Fig. 3. Measurement points, MAP = 0.45 bar, n = 1500 rpm 

3. Research results and analysis 

3.1. Measurement results 

From the torque measurement results, it can be conclud-

ed that when fed with lean mixtures and at a larger ignition 

crank angle (λ > 1; ICA > 20°), the gasoline-fueled engine 

had higher torque on average. In contrast, when fed with 

rich mixtures and at a smaller ignition crank angle (λ < 1; 

ICA < 20°), higher torque was generated when the engine 

was fed with ethanol.  

For the measurement point with stoichiometric mixture 

and ICA = 20°, the torque values obtained were the same. 

The measured torque values are shown in Fig. 4. 

For every measurement point except (ICA = 0°; λ = 1), 

the exhaust gas from ethanol combustion had a lower tem-

perature than gasoline, by an average of 19.4℃. The high-

est exhaust gas temperature recorded in the tests was 

655℃, while the lowest was 535℃. The measurement 

points are shown in Fig. 5. There is a clear tendency for the 

exhaust gas temperature to increase with decreasing ICA 

and with increasing excess air ratio λ. 

 

Fig. 4. Torque measurement results for gasoline and ethanol 

 

Fig. 5. Results of EGT measurements for gasoline and ethanol 

 

The graph in Fig. 6 shows the carbon monoxide content 

of the exhaust gas for all measurement points. In the range 

of stoichiometric mixtures and lean mixtures, the carbon 

monoxide content of the exhaust gas oscillated between 

0.12–0.53%, showing no significant differences between 

ethanol and gasoline. The maximum CO content was ob-

tained for λ = 0.85 and reached 4.94% for gasoline and 

3.94% for ethanol. 

Figure 7 shows the hydrocarbon content of the exhaust 

gas during the testing of the engine fueled by ethanol and 

gasoline. The hydrocarbon content for ethanol was 22–78 

ppm, with its average value of 41 ppm for all points, while 

for gasoline the range was 143–308 ppm with an average 

content of 209 ppm. There is a noticeable increase in the 

hydrocarbon content of the exhaust gas at λ = 1.25. Hydro-

carbon emissions increased by 160% for ethanol (up to 78 

ppm) and 76% for gasoline (up to 288 ppm). Taking into 
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account the fact that the exhaust gas temperature decreased 

for this measurement point and the torque reached the low-

est values, it can be concluded that this is the flammability 

limit of the mixture for the tested engine. 

 

Fig. 6. Volumetric content of carbon monoxide in exhaust gases 

 

Fig. 7. Hydrocarbon content in exhaust gases 

 

Fig. 8. Nitrogen oxides content in exhaust gases 

Figure 8 shows the content of nitrogen oxides in the ex-

haust gas. The content of nitrogen oxides when the engine 

was fed with ethanol was 3–1407 ppm, with an average 

value of 268 ppm. For gasoline, the volumetric NOx content 

was in the range of 65–2986 ppm, while the average con-

tent was 970 ppm. There was a clear increase in the exhaust 

gas NOx content as the ignition advance angle increased. 

The measured values of temporal fuel consumption as  

a function of the excess air ratio λ are shown in Fig. 9. The 

large difference in temporal fuel consumption for the same 

engine operating parameters is due to, among other things, 

the difference in the calorific value of the two fuels used. 

 

Fig. 9. Fuel consumption rate during operation with gasoline and ethanol 

3.2. Results analysis 

Based on the obtained data on temporal fuel consump-

tion (Ge) and torque, the specific fuel consumption was 

calculated from the formula: 

 ge =
Ge 
M∙n

9550

 (1) 

where: ge – fuel consumption [g/kWh], Ge – temporal fuel 

consumption [g/min], M – torque [Nm], n – rotational 

speed – 1500 rpm. 

Figure 10 and 11 shows the course of specific fuel con-

sumption as a function of ignition crank angle and excess 

air ratio λ. It is noticeable that alcohol consumption is high-

er compared to gasoline at each recorded measurement 

point, which is due to, among other things, its significantly 

lower heating value. 

 

Fig. 10. The specific fuel consumption for gasoline 95 and ethanol at λ = 1.0 
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Fig. 11. Specific fuel consumption for ethanol and gasoline 95 at ICA = 20° 

 

By determining the calorific value of gasoline in the 

range of 40.1–43 MJ/kg and that of ethanol – 24.03–28.31 

MJ/kg, the total efficiency of the engine was determined. 

The highest efficiency for both fuels was obtained for ICA 

ranging 20–40° BTDP and for a mixture composition in the 

range λ = 0.85–1.05. When feeding the engine with ethanol, 

higher efficiency is recorded for richer mixtures. The 

course of engine efficiency for ethanol and gasoline fueling 

is shown in Fig. 12 and 13. The overall efficiency at the 

most favorable measurement points oscillates within 10–

14%, which is a relatively small value, but this is due to the 

low engine load (MAP = 0.45 bar). Such an unfavorable 

operating condition in terms of efficiency, however, makes 

the differences between the two fuels become more apparent. 

 

Fig. 12. Engine efficiency during fueled with gasoline 95 and ethanol at λ = 1.0 

 

Fig. 13. Engine efficiency when fueled with gasoline 95 and ethanol at 
 ICA = 20° 

Using the neural network method prediction module in 

Statistica, a complete map of internal combustion engine 

efficiency was determined by using the neural network-

based prediction method. Input data for the neural network 

were the efficiency values at the measurement points shown 

in Fig. 14 and 15, whereas output data for the algorithm 

were the specified missing points, identically distributed as 

in the experiments, for the area bounded by the parameters 

λ ∈ (0.85–1.25) and ICA ∈ (0–40°). 

  

Fig. 14. Map of engine efficiency during operation fueled with ethanol, 

generated by predicting operating points within the range of λ ∈ (0.85–1.25) 

 and ICA ∈ (0–40°) 

 

Fig. 15. Map of engine efficiency during operation fueled with gasoline 95, 

generated by predicting operating points within the range of λ ∈ (0.85–1.25) 

 and ICA ∈ (0–40°) 

 

The values determined by prediction indicate that the 

gasoline-fueled engine maintains its efficiency above 10% 

over a much wider range than the ethanol-fueled engine. 

The most unfavorable operating range of the engine in 

terms of efficiency is the operation when fed with lean 

mixtures (λ > 1) and at low values of ICA < 30°. 
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Figures 16 and 17 shows the degree of reduction in the 

content of harmful exhaust components after replacing 

gasoline with ethanol.  

 

Fig. 16. Reduction of toxic emissions content after replacing gasoline with 

ethanol at ICA = 20° 

 

Fig. 17. Reduction of toxic emissions content after replacing gasoline with 
ethanol at λ = 1.0 

 

The use of ethanol is very beneficial in terms of emis-

sion reduction. In most cases, the hydrocarbon content was 

reduced by approx. 75–80%. When feeding the engine with 

a lean mixture and at ICA = 20°, the content of nitrogen 

oxides was reduced by more than 90%. With increasing 

ICA, the degree of NOx reduction decreases, but in the least 

favorable case it is: –53%. The only component of the ex-

haust gas for which an increase in emissions was registered 

at individual measurement points is CO. At the measure-

ment point of ICA = 20° and λ = 0.95, the carbon monoxide 

emissions almost doubled, but with an overall content of 

1.01% vol. this can be considered a measurement error. At  

 

the measurement point of ICA = 40° and λ = 1.00, ethanol 

showed a 6.3% increase in CO emissions relative to that of 

gasoline. The percentage of carbon monoxide at this point 

for gasoline is 0.48% vol., and for ethanol is 0.51% vol.  

Knowing the parameters of the exhaust gas analyzer, it 

can be claimed that this difference is within the margin of  

a measurement error. This makes it clear that for all ana-

lyzed engine operating conditions, the use of ethanol as an 

alternative to gasoline allows a significant reduction in 

emissions. 

4. Conclusions 
The study showed that under the operating conditions 

analyzed, the SI internal combustion engine can be fueled 

with ethanol via the original injection system without any 

design changes. However, it is necessary to select the cor-

rect injection timing for the alcohol fuel. In addition, by 

changing the fuel from gasoline to ethanol, emissions of 

harmful exhaust components were reduced at all operating 

points. The content of carbon monoxide (CO) in the ex-

haust gas decreased by an average of 14.8% and the content 

of hydrocarbons (HC) and nitrogen oxides (NOx) by an 

average of 80%. Because the heating value of gasoline is 

about 61% higher than that of gasoline, fuel consumption 

increased significantly. Temporal fuel consumption in-

creased by 90% on average, while specific fuel consump-

tion increased by 115%. Therefore, ethanol-fueled vehicles 

could have a much shorter range with the same tank capaci-

ty. At the tested operating point, the ethanol-fueled engine 

showed an efficiency decrease by 1.9 percentage points on 

average, reaching the highest values for large ICA values 

(20–40°) and rich mixtures λ = (0.85–0.95). The limit of 

operation of the tested engine, both with gasoline and alco-

hol fueling, is the mixture composition λ = 1.25 at which 

torque reached values close to zero. The study showed that 

the use of ethanol to power a spark-ignition internal com-

bustion engine can provide significant emissions benefits 

without significantly degrading engine performance. The 

only modifications required to start and operate an ethanol-

fueled engine are to increase the volumetric fuel flow, 

which can be achieved by installing higher capacity injec-

tors or making changes to the ECU. This does not mean, 

however, that making such modifications will be sufficient 

for long-term operation of the engine on alcohol fuel. De-

sign changes would also be needed to account for the high-

er temperature amplitude of the engine, the higher water 

content of the exhaust, or problems associated with alcohol 

dilution and evaporation. 

 

Nomenclature 

CO carbon monoxide content of the exhaust gas 

CO2 carbon dioxide content of the exhaust gas 

EGT exhaust gas temperature 

ge specific fuel consumption 

Ge timing fuel consumption 

HC hydrocarbons 

ICA ignition crank angle 

M torque 

MAP manifold absolute pressure 

n rotational speed 

NOx content of nitrogen oxides in the exhaust gas 

RON research octane number 

η total efficiency of the internal combustion engine 

λ excess air factor in the flue gas 
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Determination of the resistance to motion of a cargo train when driving  

without a drive 
 
ARTICLE INFO  The issue related to the motion resistance of a rail vehicle is very important for energy, environmental, and 

related energy consumption of the vehicle as well as vehicle performance with dynamic points. The latter aspect 

applies in particular to traction vehicles. The article presents several models of resistance to the movement of  
a freight train used by various railway authorities, for Polish and foreign rolling stock. The resistance values 

obtained from the models were verified against the tested freight train carrying aggregate. On the basis of the 

records from the locomotive recorder, linear models of speed changes over time and coasting paths (without 
drive) were determined. On the basis of the values obtained from the models of resistance to movement of  

a freight train, the paths of coasting to stop the train were determined on the basis of the UIC 544-1 card, which 

were related to the analyzed freight train. 
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1. Introduction 
During the progressive movement of a rail vehicle in  

a gaseous medium (air), it is inseparably accompanied by 

resistance to motion. In the railway literature, there are 

many articles presenting empirical models describing the 

resistance to motion for both passenger and freight trains. 

These are the quadratic dependencies of the train speed, 

additionally taking into account the weight, axle load, and 

aerodynamic resistance while driving. Ultimately, the use 

of the dependence on train motion resistance is necessary 

for the calculation of energy consumption in the vehicle 

design phase as well as for the assessment of energy con-

sumption for traction purposes. The first attempts to meas-

ure (measure) resistance to motion were carried out by 

Stephenson and Wood in 1818, but research in this area was 

only carried out by Harding and Gooch in 1840. However, 

these were tests conducted up to the speed of rail vehicles 

of about 100 km/h. It was only after 1904 that tests were 

carried out with vehicle speeds exceeding 200 km/h [15].  

In the history of railway technology, chronologically, 

empirical relationships for resistance to motion were devel-

oped by Harding and Gooch in 1846, then by Clark in 1855, 

Barbier in 1898, Frank in 1907, Sanzin in 1908, Schmidt in 

1910 in 1911, Leitzmann and von Borries in 1911, Strahl in 

1913 and Sachs in 1928 [2]. The dependences on the re-

sistance to motion are based in all cases of their creators on 

the equation describing the rolling resistance as a square 

function of speed, generally written as equation (1) [12]: 

 FRES = A + B ∙ v + C ∙ v (1) 

where: FRES – resistance force of the rail vehicle motion, v – 

speed of the rail vehicle, A, B, C – coefficients of resistance 

to motion. 

The naming relationship (1) is the Davis equation, and 

its coefficients are related to the different components of 

resistance. The coefficient A is most often associated with 

the rolling resistance of the wheel on the rail, the coefficient 

B refers to the mechanical resistance associated with fric-

tion in the axial bearings, and the coefficient C is related to 

the aerodynamic resistance. In the calculations of the FRES 

movement resistance by various authors, special attention 

should be paid to the units, as they are given in N, N/t, 

N/kN, Ib/t. In the case of the train speed, the m/s and km/h 

units are interchangeable in the motion resistance equations 

[3, 6].  

The resistance to motion of a rail vehicle or train is de-

termined by measuring the consumption of electricity from 

electric traction at a constant speed. Another method that is 

more often used is the measurement of the run-down dis-

tance after the wagon, locomotive, or wagon train has ac-

celerated from a given speed. Then, the measurement on  

a given section of the railway line with known track param-

eters is carried out until the wagon, locomotive, or wagon 

train stops. The tests related to the determination of the 

resistance to motion are also carried out, taking into ac-

count the aerodynamic resistance. These components of 

motion resistance tests are most often carried out in wind 

tunnels on scale models or on real objects [4, 8]. Similar 

works in the field of vehicle motion resistance are conduct-

ed by researchers in their works, e.g., in [9, 21], a method-

ology for determining motion resistance and aerodynamic 

resistance for electric vehicles is presented. The works [13, 

14] present the movement resistances of an electric locomo-

tive and a proposal to optimize the design of the drive sys-

tem to reduce these resistances. The work [18, 22] presents 

the influence of the vehicle's driving route and weather 

conditions on the vehicle's movement resistance. Works 

[19, 24] determine the movement resistance of a light rail 

vehicle due to the wheel structure. 

The article presents several models of motion resistance 

used by various railway authorities for Polish and foreign 

rolling stock to calculate the motion resistance of the tested 

freight train. The obtained values from the calculation of 

the resistance to motion were verified on the example of  

a selected freight train carrying aggregate. On the basis of 

the records from the locomotive recorder, linear models of 

http://orcid.org/0000-0002-5049-6644
http://orcid.org/0000-0003-1254-5043
http://orcid.org/0000-0003-2033-5070
http://www.combustion-engines.eu


 

Determination of the resistance to motion of a cargo train when driving without a drive 

COMBUSTION ENGINES, 2024;197(2) 65 

speed changes over time and the coasting distance without 

the drive engaged were determined. On the basis of the 

values obtained from the models of resistance to movement 

of a freight train, the theoretical distances of the free-wheel 

drive were determined on the basis of the UIC 544-1 card, 

which were then referred to the analyzed freight train. 

2. Purpose and methodology of research 
The aim of the research is to verify selected models of 

motion resistance on the example of a freight train by de-

termining the coasting distance of the train without drive 

and without the use of brakes. The test was carried out after 

starting up to the set speed and measuring the time and 

distance of driving without drive until stopping. 

During the free running of the train from the set speed, 

the length of the path traveled by the freight train depends 

on such main factors as rolling resistance, aerodynamics, or 

load on the train with the transported load [1]. During the 

tests of a freight train carrying bulk materials, the coasting 

distance of the train without drive was determined, which 

was verified analytically (calculated) by determining the 

rolling resistance of the freight train using various models 

found in the railway literature. On this basis, on the exam-

ple of the analyzed freight train, it was determined which of 

the models of motion resistance with the highest accuracy 

allows estimating the coasting distance without drive and 

without using brakes in the train during the tests. 

The study was carried out on railway line 275 on the 

Legnica–Wrocław section. It is a standard-gauge railway 

line in south-western Poland with a length of 192.658 km, 

running through the area of the Lower Silesian and Lubus-

kie Voivodships, connecting Wrocław with Gubinek on the 

Polish-German border. A section of the railway line on the 

Legnica–Wrocław section with an inclination of about 0‰ 

was selected for the study. 

3. Research object  
The object of the research was a freight train consisting 

of a 6-axle diesel locomotive BR232 and 35 freight wagons 

of Eaos and Eamos 426W, 436W, and 437W coal wagons 

along with their variants. Figure 1 shows the view of the 

locomotive with the running gear, while Fig. 2 shows the 

composition of the loaded wagons before the tests.  

 
Table 1. Train (composition) input before testing 

No. Name Symbol Value Unit 

1 
Gross weight of the composi-

tion 
mwag 2778.8 [t] 

2 Train weight mpoc 2902.7 [t] 

3 Train length lp 468 [m] 

4 Number of wagons nwag 35 [pcs] 

5 Train speed v 60 [km/h] 

6 Number of axles in wagons no 140 [pcs] 

7 
Number of axles in the 

trainset 
np 146 [pcs] 

8 
Equivalent section of the 

locomotive 
Slok 13.5 [m2] 

9 Equivalent section of wagons Swag 10 [m2] 

10 Continuous power at start Pc 1675 [kW] 

11 Pulling force at start-up Fc 294 [kN] 

 

All wagons were loaded with aggregate. In the loaded 

state, the gross weight of the trainset was 2778.7 t, with the 

permissible weight of 2800 t. 

 

Fig. 1. View of the BR232 diesel locomotive – a), view of the bogie with 

 the suspension system, power transmission and braking system – b) 

 

Fig. 2. View of wagons loaded with aggregate before testing 

a)

b)

a)

b)

c)



 

Determination of the resistance to motion of a cargo train when driving without a drive 

66 COMBUSTION ENGINES, 2024;197(2) 

The length of the train was 468 m. Detailed data on the 

tested train are presented in Table 1. With these train pa-

rameters, the travel speed was set to v = 60 km/h. 

4. Selected models of train motion resistance 
Traffic resistance based on data from the tested freight 

train was determined on the basis of a number of dependen-

cies for various railways, i.e., Polish, French, German, 

Czech, and Slovak [2, 3, 10]. No other models were used as 

for Chinese, Japanese or American railways due to the 

specificity of the tested train, for which the tests were car-

ried out in the conditions of the European railway infra-

structure. 

Motion resistance is determined in the conditions of the 

Polish railway infrastructure, developed by the Railway 

Science and Technology Centre [3]. 

 Fres = (K + 1.5
v

10
) ∙ mwag + 150 ∙ no + 

 f ∙ (2.5 + nwag) (
v

10
)

2

  (2) 

Fres = 77.98 kN 

where: Fres – the value of the movement resistance force in 

[N], K – bearing type factor, for rolling bearings K = 6.5,  

v – train speed in [km/h], mwag – weight of wagons in [t],  

no – number of axles in the train, f – train type factor, for 

freight f = 8, nwag – number of wagons in the train. 

The resistance of the whole train, according to relation 

(2), is 77.98 kN, while the average resistance of one car is 

2.17 kN for further calculations of the coast-down distance. 

Motion resistance according to Franck's relationship 

[20]. 

 Fres = 2.5 + 0.0145 ∙ (
v2

10
) + 

 +
0.54

mwag
(1.1 ∙ k ∙ Slok + 2 + nwag ∙ q) ∙ (

v

10
)

2

  (3) 

Fres = 3.20 
N

kN
 

where: Fres – relative value of the movement resistance 

force in [N/kN], k – shape coefficient of the locomotive 

face, for a flat front k = 1, Slok – equivalent section of the 

locomotive in [m²] (according to Table 1), q – wagon type 

coefficient, for open wagons loaded with q = 0.32. 

The resistance of the whole train according to relation 

(3) is 3.20 N/kN, which for all wagons will be 87.26 kN, 

while the average resistance of one wagon will then be 2.42 

kN for further calculations. 

Movement resistance of French rolling stock according 

to the UIC standard [3]. 

 fres = 9.81 ∙ (1.25 +
v2

6300
) = 17.87 

N

t
 (4) 

where: fres – relative value of the movement resistance force 

in [N/t], v – train speed in [km/h]. 

The resistance of the whole train according to relation 

(4) is 51.87 kN, while the average resistance of one wagon 

will be 1.44 kN. 

Train movement resistance according to Czech (ČD) 

and Slovak railways (ŽSR) [2]. 

 fres = A + B ∙
v

100
+ C ∙ (

v

100
)

2

= 2.48 
N

kN
 (5) 

where: fres – relative value of the movement resistance force 

in [N/kN], A – constant of the basic motion resistance 

force, for a train with loaded 4-axle freight wagons A = 1.4, 

B – motion resistance constant, for a freight train B = 0, C – 

drag coefficient, for a train with loaded 4-axle freight wag-

ons C = 3. 

The resistance of the whole train, according to relation 

(5), is 2.48 N/kN, which for all wagons will be 70.62 kN, 

while the average resistance of one wagon will then be  

1.96 kN for further calculations of the locomotive rundown 

distance without the drive switched on. 

Traffic resistance of freight and passenger trains accord-

ing to French National Railways (SNCF) based on [11]. 

 fres = A + B ∙
v

100
+ C ∙ (

v

100
)

2

= 2.10 
N

kN
 (6) 

where: fres – relative value of the movement resistance force 

in [N/kN], A – constant of the basic motion resistance 

force, for a loaded freight train, A = 1.2, B – motion re-

sistance constant, for a loaded and empty passenger and 

freight train, B = 0, C – drag coefficient, for a loaded 

freight train, C = 2.5. 

The resistance of the whole train according to relation 

(6) is 2.10 N/kN, which for all wagons will be 59.80 kN. 

On the other hand, the average resistance of one wagon will 

then be 1.66 kN for the calculation of the coasting distance 

of the train without propulsion, presented in Chapter 5. 

Motion resistance of an express freight train according 

to DB railways (based on the Strahl relationship) with roll-

ing bearings (homogenous composition) based on [7]. 

 fres = 1.0 + 0.0002 ∙ v2 = 1.72 
N

kN
 (7) 

where: fres – relative value of the movement resistance force 

in [N/kN], v – train speed in [km/h]. 

The resistance of the whole train according to relation 

(7) is 2.10 N/kN, which for all wagons will be 48.98 kN. 

The average resistance of one wagon will then be 1.36 kN. 

Train motion resistance according to Strahl's relation-

ship [11]. 

 fres = [2.0 + 0.1 ∙ (0.07 + C3) ∙ v2] ∙ g = 45.49 
N

t
 (8) 

where: fres – relative value of the movement resistance force 

in [N/t], C3 – coefficient depending on the type of train, for 

fast and freight trains loaded (full) C3 = 0.025, v – train 

speed in [m/s], g – gravitational acceleration g = 9.80665 

[m/s
2
]. 

The resistance of the whole train according to relation 

(8) is 45.49 N/t, which for all wagons will be 132.05 kN. 

The average resistance of one wagon will then be 3.67 kN. 

Motion resistance of passenger trains driven by a loco-

motive according to German railways [7]. 

Fres = 3 ∙ mlog ∙ g + 1.59 ∙ Slok ∙ v2 + 1.5 ∙ mwag ∙ g + 

 +0.09 ∙ mpoc ∙ g + 0.0763 ∙ (nwag + 2) ∙  (9) 

Swag ∙ (v + 4.17)2 

 Fres = 65301.1 N 
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where: Fres – the value of the movement resistance force in 

[N], mlok – weight of the locomotive in [t], mwag – wagon 

weight in [t], mpoc – train mass in [t], Slok – equivalent sec-

tion of the locomotive in [m²], Swag – equivalent section of 

wagons in [m²], v – train speed in [m/s], nwag – number of 

wagons in the train, g – gravitational acceleration g = 

9.80665 [m/s
2
]. 

The resistance of the whole train according to relation 

(9) is 65.30 kN. The average resistance of one wagon will 

then be 1.81 kN. 

Motion resistance used in French railways SNCF for 

wagons [23]. 

 Fres = [C1 +
(3.6∙v)2

C2
] ∙ mpoc ∙ g = 54084.9 N (10) 

where: Fres – the value of the movement resistance force in 

[N], mpoc – train mass in [t], C1, C2 – coefficients depending 

on the type of train, for a heavy freight train, e.g. a coal wag-

on weighing 80 t, C1 = 1, C2 = 4000, v – train speed in [m/s]. 

The resistance of the whole train according to relation 

(10) is 54.08 kN. The average resistance of one wagon will 

then be 1.50 kN. 

Train motion resistance according to the Italian State 

Railways (FS) based on [3] 

 fres = A + C ∙ (
v

100
)

2

= 3.26 
N

kN
 (11) 

where: fres – relative value of the movement resistance force 

in [N/kN], A – constant of the basic motion resistance 

force, for a train with loaded covered freight wagons, A = 

2.50 N/kN, C – motion resistance constant for a train with 

loaded covered freight wagons, C = 2.12 N/kN, v – train 

speed in [km/h]. 

The resistance of the whole train according to relation 

(11) is 3.26 N/kN, which for all wagons will be 92.92 kN. 

On the other hand, the average resistance of one wagon will 

then be 2.58 kN for the calculation of the coast-down dis-

tance, which is presented in detail in Chapter 5. 

A collective list of empirical calculations of freight train 

motion resistance based on input data for ten models is 

presented in Table 2. 

 
Table 2. The results of the calculated train motion resistances according to 

different models 

No. Train resistance model 

Value for 

the train in 

[kN] 

Value for 

the wagon 

in [kN] 

1 Strahl dependencies 132.05 3.67 

2 Italian State Railways (FS) 92.92 2.58 

3 Franck dependencies 87.26 2.42 

4 

The Polish Railway developed 

by the Railway Science and 
Technology Centre 

77.98 2.17 

5 
Czech Railways (ČD) and 

Slovak Railways (ŽSR) 
70.62 1.96 

6 
German Railways for locomo-
tive driven passenger trains 

65.30 1.81 

7 
State Railways (SNCF) freight 

and passenger trains 
59.80 1.66 

8 
French Railways (SNCF) for 
wagons 

54.08 1.50 

9 
French rolling stock according 

to the UIC standard 
51.87 1.44 

10 
DB Deutsche Bahn for express 
freight trains 

48.98 1.36 

The values of movement resistance, with separate de-

tails for the train and wagon, are presented in Table 2 from 

the highest to the lowest value. Preliminarily analyzing the 

data contained in Table 2, it can be unequivocally stated 

that the dispersion of the results of the train motion re-

sistance according to different models (different countries) 

is very large. The obtained values ranged from 49 to 132 

kN. This proves that despite the same marginal values of 

the test train being used to calculate the movement re-

sistance, some models with extreme values (max and min) 

are subject to large errors. This assumes that the models in 

positions 5, 6 and 7 in the table have similar values and are 

therefore the most accurate. Verification of the calculation 

results with the tested test train will allow this statement to 

be accepted or rejected. 

5. Theoretical driving distance without drive 
In order to determine the distance covered by the train 

without drive from the set speed, the relation (12) for the 

braking distance from the UIC 544-1 card was used [5].  

 s =
ts

2
∙ v +

mwag∙v2

2∙(Fc+Fres)
 (12) 

where: ts – brake cylinder filling time in [s], v – braking 

start speed in [km/h], mwag – weight of the wagon with 

rotating masses in [t], Fc – brake force on the circumference 

of the wheel, in [kN], Fres – rolling resistance of the wagon 

determined from dependence (2)–(11) in [kN]. 

From dependence (12), the first part related to the brak-

ing force increase time ts, the braking start speed v and the 

brake force on the circumference of the wheel Fc from the 

second part had to be removed. Then, for all methods of 

train motion resistance, the coasting distance without drive 

to stop was determined as the product of the average weight 

of the wagon with rotating masses and the square of the 

speed, divided by twice the running resistance of the wagon 

[16]. Finally, the dependence (13) on the coasting of a 

freight train was obtained. 

 sw =
mwag∙v2

2∙Fres
 (13) 

Table 3 shows the driving resistance values for individ-

ual methods and the corresponding coasting distances of the 

wagon to its stop. The values of the coasting distances 

without drive were ranked from the shortest distance with 

the greatest resistance to motion, to the longest distance of 

coasting without drive with the smallest resistance to the 

movement of the train. 

The values of the calculated coasting distances are pre-

sented in the table from the smallest to the largest value. 

Analyzing the obtained and summarized results in Table 3, 

it is found that the values of the coasting distances without 

the drive are characterized by a large dispersion. The coast-

ing distance ranges from 3 to 8 km. This is mainly due to 

the train movement resistance component, the values of 

which were also obtained with a large dispersion (Table 2). 

Only in the case of French railways, for three different 

models of train resistance, the dispersion of the results of 

the coasting distance was 1 km (max. 7.7 km, min. 6.7 km). 

The discrepancy in the values of the coasting distances 

results from the coefficients characterizing the freight wag-
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on adopted for each method of driving resistance and 

adopted by various railway authorities. Due to the large 

differences in the values of the calculated coasting distanc-

es, with the same initial (boundary) conditions, it is neces-

sary to verify the values obtained from the calculations to 

the test results of the test train. It will then be possible to 

indicate the model or group of models that most accurately 

determines the movement resistance of the train and freight 

wagon. 

 
Table 3. List of coasting distances without drive for different methods of 

 train motion resistance 

No. Train resistance model 
Coasting distance 
without drive [m] 

1 Strahl dependencies 3053.04 

2 Italian State Railways (FS) 4338.65 

3 Franck dependencies 4620.04 

4 
The Polish Railway developed by 
the Railway Science and Technolo-

gy Centre 

5169.96 

5 
Czech Railways (ČD) and Slovak 
Railways (ŽSR) 

5708.82 

6 
German Railways for locomotive 

driven passenger trains 
6173.75 

7 
State Railways (SNCF) freight and 
passenger trains 

6741.85 

8 
French Railways (SNCF) for wag-

ons 
7454.07 

9 
French rolling stock according to 
the UIC standard 

7772.96 

10 
DB Deutsche Bahn for express 

freight trains 
8231.33 

6. Operational tests of a cargo train 
In order to verify the values of train motion resistances 

obtained by various methods (Table 2), the coasting dis-

tances obtained in this way without drive (Table 3) were 

referred to a freight train carrying aggregate. The tested 

train consisted of a BR232 locomotive and 35 coal wagons, 

which have already been described in Chapter 3. The tests 

were carried out on a horizontal section without inclination, 

the train was accelerated to a speed of 60 km/h and the 

coasting was started. The data of the tested train for the 

verification of the train motion resistance models are in-

cluded in Table 1. The test was carried out at 19.00, the day 

was cloudy without precipitation, the air temperature was 

10°C, the visibility of the air was good. From the recorder 

of the BR232 locomotive, the speed and time values of the 

locomotive were read from the moment of acceleration of 

the train to the speed of 60 km/h and from the moment of 

stopping. The measurement of the distance traveled was 

additionally referred to the hectometrical poles placed on 

the railway line every 100 m.  

On the basis of the approximation of the train speed 

points read from the locomotive recorder over time and 

travel distance until stopping, the following linear function 

was determined.  

 vw = −0.0386 ∙ tw + 16.67 (14) 

 vw = −0.033 ∙ sw + 16.67 (15) 

where: vw –  train speed during coasting in [m/s], tw – run-

down time of the train in [s], sw – distance traveled by the 

train overrun in [m]. 

 

Fig. 3. Dependence of the approximated speed of the train during coasting 

without drive on the time of travel until stopping 

 

Fig. 4. Dependence of the approximated speed of the train during coasting 

without the drive on the distance covered until it stops 

 

Based on data from the locomotive recorder of a freight 

train carrying aggregate with a total weight of 2902.7 t 

gross, which was accelerated to a speed of 60 km/h on  

a non-inclined track, the coasting distance traveled without 

a drive was 5050 m in 7 minutes. and 12 p. 

7. Analysis of test results 
The value of the coasting distance without the drive of 

the freight train was related to the theoretical distance de-

termined from dependence (13). Table 4 lists again the 

values of the coasting distances without drive along with 

the relative percentage error based on the analyzed models 

of the motion resistance of a single freight car. The theoret-

ical values of the coasting distances of the train without the 

drive switched on are listed in the order from the motion 

resistance model most accurately reflecting the resistance of 

the tested freight train to the least accurate model. 

Analyzing the data contained in Table 4, it is concluded 

that for the analyzed case of a freight train, the most accu-

rate method of determining the resistance to motion is the 

method developed for Polish railways. The relative per-

centage error of the calculated actual coasting distance 

without the drive compared to the theoretical one was 2.4%. 

In second place is the method resulting from the Franck 

dependence of the resistance of the train movement, the 

error of fitting the theoretical model to the real one was 

8.5%. In third place is the method developed for Czech and 

Slovak railways with a relative percentage error of 13%. 
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The least accurate model of motion resistance turned out to 

be the DB method for German railways for express freight 

trains. With this method, the calculated coasting distance 

without the drive switched on in relation to the actual dis-

tance of the tested freight train, the error was 63%. 

  
Table 4. Comparison of the theoretical and actual coasting distance of  
 a freight train for different motion resistance models 

No. Train resistance model 

Coasting 

distance 

without 
drive 

[m] 

Diffe-

rence 
[m] 

Error 

[%] 

1 
The Polish Railway develop-
ed by the Railway Science 

and Technology Centre 

5169.96 119.36 2.36 

2 Franck dependencies 4620.04 430.56 8.52 

3 
Czech Railways (ČD) and 

Slovak Railways (ŽSR) 
5708.82 658.22 13.03 

4 Italian State Railways (FS) 4338.65 711.95 14.10 

5 

German Railways for loco-

motive driven passenger 
trains 

6173.75 1123.15 22.24 

6 
State Railways (SNCF) 

freight and passenger trains 
6741.85 1691.25 33.49 

7 Strahl dependencies 3053.04 1997.56 39.55 

8 
French Railways (SNCF) for 

wagons 
7454.07 2403.47 47.59 

9 
French rolling stock accord-

ing to the UIC standard 
7772.96 2722.36 53.90 

10 
DB Deutsche Bahn for 

express freight trains 
8231.33 3180.73 62.98 

 

The actual coasting distance of the 
tested train 

 
5050.6 [m] 

 

Fig. 5. View of the last wagon after the tests: a) the railway inspector 

conducts a simplified test of the braking system operation, b) the railway  

 inspector evaluates the technical condition of the wagon 

After the tests of the coasting distance without the lo-

comotive drive turned on, the stopped freight train was 

checked by the railway inspector, as shown in Fig. 5. The 

pressure in the main conduit was checked on the last car, 

and the condition of all cars (from the last to the locomo-

tive) was visually assessed, in accordance with procedure 

contained in [17] and the train was dispatched to its further 

scheduled route. 

The authors of the article are aware that the results of 

calculations and tests on one freight train are insufficient 

and tests should be carried out on a larger number of freight 

trains of different weights and for different coasting speeds. 

However, due to the extensive organizational preparation of 

such studies, it is complex and costly. It also requires a lot 

of involvement of the carrier to be willing to carry out such 

coasting tests during scheduled railway traffic. 

8. Conclusions  
On the basis of the tests carried out on a freight train 

and the calculations of train motion resistance, it was found 

that: 

a)  The methods of determining the coasting distance based 

on the weight of the train, speeds and models of driving 

resistance can be verified with high accuracy on the ba-

sis of operational tests of the train 

b)  On the example of the analyzed freight train, the most 

accurate method of determining the resistance of the 

train movement is the method for the Polish rolling 

stock and the method used by the Czech and Slovak 

railways. The relative percentage error for both methods 

when determining the theoretical coast-down distance 

and comparing it to the real driving distance without the 

drive was 2.4 and 8.5%, respectively 

c)  The literature presents a lot of models describing the 

train motion resistance, both for traction vehicles (lo-

comotives) and trains. Verification of 10 models pre-

sented in the article showed that the relative percentage 

error is in the range of 2.4–63% 

d)  The high inaccuracy of matching models of motion 

resistance to real conditions is evidenced by the values 

of model coefficients and model variables. In some cas-

es of the models, the coefficients for a freight wagon 

took into account only the case of covered wagons, and 

not, as for coal wagons, with an open roof. 
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Nomenclature 

DB Deutsche Bahn AG 

ČD České dráhy 

FS Ferrovie dello Stato Italiane 

SNCF Société nationale des chemins de fer français 

UIC Union Internationale des Chemins de fer 

ŽSR Železnice Slovenskej republiky 

fres relative value of the movement resistance force 

Fres the value of the movement resistance force 

Fc brake force on the circumference of the wheel 

mlok weight of the locomotive 

mpoc train mass 

mwag weight of wagons 

no number of axles in the train 

nwag number of wagons in the train 

sw distance traveled by the train overrun 

Slok equivalent section of the locomotive 

Swag equivalent section of wagons 

ts brake cylinder filling time 

a) b)
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tw rundown time of the train 

v train speed 

vw train speed during coasting
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Finite Element Method analysis application in identifying the causes of brake  

disc failure 
 
ARTICLE INFO  This article presents the results of brake disc tests aimed at identifying the causes of its failure. The first part of 

the article presents an analysis of the damageability of selected vehicle components, which showed that among 

the reported failures, the most failure was the braking system. The assessment of the brake disc worn "properly" 
as a result of the operation and the deformed brake disc after a very short period of operation was the subject of 

further analysis. The next part of the article presents issues related to the modeling of thermal loads, and then, 

trying to assess and search for the cause of abnormal wear of the brake system element, the use of the Finite 
Element Method. The results of FEM calculations for the cast iron disc confirmed the deformation of the brake 

disc. This phenomenon had a similar character and course in the FEM analysis as in the real object. In the final 

part of the article, conclusions and directions for further work were formulated. 
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1. Introduction 
An important factor for car safety is an effective and re-

liable braking system. Vehicle manufacturers are intensive-

ly working on improving the brakes, with the main aim of 

improving the durability of brake system components, in-

creasing braking efficiency and resistance to changing tem-

peratures, and shortening the braking distance. An extreme-

ly important issue is to increase the resistance to overloads 

occurring, especially during intensive and long-term brak-

ing [1]. 

The friction brake is a mechanism in which mechanical 

energy is converted into thermal energy. Thermal processes 

inseparably accompany the operation of brakes, significant-

ly affecting their functioning and effectiveness. Tempera-

ture has a fundamental influence on the course of tribologi-

cal phenomena on friction surfaces. As the temperature 

increases, the coefficient of friction changes; as a rule, it 

initially increases slightly and, at higher temperatures, de-

creases significantly. This often results in the so-called 

"fading", i.e. a decrease in braking efficiency at elevated 

temperatures. In addition, the resistance of the friction pair 

to abrasive wear decreases. The increase in temperature 

combined with the phenomenon of thermal expansion caus-

es the occurrence of stresses that are sometimes the source 

of micro-cracks or deformation of the surface of the brake 

disc or drum. Therefore, thermal deformations may also be 

the cause of temporary disturbances in the functioning of 

the braking system, related to geometric irregularities in the 

cooperation of friction pairs. It follows from the above that 

the thermal state of the brakes can significantly affect the 

braking efficiency, as well as the directional stability of the 

braked vehicle, which means that this issue is directly relat-

ed to safety [1, 9]. 

Conducting tests of braking systems comes down to cy-

clical inspections at diagnostic stations, and post-

exploitation tests are usually related to the observation and 

analysis of the causes of damage or wear of cooperating 

elements. Therefore, it is extremely important to develop 

research methods that allow for approximate mapping of 

the process of cooperation of friction elements, including 

numerical methods. Currently, many methods are used to 

simulate the cooperation process, starting from mapping the 

contact of friction elements, including the use of thermal 

phenomena [2, 3, 7, 12, 14, 21, 26]. As a result of vehicle 

operation, abnormal wear of the actuators of the braking 

system, in particular brake discs, often occurs. In addition 

to the indicated numerical methods of problem analysis, 

macro- and micro-structural tests of brake discs are also 

carried out in order to determine the causes of abnormal 

wear [29]. Due to the significant importance of the risk in 

terms of reducing, but also environmental protection, e.g. in 

relation to emissions released as a result of friction, in many 

drives around the world that actuate the braking system, 

including brake disc-pad friction devices brake. An exam-

ple may be the works in which the authors [4, 5, 16, 23, 24] 

investigate the influence of various friction materials on the 

brake disc during operation. Included are papers [6] that 

cover the effects of other factors, such as moisture and 

corrosion, on friction functions and different brake disc 

materials. 

In this article, trying to make an assessment and looking 

for the cause of abnormal wear of the brake system ele-

ment, the use of numerical calculation methods was pro-

posed. 

2. Analysis of defectiveness of selected vehicle  

elements 
On the example of service repair orders from a period of 

one year, an analysis of the damageability of selected vehi-

cle components was carried out. The analysis showed that 

among the reported malfunctions, the most emergency was 

the braking system. In the analyzed period, 935 braking 

system repairs were carried out, compared to 3624 of all 

repair works. Based on the detailed analyzes and observa-

tions, a characteristic element of the braking system, i.e. the 

damaged brake disc, was selected for further research. This 

http://orcid.org/0000-0001-9991-5371
http://orcid.org/0000-0002-6308-1472
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damage, which was initially identified, consisted of an axial 

deformation that occurred after a short period of vehicle 

operation. Due to the deformation of the brake disc, strong 

vibrations were transmitted to the steering wheel during 

braking, which indicated a problem and obviously affected 

safety. Therefore, in order to identify and attempt to deter-

mine the cause of brake disc deformation, a strength analy-

sis was carried out using the Finite Element Method. The 

results of this analysis are presented in section 9.  

3. Vehicle braking 
The value of the kinetic energy that any moving vehicle 

achieves depends on the mass of the vehicle and its speed 

squared. The basic task of the braking system is to reduce 

the speed of the vehicle until it is effectively stopped and, 

in terms of energy, to reduce the kinetic energy of the vehi-

cle and convert it through friction into thermal energy. This 

process is carried out mainly by friction forces resulting 

from the interaction of interacting executive elements, e.g. 

brake disc – brake pads or brake drum – brake shoes. 

An important element during the braking process is that 

when the clutch is engaged, then, in addition to the weight 

of the vehicle, all moving parts of the engine and driveline 

must be braked. While during low-intensity braking, you 

can use engine braking (with the throttle closed), during 

emergency braking, the proper effect can only be obtained 

when the clutch is disengaged. 

All forces acting on the vehicle must be transferred 

through the contact patch of the tires with the road surface. 

The maximum value of the resultant longitudinal and lateral 

reactions is determined by the force on the wheels and the 

coefficient of adhesion. Each braking system solution is 

designed to ensure vehicle stability during intensive braking 

and guarantee the shortest possible braking distance. For 

the optimization process, it is necessary to know what max-

imum braking forces for a given vehicle can be transmitted 

by the front and rear wheels. The answer to this question is 

the parabola of the ideal distribution of braking forces, 

which describes the distribution of maximum traction forc-

es that can be obtained by the front and rear wheels of the 

vehicle during acceleration and braking. In the literature, 

one can find an approach that allows one to carry out dy-

namic simulations. They then take into account both the 

thermal effect on the cooperating elements and the friction-

al wear occurring between them [2, 3, 8]. As the authors 

note, dynamic simulations require significant computational 

effort to run a simulation with a total duration of several 

seconds of cooperation between the friction elements [3]. 

Temperature has a fundamental influence on the course 

of physical phenomena occurring in the components of the 

braking system. The increase in temperature, combined 

with the phenomenon of thermal expansion, may lead to the 

deformation of the friction surfaces of the disc or drum. 

This, in turn, can result in damage to the braking system 

components, posing a potential threat. Additionally, it de-

termines the tribological phenomena occurring on the fric-

tion surfaces and thus affects the value of the friction coef-

ficient. Therefore, the issues related to the transfer of heat 

generated in the executive elements of the vehicle braking 

system, i.e. the heating of the brake disc surface as a result 

of friction, with simultaneous convective flow of cooling 

air, heat radiated by the disc and the process of heat transfer 

to the suspension components, are so important. Boundary 

conditions are an important issue in this analysis. Thermal 

phenomena, as non-linear phenomena, increase the degree 

of complexity of the studied phenomenon. In the literature, 

apart from the analysis of deformations and the analysis of 

the heat flux flow between the brake disc and the brake 

linings, one can also find the analysis of the impact of heat 

flow on the elements that are part of the braking system, 

such as connecting bolts [19, 27]. A general review of sim-

ulation methods is presented extensively in this paper [25]. 

4. Boundary conditions 
In heat transfer, both in steady and unsteady states, there 

are basically three types of boundary conditions. These phe-

nomena have been very well described and are currently also 

used to describe thermal phenomena not only in the case of 

cooperation of friction elements but also to describe process-

es, e.g. energy industry simulations [10, 13, 17]. 

Boundary conditions of the I type occur when the heat 

exchange on the surface of the examined area is so intense 

that the surface of the object immediately assumes the tem-

perature of the environment. This is approximately the case 

when the tested object has a low thermal conductivity λm, 

and the heat exchange on the surface is very intense. The 

Biot number characterizes these properties Bi = α∙l/λm → ∞. 

Then, the body surface temperature T(x,τ) assumes the 

temperature of the environment and remains constant 

throughout the cooling or heating period [1, 11, 13]. 

 T(x,τ)|x=0 = Tot  (1) 

Boundary conditions of the II type kind occur when the 

heat flux q on the heat exchange surface is constant or giv-

en by the function [12, 13]: 

 q = −λm
∂T

∂x
  (2) 

in this case, the body temperature at the surface is un-

known. 

Boundary conditions of the III type kind occur most of-

ten in practice, they consist in the fact that the heat flux 

exchanged on the surface of the body is proportional to the 

temperature difference; surface of the body and the medium 

that surrounds the surface [12, 13]: 

  −λm
∂T

∂x
│x=0 = α(Tx=0 − Tot) (3) 

where: Tot – ambient temperature, λm – thermal conductivi-

ty of the material, α – heat transfer coefficient. 

Figure 1 presents a graphical interpretation of the pre-

sented boundary conditions. 

The literature [1] also indicates boundary conditions of 

the IV type – they occur when two solid centers exchange 

heat through contact (Fig. 2). Conditions of this type occur 

in the case of cooperation of internal combustion engine 

elements and are used for example, in the case of modeling 

a cast iron insert under the first sealing ring in the piston. 

You can then save [12]: 

 −λ1
∂T1

∂x1
│x=xp

= λ2
∂T2

∂x2
│x=xp

  (4) 
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where: λ1 – thermal conductivity of the material (1), λ2 – 

thermal conductivity of the material (2). 

 

Fig. 1. Graphical interpretation of boundary conditions. Boundary condi-

 tions a) I type, b) II type, c) III type [12] 

 

Fig. 2. Graphical interpretation of type IV boundary conditions [12] 

5. Unstandable temperature 
With regard to changes in the thermal state of the 

brakes, a single vehicle braking can be divided into two 

characteristic phases [26]: 

–  short-term, intense heat impulse 

–  long-term cooling phase of the brakes after braking. 

The heat flux generated in the first phase of braking is 

many times greater than the heat flux discharged to the 

environment in the second phase. The first phase is charac-

terized by large temperature gradients in the friction pairs 

of the brake, and this is of fundamental importance. On the 

other hand, the outflow of heat to the environment plays an 

important role in the analysis of long-term or repeated brak-

ing cycles, and in the case of single, intensive braking, it is 

relatively insignificant [26]. 

The temperature distribution in the friction elements is 

strictly dependent on the course of the braking process. 

There are three basic types of braking [26]: 

– one-time (short-term until the vehicle stops) 

– multiple (repeated at regular intervals) 

– continuous, long-lasting (e.g. going downhill). 

During single braking, a rapid increase in the tempera-

ture of the friction surface of the disc is characteristic, 

which reaches its maximum values on average in the tem-

perature range 250–300ºC. In addition, large temperature 

gradients are observed in a thin layer of material near the 

surface. In disc brakes, the distribution of temperatures 

around the circumference of the friction surface of the 

brake is not uniform. During multiple braking, there is an 

effect of cumulating thermal loads from individual braking, 

as long as the time between these braking is not too long. 

The temperature of the friction surface shows large fluctua-

tions in each successive braking. On the other hand, the 

temperature distribution on the outer surface of the cylin-

drical and frontal hub is characterized by a uniform in-

crease. This is due to the resistance of heat conduction from 

the area of its dissipation to the hub of the disc. The most 

unfavorable state of brake operation is prolonged, continu-

ous braking. In this work, the results of temperature meas-

urements of the friction surfaces of the disc brakes of the 

Mercedes-Benz 300D W124 car during 21 minutes were 

used – descent from the Stilfer Pass (covering an average of 

48 braking). After 14 minutes on the descent, the maximum 

temperature of the friction surface of the brake discs was 

set at 650ºC [26]. 

In addition to frictional wear, the variable temperature 

field in the brake disc contributes to the formation of cracks 

and deformations. Their source is high compressive stresses 

on the friction surface, caused by a large temperature gradi-

ent at the surface, which is directed outwards. Compressive 

stresses cannot initiate the observed cracks, but they can 

easily cause plastic flow of the material at elevated temper-

atures, which, after the thermal stresses disappear, leave 

tensile residual stresses on the friction surface. Tensile 

stresses can induce thermal cracking, either by cracking 

non-metallic inclusions or graphite on the surface of the 

material or by a low-cycle fatigue process with repeated 

frictional heating cycles. The unsteady temperature field 

combined with the phenomenon of thermal expansion caus-

es thermal deformation of the brake disc. There are two 

unfavorable aspects of these deformations. The first is 

strong thermal stresses arising in these elements, and the 

second – is temporary disturbances in the functioning of the 

braking system. The deformation of the disc introduces an 

uneven distribution of normal pressures on the friction 

surface and, in extreme cases, a reduction in the contact 

area. This has the following adverse effects. Firstly, there 

are local, strong thermal loads on the friction surface, caus-

ing intensive, uneven wear. Secondly, there is a decrease in 

the effectiveness of the brakes resulting from the non-linear 

dependence of the friction force on the unit pressures [26]. 

6. Modeling of thermal conductivity in vehicle 

brakes 
The braking process of a car is inherently unsteady, 

which makes the issue of unsteady heat transfer in the 

brakes analyzed. The fundamental problem from the point 

of view of the phenomena and the possibility of solving the 

problem is the phenomena of heat conduction in the thermal 

vapors of the brake. In the literature, the phenomenon of 

conduction, i.e. the phenomenon of heat transfer by conduc-

tion (which is very important in the case of contact of fric-

tion elements) is described in two ways. In the cylindrical 

coordinate description of the axial symmetry problem, the 

following equation (5) describes unstable heat conduction 

in anybody [18, 20, 21]. The second described in the most 

recent works is the so-called Galerkin’s method [15]. Using 

Galerkin's method, unsteady heat can be written in matrix 

form using finite elements. 
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ρ ∙ cP ∙
∂T

∂t
=

1

r
∙ [

∂

∂r
(r ∙ λ ∙

∂T

∂r
) +

∂

∂ϕ
(

1

r
∙ λ ∙

∂T

∂ϕ
) +

∂

∂z
(r ∙ λ ∙

∂T

∂z
)]  (5) 

where: ρ – density, r – radial coordinate in the cylindrical 

system, φ – angular coordinate in the cylindrical system, z – 

angular coordinate in the cylindrical system. 

The density of the heat flux emitted on the friction sur-

faces depends on the coefficient of friction, unit pressures p 

and the sliding speed V. 

  q = μ ∙ p ∙ V  (6) 

The time course of the velocity V results from the 

course of the braking process. It is a function of the braking 

forces and motion resistance (air resistance, rolling re-

sistance, hills, etc.) and also depends on the phenomena 

occurring at the contact point between the wheel and the 

road surface (wheel slip). After determining the time course 

of the heat flux density q emitted on the friction surfaces, 

its division into the brake disc and the friction lining (pad) 

should be taken into account. The most simplified method 

of analysis assumes the omission of heat penetration into 

the friction material due to the low thermal conductivity of 

this material. The material of the friction lining absorbs 

only a few percent of the heat released. The second method 

assumes that the heat is distributed to both bodies in pro-

portions equal to their penetration coefficients [13, 26]. 

7. The phenomenon of friction at the interface  

between the brake disc and the pad 
At the contact between the friction elements of the 

brake disc and the brake pad, a heat flux q is generated with 

a value that varies in time (), described by the relationship: 

 q() = N() ∙ µ() ∙ v()  (7) 

 [W] = [N] ∙ [−] ∙ [
m

s
] = [

J

s
] = [W]  

where: N() – time-varying pressure of the pad on the disc; 

This course, in accordance with observations, looks as 

shown in Fig. 3. 

N


~0.2 s

Braking time

Braking force 
build-up time

 

Fig. 3. The course of the pressure force on the brake pad 

 

The pressure force is distributed over the surface of the 

pad and disc and depends on the contact surface area. 

Hence the unit pressure qi() is: 

 qi =
q()

A
 [

W

m2] (8) 

where: q() – total heat flux at the contact surface of the 

block [W], A – contact area [m
2
]. 

The pressure of the pad on the disc is uneven over the 

contact length along its symmetry axis and depends on the 

distance of the support point from the contact plane. 

Another parameter on which the heat flux q() depends 

is the friction coefficient of the pad-disc pair µ. It is as-

sumed that it depends primarily on the speed and material 

that creates the friction pair. Designers are looking for 

composites that guarantee a constant value of the friction 

coefficient as a function of speed. This avoids the impact 

effect in the final phase of braking (sudden increase in brak-

ing force). Braking speed – it is assumed that it decreases 

evenly from the initial braking value to stop. Most often,  

a constant braking deceleration is assumed, in accordance 

with UNECE Regulation R13, equal to ah = 5.8 m/s
2
. 

The potential energy of friction pairs, in accordance 

with the laws of physics, penetrates the surface of the disc 

and pad. This flux is divided in proportion to the heat trans-

fer capacity (type II boundary conditions). 

 
q1

q2
=

1
∂T1
∂X1

2
∂T2
∂X2

 (9) 

where: 1 – applies to the shield, 2 – applies to the block. 

Due to the modeling of the heat transfer process, it is 

important how this process takes place outside the contact 

of friction pairs – this applies in particular to the brake disc. 

It is assumed that heat transfer takes place in accordance 

with type III boundary conditions, i.e. by convection. This 

process is characterized by two criterion numbers: the Bi 

(Biot) number and the Fo (Fourier) number. Biot number: 

 Bi =
α∙h


 (10) 

characterizes the penetration of heat into the material, 

where: α – heat transfer coefficient on the surface, h – depth 

at which the temperature is analyzed,  – thermal conduc-

tivity coefficient of the material. Fourier number: 

 Fo =
a∙

h2 (11) 

it is characterized by the equalization of temperature within 

the analyzed temperature field, where: a – temperature 

compensation coefficient (temperature conduction) 

 a =


c∙
 (12) 

where: c – specific heat,  – material density,  – time. 

However, in the case of a brake disc, the thermal operat-

ing conditions change with each revolution. This can be 

presented as a dependence of temperature T as a function of 

time () – Fig. 4. 

T 

1 rotation



360
0

 

Fig. 4. The course of heating the disc point as a function of the rotation 

 angle 
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8. Issues of heat exchange with the environment 
The issue of heat exchange with the environment in-

cludes the process of thermal conduction in friction pairs 

and modeling of its boundary conditions (heat generation in 

brakes and heat exchange with the environment). 

One of the important problems is the mathematical de-

scription of the complex, unsteady heat exchange between 

the brake surface and the air flowing around it. The heat flux 

density q exchanged with the environment by convection and 

by radiation is expressed by the relation [13, 26, 28]: 

 q = qk + qpr = (αk + αpr) ∙ (T − T∞)  (13) 

   α = αk + αpr  (14) 

where: qk – heat flux density flowing to the environment by 

convection, qpr – heat flux density exchanged with the envi-

ronment by radiation, αk – heat transfer coefficient by con-

vection, αpr – heat transfer coefficient by radiation, α – total 

heat transfer coefficient, T – brake surface temperature,  

T∞ – ambient temperature. 

It is difficult to determine the heat transfer coefficient 

αk, which is a function of many variables. Its value depends 

on the physical properties of the air (viscosity, density, 

thermal conductivity, specific heat), which are functions of 

temperature and, to a lesser extent, air pressure. However, 

above all, this coefficient depends on the speed and the way 

the air flows around the brake (laminar, turbulent). The 

problem becomes more complex because due to the change 

in time: vehicle speed, wheel rotational speed, and brake 

surface temperature, there is an unsteady heat exchange in 

the vehicle (these values determine the value of the heat 

transfer coefficient). It is much simpler to determine αpr. 

According to the Stefan-Boltzmann law, the density of the 

heat flux radiated by the gray body is expressed by the 

relationship [13, 17, 26]: 

 qpr = ε ∙ c0 ∙ [(
T

100
)

4

− (
T∞

100
)

4

] (15) 

Therefore, the following mathematical relationship for the 

heat transfer coefficient by radiation can be introduced [26]: 

 αpr = ε ∙ c0 ∙
(

T

100
)

4
−(

T∞
100

)
4

T−T∞
 (16) 

where: ε – emissivity for a cast iron disc 0.29–0.30, c0 – 

specific heat, T – brake surface temperature, T∞ – ambient 

temperature. 

At a constant ambient temperature T∞, the coefficient αk 

is proportional to the third power of the brake surface tem-

perature. The percentage share of radiation in the overall 

heat exchange between the brakes and the environment is 

significant only at high temperatures of the friction surfaces 

of the discs – of the order of 400–800ºC. The phenomenon 

of radiation cannot be omitted in the case of long-term and 

cyclic braking. Heat exchange with the environment takes 

place mainly as a result of forced convection – cooling air 

flows around the brake. The dependence of αk on tempera-

ture is relatively insignificant. For this reason, taking into 

account these comments, it is justified to assume a linear 

boundary condition of the third kind for the equation of 

thermal conductivity in the brake disc [23, 26, 28]. 

The surface of the disc heats up to high temperatures 

and has the largest share of the total heat transfer surface. In 

a disc brake, the brake pads detach the aerodynamic bound-

ary layer, thereby significantly increasing heat transfer 

compared to discs where movement is caused by layer 

friction. The empirical coefficient αk of heat exchange with 

the environment by convection is presented in relation (17) 

[13, 26, 28]: 

 αk =
0.076

(2π)0.2 λp ∙ rsr
0.6 ∙ (

ω

νp
)

0.8

  (17) 

where: rsr – average friction radius of the brake disc [m], λp 

– thermal conductivity coefficient [W/mK], ω – angular 

velocity of the braked wheel [rad/s], υp – coefficient of 

kinematic viscosity of air [m
2
/s]. 

The density of the heat flux flowing into the disc during 

braking q' is many times greater than the density of the flux 

flowing out to the environment. This means that during 

intensive, short-term braking, brake cooling contributes 

little to the energy balance. Heat flow plays an important 

role in the analysis of long-term or repeated braking cycles 

[19, 26, 27]. 

The analysis shows that the phenomena accompanying 

the braking process in a vehicle are very complex, and an 

attempt to model them may turn out to be complicated. In 

this work, the modeling of the heat exchange phenomenon 

was limited to the study of the behavior of the brake disc 

subjected to long-term exposure to high temperature. The 

cooling of the brake disc by flowing air was not simulated, 

nor was heat conduction to the suspension components 

taken into account. However, in the literature [7, 14, 26] 

one can find descriptions of the procedure for modeling 

heat transfer in a car brake, which include, among others, 

empirically determined relationships describing heat dissi-

pation to the environment. 

9. Brake disc analysis 
Brake discs, like brake drums, are mounted on the 

wheel hubs. In most applications, discs are made of gray 

cast iron or cast steel. Due to the smaller surface of the 

friction linings, the clamping forces in the brake disc are 

greater than in the case of the drum. This contributes to 

greater heat generation and faster wear of disc brake pads in 

comparison to drum brake linings. When driving, air flows 

around the brake disc and cools it well. A distinction is 

made between solid and so-called disc brakes. Ventilated 

discs can be washed with air from the outside or inside 

(Fig. 5). Ventilated discs have a higher heat capacity due to 

their greater mass and cool down faster due to the radially 

arranged channels through which the air flows [9]. 

In the conducted tests, a ventilated brake disc was se-

lected for the strength analysis. The damage to this disc 

consisted in its significant deformation, which was con-

firmed by axial runout measurements. For comparison, 

measurements of the axial runout values of a similar wheel 

that was properly worn were also carried out. As a result of 

the measurements carried out, even after such a long period 

of use, did not exceed the permissible axial runout value of 

0.06 mm, as specified by the vehicle manufacturer. The 

basis for replacing this disc was only to reduce its thickness 
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by 5 mm), which is considered normal wear resulting from 

the operation of the vehicle. 

 

Fig. 5. Types of brake discs [2], where: a – solid brake disc, b – internally 

ventilated brake disc, c – externally and internally ventilated brake disc,  
 1 – cooling duct 

9.1. External evaluation 

Figure 6 shows a general view of the brake disc worn 

"properly" as a result of the operation, while Fig. 7 shows  

a deformed brake disc after a very short period of operation, 

which was the subject of further analysis. After the axial 

runout measurements and preliminary inspection, the de-

formed disc was cut along its diameter to examine the disc 

material's structure on the cross-section and to facilitate the 

preparation of the computational model. 

 
a)                           b) 

             

Fig. 6. Brake disc with proper exploitation wear: a) external side, b)  
 internal side 

 

a) b) 

        

Fig. 7. Deformed brake disc: a) general view, b) cross-section of the disc 

9.2. Comparative disc analysis 

The main purpose of the comparative analysis of the 

two discs was to confirm the incorrect wear of one of them. 

In relation to the limit of permissible radial runout of 0.06 

mm specified by the vehicle manufacturer, the disc worn as 

a result of normal operation did not show shape deviations 

on the friction surfaces. This assessment does not take into 

account the effect of roughness. This shield came from  

a similar vehicle and differed only in the use of additional 

ventilation channels in the vicinity of the shield mounting 

points. However, the geometric dimensions of both discs 

were the same. 

The measurement of the axial runout of the brake discs 

was carried out using a dial indicator with an elementary 

division of 0.01 mm. Three measuring diameters were de-

termined on both discs and then ten measuring points 

spaced every 360 degrees were determined on each diame-

ter. Measurements were made on both sides of the disc 

(outer and inner sides). The measurement results obtained 

for a deformed disc are shown in Fig. 8, 9, and for a worn 

disc is correctly shown in Fig. 10 and 11. 

 

Fig. 8. Measurement results on the "deformed" surface of the brake disc. 
 External page 

 

Fig. 9. Measurement results of the "deformed" brake disc surface. Inside 

 page 

 

As a result of the measurements, it was found that on 

the surface of the "deformed" brake disc, in several meas-

urement points, the permissible values of axial runout spec-
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ified by the manufacturer at 0.06 mm were almost three 

times exceeded. The second disc is properly worn, despite 

being used for 2 years at a distance of 70,000 km did not 

exceed the permissible deviation of the shape of the friction 

surfaces. Taking into account the above conclusions, further 

analysis was carried out using successively metallographic 

tests and analyses, as well as FEM calculations and strength 

analysis. 

 

Fig. 10. Results of measurements on the surface of a properly worn brake 

 disc, external side 

 

Fig. 11. Results of measurements on the surface of a properly worn brake 
 disc inside 

9.3. Shield model 

The basic dimensions of the deformed brake disc are 

listed in Table 4. 

 
Table 4. Basic dimensions of the brake disc 

outer 

diameter 

[mm] 

overall 

plate 
thickness 

[mm] 

total 

height of 
the shield 

[mm] 

hub hole 

diameter 

[mm] 

spacing of 

holes for 
mounting 

screws [mm] 

321 30 42 68 10 × 112 

 

The geometric model of the analyzed brake disc and the 

basic technical documentation were made in the CATIA 

program. Figure 12 shows the view of the geometric model 

prepared for further analysis. 

 

 

a)                                b) 

  

Fig. 12. Geometric model of the brake disc: a) view from the outside, b) 

 view from the inside 

10. Numerical analysis of the brake disc 
In the last stage of the research, in order to identify and 

determine the cause of the deformation of the brake disc,  

a strength analysis was carried out using the Finite Element 

Method. For this purpose, a simulation of a long-term brake 

disc load under conditions of high temperature, not exceed-

ing the temperature limit for structural changes of the disc 

material, was carried out. For this type of cast iron, the limit 

temperature is approx. 700ºC. 

When starting the FEM strength analysis of the brake 

disc, it was expected that the calculation results would 

confirm the deformation of the brake disc and at least indi-

cate the cause of such a situation. In particular, this con-

cerned the material from which the shield was made. On the 

basis of metallographic tests, it was found that the disc was 

not "overheated", i.e. its temperature did not exceed the 

limit of 700ºC. Therefore, it was decided to study its behav-

ior at a long-term temperature slightly lower – 650ºC. Due 

to the fact that it was not physically possible to measure 

temperatures in real conditions on the object, the data from 

the measurements included in the work [26] were used. The 

results of brake disc temperature measurements in the Mer-

cedes-Benz 300D W124 car during the descent from the 

Stilfer Pass in the Alps were quoted. The strength analysis 

was carried out using the I-DEAS 10 system. 

10.1. Boundary conditions 

As boundary conditions in the FEM analysis of the 

brake disc model, input parameters such as: disc material 

properties (Table 5), disc heating curve (Table 6), and sup-

port conditions (Fig. 13) were adopted.  

 
Table 5. Properties of the brake disc material [1] 

 
Temperature [°C] 

20 100 200 300 400 500 600 700 

Density [kg/m3] 7100 

Conductor coeffi-

cient heat λ 

[W/mK] 

42 60 51.9 43.3 38.6 34.6 31.1 29.9 

Specific heat 
Cp [J/kg·K] 

489 498 517 539 567 584 599 612 

Expansion linear 

factor heat [×10–5] 
1.0 1.3 
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On the other hand, for static calculations, i.e. stress and 

displacement analyses, temperatures in individual nodes, 

derived from thermal calculations, were additionally set 

(Fig. 14). 

 
Table 6. Brake disc heating curve [26] 

Time [s] 0 25 50 75 100 150 

Temperature [oC] 20 62 80 104 196 242 

Time [s] 200 250 300 350 400 450 

Temperature [oC] 288 331 370 390 430 490 

Time [s] 500 550 600 700 800  

Temperature [oC] 580 630 638 640 645  

 

Fig. 13. Support of the brake disc model 

 

Fig. 14. Set temperatures in individual nodes of the brake disc 

10.2. Calculation model 

The computational model was created based on the ge-

ometrical parameters of the actual brake disc described in 

the previous chapters and is its faithful reflection. 

For the discretization of the geometric model, higher-

order volumetric elements of the TETRA 10 type, optimal 

for thermal analyses, were used (Fig. 15). 

 

Fig. 15. TETRA 10 finite element [21] 

 

The discrete model of the brake disc contained 68,834 

SOLID finite elements and 121,325 nodes. In addition, in 

order to simulate the process of heat exchange with the 

environment, two shell grids (SHELL) were created. One 

necessary to set the heat flux entering the target contained 

2710 finite elements. The second coating mesh, necessary 

to simulate heat transfer, contained 28,206 finite elements 

and was applied to all surfaces of the brake disc. The pro-

cess of heat conduction to the disc (simulation of the disc 

heating process as a result of the friction of the pad-disc 

assembly) was caused by the temperature gradient – the 

heating curve. On the other hand, the disc cooling process 

(cooling in the "free air") was caused by free convection 

with the heat transfer coefficient α = 4 W/m
2
K. As indicat-

ed in the previous chapters of the work, due to objective 

reasons, the analysis did not take into account the heat 

conduction through the disc to the suspension elements and 

the heat radiated by the heated disc. On the other hand, in 

the disc cooling process, an important simplification was 

that the cooling air had equal access to all surfaces of the 

brake disc. The direction and direction of the gravitational 

acceleration vector were assumed in accordance with the 

actual position of the brake disc mounting in the vehicle, 

i.e. along the X axis and directed downwards – Fig. 16. The 

ambient temperature was assumed to be 20ºC. 

 

Fig. 16. Orientation of the coordinate system for the shield model 

10.3. FEM calculation results 

The following figures show the results of FEM calcula-

tions of the brake disc. The results include thermal analysis, 

i.e. the distribution of temperatures on the disc surface after 

successive time steps, and thus the course of "cooling 

down" of the brake disc cooled in "free air". The time steps 

have been selected so as to record clear changes in the be-

havior of the disc during heating and cooling. In addition, 
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strength calculations were carried out to obtain the distribu-

tion of stresses in the disc and displacements. The meas-

urement results are presented in Table 7 and in Fig. 19 and 

in Table 8, while in Fig. 18, 19 selected characteristic tem-

perature distributions are presented, and in Fig. 20–23 dis-

placements and stresses are presented. 

 

Fig. 17. Temperature distribution [ºC] after 240 s for a cast iron disc 

 

Fig. 18. Temperature distribution [ºC] after 4100 s for a cast iron disc 

 
Table 7. Temperature values of the cast iron disc in successive time steps 

Time [s] Temperature max [ºC] 

0 20 

240 328 

560 632 

800 (end of warm-up) 644 

1,500 521 

2,400 368 

3,600 170 

4,100 121 

 

Based on the results of the FEM calculations of the cast-

iron brake disc collected in Table 8, it can be concluded 

that there is deformation of the brake disc. The obtained 

values are debatable. On the other hand, the values of maxi- 

Table 8. Results from the FEM analysis for the cast-iron brake disc 

Time [s] Temperature 
max [oC] 

Stress max 
according to HMH [MPa] 

Displacement 
[mm] 

240 328 97 0.56 

560 632 288 σx = 115 σy = 90.2 1.14 

800 (end of 
warm-up) 

644 420 1.16 

1500 521 430 0.83 

2400 368 298 0.54 

3600 170 128 0.23 

4100 121 85 0.14 

 

Fig. 19. Heating curve and cast iron disc 

 

Fig. 20. Equivalent stresses [hPa] according to the HMH hypothesis for 

 240 s 

 

Fig. 21. Displacements [mm] after 240 s 
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Fig. 22. Equivalent stresses [hPa] according to the HMH hypothesis for the 

time of 4100 s 

 

Fig. 23. Displacements [mm] after 4100 s 

 

mum stresses in the disc at the highest temperatures and 

during cooling may raise concern. However, it turns out 

that the values of these stresses are local and after a more 

detailed analysis of the entire structure, it can be seen that 

stresses outside these places are evenly distributed, and 

their values are at least an order lower than the yield 

strength of the disc material. However, this statement can 

be partly explained by the "waving" of the tested brake 

disc, which means that in the places of stress concentration, 

microcracks of the material could have formed and caused 

"deformation" of the disc. The situation is similar with 

respect to displacements. The values resulting from the 

FEM analysis are much higher than the values measured in 

the real object. However, this can be explained by the fact 

that the heat transfer process in the car brake is much more 

complicated than included in the numerical model, which 

has been simplified and does not take into account many 

aspects that could affect the results of the analysis. This 

applies, for example, to the method of mounting the disc to 

the wheel hub and its additional stabilization by the brake 

caliper, covering a significant part of the friction surfaces of 

the brake disc. 

11. Conclusions 
The results of FEM calculations for the cast iron disc 

confirmed the deformation of the brake disc. This phenom-

enon had a similar character and course in the FEM analy-

sis as in the real object. However, some discrepancies occur 

if the values of real measurements and computer simula-

tions are taken into account. At the maximum value of the 

displacement during the measurements of the axial runout 

of the brake disc, a displacement of 0.22 mm was obtained. 

On the other hand, in the FEM results, the value of the 

maximum displacement was recorded when the disc 

reached the maximum temperature of 1.16 mm. It follows 

from the above that the differences in displacement are 

quite significant. However, the reason for these differences 

may be the simplifications of the numerical model, which 

were indicated in the previous chapters. The situation is 

similar in the case of the obtained stress results, the maxi-

mum values of which may be disturbing, as they exceed the 

yield point value for cast iron almost three times. However, 

more important than local stress concentrations – which 

may cause microcracks and, as a result, disc deformation – 

is the global stress distribution, which is acceptable and 

does not raise concerns. However, only on the basis of the 

analysis of the results of numerical calculations, it is impos-

sible to answer the question of why the dial was bent. 

12. Directions for further work 
The main purpose of the work was to identify the phe-

nomena and behavior of the brake disc and to try to repro-

duce them, as well as to signal the complexity of these 

issues. 

Unfortunately, in the work, it was not possible to obtain 

a clear answer to the question about the direct cause of the 

brake disc damage. However, a good starting point for 

further work on these issues are the tests carried out and 

calculations that can be used for the test, with the use of 

which an attempt can be made to change the geometry of 

the tested brake disc and additionally use other materials. 

Despite many advantages and progress in the construc-

tion of brakes other than friction brakes (e.g. electric elec-

tromagnetic brakes), friction brakes seem to be irreplacea-

ble. Compared to other solutions, they are light, small, and 

cheap, hence their safe use in cars, trains, airplanes, and in 

various industrial devices. In the foreseeable future, no 

significant changes in the principles of brake operation or 

fundamental changes in the design features of friction ele-

ments and brake drives are to be expected. As the numerical 

analysis has shown, it is advisable to introduce more and 

more different, newer, and more specialized friction materi-

als for linings as well as friction races of brakes. Since in 

friction brakes, the kinetic energy of moving vehicles or 

machines is converted mainly into heat, the following prob-

lems will remain valid in the further stages of development 

of these brakes: thermal resistance of friction materials, 

heat capacity and ability to dissipate heat, and thermoelastic 

stability of friction system elements. Other inseparable 

problems of almost every friction node are: stabilization of 

the friction coefficient, minimization of wear, and noise 

reduction. Therefore, the starting point for further work 

should be an attempt to replace the traditional material (cast 

iron) with another alternative material. This was initiated by 

carrying out FEM calculations for a composite target. 
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Nomenclature 

c0 specific heat [J/kgK] 

cp  specific heat [J/kgK] 

FEM Finite Element Method 

HMH Huber-Mises-Hencky 

p pressure [Pa] 

q heat flux density [W/m
2
] 

qk heat flux density flowing [W/m
2
] 

qpr heat flux density exchanged with the environment by 

radiation [W/m
2
] 

r radial coordinate in the cylindrical system 

rsr  average friction radius of the brake disc [m] 

T brake surface temperature [K] 

Tot ambient temperature [K] 

T∞ ambient temperature [K] 

V sliding speed [m/s] 

z angular coordinate in the cylindrical system 

α heat transfer coefficient [W/m
2
K] 

αk heat transfer coefficient by convection [W/m
2
K] 

αpr heat transfer coefficient by radiation [W/m
2
K] 

ε emissivity for a cast iron disc [-] 

λm  thermal conductivity of material [W/mK] 

λp thermal conductivity coefficient [W/mK] 

λ1,2 thermal conductivity of material [W/mK] 

μ friction coefficient [–] 

υp  coefficient of kinematic viscosity of air [m
2
/s] 

ρ density [kg/m
3
] 

φ angular coordinate in the cylindrical system 

ω angular velocity of the braked wheel [rad/s] 
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Development and research of a hybrid power unit for ultralight aircraft:  

 an innovative approach to energy efficiency and operational flexibility  
 
ARTICLE INFO  This scientific article presents an innovative concept of a hybrid power unit designed for ultralight aircraft, with 

the aim of improving energy efficiency and operational flexibility. As part of the development of the system, the 

construction of the combustion unit and the electric motor / generator, which are the key elements of this 
solution, was described. The advanced internal combustion engine controller and the bi-directional energy 

conversion converter have been developed and built to enable optimal cooperation of both energy sources. In 

order to carry out experimental research on the developed system, a special test stand was built on which  
a prototype drive unit was mounted. The results of the research include preliminary performance characteristics 

of the prototype drive unit and an analysis of the achievements that indicate the potential benefits of using such  

a hybrid drive unit. The article also summarizes the conclusions and recommendations for further work on 
improving this innovative solution. 
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1. Introduction – development of the concept  

of hybrid and electric aircraft propulsion 
Over the past decade, innovative ideas for fully or 

partly electrically powered aircraft have sparked discus-

sions in the general community as well as intense media 

coverage. As a result, a significant number of start-up 

companies have been created that seek to commercialize 

electric and hybrid propulsion technologies for aircraft 

(Electric Propulsion, EP). Rapid developments in this area 

can also be observed in the technical literature. In the years 

2006–2009, there was an average of one article per year on 

the design and analysis of electric and hybrid aircraft, while 

from 2015 the number of these articles increased to nearly 

twenty per year [9]. 

The main factor driving public interest in the electrifi-

cation of aviation is the desire to reduce the negative 

impact on the environment. NASA's Subsonic Fixed 

Wing program has set ambitious targets for energy con-

sumption, nitrogen oxide (NOx) emissions and noise for 

three generations of aircraft to enter service by the 2030s 

[4]. In 2013, after a series of studies on conceptual design 

conducted by industry and academia, these goals were 

updated [9]. The most aggressive performance targets are 

for the "N+3" generation, which is expected to be opera-

tional in the mid-2030s. These include noise reduction at 

the level of –55 dB at the airport border, reduction of NOx 

emissions by 75% and reduction of fuel consumption by 

70% compared to the technology from 2006 [9]. 

The International Civil Aviation Organization (ICAO) 

has established noise and NOx certification standards in 

2020 [13] and a voluntary carbon offset program to keep 

carbon emissions at 2020 levels [2]. NASA-funded re-

search results (discussed in Chapter 3) show that electrifi-

cation can improve carbon, noise and NOx performance, 

enabling the civil aviation fleet to meet its N+3 targets [2]. 

Electric vertical take-off and landing (e-VTOL) opera-

tional concepts have been promulgated by a number of start-

ups and mature enterprises around the globe, such as Volo-

Copter, Ehang, Zee Aero, Joby Aviation and Airbus. The 

tech giant and transportation company Uber, in its white 

paper "Elevate" published in 2016, argued that there is  

a significant market for point-to-point urban air mobility that 

could drive action in this new segment [18, 20, 21]. Due to 

noise and cost, proponents of e-VTOL argue that traditional 

helicopters are not the right architecture for this type of ap-

plication. This review focuses on fixed-wing aircraft, leaving 

the booming e-VTOL segment to other market analysts. 

The extensive literature in the field of EP fixed wing air-

craft offers numerous review articles that provide a partial 

overview of the area. A particularly extensive and under-

standable, though not technical, summary of aviation electri-

fication from a business perspective is presented in papers 

[10, 18] presenting an overview of EP architectures and some 

basic sensitivity analyzes based on the Breguet equation. In 

turn, in [1], he focuses on the practical aspects of conceptual 

design of hybrid passenger aircraft using low-order and 

graphical dimensioning methods. However, there is no dis-

cussion of higher-fidelity optimization tools or a comprehen-

sive overview of design studies and demonstration programs. 

Several other reviews include aircraft EP as a side topic in 

the context of another main issue [8] and [15] mainly distrib-

uted propulsion with extended coverage of EP. Papers [7, 17] 

present an excellent overview of more electric aircraft sys-

tems, which includes the aspect of aircraft propulsion and 

design solutions. 

One of the most promising trends in the construction of 

hybrid and electric engines for ultralight aircraft is the devel-

opment and implementation of battery technology with high-

er energy density. Improving the energy density of batteries 

will significantly increase the range and flight time of ul-

tralight electric aircraft. Higher energy-density batteries also 

http://orcid.org/0000-0001-5811-8333
http://orcid.org/0000-0002-7340-8192
http://orcid.org/0000-0002-3911-0237
http://www.combustion-engines.eu


 

Development and research of a hybrid power unit for ultralight aircraft… 

84 COMBUSTION ENGINES, 2024;197(2) 

have the potential to increase the overall efficiency of 

hybrid engines by allowing for greater use of electricity 

versus fossil fuel. 

Another major trend is the development of more effi-

cient energy management systems for hybrid and electric 

motors. These systems, which control how and when 

energy is delivered to the engine, can significantly im-

prove the aircraft's energy efficiency. They are particular-

ly relevant for hybrid aircraft that have to balance the use 

of electricity and fossil fuel. Finally, companies and re-

search institutes around the world are working on new 

technologies and materials that can make electric motors 

more efficient. For example, innovations in the field of 

superconducting materials could lead to electric motors 

with higher efficiency and lower weight. 

It seems that the future of ultralight hybrid and electric 

aircraft is certain. With the continuous development of 

battery technology, energy management systems and 

electric motors, we can expect these aircraft to become 

more efficient, sustainable and accessible to a wider range 

of users. This represents great opportunities for the avia-

tion sector as well as environmental benefits. 

Recent years have been full of dynamic discussions of 

scientists and engineers from universities and the aviation 

sector on research into aircraft powered entirely or partial-

ly by electricity. The constantly growing need to create 

more and more efficient and environmentally friendly 

aircraft leads to broadening technological horizons and 

attempts to implement previously unattainable concepts. 

Combustion engines play a dominant role in aircraft pro-

pulsion. They use fossil fuels with a high energy density, 

which is an undeniable advantage for the aviation indus-

try. Unfortunately, they are also a significant source of 

pollution – burning fossil fuels leads to the emission of 

carbon dioxide, the main gas responsible for the global 

warming process [9]. 

According to data from the Air Transport Action 

Group (ATAG), 2% of carbon dioxide emissions generat-

ed by human activities come from aviation, and this num-

ber seems to be increasing year by year with the increas-

ing number of aircraft [19]. In response to this trend, the 

International Civil Aviation Organization (ICAO) formu-

lates strategies, updates emission standards and recom-

mended practices, while conducting extensive outreach 

activities [11]. 

In addition to the issue of pollutant emissions, an im-

portant aspect is the limited availability of fossil fuels in 

the world. Aviation is estimated to account for around 2% 

of the world's total fuel consumption. It is not known how 

much more of these resources will remain available in the 

future, and the price of fossil fuels is definitely going up 

due to the growing global demand for energy. 

In connection with all this, the search for alternative 

forms of propulsion becomes essential. Hybrid drives 

seem to be the perfect solution here. Batteries can be used 

as a source of energy instead of traditional fuels. Never-

theless, their use brings with it a number of challenges, 

such as the issue of weight on board an aircraft or the 

problem of recycling used batteries. However, the in-

creasing intensity of research into battery technology 

gives hope for more frequent use of this energy source in 

aviation. It is worth remembering about a significant chal-

lenge related to international aviation regulations, which 

require a minimum level of safety to be guaranteed in the 

context of the use of batteries [5]. 

Compared to electric motors, internal combustion engines 

have a lower efficiency and power-to-weight ratio. That is 

why it is proposed to use hybrid systems that would be able 

to balance the benefits of both types of engines, thus improv-

ing performance. Hybrid propulsion systems have a number 

of potential advantages, such as lower fuel costs, less vibra-

tion, reduction of pollution and noise reduction, for example. 

Developing an all-electric powertrain that balances all these 

factors is a challenging task. This is necessary because it is 

critical to improving the physical limits of these propulsion 

solutions. 

2. The potential of hybrid engines designed  

to propel ultralight aircraft 

2.1. Development of hybrid engines in the world  
In the cited study, a theoretical analysis of various design 

solutions for hybrid propulsion systems used in aircraft was 

carried out. This study focused on several design examples 

that are used in various aircraft designs. One of these exam-

ples is the Alatus single-seat ultralight aircraft, which has 

been equipped with a parallel hybrid propulsion system. This 

aircraft was developed at the University of Cambridge in 

2010. The Alatus hybrid demonstrator consists of a 2.8 kW 

four-stroke internal combustion engine that is mechanically 

coupled to a 12 kW brushless electric motor. The electric 

motor is powered by lithium-polymer (Li-Po) batteries with  

a capacity of 2.3 kWh [8]. 

Another interesting example is the Garmex Soul airframe, 

which is also equipped with a parallel hybrid drive. This 

aircraft is manufactured by Garmex in the Czech Republic 

and was originally powered by a 200cc Bailey V engine with 

up to 15 kW power. However, to hybridize the powertrain, 

the Bailey motor was replaced with a 7.5 kW@7000 rpm 

Honda GX160 motor coupled to a 12 kW JM1 brushless DC 

motor that can also act as a generator to recharge the battery. 

Unlike Alatus, Garmex Soul has the ability to recharge the 

batteries during the flight and uses an electric motor to in-

crease or maintain the torque on the drive shaft during alti-

tude increase or take-off [6]. 

Simulation tests and checking the results of hybridization 

of the Garmex Soul airframe showed that the hybridization of 

the drive system can lead to fuel savings of up to 50% with  

a 60% hybridization degree. The greater the degree of hybrid-

ization, the greater the fuel savings, however, due to the lim-

ited energy density in the batteries, greater efficiency may be 

associated with a reduction in the range of the aircraft [3].  

In addition, the works of T. Donateo on the hybridization 

of the Pro Mecc Freccia ultralight aircraft equipped with the 

Rotax 912 ULS engine (nominal power 73.5 kW at 5800 

rpm) and a 3-blade propeller with a fixed pitch and a diame-

ter of 1.75 m are aimed at improved safety. As part of this 

work, a hybrid drive system with a series-parallel architecture 

was proposed, which is based on automotive components. It 

consists of two electric motors, a scaled down Wankel motor 

and nickel metal hydride batteries [14, 15]. 
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The purpose of the mentioned studies was to design 

the aircraft in such a way as to improve the safety of its 

use. The propulsion system based on automotive compo-

nents enabled the use of an energy management strategy 

whose task is to control the state of charge of the battery 

and the operating point of the engine in order to minimize 

fuel consumption. The original configuration, consisting 

of a piston engine combined with a fixed-pitch propeller, 

was compared with a new hybrid propulsion system. 

Despite the higher take-off weight and lower maximum 

efficiency of the Wankel engine, the new configuration 

allowed to reduce fuel consumption by about 20%. The 

series-parallel hybrid architecture, together with the de-

veloped energy management strategy, behaves like  

a parallel hybrid during take-off and climb, thus ensuring 

high performance. During a normal operational voyage, 

the system operates as a continuously variable transmis-

sion system, with the battery being discharged and re-

charged cyclically. IN In the event of an engine failure, 

the hybrid system operates as an all-electric system and 

can bring the aircraft to a safe landing. 

Hybrid aircraft, which use both combustion engines 

and electric propulsion, are currently an area of intense 

research and development in the field of aviation. The 

power source for the electrical systems in these aircraft 

are batteries, which play a key role in ensuring reliable 

and efficient operation of the system. This article focuses 

on the issues related to the use of electric batteries in 

hybrid aircraft, analyzing both the challenges and pro-

spects associated with this technology. 

One of the main challenges with electric batteries is 

their energy density, which is the amount of energy that 

can be stored per unit of weight. For aircraft where mass 

is critical to performance and range, it is essential to 

achieve the highest possible energy density to provide 

enough energy with the lowest possible battery mass. 

Hybrid aircraft often require multiple battery charging 

and discharging cycles in a single flight. This puts addi-

tional demands on battery life and performance as they 

must be able to efficiently handle these cycles without 

significant performance degradation. 

Electric batteries, especially high-capacity batteries, 

must meet stringent safety requirements to avoid the risks 

of overheating, short circuits and leakage. In the case of 

aircraft, safety is an absolute priority, so the design and 

management of batteries must take into account high 

safety standards, including monitoring, cooling and secu-

rity systems. 

Currently available battery technologies such as lithi-

um-ion (Li-Ion) and lithium-polymer (Li-Po) form the 

basis for most hybrid aircraft. However, intensive re-

search into new battery materials and designs is aimed at 

improving energy density, durability and safety, opening 

the way to more advanced battery technologies such as 

solid-state batteries and high-capacity batteries. 

Effective energy management in hybrid aircraft, in-

cluding optimal battery charging and discharging, is a key 

element in achieving high efficiency and range extension. 

The development of advanced energy management algo-

rithms and integration with control and monitoring systems 

enable optimal use of available energy. 

The development of hybrid aircraft is also associated with 

the need to develop an appropriate battery charging infra-

structure. The development of effective and efficient charg-

ing stations, both at airports and elsewhere, is essential to 

ensure fast and reliable charging of aircraft batteries. 

2.2. Development of hybrid aircraft engines in Poland 

In Poland, as well as around the world, the motivation to 

conduct research on the hybrid propulsion system of ul-

tralight aircraft is the need to increase energy efficiency and 

reduce emissions of harmful substances into the atmosphere. 

Ultralight aircraft, such as paragliders and gliders, are gaining 

in popularity due to their low cost and simplicity of construc-

tion. In the context of air transport, hybrid propulsion sys-

tems can be an effective alternative to internal combustion 

engines, enabling the increase of energy efficiency and re-

duction of operating costs of ultralight aircraft. 

On the Polish aviation market, which is one of the fastest 

growing in Europe, the introduction of hybrid propulsion 

systems could significantly contribute to the development of 

the sector by increasing its attractiveness for users. Research 

on the hybrid propulsion system of ultralight aircraft is an 

important step towards the sustainable development of air 

transport and the improvement of air quality, not only on  

a Polish but also global scale. Their results may be used in 

the future to develop new, more ecological and effective 

propulsion solutions for ultralight aircraft. 

One of the important aspects of this research is the 

presentation of the concept of operation and loads occurring 

in hybrid propulsion systems used in aviation. This will allow 

for a better understanding of the mechanisms of operation of 

these systems and assessment of their strength and reliability. 

In the context of Poland, such research can contribute to 

increasing the safety and efficiency of aviation in the country, 

for the benefit of passengers, air operators and the environ-

ment. In addition, an important aspect of research on hybrid 

drive systems is the analysis of structural relationships be-

tween the drive train assembly and the assembly of the main 

mechanism of the internal combustion engine. This is to 

better understand the impact of these components on the 

performance of the entire powertrain. Studying the ratio of 

electric and combustion drive is an important issue that often 

poses a challenge in the design of a hybrid drive. In the con-

text of the Polish market, due to its dynamic development 

and innovation, such research can contribute to the develop-

ment of new technologies and solutions that can be used in 

various sectors of the economy, not only in aviation. 

According to many experts, the development of hybrid 

technologies is of key importance for the future of aviation in 

Poland and in the world. The aviation industry, both domestic 

and global, faces many challenges, including reducing CO2 

emissions, increasing energy efficiency and reducing noise. 

Research on hybrid propulsion systems, such as those carried 

out in Poland, can contribute to solving these problems and 

enable further development of aviation in a sustainable and 

ecologically responsible manner. 

The conducted research works are ultimately aimed at 

presenting the proprietary hybrid engine design – a pioneer-

ing achievement that is a combination of many years of sci-
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ence, technological innovation and ecological awareness. 

This ambitious task includes the development of a proto-

type that, in addition to having the advantages of electric 

and internal combustion engines, will also be character-

ized by high durability, reliability and optimal perfor-

mance parameters. 

In the context of the specificity of hybrid structures, the 

goal is to ensure a balance between energy efficiency and 

power, taking into account aspects such as weight, cost and 

environmental impact. The main performance parameters 

that are taken into account are range, speed, energy con-

sumption, as well as ease of use and maintenance. 

Longevity is a key factor in aviation, and the design of 

a hybrid engine must take this aspect into account. There-

fore, durability and reliability are integral elements of the 

design process. For example, engine components such as 

batteries and drive trains must be designed to withstand 

harsh operating conditions such as temperature changes, 

heavy loads and operating in a variety of weather condi-

tions. 

All these aspects, from environmental benefits to prac-

tical efficiency and durability, must be integrated into the 

final hybrid engine design to be presented as a result of 

this research. The goal is for this engine to be not only an 

innovative technological solution, but also a viable, prac-

tical alternative to traditional internal combustion engines, 

contributing to the sustainable development of aviation. 

Hybrid aviation engines have many advantages that 

may contribute to their growing popularity in the aviation 

industry. Here are a few of them: 

1. Reducing CO2 emissions: Hybrid aircraft engines emit 

less carbon dioxide (CO2) compared to traditional in-

ternal combustion engines. This emission reduction is 

key to reducing aviation's impact on climate change.  

2. Energy Efficiency: Hybrid engines are typically more 

energy efficient than internal combustion engines. 

Thanks to the use of batteries and electric motors, they 

can use the energy recovered during processes such as 

braking.  

3. Noise reduction: Hybrid engines are typically quieter 

compared to internal combustion engines. This aspect 

is particularly important in the context of urban avia-

tion and the increasing pressure to reduce aircraft 

noise.  

4. Fuel economy: Due to their higher energy efficiency, 

hybrid engines can provide fuel economy compared to 

traditional internal combustion engines.  

5. Greater Reliability: Hybrid propulsion systems can 

improve aircraft reliability because the failure of one 

system (electric or combustion) does not result in  

a complete loss of power.  

6. Lower cost of ownership: While the initial cost of 

investing in hybrid technology may be higher, long-

term operating costs can be lower due to fuel savings 

and the ability to charge the battery with renewable 

energy.  

7. Flexibility: Hybrid engines offer greater flexibility, 

allowing you to choose between electric or combus-

tion propulsion depending on flight conditions and 

operational requirements. For example, an aircraft 

may use electric propulsion during take-off and landing to 

minimize noise and emissions, then switch to internal 

combustion when flying at higher altitudes.  

8. Renewable energy support: Hybrid engines can support 

aviation's transition to renewable energy because the bat-

teries can be charged with energy from renewable sources 

such as wind or solar power.  

9. Smaller air pollution: In addition to reducing CO2 emis-

sions, hybrid aircraft engines can also reduce emissions of 

other harmful substances, such as nitrogen oxides and 

particulate matter, which are often emitted by traditional 

internal combustion engines.  

10. Innovation: Hybrid technology is part of the future of 

aviation. Investing in this technology means investing in 

innovation, which can bring benefits in the form of new 

business opportunities and competitive advantage.  

11. Potential Economic Benefits: Greater fuel efficiency, lower 

running costs and potential savings from emission regula-

tions can bring economic benefits to airlines and other avia-

tion operators that invest in hybrid technology. 

3. Designing a prototype hybrid aircraft engine 

3.1. Concept and theoretical assumptions 

A deep analysis of design solutions used in hybrid propul-

sion systems of ultralight aircraft is a key aspect of the design 

and development process of these advanced systems. A thor-

ough understanding of the design, mechanisms and function-

ality of these innovative propulsion systems is essential to 

determine the most effective and efficient technological solu-

tions, which enables the development of precise design strat-

egies. 

Design analysis of hybrid powertrains allows the assess-

ment of the impact of various design parameters on the over-

all efficiency and effectiveness of these systems. This gives 

engineers the ability to construct propulsion systems that are 

most suitable for specific operating conditions and optimize 

resource utilization. This understanding is fundamental to 

making strategic design decisions that can affect the efficien-

cy, reliability and durability of these systems. 

Engineers must consider a number of important factors 

when designing their own hybrid engine designs for ultra-

light aircraft, including but not limited to: 

– The method of integrating the motors with the shaft of the 

drive system.  

– Type of internal combustion engine and electric motor 

used in the hybrid drive system. Different types of en-

gines can have significant differences in power, size, 

weight, efficiency and other key parameters.  

– A type of transmission that connects an internal combus-

tion engine and an electric motor. Different types of gears 

may have different characteristics such as gear ratio, 

weight, strength, etc.  

– The power source of the hybrid propulsion system, i.e. 

aviation fuel or electricity from batteries. Each of these 

solutions has its own unique advantages and limitations.  

– Type and construction of batteries used to power the elec-

tric motor.  

– Power and efficiency of combustion and electric engines 

and their impact on aircraft performance and fuel con-

sumption.  
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– Design and dimensions of engines and gears and their 

impact on the weight of the entire drive system.  

– The level of noise and exhaust emissions generated by 

the hybrid drive system and the possibility of using  

a hybrid drive system in changing weather conditions.  

– Costs related to the purchase, operation and mainte-

nance of the hybrid drive system and their impact on 

the economic viability of this solution.  

– Reliability and durability of the drive system and its 

ease of use and maintenance. 

The series hybrid architecture of the powertrain is 

where only the electric motor is mechanically connected to 

drive devices such as fans. In this system, the internal com-

bustion engine drives an electric generator, which in turn 

supplies power to the electric motor or charges the batteries 

using an advanced power management and distribution 

system. During phases of flight where relatively little pro-

pulsion effort is required (e.g. cruise phase), the energy 

converted by the generator can be used to charge the batter-

ies, which increases the overall efficiency of the system. 

Although the presence of additional electrical compo-

nents in the powertrain architecture slightly reduces 

transmission efficiency, the overall improvement in 

powertrain efficiency is due to the ability to optimize the 

efficiency of the internal combustion engine and electric 

motor independently. Although the weight of the propul-

sion system may increase due to the additional electrical 

components, the potential increase in overall flight effi-

ciency may offset these negative effects. As a result, 

properly balancing these various factors can lead to sig-

nificant improvements in overall energy efficiency. 

A key advantage of the series hybrid architecture is 

that the internal combustion engine is not mechanically 

coupled to the fan or propeller. This means it can run 

continuously at its optimum operating point, increasing its 

reliability and reducing maintenance requirements. The 

simplicity of the concept also leads to easy control of the 

propulsion, which enables a purely electric mode and the 

ability to recharge the battery in flight. However, there are 

some limitations, such as the fact that the electric motor 

must be able to deliver all the driving power, which can 

lead to weight gain. In addition, the efficiency of the 

system may be reduced due to the need for energy con-

version. The series configuration is particularly suitable 

for designs requiring high torque and low speed, but may 

be less efficient compared to the parallel configuration. It 

is also important to take into account that it requires larger 

batteries and electrical devices, which leads to an increase 

in weight and volume of the entire drive system. 

The complexity of these various factors underscores 

the complexity of the problem and shows how many dif-

ferent aspects must be considered when designing and 

analyzing hybrid propulsion systems for ultralight air-

craft. These complex systems require a thorough under-

standing of the principles of engineering, life sciences, 

technology and economics. Achieving the optimal bal-

ance between these various factors is key to designing 

efficient, reliable and economically viable hybrid power-

trains. 

A thorough analysis of the design solutions used in hybrid 

drive systems is crucial not only to evaluate existing systems, 

but also to identify areas that can be improved, and even to 

create new innovative solutions. This process of analysis and 

innovation is essential for the continued development of 

hybrid powertrain technologies that have the potential to 

deliver significant benefits to the aerospace industry, includ-

ing improved efficiency, reduced emissions, and overall 

improved energy efficiency. 

Modern hybrid engines used in aircraft combine the ener-

gy efficiency of internal combustion engines with the flexi-

bility and efficiency of electric motors. The use of such  

a configuration translates into a number of advantages, 

among which the increase in flight safety is particularly im-

portant. From the point of view of safety, the main advantage 

of hybrid systems is drive redundancy. In the event of failure 

of one of the engines (combustion or electric), the other can 

take over the driving role, ensuring continued control of the 

aircraft. This is especially important in emergency situations, 

when quick reaction and adaptation to new conditions can 

ensure a safe landing. 

In addition, the electric motors, which are an integral part 

of the hybrid system, have excellent torque available from the 

start, which translates into quick start-up and response to 

changing flight conditions. Compared to internal combustion 

engines, electric motors are inherently more reliable and 

require less maintenance. Their design simplicity, no moving 

parts and no need for lubrication or cooling translates into  

a lower risk of failure. 

In an energy context, however, the use of decoupling sys-

tems or additional gears may be more advantageous. This is 

for several reasons. 

Decoupling the engine from the crankshaft allows the 

combustion engine and the electric motor to run independent-

ly of each other. The internal combustion engine can there-

fore be set to its most efficient operating point, which in turn 

reduces fuel consumption and emissions. 

Additional gearing, while adding additional weight and 

complexity to the system, can help improve the overall effi-

ciency of the drivetrain. They allow for a more precise ad-

justment of the rotational speed of the engines to the re-

quirements of the different phases of flight, which in turn can 

lead to better energy efficiency. 

The choice between these two configurations depends on 

the specific application and requirements. However, it is 

important to remember that safety and energy efficiency are 

not the only factors determining the final choice of drive 

configuration. Other important factors include the cost, 

weight and dimensions of the propulsion system, ease of 

operation and maintenance, and a number of other aircraft-

specific parameters and limitations. 

While electrically bonded hybrid systems provide greater 

reliability and redundancy, they can introduce additional 

complexities to the propulsion system, such as the need to 

manage power between the two propulsion sources, and the 

need to install and maintain additional components such as 

controllers and battery management systems. They can also 

introduce additional thermal and mechanical stresses on the 

internal combustion engine, which can affect its durability 

and performance. 
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Crankshaft decoupling systems or additional gearing, 

while they can provide better energy efficiency, can also 

introduce additional design and technological complexity. 

They may require additional mechanical components, 

such as clutches or gears, which can affect the weight, 

size and complexity of the drivetrain. In addition, they 

can also introduce additional mechanical stresses to the 

motors and other drivetrain components, which can affect 

their durability and performance. 

Whichever drive configuration you choose, it's im-

portant to thoroughly understand all aspects of drive oper-

ation, such as motor performance, energy management, 

durability and reliability, and the costs and benefits of 

their use. Only then will you be able to make the right 

choice that best suits the specific requirements and con-

straints of your application. Therefore, further research 

and development of hybrid technology is crucial to further 

improve their efficiency, durability and safety, as well as 

to expand the range of their potential applications. 

3.2. Internal combustion engines used for the hybrid 

system 

The research engine, which is the subject of our de-

scription, is intended for use in hybrid systems. Optimiz-

ing its weight is crucial for use in ULM aircraft that do 

not exceed 120 kg. The research facility is a compact 

internal combustion engine whose weight does not exceed 

35 kg, and yet it is capable of generating a maximum 

power of up to 42 kW. 

As part of our research, this engine will be tested in 

two variants of the cooling system – liquid and air. Com-

paring the results from both of these versions will allow 

for an accurate assessment of the impact of the cooling 

method on engine performance and durability. The power 

technology of the internal combustion engine is based on 

multi-point fuel injection over the intake valve (MPI). 

This advanced fuel injection system, electronically con-

trolled by a dedicated ECU, provides precise fuel dosing, 

resulting in increased engine efficiency and lower fuel 

consumption. Moreover, we plan to use innovative solu-

tions to further increase the mechanical efficiency of the 

entire drive. One of them is the use of ceramic coating 

technology on selected components of the internal com-

bustion engine. Ceramic coatings, due to their unique 

tribological properties, can significantly reduce friction in 

the motor, which translates into higher efficiency and 

longer life. Plus, we're going to use innovative technolo-

gies of casting molds made in 3D printing technology. 

This technology, although not yet widely used in the 

production of engines in the world, allows for the quick 

and effective creation of complex molds that can signifi-

cantly improve the quality and efficiency of the produc-

tion process. The importance of these innovative solutions 

in the tested engine is invaluable – they are intended not 

only to increase the efficiency and durability of the en-

gine, but also to reduce its environmental impact by re-

ducing exhaust emissions. 

 

Engine model: 40i 

The 40i engine parameters are presented in Table 1. 

The displacement of 627 cm
3
, which has a major impact 

on its efficiency. The compression ratio is 8.5, which allows 

for efficient fuel combustion. The maximum power of the 

engine is 25.74 kW, generated at a rotational speed of 4640 

rpm. At lower revs, 3630 rpm, the engine generates a contin-

uous power of 22.06 kW. Torque is 58.3 Nm, generated at 

3630 rpm, which guarantees strong acceleration and good 

performance at low and medium revs. 

 
Table 1. 40i engine parameters 

Parameter Unit Value 

Displacement cm3 627 

Bore mm 75,5 

Stroke mm 70,0 

Compression ratio – 8,5 

Maximum power at rotation speed kW 25.74 at 4640 rpm 

Continuous power at rotation speed kW 22.06 at 3630 rpm 

Torque at rotation speed Nm 58.3 at 3630 rpm 

Weight kg 33.2 

 

The engine weighs 33.2 kg (without fluids, fuel pump, fan 

and shrouds, with oil filter, starter motor and alternator fit-

ted), which allows it to be used in light aircraft units. The 

propeller is driven by an indirect toothed gear, and the direc-

tion of rotation of the propeller is left-hand rotation. The fuel 

system is based on multi-point fuel injection with electronic 

control, and the ignition system is also electronically con-

trolled. Engine control is carried out by the ECU EMU Clas-

sic model. 

The engine has a working range from 950 (±50) rpm in 

idle (warm engine), to a maximum of 4700 rpm. The operat-

ing speed of the engine is 2200–4000 rpm, and the reducer 

ratio is 1.77. Propeller rotation at maximum engine speed is 

2655 rpm. Among the pressures, it is worth noting the mini-

mum operating oil pressure – 28 PSI = 1.9 bar (at 2000 rpm 

and 70°C oil temperature), and the maximum operating oil 

pressure is 65.3 PSI = 4.5 bar. Average operating oil pressure 

is 43.5 PSI = 3.0 bar. 

The fuel recommended for use with this engine is car pet-

rol with LO 98, and the oil – for ambient temperatures from  

0 to +35°C – 5W-50 synthetic oil. 

The Model 40i engine is designed for a variety of operat-

ing pressures and temperatures. The maximum oil pressure 

can be as high as 90 PSI or 6.2 bar, but only when the engine 

is cold. The fuel pressure should be between 2.8 and 3.2 bar. 

Nominal compression pressure ranges from 114 to 142 PSI, 

which translates to 8.9–10.8 bar. 

In the temperature range, the minimum temperature for 

CLT start is 71°C. The maximum oil temperature is 135°C, 

and the through-flow oil temperature should oscillate be-

tween 110–120°C. The temperature of the CLT cruising head 

ranges from 100 to 137°C. The EGT exhaust gas temperature 

ranges from 680 to 750°C and the maximum EGT exhaust 

gas temperature is 850°C. In addition, the model 40i engine 

has limits in the form of a mass moment of inertia of the 

propeller, which should not exceed 930 kg·cm
2
. These de-

tailed technical and operational parameters make the 40i 

engine a high-performance unit capable of operating in  

a wide range of operating conditions. 

In the process of designing and testing the hybrid system, 

three engine concepts were originally considered. Each of 
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them differed in cylinder configuration, which affected 

various aspects such as performance, balance and size. 

The first concept is an in-line four-cylinder engine 

(Fig. 1). This arrangement, in which all cylinders are 

placed in one line, is well known for its simplicity and 

efficiency. It is also relatively easy to manufacture and 

maintain, which makes it attractive from a cost perspec-

tive. The measurement capabilities of this stand are 

shown in Fig. 2. 

 

Fig. 1. View of the stand in a hybrid combination with a 4-cylinder in-

line engine: 1 – 4-cylinder IC engine, 2 – EMRAX electric motor, 3 – 
water-cooled Eddy current brake, 4 – test stand main frame, 5 – engine 

oil tank, 6 – exhaust system, 7 – drive shaft between ICE and brake, 8 – 

cooling system connections, 9 – drive shaft between ICE and EMRAX 
 with torque sensor, 10 – ICE intake air filter 

 

Fig. 2. Performance parameters of the hybrid set analyzed on the test 

stand: 1 – measurement start button, 2 – measurement mode selection,  
3 – torque sensor setting to zero, 4 – water pump start button, 5 – cool-

ing tower fan start button, 6 – ICE working parameters (temperature, 

throttle opening, oil pressure), 7 – characteristics chart, 8 – brake and 
 torque sensor operating parameters, 9 – brake coolant temperature 

 

The second concept is a two-cylinder boxer engine. In 

this arrangement, the two cylinders are placed on opposite 

sides of the crankshaft, creating a boxing-glove shape. 

These motors are known for their balance and smooth-

ness, resulting in less vibration and noise. In addition, the 

low center of gravity of this type of engine can contribute 

to better vehicle stability. 

The third concept is a V-twin engine. In this arrange-

ment, the two cylinders are arranged in a "V" shape. This 

type of engine is often used in high-performance vehicles 

because it allows for a compact design while maintaining 

high power. The view of the dynamometer with the hybrid 

set for the two-cylinder V engine is shown in Fig. 3–5. 

All three concepts were studied in terms of their potential 

use in a hybrid system, taking into account aspects such as 

performance, weight, size, cost and ease of use. The choice of 

the final concept was the result of careful consideration of 

these various factors. 

 

Fig. 3. View of the connection system for 2 motors 

 

Fig. 4. View of the engine brake and drive set 

 

The EMX-100/10000 brake was used in the tests. This 

brake is highly technical and is capable of absorbing  

a maximum power of up to 100 kW. It can achieve this at  

a maximum rotational speed of 10,000 revolutions per mi-

nute. From a mechanical point of view, the EMX-100/10000 

is capable of generating a maximum torque of up to 240 Nm. 

From the design point of view, the brake has a weight of 250 

kg, which proves its solid and durable construction. The 

direction of rotation of this brake is freewheeling, which adds 

flexibility to a variety of applications. However, it should be 

noted that the EMX-100/10000 requires a certain amount of 

water to function properly. The water requirement is 2.5 m³/h 

and the water pressure should be between 0.75 and 1.25 bar. 

The temperature of the water that is fed to the brake should 
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be more than 30ºC for optimal performance. Finally, it is 

worth noting that the measuring arm length of this brake 

model is 0.370 meters. These precise measurements are 

essential to guarantee the highest quality of operation and 

performance. 

 

Fig. 5. View of a used electric motor and its connection 

 

The dynamometer controller plays a key role in super-

vising and controlling the dynamometer operation (Fig. 

6–7). 

 

Fig. 6. Control and measurement system assembly – hybrid assembly 

 dynamometer 

 

Its operation covers a wide range of functions that al-

low effective and precise testing and diagnostic processes. 

The most important functions performed by the dyna-

mometer controller are: Reading the dynamometer operat-

ing parameters and data from additional sensors. This 

allows continuous monitoring of the device status and 

current operating conditions. Generating a signal control-

ling the brakes of the load dynamometer. Thanks to this, 

the controller has a direct impact on the braking process. 

Control of dyno-associated accessories, such as fans. This 

allows to optimize the working conditions of the dyna-

mometer and ensures proper cooling of the devices. Sav-

ing data and their subsequent analysis.  

 

Fig. 7. Control and measurement system assembly – electric motor 

 

Thanks to this, it is possible to track the history of the dy-

namometer's work, as well as identify possible problems and 

trends. Possibility of extending the functionality via CAN-

BUS. This gives the possibility of integration controller with 

other systems and devices. In terms of input/output interfac-

es, the dynamometer controller is equipped with many con-

nectors and ports that enable various forms of communica-

tion. Among them are Wifi, Bluetooth 5.0, Gigabit Ethernet, 

USB and microHDMI ports, mini jack audio connector and 

environmental sensor. An important element are also CAN-

BUS 2.0B interfaces, various power outputs, analog outputs, 

PWM outputs, relay outputs, as well as inputs for speed and 

engine speed sensors and inputs for signals from strain gaug-

es, general purpose analog inputs, thermocouple inputs and 

inputs for control buttons. 

3.3. The electric motor used in the prototype 

The EMRAX 208 electric motor is an advanced device 

used in hybrid systems. It is characterized by compact dimen-

sions with a diameter of 208 mm and a length of 85 mm. The 

engine weighs between 9.4 and 10.3 kg and can be cooled by 

air, water or a combination of both. The motor peak power is 

86 kW and the continuous power is 56 kW. The motor gener-

ates a peak torque of 150 Nm and a continuous torque of 90 

Nm. Its maximum rotation speed is 7000 rpm, and the operat-

ing voltage can be from 50 to 580 V. The high efficiency of 

the EMRAX 208 motor reaches up to 96% (Fig. 8).  

This motor is equipped with a position sensor, which can 

be either a resolver or an encoder, which enables precise 

monitoring of the position of the rotor. The EMRAX 208 

electric motor offers significant power and torque while 

maintaining compact dimensions. Its high energy efficiency 

and a choice of different cooling methods make it a versatile 

solution for applications in hybrid systems. 

So far, a number of significant activities have been car-

ried out to develop and improve the hybrid drive. One of the 

key areas of work was the construction of the converter, 

which was based on the latest semiconductor switching ele-

ments and soft switching technology with increasing the 

operating frequency. The use of these advanced solutions 

allowed to reduce the weight of the converter and ensure high 

efficiency of energy conversion. 
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Fig. 8. Torque and speed motor characteristics – EMRAX 208 

 

The control system uses the most modern DSP signal 

processors, which enable fast data processing and precise 

control. Active interference filtering systems and adaptive 

filtering algorithms have also been introduced, which 

significantly improve the quality of control signals. This 

allowed the implementation of complex vector control 

algorithms with a sinusoidal output current waveform, 

which in turn enables effective engine operation in a wide 

range of power and rotational speeds. 

As part of the construction of the inverter, modern 

switching elements in SiC (silicon carbide) or GaN 

(threaded jelly) technologies were used, which replaced 

the previously used IGBT or MOSFET transistors. Soft 

switching technology was also used along with increasing 

the operating frequency of the inverter system. The latest 

generation DSP signal processors were used, which are 

responsible for real-time engine control algorithms. Back-

EMF voltage measurement systems with a wide range and 

high measurement dynamics as well as active interference 

filtration systems and adaptive filtering algorithms have 

also been developed. 

The control of the hybrid drive is based on a central 

supervisory system that coordinates the operation of the 

combustion and electric parts. Thanks to dedicated meth-

ods and algorithms for synchronization and power distri-

bution, it is possible to achieve redundant operation of 

internal combustion and electric motors. This solution 

allows to increase flight safety, and also allows the drive 

to be adapted to various functionalities by changing the 

software. In the case of aircraft, it is possible to individu-

ally adjust the drive to the aerodynamic characteristics of 

the aircraft. The activities carried out are aimed at ensur-

ing not only the efficient and effective operation of the 

hybrid drive, but also increasing its reliability and safety. 

The redundancy of the combustion and electric motors 

and the possibility of dynamic power sharing between 

them gives greater confidence that the drive will continue 

to function in the event of a failure of one of the parts. 

Additionally, an introduction dedicated synchronization 

methods allows for smooth and harmonious interaction of 

both motors, minimizing energy losses and optimizing their 

efficiency. 

In the context of aircraft, adapting the hybrid drive to in-

dividual aerodynamic characteristics is extremely important. 

Thanks to the possibility of changing the software, it is pos-

sible to adapt the operating parameters of the engines and the 

way they are controlled to a specific vessel, ensuring optimal 

performance and efficiency. This, in turn, contributes to in-

creasing the economic efficiency of the flight and reducing 

emissions. Conclusions from the conducted activities indicate 

significant progress in the field of hybrid drives. The use of 

advanced technologies and innovative solutions allows for 

the creation of high-efficiency electric motors. Optimization 

of both the construction of the converter and the controller 

enables effective management of the hybrid drive, increasing 

its reliability, safety and functionality. 

It should be emphasized that the developed methods and 

solutions are a significant contribution to the development of 

hybrid drive technology, both in the context of aviation and 

other fields of transport. Their use allows for the effective use 

of various energy sources, reduction of pollutant emissions 

and achievement of better operating parameters. Further 

research and development in this area has the potential to 

lead to a revolution in propulsion, contributing to more sus-

tainable and efficient transport. 

3.4. Control system for the prototype engine and test 

stand 

The main converter is a bi-directional converter that al-

lows energy to flow to and from the batteries. The converter 

also determines the operating state of the internal combustion 

engine. This solution requires a specific design of the elec-

tronic controller of the internal combustion engine. Due to 

the generally accepted standards for aviation, the internal 

combustion engine controller was built as two independent 

units. The first unit is responsible for the value of the fuel 

injection parameter, and the second for the parameterization 

of the ignition sequence. 

All three controllers – the main converter, the injection 

controller and the ignition controller are connected by  

a common CAN bus. Finally, a two-controller concept was 

adopted to control the hybrid drive system. 

Injection electronic control unit 

The electronic unit controlling the operation of the inter-

nal combustion engine is designed to generate the appropriate 

impulses to stimulate the injectors on the basis of strictly 

specific input signals. The inputs for such a signal are: 

1) RPM – hall effect engine speed sensor, informing at the 

same time about the location of the first cylinder TDC 

2) TPS – potentiometric throttle position sensor, indicating 

the "intent" of the pilot 

3) MAP – air pressure sensor in the intake pipes 

4) MAT – air temperature sensor in the intake pipes 

5) FPT – fuel temperature and pressure sensor, in the fuel 

manifold. 

Based on signals from the above sensors the dose of fuel 

applicable in the next one is determined. 

The experimental injection control unit is based on the 

Texas Instruments RM48L540DPGETR DSP processor (Fig. 

9). The injection sequence is built on the basis of input sig-

nals from the sensors. The injectors are controlled by current 

keys made in MOSFET technology. The injection control 



 

Development and research of a hybrid power unit for ultralight aircraft… 

92 COMBUSTION ENGINES, 2024;197(2) 

algorithm takes into account both the static states of en-

gine operation – needed to determine the characteristic 

ones operating points and testing the possibility of replac-

ing the generated mechanical power with electric power 

generated by the electric part of the hybrid unit. The in-

jection controller PCB is shown below. 

 

Fig. 9. Injection ECU – PCB view 

 

Sample measurements of the generated sequence are 

shown below (Fig. 10). The yellow line shows the pulses 

coming from the rotation sensor. The orange line and the 

red line represent injector control for the first and second 

cylinders, respectively. Later in the post-start waveform,  

a phase shift sequence is observed for both cylinders. 

 

Fig. 10. An example of a sequence of injection pulses The first two 

pulses after the rotational speed occur are caused by fuel injection and 
 facilitating engine start-up 

 

The first two pulses after the onset of rotational speed 

are caused by the fuel injection and engine start facilita-

tion. Later in the post-start waveform, a phase shift se-

quence is observed for both cylinders. 

The ignition coil control sequences are shown below 

(Fig. 11). 

The waveform from the rpm sensor is marked with  

a yellow line. The orange and red lines show the ramming 

of the ignition coils. 

The angular displacement between both cylinders of 

the controlled internal combustion engine is clearly visi-

ble. The duration of the control pulse depends on the 

supply voltage and the falling edge causes a physical 

spark in the engine cylinder. 

 

Fig. 11. Circuit layout sequence 

4. Preliminary research results and discussion 

As a result of the tests carried out on the combustion en-

gine dynamometer and the comparison of the measurement 

results with the electric and combustion drive, it was found 

that there is no significant wear of the main engine compo-

nents and engine timing. These studies allowed for a thor-

ough examination of the resistance to motion of the hybrid 

set depending on the rotational speed of the internal combus-

tion engine. 

The results showed that after connecting the electric mo-

tor to the hybrid set, the resistance to motion increased by 8 

to 17%, depending on the rotational speed of the internal 

combustion engine. Additional drag is also dependent on the 

angular velocity of the propeller and aerodynamic drag, and 

its value ranges from 5 to 23% (Fig. 12).  

 

Fig. 12. Course of power and torque of the internal combustion engine and 

 hybrid drive: torque [Nm], useful power [kW] 

 

The resistance to movement of the combustion engine and 

electric motor drive set was calculated according to a specific 

scheme. Measurement of the engine torque in the full range 

of its rotational speed at the oil temperature of 90°C and 

110°C. These data allowed to determine the characteristics of 

the moment of resistance to the movement of the internal 

combustion engine. A high-class torque meter placed be-

tween the internal combustion engine and the electric drive 

motor was used for the tests. The rotational speed of the in-

ternal combustion engine was regulated by means of the 

rotational speed of the electric motor controlled by the in-

verter. The measurement was performed at a constant oil 

temperature for a given rotational speed. The measurement 

was carried out every 250 rpm. In order to determine changes 

in the resistance to motion of the electric motor of the hybrid 
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set, an electric motor was connected to the internal com-

bustion engine. Then the measurement was carried out in 

a similar way as for the internal combustion engine. In the 

case of determining the resistance to motion of the hybrid 

set with the propeller connected, the author's dynamome-

ter was used an aircraft engine from Świątek. In this case, 

changes in the torque of the internal combustion engine 

and electric motor in relation to this set with the motor 

connected were determined. The percentages given are 

ranges for the resistance moment variation of the assem-

bly in these configurations. 

These results indicate a significant impact of the elec-

tric drive on the resistance to motion of the entire hybrid 

system. However, it is worth noting that these values are 

acceptable and do not adversely affect the performance of 

the hybrid assembly. In addition, the increase in drag is 

related to additional factors, such as the angular velocity 

of the propeller and aerodynamic drag, which are natural 

factors that occur during the flight of an airplane. 

A hybrid system in which an electric motor works in 

conjunction with an internal combustion engine can be an 

effective solution for hybrid aircraft, enabling significant 

reductions in fuel consumption and emissions. However, 

further research is worthwhile to further determine the 

effect of drag on the efficiency and range of such hybrid 

aircraft. 

The increase in engine motion resistance in the case of 

a hybrid set results from several factors. First of all, con-

necting the electric motor to the combustion system intro-

duces additional mechanical elements, such as gears, 

clutches or other elements connecting the motors. These 

elements introduce some energy losses due to friction, 

which leads to an increase in the resistance to motion. 

In addition, the electric motor can affect the operation 

of the internal combustion engine by changing the load 

characteristics. For example, during hybrid drive opera-

tion, the internal combustion engine may be loaded to  

a greater extent to provide adequate power for the opera-

tion of the electric motor, or vice versa, when the electric 

motor assists the internal combustion engine. This extra 

load can lead to an increase in the motor's resistance to 

motion. In addition, the increase in the resistance to mo-

tion may also be related to the dynamic effects of the 

electric motor, such as the moment of inertia of the rotor, 

aerodynamic drag of the propeller or the influence of 

electronic control on the operation of the motor. These 

factors can cause additional energy losses and increase the 

resistance to motion in the hybrid assembly. 

A conventional internal combustion engine, when 

loaded with a propeller, has a net power of 23 kW at 4750 

revolutions per minute (rpm), reaching a maximum torque 

of approximately 48 Nm. On the other hand, the newly 

proposed hybrid drive system, combining an internal 

combustion engine and an electric motor, shows much 

better parameters. The useful power of the system is 61 

kW at 4400 rpm, and the maximum torque is as much as 

135 Nm, available over a wide speed range, from 3100 to 

4400 rpm. Such a significant improvement in parameters 

allows for greater operational flexibility of the powertrain. 

The spread of the rotational speed is wider, which allows 

better adaptation to the variable speed of the propeller. In 

addition, it maintains high torque over a wide range of engine 

speeds, which is particularly advantageous in a variety of 

flight conditions. The use of a hybrid drive system, as the 

above data shows, brings decisive benefits in in the context 

of energy efficiency and operational flexibility. This confirms 

the innovativeness of the propulsion unit proposed in this 

work and indicates its potential in further research and devel-

opment of ultralight aircraft technology. 

The parameters of the electric motor play an important 

role in the case of its independent operation and in combina-

tion with an internal combustion engine. In both cases, the 

electric motor must overcome the additional resistance to the 

movement of the main engine mechanism and the propeller 

drive, which generates friction losses and affects the efficien-

cy of the entire system. 

When operating an electric motor in a hybrid set, key pa-

rameters such as inverter temperature (hbtemp_C), electric mo-

tor current (iq_A) and inverter input power (power_P) have  

a significant impact on its efficiency. When transferring en-

ergy from the battery to the electric motor, the current (bat-

teryCurrent_A) and battery voltage (batteryVoltage_V) play an im-

portant role in ensuring adequate power and efficiency. 

In addition, the rotational speed of the motor (speed_rpm) is 

a key parameter that affects the efficiency of the electric motor 

and the resistance to movement it must overcome. The higher 

the rotational speed, the greater the resistance to movement 

and the greater the friction losses. It is worth noting that the 

efficiency of the electric motor in the hybrid set may be re-

duced due to the additional load and energy losses resulting 

from overcoming the resistance to the movement of the main 

engine mechanism and the propeller drive. Therefore, it is 

important to properly adjust the parameters of the electric 

motor and optimize the control in order to minimize these 

losses and ensure the highest efficiency of the hybrid system. 

In Fig. 13, an increase in the power of the electric motor 

can be observed during the simulated take-off of the aircraft. 

According to this drawing, the maximum power with an 

average load of the propeller system and the internal combus-

tion engine for the electric motor is from 40 to 43 kW. The 

power change is caused by the change in the engine speed in 

the hybrid set with the simultaneous application of a medium 

load with the propeller connected. The test was carried out on 

a dynamometer. This is a very large increase in power, which 

is particularly important for quickly gaining altitude, but also 

for safety. The voltage drop on the hybrid set battery in this 

period is shown in Fig. 14. Figure 13 shows a graph of elec-

tric motor power in the full range of rotational speed. The 

results indicate the possibility of obtaining maximum power 

by the electric motor. The impact of the use of a hybrid pro-

pulsion system of an ultralight aircraft mainly influenced the 

increase in the torque and power of the propulsion system. 

The electric motor allows to increase the power and torque in 

key moments of the aircraft's operation, i.e. the period of 

take-off, landing and possible aerobatic maneuvers adapted to 

the structural strength of the aircraft. This system primarily 

improves the take-off conditions of the aircraft and provides 

protection in the event of a combustion engine failure. This 

set, together with the assumed capacity of the batteries, al-

lows for a safe flight of the aircraft for several minutes only 
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with the use of an electric motor. This allows you to avoid 

a plane crash and safely land a damaged aircraft without 

internal combustion engine. It is a fairly simple concept in 

the connection system of the internal combustion engine 

and the electric motor, which guarantees increased safety 

and a lower probability of drivetrain failure. 

 

Fig. 13. Change of electric motor power in series connection with medi-

 um propeller load 

 

Fig. 14. Voltage drop on the battery cells of the hybrid set 

 

Figure 15 shows the increase in the current value of 

the battery cells. The maximum value is 410 A. This 

value does not damage the battery and is a safe value. 

The current value analogously corresponds to the power 

increase of the electric motor. 

 

Fig. 15. Change of the current in the battery cells during the period of 

 increasing the power of the electric motor 

 

Similarly, Fig. 16 shows the change in the current value 

of the electric motor. This is an acceptable value and does not 

constitute a basis for damage to the electric motor during  

a sudden increase in the power demand of the hybrid set. 

 

Fig. 16. Change of the current value in the electric motor 

 

The rotational speed of the electric motor is shown in Fig. 

17. The average usable range of the rotational speed of the 

motor shaft is in the range from 2850 to 4800 rpm. The elec-

tric motor can have different power ranges depending on the 

rotational speed. Appropriate adjustment of the rotational 

speed to the required power allows you to achieve the opti-

mal combination of efficiency and vehicle performance.  

 

Fig. 17. The rotational speed of the electric motor for given operating 
 conditions 

 

For example, when accelerating or climbing hills, the 

high rpm of the electric motor can deliver more power, re-

sulting in better performance. The rotational speed of an 

electric motor affects its energy efficiency. Electric motors 

are most efficient within a certain speed range, known as the 

optimum operating point. By operating near this point, the 

motor uses less electricity per unit of work done. The rota-

tional speed of the electric motor also affects the torque it 

generates. Torque is the force that causes the drive shaft to 

rotate. In a hybrid system, the electric motor often supports 

the internal combustion engine. When accelerating a vehicle, 

the electric motor can deliver more torque than the combus-

tion engine at low revs, allowing for quicker and smoother 

acceleration. 
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Figure 18 shows the waveform of the inverter temper-

ature at the moment of engine load in terms of its rota-

tional speed and the achieved power. The temperature 

value in this period reached a maximum level of about 

46C. Then, when the engine was turned off, the tempera-

ture decreased rapidly. This proves that during the motor 

overload period, in order to achieve the appropriate pow-

er, there is no need to use additional cooling measures for 

the inverter, and there is no risk of its overheating. 

 

Fig. 18. The course of the inverter temperature at the time of electric 

 motor operation 

5. Summary 

The work focuses on the design and research of an in-

novative propulsion unit for ultralight aircraft. It introduc-

es a new approach to energy efficiency and operational 

flexibility, defined by a hybrid system that combines an 

internal combustion engine and an electric motor/genera-

tor. Key elements of this innovation include an advanced 

internal combustion engine controller and a bi-directional 

energy conversion converter, allowing the two energy 

sources to work together optimally. In addition, a special 

test stand was developed and built to carry out tests on the 

prototype of the drive unit. 

The results of these tests, in the form of initial proto-

type performance characteristics and performance analy-

sis, suggest the potential benefits of using such a hybrid 

drive unit.  

The work also contains conclusions and recommenda-

tions for further work on improving this innovative tech-

nology. All this, combined, makes the presented work  

a significant step forward in the field of energy efficiency 

and operational flexibility of ultralight aircraft, and thus 

shows a significant degree of innovation. 

The most important conclusions from the work are: 

 The use of a hybrid propulsion system in accordance 

with the proposed design allows for achieving excel-

lent operational parameters, increasing power and 

torque during take-off of the aircraft. This not only 

improves flight performance but also increases safety. 

 The maximum value is 410 A. This value does not 

damage the battery and is a safe value. The results 

showed that after connecting the electric motor to the 

hybrid set, the resistance to motion increased from 8 

to 17%, depending on the rotational speed of the internal 

combustion engine. Percentage differences in motion re-

sistance result from changes in the rotational speed of the 

internal combustion engine shaft. To a large extent, the 

value of the resistance depends on the resistance of the 

electric motor and the internal combustion engine. In the 

case of an internal combustion engine, the resistance to 

motion depends on the lubrication parameters, and in the 

case of an electric motor, on the resistance of its bearings. 

Additional drag is also dependent on the angular velocity 

of the propeller and aerodynamic drag, and its value rang-

es from 5 to 23%. Aerodynamic drag was adopted on the 

basis of data from aircraft flight parameters for a given 

flight speed. This is also due to the angle of inclination of 

the propeller blades. It is assumed that a given airspeed is 

obtained for given engine speeds. This, in turn, can be 

compared in a general way to the aerodynamic drag cal-

culated theoretically. 

 The electric motor reaches its maximum power during the 

tests from 40 to 43 kW, in the range from 2850 to 4800 

rpm, with the maximum temperature of the inverter not 

exceeding 46C. 

 In the classic system, the internal combustion engine 

alone, when loaded with the propeller, achieved a useful 

power of about 23 kW at 4750 rpm, the maximum torque 

is about 50 Nm. In the hybrid connection, the net power 

of the set is 61 kW at 4400 rpm, the maximum torque is 

approximately 135 Nm over a wide range from 3100 to 

4400 rpm. As a result, the hybrid set has a wider range of 

useful rotational speeds and is easier to adapt to the varia-

ble speed of the propeller. This gives the propeller greater 

flexibility while maintaining high torque in a wide range 

of rotational speed of the drive set. 

 The implementation of the energy control system enabled 

effective management of both the combustion engine and 

the electric motor, which resulted in optimal use of the 

available power. This innovation can lead to significant 

fuel savings and overall propulsion efficiency over a wide 

range of operating conditions. 
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Nomenclature

hbtemp_C inverter temperature 

iq_A  electric motor current 

power_P inverter input power 

t  time 

batteryCurrent_A  battery current 

batteryVoltage_V battery voltage 

speed_rpm engine speed
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Technical aspects of the selection of an engine-generator set for a dual-drive  

locomotive 
 
ARTICLE INFO  The use of dual-drive rolling stock is a relatively new solution in the railway market. Vehicles with such type of 

powertrain are more versatile because it combines the advantages of using diesel vehicles and electric vehicles 

that consume energy from overhead electric traction. The concept of using such vehicles is highly innovative and 

has many advantages. However, the design and construction process is more complicated and requires more 
work than in the case of conventional systems. This article presents the methodology and process of selecting an 

engine-generator set for a dual-drive locomotive. Indicators and procedures crucial in the process of selecting  

a dual-drive system for a locomotive, were described and evaluated. All the above mentioned in the work were 
used during the real design process of a fully Polish locomotive with both diesel and electric drives. The 

locomotive in Diesel mode was to have an output power of circa 1560 kW for cargo transport. Calculations for 

the locomotive's power balance are included, showing power losses in the system and for locomotive's own 
needs. It has been shown that in cargo transport 77% of the maximum engine power is used as tractive power, 

and in passenger transport 58.6%. 
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1. Introduction 
Railway lines can be divided into two types, those with 

electric traction and those that are not electrified. In the 

case of Poland, in 2021, the total length of the railway net-

work was 19.3 thousand km, of which 62.8% were electri-

fied standard-gauge lines [11]. Most railway lines have 

electric traction. However, only vehicles with an independ-

ent power source can move on 37.2% of the lines. In prac-

tice, this means the use of a vehicle with an internal com-

bustion engine (ICE), mainly Diesel [8, 9]. The use of this 

type of drive is associated with exhaust emissions, which 

combined with the average age of diesel rolling stock in 

Poland, about 40 years old [25], may cause local air pollution 

[1, 5, 13, 15, 16, 30] and increased fuel consumption [2]. 

According to the European Environment Agency 

(EEA), rail transport is responsible for 0.4% of total 

transport greenhouse gas (GHG) emissions of the European 

Union (EU) [12]. As a whole, compared to other modes of 

transport, the emission is negligible. However, the EU 

policy aimed at reducing exhaust emissions and CO2 influ-

enced the introduction of strict emission standards also 

covering rail vehicles. Ambitious zero-emission transport 

plans [29, 33], led to the development of alternative power 

sources [4] in the vehicle sector of Non-Road Mobile Ma-

chinery (NRMM) [14], which also includes rail vehicles [5, 

18, 28]. A particularly discussed issue is the use of hydro-

gen in rail vehicles [31], mainly using Fuel Cells (FC) [12, 

19, 27, 32]. The use of alternative power sources brings 

benefits, but at the moment, this solution is very expensive 

and requires huge financial outlays and government subsi-

dies [8]. 

Therefore, despite their shortcomings, ICEs in railways 

are widely used and will probably continue to be used for  

a long time. The reason is the versatility, affordability, and 

independence of a vehicle with ICE from the railway infra-

structure. A diesel vehicle can move on any type of railway 

line, while an electric vehicle is limited by the availability of 

electric traction. For this reason, on railway connections that 

are partly equipped with overhead electric lines, it is com-

mon practice to use one electric locomotive on an electrified 

line and one diesel locomotive on a non-electrified line [24]. 

However, this solution requires the use of two vehicles, and 

additional time is required to switch vehicles.  

In order to avoid the use of two vehicles for one railway 

connection, one of the solutions is to use a rail vehicle with 

two power sources. Combining the most popular drives on 

the railway – electric and diesel – and installing them on 

one vehicle brings benefits in the form of using the ad-

vantages of both drives. This increases the versatility and 

flexibility of using such a vehicle on a railway line. Vehi-

cles of this type are not yet so popular a solution on the 

railway market. However, this solution can be used in any 

type of railway vehicles, including rail-road vehicles [20, 

21, 34], locomotives [22], Multiple Unit (MU) [10], and 

auxiliary rail vehicles. 

The design process of a rail vehicle is characterized by  

a significant degree of complexity requires experienced 

design staff in every field, knowledge of railway standards 

and regulations and a well-thought-out layout of assemblies 

and subassemblies on the vehicle. In the case of dual-drive 

vehicles, this is even more challenging due to the two dif-

ferent drivetrains mounted on one vehicle. So far, publica-

tions related to the planning, management and implementa-

tion of railway projects have been published [17], and relat-

ed to the selection of the engine-generator set during the 

locomotive modernization process [23] and auxiliary ICE in 

special purpose rail vehicle [35]. However, there is still lack 
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of data related to the process and the selection criteria used 

by designers during the design process of a rail vehicle. 

This article presents the most important information re-

garding the selection process of an engine-generator set for 

a dual-drive 111DE locomotive from the technical perspec-

tive and proceeding scheme of individual stages of the 

project. The assumptions and requirements for the design of 

the real locomotive tested on railway lines were also pre-

sented. Additionally, in the article, the power balance calcu-

lations, which are necessary to determine the energy con-

sumption of the locomotive operating in diesel mode, are 

also described. 

2. Proceeding scheme and assumptions for the  

selection method of the engine-generator set  

of a dual-drive locomotive 
The design process of a rail vehicle is characterized by  

a significant degree of complexity and consists of many 

subsystems and the selection process of devices based on 

the developed studies and calculations. In the case of select-

ing an engine-generator set for a dual-drive locomotive, the 

process is even more complex due to the use and installa-

tion of two drive systems on one vehicle. In order to sys-

tematize the engine-generator set selection procedure, it 

was divided into several key stages. In Figure 1, in the form 

of a block diagram, the sequence of procedure is presented. 

The first stage when designing a rail vehicle with two 

drive systems is to discuss with the ordering party on the 

detailed technical requirements for the vehicle. These re-

quirements consist primarily of details regarding traction 

capabilities, i.e. the length and weight of cars that the loco-

motive will be able to pull, and assumptions regarding the 

drive systems used. The requirements also include infor-

mation on maximum speeds depending on operating condi-

tions (dry or wet track, track inclination).  

An important element is also specifying the require-

ments for locomotive equipment. This has a significant 

impact on the power consumption of the locomotive in 

diesel mode. An important element is the calculation of a 

vehicle energy balance. Thanks to this, it is possible to pre-

estimate energy consumption, and then based on this infor-

mation, it is possible to calculate locomotive's traction 

capacity, both in diesel and electric mode. 

If the vehicle is to be built without the participation of 

the ordering side (e.g. a demonstrator vehicle or in order to 

expand the company's offer), the process is similar to the 

one described above, but the requirements are determined 

on the basis of the experience of the design team and the 

vehicle manufacturer. During the design process, detailed 

technical requirements for a dual-drive locomotive were 

developed in cooperation with the potential user of the 

locomotive and the manufacturer. 

During the process of selecting an engine-generator set, 

one of the stages is a multi-directional analysis of applica-

ble standards and regulations, in particular regarding the 

possibility of using ICE and traction generators in railways. 

The above analyzes are aimed at developing requirements 

for the engine and generator and starting to call for offers 

from potential suppliers of these assemblies. Offer analysis 

and technical consultations require extensive knowledge of 

the integration of a diesel engine with a generator and, later 

an engine-generator set with a locomotive. 

The next required stage is to carry out analysis regard-

ing the selection of peripheral systems, such as the cooling 

system or the exhaust aftertreatment system (EAS), which 

are the subject of commercial offers received from manu-

facturers. The result of the above activities is the resulting 

studies and analysis regarding: 

– engine and generator life cycle costs, taking into ac-

count the load program of the ICE 

– exhaust aftertreatment methods and level of exhaust 

emissions reduction to the assumed/required standard 

– mechanical installation of the power unit and determina-

tion of permissible loads on the locomotive frame 

– mass analysis and its distribution on the vehicle 

– service availability 

– economic analysis. 

Based on the above activities, the final result is the se-

lection of the engine-generator set, along with the neces-

sary systems, as well as the development of the engine-

generator set assembly method on the locomotive. Each 

decision in the design process requires individual analysis 

and research due to, for example, approval of assembly or 

approval of using devices in railway vehicles, due to com-

pliance with standards or compliance with the require-

ments of the project. For this reason, the stages were 

 

Fig. 1. Block diagram of the stages of selection of the engine-generator set 
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linked by a "feedback". In the event that the initial ele-

ment of the layout is adopted, its impact on the rest of the 

layout must also be traced, which requires "going back" to 

the previous step. 

After completing all the above steps, the last stage con-

sists in the mechanical assembly of the selected engine-

generator set. A vehicle with two propulsion systems re-

quires determining the appropriate location of individual 

units on the locomotive. The even mass distribution of the 

electrical and diesel systems is a very important factor be-

cause it affects the maximum axle loads of the vehicle. 

These, in turn, are standardized depending on the railway 

lines and only vehicles with permissible axle load can move 

on them. During the development process, peripheral cir-

cuits and systems were also analyzed. At the same time, 

analyzes were being carried out to integrate the assembly 

with the locomotive in electrical and electronic terms. In 

addition, an integrated controller for the engine-generator 

set and the control of electric and diesel propulsion systems 

was being developed. 

3. Technical requirements for the vehicle 
The project involved designing and building a locomo-

tive with two power sources, where: 

– from electric traction line 3 kV DC (Electric mode – E) 

– from engine-generator set 3 kV DC (Diesel mode – D). 

The dual-drive locomotive was to be a standard-gauge  

4-axle locomotive with a power, depending on the mode: 

– 2800 kW (E) 

– 2000–2200 kW (D). 

 
Table 1. Preliminary detailed design assumptions of a dual-drive loco-

motive – type 111DE 

Parameter Description 

Purpose passenger/freight 

Power supply 3kV DC – railway electric trac-

tion 

and 3 kV DC – diesel power 
generator – AC-DC-AC trans-

mission 

Track gauge 1435 mm 

Total length ≤ 20,000 mm 

Loading gauge PN-EN 15273-2 G1 

Maximum operating speed 160 km/h 

Wheel diameter new/worn 1250 mm/1170 mm 

Design mass of the vehicle ready 

to work 

86 t 

Load of the wheelset  

on the track 

max. 211 kN 

Starting tractive force max. 300 kN 

adhesion factor (0.3 – dry track) 

Locomotive continuous power  

in cargo transport 

electric – 2800 kW 

diesel engine – c. 1560 kW 

Number and arrangement of axles 4, B’o-B’o 

Operating speed for passenger 
trains 

Electric traction – 160 km/h 
Diesel traction – 120 km/h 

Operating speed for cargo trains Electric traction – 110 km/h 

Diesel traction – 80 km/h 

Curve radius of the track min. 80 m when V ≤ 5 km/h 

The longitudinal inclination  

of the track on which  

a locomotive can move 

max. 40‰ 

Auxiliary circuit voltage 3400 V AC; 24 V DC 

Control circuit voltage 24 V DC 

Multiple traction up to 2 vehicles 

 

The locomotive's drivetrain was designed to consists of 

four asynchronous motors powered by traction converters. 

Electrodynamic, recuperative, and resistive braking was 

possible. The locomotive was also to be equipped with one 

or two auxiliary power converters, powered by 3 kV DC, to 

supply: 

– auxiliary voltage network 3400 V/50 Hz with IT sys-

tem; some circuits were to be powered by a separate cir-

cuit with a voltage of 230 V/50 Hz, powered from  

a three-phase network by a transformer, and variable-

frequency converters controlling the fans operation, 

– 24 V DC on-board network, from which the battery was 

to be charged, and circuits such as control, lighting, 

railway traffic security, signalling, registration and 

communication were to be powered. 

In passenger traffic, the locomotive was to supply the 

wagons with 3 kV DC voltage and power up to 400 kW. In 

power supply mode D, it is provided that the power will be 

supplied from the power generator, while in mode E, basi-

cally from the electric traction. The most important data on 

design assumptions are presented in Table 1. 

One of the two full-fledged power sources in the project 

was the diesel drive, where the ICE was to drive the electric 

generator producing a voltage of 3 kV DC. The most im-

portant requirements for ICE Diesel are listed in Table 2. 

 
Table 2. Technical requirements for the diesel engine of the 111DE loco-

motive 

Parameter Requirement 

Operating ambient temperature 

range 

–25°C – +40°C 

Operating temperature range  

for electronic devices 

–25°C – +70°C 

Max. height above sea level 1200 m 

Relative humidity of the  
ambient air 

max. 90% at 20°C, annual average 
75% 

Type of the engine 4-stroke, V-type 

Engine power 2000–2200 kW 

Rated rotational speed 1800 rpm 

Flywheel housing SAE 00 

Adaptation to traction genera-

tor drive 

Type of the generator construction: 

single-bearing generator preferred 

Electronic engine controller Yes 

Supply voltage of the exciter 
system's voltage regulator 

24 VDC 

Exhaust aftertreatment system Stage IIIB (F cycle) 

Stage V (for deliveries from 2021) 

Design and strength (fastening 
of accessories and engine to the 

locomotive) 

Acceleration in the: 
– x axis: ±3 g (longitudinal) 

– y axis: ±1 g (transverse) 

– z axis: ±2 g (vertical) 

Calculation of engine operating 
costs – LCC 

Post-order delivery required 

 

In the case of the generator, the most important re-

quirements are presented in Table 3. An important indicator 

in the selection process is the generator power, which in 

electrical cases is given as apparent power (VA). Apparent 

power is an electrical indicator where the phase of voltage 

relative to current (cos φ) for AC must be taken into ac-

count. In turn, mechanical power–active power (W), is the 

real power based on the mechanical efficiency of the gener-

ator system and is needed to energy balance calculations. 

Additionally, for the device that had matching the power of 

the generator to the power of the engine in the entire rev 
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range, the requirements for the bearings used in the device 

were specified, the most important of which were: 

– possibility of regreasing 

– insulated 

– temperature measurement required 

– bearing design: 

 fixed bearing (no axial displacement of the generator 

rotor) 

 bearing resistant to micro-vibrations during electric 

traction (stationary generator) 

 minimum durability of 25,000 hours of operation. 

 
Table 3. Technical requirements for the generator of the 111DE locomotive 

Parameter Requirement 

Operating ambient temperature –30°C – +70°C 

Cooling air inlet temperature  –30°C – +40°C 

Max. height above sea level 1200 m 

Relative humidity  
of the ambient air 

max. 90% at 20°C,  
annual average 75% 

Casing protective level min. IP 23 

Type of work S9 

Type of construction  

of the generator 

synchronous, brushless with built-in 

generator and rotating rectifier, 
single-bearing 

Diaphragm coupling design SAE J620 

Installation of the generator claws for mounting flexible sup-

ports – two support points 

Rated apparent output power 2100–2400 kVA 

Rated active output power ~ 1950–2350 kW 

Rated generator speed 1800 rpm 

Min. generator speed 700 rpm 

Rated output voltage (after the 
rectifier) 

3600 V DC 

Minimum output voltage (after 

the rectifier) 

2100 V DC 

Winding insulation class H 

4. Technical solutions 

4.1. Combustion engine 

The key stage is the selection of the appropriate drive 

system, in this case the power generator. On the basis of the 

previous stages, where technical requirements for the gen-

erating set were defined, technical specifications of the sets 

for suppliers were developed. Based on technical offers, the 

method of evaluating the selection of a diesel engine and  

a generator for a dual-drive locomotive project was pre-

sented. 

In the process of selecting an ICE, potential manufac-

turers were MTU, Cummins, Liebherr, and CAT. These 

manufacturers have considerable experience in supplying 

ICEs for railway applications. In addition, some of the 

listed companies participated in earlier joint railway vehicle 

projects. 

In the design of the 111DE locomotive, the most im-

portant assumptions for the diesel drive were the required 

power range of the unit 2000–2200 kW and the Stage IIIB 

or higher emission standard. During the implementation of 

the project, Liebherr and CAT did not offer engines that 

meet the requirements in terms of power and the emissions 

level, which was reflected in the technical assessment. 

The remaining offers of the two companies were subjected 

to technical evaluation, of which the most important factors 

were: 

– emission standard, where Stage IIIB was the highest 

emission standard available for rail applications 

– engine mass – a key element, especially in the aspect of 

permissible locomotive axles loads 

– Exhaust aftertreatment system – assembly possibilities 

and operating costs 

– additional take-off point for driving the hydrostatic 

pump with a minimum torque of 750 Nm – drive of the 

hydraulic pump of the hydrostatic fan drive system of 

the ICE cooling system 

– engine overhaul period – ICE durability and life cycle 

– availability of the service in Poland and the number of 

available points in the country for efficient operation. 

The process of technical assessment of the available 

ICEs is presented in Table 4. It was decided to evaluate 

each of the listed factors individually on a scale from 0 to 5 

in terms of benefits for the project. In addition, each factor 

had its individual degree of significance (rating weight), 

based on the authors’ experience from previous projects, 

where these factors were assigned from the least to the most 

significant, respectively: 0.5, 0.7, and 1. The most im-

portant for the assessment were: emission standard and 

mass. Indicators of medium importance were: overhaul 

period and service availability, and indicators with a low 

importance were: additional take-off point and development 

possibilities and EAS operating costs. 

Each rating for individual factors was multiplied by the 

rating weight. The obtained results were marked with the 

appropriate color depending on the impact factor for the 

final assessment of the ICE, and then summed up. Accord-

ing to the assessment, with the boundary conditions set by 

the designers, a more favorable solution for the purposes of 

the project was the use of the QSK60-L2700 Cummins 

engine with a rated power of 2013 kW. 
 

Table 4. Technical requirements for the diesel engine of the 111DE locomotive 
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4.2. Generator 
In diesel rail vehicles, ICE is mainly used to drive  

a generator that generates electricity to supply traction 

motors and auxiliary systems. In the case of the 111DE 

locomotive, an important element was the selection of  

a generator operating in appropriate conditions with an ICE. 

In addition, an important assumption of the design was 

similar electrical parameters during Diesel mode (D) and 

Electric (E) mode. The reason was the use of power elec-

tronic devices in the vehicle, which require appropriate 

operating conditions. In order to avoid duplication of sys-

tems and devices, such an idea was implemented. 

On the basis of the requirements set out in the earlier 

stage, commercial offers for generators were received that 

could be used in the project. The considered generator 

manufacturers were: EMIT, Hitzinger, VEM, ABB, Ele-

ktroputere, and Jenoptik. The requirements for the genera-

tor were quite extensive, but the most important technical 

indicators presented in the article were: 

– generated voltage at generator speed 700 and 1800 rpm 

– rated output power 2100–2400 kVA at 1800 rpm 

– generator mass 

– bearing number 

– delivery range. 

As in the case of the technical assessment of ICEs, se-

lected parameters of the generators were also assessed on  

a scale of 0 to 5, and the assessed parameters had a signifi-

cance weight of 0.5, 0.7, 0.8 or 1. The most important pa-

rameters with a weight of 1 were generator operating pa-

rameters, i.e. voltage values for the minimum and rated 

speed, as well as rated output power. The weight of 0.8 was 

assigned to the mass, which, due to the limitations of the 

maximum locomotive axles loads, was the second most 

important factor. Mainly due to the minimization of the size 

of the system and the characteristics of the operation, it was 

decided to use one bearing, and the weight of this parameter 

was set at 0.7. The significance of the delivery range was 

set at 0.5. The devices considered in delivery range were: 

generator, voltage regulator, rectifier, connecting gusset and 

clutch. The evaluation results are presented in Table 5. 

Assessing the generated voltage at 700 rpm, Hitzinger, 

VEM, and Elektroputere generators were the most favora-

ble, where the minimum output voltage was at the required 

level, i.e. 2100 V. In the case of Emit wyk. I, Jenoptik and 

ABB the voltage levels were too low. For rated output 

speed, all generators except Emit – wyk. I met the require-

ment of 3600 V DC. The rated output power in the re-

quirements was to be in the range of 2100–2400 kVA. 

However, this requirement was met by three generators. In 

addition, in the case of Elektroputere, the power was 2108 

kVA, which is slightly above the lowest required power. In 

the remaining cases, three generators had too much power, 

and in one case, the power generated was insufficient for 

the requirements of the locomotive. 

For non-utility parameters, the following data were as-

sessed: mass, number of bearings and delivery range. The 

assumption for mass, was the lowest possible mass of the 

generator. This requirement was the most favorable for 

EMIT – wyk. I with 3700 kg. For ABB and Hitzinger prod-

ucts, the mass was slightly higher, 4270 kg and 4500 kg, 

respectively, but in the latter case, this value also included 

the connecting gusset and clutch. The VEM product was 

heavier than the Hitzinger by 110 kg, but did not include 

clutch in the statement. The other products were too heavy 

for the minimum mass requirement. 

In the case of the bearings number, three generators 

were single-bearing: Hitzinger, ABB, Elektroputere. The 

remaining solutions contained 2 bearings, therefore they 

were rated 0. In the case of the delivery range that was to 

cover the order, the most important elements, due to the

 
Table 5. Technical requirements for the generator of the 111DE locomotive, where: POS. – possible 
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later assembly of the engine-generator set, were connecting 

the gusset and clutch. Due to this, the best offer was made 

by Elektroputere, where only the clutch was not included in 

the scope of delivery. The offers from Hitzinger and VEM 

were rated 3. The other bids were rated 2 or 0. 

The rates were multiplied by the rating weight, and then 

the results for a generator were summed up. The highest 

score was achieved for the Hitzinger SGE 090B 06T gener-

ator – 23.2 points. The second result in the ranking was 

achieved by Elektroputere – 19.5, and the third by VEM – 

18.9. For this reason, the Hitzinger SGE 090B 06T genera-

tor was used in the 111DE locomotive. 

5. Dual-drive locomotive power balance 

5.1. Auxiliary circuits – locomotive own’s power  

demand 

Based on the determination of the power balance, it is 

possible to specify the requirements for ordering devices, 

subassemblies and apparatuses, as well as to estimate the 

locomotive's energy demand for selected devices. Mecha-

nism for assessment of energy balance for a 111DE rail 

vehicle operatingFtable in diesel traction with a maximum 

power of selected 2013 kW ICE has been shown. Rail vehi-

cles operations in real conditions usually does not take 

place at maximum engine load, however, the calculations 

are important to demonstrate, among other things, maxi-

mum useful tractive power in different transport modes. 

DC circuits 

The locomotive consists of a number of devices and as-

semblies requiring DC power. It is therefore, necessary to 

estimate the energy consumption of these devices. Table 6 

summarizes the most important auxiliary devices or their 

parts powered by direct current in diesel mode. Non-

simultaneity of work resulting from traffic and climatic 

conditions was taken into account (winter-w and summer-s 

season). 

 
Table 6. Power demand of DC auxiliary devices (w – winter, s – summer) 

24V DC circuit or device Power in D mode 

External lighting – front + rear, solo driving 0.20 kW 

Cabin A/C – active in 2 cabins 2  0.53 kW 

Cabin heaters – active in 1 cabin 0.34 w/0 s kW 

Diesel engine and AdBlue tank heaters 2  0.59 kW 

Battery charging – I10 0.84 kW 

Internal lighting (full) 0.15 kW 

Control unit ~2 kW 

Rest ~5 kW 

In total: 10.77 w/10.43 s kW 

AC circuits 

In the case of AC circuits, the power demand is greater. 

The circuits or devices operate at 400 or 230 V AC. Figure 

2 shows the power demand of AC auxiliary devices. Energy 

consumption is influenced by climatic aspects, where high-

er energy consumption is in the winter period. The graph 

shows that the largest consumers of energy from the AC 

system are: traction converters cooling (40 kW), main com-

pressors (40 kW), and brake resistor tower fans (37 kW). 

 

Fig. 2. Power demand of AC auxiliaries in 111DE dual-drive locomotive 

High voltage power demand – own needs 

The demand for electricity for the locomotive's own 

needs can therefore be divided into two types: AC circuit 

and DC circuit. The electricity generated by the power 

generator to supply both circuits must additionally pass 

through an auxiliary converter. Assuming the efficiency of 

the auxiliary converter C = 0.83, power demand for the 

locomotive's own purposes on the supply side 3 kV DC 

(PLd) can be calculated from formula (1), where: PDC – DC 

circuit demand, PAC – AC circuit demand. 

 PLd =
 PDC + PAC

C

 (1) 

Based on the formula (1), the maximum energy demand 

for own purposes of the dual-drive 111DE locomotive in 

diesel mode, was calculated depending on the season (Fig. 

3). By far the largest share of power demand falls on AC 

circuit. In the case of a DC circuit, this demand is up to 5% 

of the total power demand for the locomotive's own needs. 

The diesel locomotive will have the biggest power demand 

in winter, mainly due to the need to heat the driver's cabins. 

In the initial stages of calculation work, a much higher 

electric energy consumption rate was assumed in order to 

avoid unplanned energy deficits for traction purposes due to 

the energy consumption of on-board devices. After energy 

consumption analyzes of electrical devices selected in later 

stages, the maximum value of energy consumption for the 

locomotive's own purposes was adjusted and assumed at the 

level of 200 kW in diesel mode. 

5.2. High voltage circuits 

The calculations assumed the maximum power demand 

for traction purposes. In D mode, the power to the traction 

purposes is limited. At the assumed maximum power of the 

ICE PICE = 2013 kW, the power demand of the ICE’s cool-

ing system must be taken into account (Pc) assumed on the 

80 kW. This means ICE net power (PnICE): 

 PnICE = PICE − Pc = 

 = 2013 kW − 80 kW = 1933 kW (2) 

Net ICE power (PnICE) in the form of mechanical energy 

is then transferred to the generator with a rectifier, where 

DC electricity is generated (PG). The efficiency of the trac-

tion generator with the rectifier was assumed to G = 0.96. 
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Fig. 3. Calculated total power demand for own purposes of 111DE dual-

 drive locomotive in Diesel mode 

 

 PG = PnICE ∙ 
G

= 1933 kW ∙ 0.96 = 1855 kW (3) 

The locomotive consumes energy for its own purposes 

(auxiliary circuits) (PLd), where the demanded power is 

about 200 kW. This means that the net electric energy be-

hind the generator for other purposes (PGn) is: 

 PGn = PG − PLd = 

= 1855 kW − 200 kW = 1655 kW (4) 

In the case of passenger traction, an additional power 

supply of 400 kW is also required for the passenger wagons 

(PPd). This means that the remained available electric power 

in passenger traction (PGp) is: 

 PGp = PGn − PPd =  

 = 1655 kW − 400 kW = 1255 kW  (5) 

In the power balance for diesel mode, it is also required 

to take into account the efficiency of traction converters 

(Tc = 0.98) and electric traction motors (Te = 0.96). This 

means that the maximum tractive power in diesel mode for 

cargo (PDc) and passenger (PDp) purposes is as follow: 

 PDc = PGn ∙ 
Tc

∙ 
Te

= 

 = 1655 kW ∙ 0.98 ∙ 0.96 = 1556 kW (6) 

 PDp = PGp ∙ 
Tc

∙ 
Te

= 

 =  1255 kW ∙ 0.98 ∙ 0.96 = 1180 kW (7) 

Figure 4 shows the energy balance of the dual-drive 

111DE locomotive in diesel mode, depending on the type 

of work performed. 

6. Summary 
The process of selecting the engine-generator set in 

railway vehicles can be divided into several stages, the 

most important of which were presented in the article: de-

termining the method and work plan, specifying the re-

quirements for the locomotive and drive system, technical 

assessment of devices and calculations including, among 

others, vehicle’s energy balance. Based on the mentioned 

steps, it is possible to select the appropriate engine-

generator set for the designed vehicle. 

Analyzing the presented process of evaluating the diesel 

drive system for a dual-drive locomotive, it can be conclud-

ed that the mass of the devices plays a very important role 

both for the engine and the generator. This is due to the 

very limited possibility of mounting and the permissible 

axles loads of the vehicle, which has two different sources 

of drive. Reliable operation of the vehicle is also important, 

and in the event of an ICE damage, taking the vehicle out of 

service can be costly [3]. For this reason, the availability of 

the service is also an important element in the technical 

assessment of the device. 

For the assessment of the generator, the most important 

elements were the operating parameters of the device that 

had to work in the required conditions. In addition, the 

A 

 
B 

 
Fig. 4. Energy balance of the dual-drive 111DE locomotive in diesel traction at work: A – freight, B – passenger 
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aforementioned mass was also of key importance, as well 

as the number of bearings used, where their number affect-

ed the possibility of installing other devices on the vehicle. 

The delivery range was not a very important element, but it 

facilitated the design process and assembly due to the ele-

ments properly selected by the manufacturer. 

The energy balance of a dual-drive locomotive allows to 

determine the power demand when operating in Diesel 

mode. Properly performed calculations based on design 

assumptions are an important element at the stage of select-

ing devices and systems in the locomotive, including pri-

marily the drive system, due to the estimation of power 

demand requirements. In the case of calculations for select-

ed devices, they make it possible to determine the expected 

performance of the locomotive, e.g. in passenger and 

freight traction. 

It is noteworthy that with the maximum engine power of 

2013 kW in freight traction, the vehicle will have a maxi-

mum power (on traction motors) of 1556 kW, where about 

23% of the power is lost mechanically and thermally or is 

available for locomotive own's purposes. In the passenger 

traction, the power of the locomotive in diesel mode is 

additionally reduced by 400 kW due to the wagon power 

supply. As a result, the useful power on the traction motors 

remains about 1180 kW, i.e. 58.6% of the initial power 

generated by ICE. 
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Nomenclature 

A/C  air conditioning 

AC  alternating current 

DC  direct current 

DPF  diesel particulate filter 

EAS  exhaust aftertreatment system 

EEA  European Environment Agency 

EU  european union 

FC  fuel cell 

GHG  green house gases 

ICE  internal combustion engine 

MU  multiple unit 

NRMM non-road mobile machinery 

SCR  selective catalytic reduction 
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ARTICLE INFO  The article presents a method for regenerating common rail injectors, which involves extending the standard 

diagnostic procedure with a phase of analytical calculations. The closed-type Newton-Cotes formula (referred to 

as the trapezoidal rule) was employed to estimate the resulting fuel spray patterns and compare them with the 
manufacturer's reference. In the discussed example, it was demonstrated that the proposed solution is 

particularly useful in challenging situations where a definitive assessment of the injector's technical condition 

remains difficult. Several other advantages were also highlighted, making this method suitable for application in 
laboratory and workshop conditions. 
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1. Introduction 
In recent years, there has been an increased demand for 

the regeneration of common rail fuel injectors, as this pro-

cess allows for the restoration of factory performance pa-

rameters. Consequently, there is a need for precise and 

reliable monitoring of their technical condition, which is 

ensured by diagnostic tests on dedicated test benches. In the 

vast majority of cases, standard procedures are sufficient, 

primarily based on determining the fuel dosing at selected 

base points [8, 13, 21]. Unfortunately, problematic situa-

tions arise where improper injector operation is observed on 

the engine, despite meeting rigorous manufacturer criteria 

during testing. A solution can be extended diagnostics, 

involving the creation of a fuel delivery characteristic 

across the full range of working pressures and injection 

times (nozzle opening) [6, 9, 17]. It is essential to empha-

size that this is a significantly more time-consuming pro-

cess and is only available on advanced test benches, such as 

STPiW3 [12]. There is also the possibility of employing 

strictly scientific methods, the use of which is not always 

feasible in typical workshop conditions [3, 14, 18]. 

The above reasons led to the proposal of a technique 

based on the closed Newton-Cotes formula. It is widely 

known for numerical integration and is used to determine 

the surface area bounded by a function's graph [4, 25]. 

However, the mathematical algorithm itself can be easily 

implemented in the environment of any spreadsheet, allow-

ing for quick calculations, verification of their accuracy, 

and ultimately the assessment of the technical condition of 

the injector based on the results of the standard test proce-

dure. Such an approach is practical, as it does not increase 

the number of measurements in the experimental phase. As 

a result, costs and labor remain unchanged. As an example, 

a piezoelectric injector was chosen for which repair tech-

nology has been made available, along with a complete set 

of spare parts (excluding the crystal stack). 

2. Methods 

2.1. Test beds 

The research was conducted on a test bench equipped 

with a Bosch EPS 205-type table (Fig. 1).  

 

Fig. 1. View of the Bosch EPS 205 test bench 

 

This is a versatile diagnostic device with a single meas-

urement tower, allowing for automatic testing, coding, and 

internal cleaning of injectors. The results are compared with 

the manufacturer's database, which is accessible from the 

control screen and subsequently saved and printed as a final 

report. The functionality of the tester has been significantly 

enhanced compared to previous versions (EPS 200/200A), 

as the manufacturer has installed sets (attachments, adapt-

ers, connectors) and software adapted for testing piezoelec-

tric injectors. Due to its compact size and affordable price, 

the device is very popular in the service market. 

During the regeneration process, additional equipment 

and specialized tools are also used, with the most important 

ones being: 

– Yizhan 13MP HDMI VGA industrial camera 

– Bene YesWeCan 3L ultrasonic cleaner 

http://orcid.org/0000-0002-4286-2747
http://www.combustion-engines.eu
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– Facom E.316A200S torque wrench 

– clamps, holders, and workshop tools 

– PC-class computer. 

2.2. Test object 

The research was conducted on a piezoelectric injector 

from Bosch, which was removed from the N47 D20 engine 

of a BMW X3 vehicle with a mileage of 268,000 kilome-

ters. 

 

Fig. 2. Structure of the Bosch CRI3-18 injector: a proprietary development 

based on [16, 19] 

 

Injectors of this type are classified as third-generation 

systems, operating at maximum pressures up to 180 MPa 

[15]. Figure 2 illustrates the internal structure, detailing the 

components of the hydraulic amplifier group, control valve, 

and nozzle. A characteristic feature is the absence of a lat-

eral fuel supply channel in the nozzle, resulting in the cen-

tral delivery of fuel in the spaces around the needle. Conse-

quently, this component has a triangular cross-section in the 

guiding part, which is essentially unique among other man-

ufacturers. The sealing of the tip is achieved solely through 

the valve assembly [11]. 

2.3. Research plan 

Table 1 presents the research plan, which in the experi-

mental and operational part closely aligned with the manu-

facturer's procedure [23]. The exception was the additional 

phase of analytical calculations conducted in a spreadsheet 

on a workstation with a computer. Typically, it is also used 

for visualization and recording of images generated from  

a microscopic industrial camera [24]. 

 
Table 1. Research plan with division into stages and workstations 

Workplace Stage I Stage II 

Bosch EPS 205 test 
bench 

Electrical test 
Main flow tests 

Leak test 

Internal cleaning 
Injector coding 

Preliminary flow tests 

Tool station 

(Fig. 3) 

Disassembly into parts 

Final acceptance 

Ultrasonic washing 

Part drying 

Microscopic examination 

Parts exchange 

Assembly 

Computer station Calculation phase 

 

Fig. 3. General view of the tool station 

 

It should be noted that the scope of service-diagnostic 

activities may change depending on the type of identified 

malfunctions or the initial condition of the injector. For 

example, in the case of severe coking of the nozzle (spray-

er), the manufacturer recommends performing preliminary 

cleaning with an ultrasonic cleaner. This process requires 

placing the injector vertically in the device's basket, elimi-

nating the possibility of damaging its electrical compo-

nents. Its purpose is to ensure the openness of the outlet 

holes before conducting a flow test on the test bench. 

2.4. Newton-Cotes formula 

In the Cartesian coordinate system, points correspond-

ing to the fuel doses of the reference injector were located. 
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By connecting them, a non-rectangular quadrilateral with 

vertices 1-2-3-4 was obtained (Fig. 4). Subsequently, trape-

zoids were extracted, and their surface areas were calculat-

ed using the closed Newton-Cotes formula [2]: 

 AT = (ti+1 − ti)
di+di+1

2
 (1) 

To simplify the calculations, formula (1) was replicated 

in spreadsheet cells. The total area of the shape was deter-

mined using the relationship [7]: 

 A1−2−3−4 = AT1 + AT2 + AT3 − AT4 (2) 

This way, a reference base (a benchmark) for the results 

was established, which was estimated based on the prelimi-

nary and main tests of the regenerated injector. 

 

Fig. 4. Graphical interpretation of the trapezoidal method for the discussed 
example 

 

The Newton-Cotes formula has not been applied in the 

diagnosis of common rail fuel injectors so far, hence the 

presented calculations are not reflected in the literature on 

the subject. However, the presented example indicates that 

it can be effectively applied in scientific and engineering 

practice. To automate the computational process, a spread-

sheet was used, enabling rapid results at each stage of the 

conducted operations. 

3. Analysis results and discussion 

3.1. Preliminary tests 

According to the standard procedure, the injector was 

mounted on the test bench, where it underwent internal 

cleaning, a leakage test, and testing of basic electrical pa-

rameters. In the latter case, crystal stack failure was ruled 

out, as values consistent with the manufacturer's specifica-

tions were obtained, i.e., capacitance C = 2.3 μF (1.5–3.3 

μF) and resistance R = 186 kΩ (150–210 kΩ). There was 

also no evidence of insulation damage between the actuator 

and the main body (RI = ∞). Similar conclusions were 

drawn after preliminary flow tests (IVM), as all fuel doses 

fell within the specified ranges (Table 2). Unfortunately, 

during the final acceptance on the vehicle's dashboard, the 

warning light would illuminate, and the engine would enter 

what is known as 'limp mode'. As a result, the injector was 

disassembled once again, and the proposed calculation 

method was implemented. 

 

Table 2. Results of preliminary IVM flow tests 

Test name Point 
pinj 

[MPa] 
ti  

[μs] 
di  

[mm3/H] 

Pre-injection 1` 80 190 
[1.5 ±1.2] 

1.3 

Emission 
point 

2` 80 490 
[18.9 ±3.6] 

15.4 

Maximum 

load 
3` 180 500 

[49.3 ±5.0] 

44.4 

Idle 4` 30 535 
[4.3 ±2.2] 

4.1 

3.2. Calculation stage 

From the data presented in Tables 3 and 4, it can be ob-

served that the injection process disturbance caused a dis-

placement of the quadrilateral 1`-2`-3`-4`. Although the 

fuel doses met the requirements of the test procedure, their 

values were significantly underestimated compared to the 

reference. This was especially true for points 2` and 3`, 

which corresponded to engine operating conditions at half 

and full load. As a result, the surface area for the tested 

injector was 18.5% smaller (Fig. 5). The cause should be 

attributed to the improper functioning of the valve group, 

which should be replaced after disassembly. A similar deci-

sion was made regarding the precision pair (nozzle, needle). 

In this regard, the decisive factor was the relatively high 

mileage of the vehicle rather than the nature of any dys-

function. 

 
Table 3. Results of surface area calculations for the reference figure 

Point ti di AT1 AT2 AT3 AT4 

1 190 1.5 
3060 

   

2 490 18.9 
341 

  

3 500 49.3  
938 

 

4 535 4.3   
1000.5 

1 190 1.5    

A1-2-3-4 

3338.5 

 
Table 4. Results of surface area calculations for the figure 1`-2`-3`-4` 

Point ti di AT1` AT2` AT3` AT4` 

1` 190 1.3 
2505 

   

2` 490 15.4 
299 

  

3` 500 44.4  
848.8 

 

4` 535 4.1   
931.5 

1` 190 1.3    

A1`-2`-3`-4` 

2721.3 

 

Fig. 5. Graphical interpretation of the results of preliminary tests 
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3.3. Microscopic examination and injector assembly 

The microscopic examination was preceded by disas-

sembling the injector into its components and cleaning 

them with an ultrasonic cleaner.  

During the inspection under high magnification, corro-

sion was observed on most components that had direct 

contact with fuel, such as the needle, valve plate, throttle, 

and the hydraulic amplifier body (Fig. 6). This process had 

an adverse effect on the dynamics of individual assemblies, 

and the resulting contaminants further polluted the interior 

of the injector, leading to accelerated wear of interacting 

surfaces. It should be noted that corrosion intensification is 

a commonly encountered phenomenon in injectors operat-

ing at such high working pressures. This occurs despite the 

structural and material modifications employed by manu-

facturers [1, 5, 10].  

 

Fig. 6. Observation of corrosion on the hydraulic amplifier body 

 

Consequently, it was decided that restoring full func-

tionality would only be possible by replacing all executive 

and control groups, except the piezoelectric actuator. 

During the injector assembly process, it is essential to 

purge the hydraulic amplifier by assembling its components 

in diesel oil and then compressing them using a specially 

dedicated press. This step is of fundamental importance for 

ensuring accurate fuel delivery during primary investiga-

tions, as it eliminates the possibility of result distortion, 

namely, zero doses. Subsequently, the nozzle assembly 

(nozzle, needle, spring, washer) is assembled and securely 

fastened to the main body using a nut. Throughout this 

operational procedure, strict adherence to the manufactur-

er's guidelines is crucial, utilizing a torque wrench for this 

purpose (Fig. 7). 

 

Fig. 7. Tightening the nut with a torque wrench 

3.4. Main tests 

In Table 5, the results of the main flow tests are present-

ed, while Table 6 compiles the results of calculations con-

ducted after the regeneration process.  

 
Table 5. Results of main IVM flow tests 

Test name Point 
pinj 

[MPa] 

ti  

[μs] 

di  

[mm3/H] 

Pre-injection 1` 80 190 
[1.5 ±1.2] 

1.5 

Emission 

point 
2` 80 490 

[18.9 ±3.6] 

18.5 

Maximum 
load 

3` 180 500 
[49.3 ±5.0] 

48.6 

Idle 4` 30 535 
[4.3 ±2.2] 

4.4 

 
Table 6. Results of surface area calculations for figures 1``-2``-`3``-4`` 

Point ti di AT1`` AT2`` AT3`` AT4`` 

1`` 190 1.5 
3000 

   

2`` 490 18.5 
335.5 

  

3`` 500 48.6  
925.9 

 

4`` 535 4.4   
1017.8 

1`` 190 1.5    

A1``-2``-3``-4`` 

3245.3 

 
It can be observed that the replacement of key compo-

nents yielded favorable results. There was an increase in the 

values of all fuel doses compared to the preliminary tests. 

As a result, the surface area of the quadrilateral 1``-2``-3``-4`` 

almost completely overlapped with the reference, with a 

difference of only 2.8% (Fig. 8). This suggests that the 

factory settings of the tested injector have been restored. Of 

course, new codes were assigned before installation in the 

engine. This process was carried out automatically on the 

same test bench where fuel dosing measurements were 

taken. 
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Fig. 8. Graphical interpretation of the results of the main tests 

3.5. Validation of calculations 

In authorial publications [20, 22], Gauss formulas were 

employed for the computation of surface areas of polyno-

mials localized in Cartesian coordinate systems. In the 

context of the considered case, these formulas can be ex-

pressed in the following form: 

AT =
1

2
|∑ ti(di+1 − di−1)

n

i=1

|                    (3) 

and 

AT =
1

2
|∑ di(ti+1 − ti−1)

n

i=1

|                    (4) 

The results presented in Table 7 unequivocally indicate 

that the formulas (3) and (4) can be successfully applied to 

verify the accuracy of calculations conducted using the 

Newton-Cotes method. Their implementation in a spread-

sheet environment proceeds in a similar manner and does 

not pose significant difficulties. Simultaneously, the formu-

las introduced into the appropriate cells of the program can 

be reused in their unchanged form, providing the user with 

a ready computational tool for future research. 

 
Table 7. Example of alternative calculations for figure 1``-2``-3``-4`` 

Point ti di ti+1 – ti–1 di+1 – di–1 

1 190 1.5 –45 14.1 

2 490 18.5 310 47.1 

3 500 48.6 45 –14.1 

4 535 4.4 –310 –47.1 

1 190 1.5 Ʃ = 0 Ʃ = 0 

A1``-2``-3``-4`` 

3245.3 = ½|(–45·1.5) + (310·18.5) + (45·48.6) + (–310·4.4)| 

3245.3 = ½|(14.1·190) + (47.1·490) + (–14.1·500) + (–47.1·535)| 

4. Conclusions 
The proposed method enables the application of extend-

ed diagnostics for common rail injectors that operate incor-

rectly despite meeting the criteria specified by the manufac-

turer. Among its most significant advantages are: 

1. The use of the standard procedure's baseline points does 

not require additional measurements in the experimental 

phase. This eliminates the need to create a complete fuel 

dosing characteristic, which is only available on select-

ed test benches. 

2. There is no need to modify the software used by the 

tester. 

3. Transferring the analytical process to a spreadsheet 

environment does not increase the regeneration costs. 

The formulas can be successfully applied in the exami-

nation of injectors of various types or generations (in-

cluding electromagnetic solutions). 

4.  The position of the vertices of the analyzed figures 

indicates possible causes of malfunction. However, in 

laboratory workshop conditions, there is no need for  

a graphical interpretation of the results. Therefore, the 

drawings presented in this article are purely illustrative. 

5. The accuracy of the conducted calculations can be easi-

ly verified using alternative mathematical methods, such 

as Gauss's formulas. Since these studies were conducted 

on injectors from different manufacturers and on dis-

tinct test benches, the presented conclusions and obser-

vations have a more general nature. Simultaneously, the 

choice of computational technique has no impact on the 

final results and depends on individual preferences. 

It should be emphasized that the resulting dosage areas 

presented in the form of polygons in the Cartesian coordi-

nate system should be treated purely hypothetically. This is 

because they do not accurately reflect the actual fuel injec-

tion method at intermediate points, i.e., beyond the vertices 

of the generated figures. Nevertheless, the proposed method 

allows for the assessment of the technical condition of 

common rail injectors in problematic situations, as demon-

strated in a specific example. In this way, it constitutes an 

effective solution that has been addressing the needs report-

ed by service companies for years. 
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Nomenclature 

AT surface area of the component trapezoid 

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 

di injection dosage 

C piezo actuator capacitance 

CRI common rail injectors 

IVM  injector volume metering 

pinj injection pressure 

R piezo actuator resistance 

RI piezo actuator insulation resistance 

ti nozzle opening time 
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Experimental study of materials for the filtration of the intake air of the internal 

combustion engine of a motor vehicle 
 

ARTICLE INFO  Fiber composite materials show more favorable filtration properties in terms of filtration efficiency and accura-

cy, as well as dust absorption. Experimental tests of standard filtration materials based on cellulose, polyester, 

glass microfiber, cotton and polyester nonwoven fabrics were performed using an original method. Two compo-
site beds consisting of three layers of standard materials were designed using a novel method: K1 (polyester-

glass-microfiber-cellulose) and K2 (cellulose-glass-microfiber-cellulose), and determined their effectiveness, the 

size of dust grains in the cleaned air and the unit dust absorption. It was shown that the K1 composite has high 
(dpmax = 1.5–3 µm) filtration accuracy, high initial filtration efficiency (99.8%), which shortens the preliminary 

stage, and extends to 96–98% the duration of the main stage of the filtration process. The K1 composite 

achieved more than twice the dust mass loading value (kdK1 = 148.9 g/m2), compared to other standard materi-
als. These are parameters that are essential for filter design in automotive technology and can only be obtained 

through empirical testing. Knowing them will make it possible to make an air filter design with smaller dimen-

sions or to extend vehicle mileage. 
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1. Introduction 
Along with the air sucked in by the internal combustion 

engines of motor vehicles, significant amounts of pollutants 

are sucked in, which accumulate on the road surface and are 

carried into the atmosphere as a result of vehicle traffic or 

wind gusts. The composition of road pollutants is wide and 

varied. The primary component is mineral dust carried by 

the wind from the nearby environment, where it was gener-

ated by field, road, or construction work. It is also dust that 

has been carried by the wind from large sandy and desert 

areas, as well as volcanic ash fallout. Industrial production, 

the operation of open-pit mines is the cause of emissions of 

a very large amount of dust [50]. The main components of 

mineral dust are silica (SiO2), the mass proportion of which 

in the dust is in the range of 65–97%, and alumina Al2O3, 

the mass content of which in the dust is 5–18%. Other 

components are oxides of various metals: F2O3, CaO, MgO 

and organic components [39]. 

Another component of road dust is plant and tree inflo-

rescence elements, pollen, insect fragments, animal dander 

and other biological materials [2, 24]. Significant amounts 

of dust are emitted into the atmosphere during the work of 

harvesting crops and other crops [20]. The use of motor 

vehicles is mainly "non-motor" pollutants, i.e. those gener-

ated by the abrasion process in friction pairs: brake disc-

friction lining, clutch disc-pressure plate [41, 43], as well as 

by the abrasion of the tire tread against the road surface [19, 

22, 36, 47]. The engine's exhaust system is mainly a source 

of soot, which is a product of incomplete combustion of 

fuel, as well as products of abrasive wear of the engine's 

metal surfaces, which form the piston-ring-cylinder or jour-

nal-pan associations. During the operation of vehicles in 

winter conditions, salt and sand, products used for de-icing 

roads, may be present on the road surface. The accumula-

tion of dirt on the road surface, which is lifted to a consid-

erable height by vehicles or wind, is called road dust in the 

literature [9, 13, 14].  

Passenger car engines operating at rated conditions draw 

in an air flow of 180–500 kg/h from the environment, de-

pending on the engine's displacement and its speed. Truck 

engines require 1100–1600 kg/h of air for operation, and 

vehicle engines require more than 7500 kg/h of ambient air. 

In the inlet air stream of an internal combustion engine, 

there can be significant amounts of impurities, mainly min-

eral dust, which is the primary component of dust. The 

presence of hard SiO2 and Al2O3 grains, which are charac-

terized by a hardness of 7 and 9, respectively, on the ten-

degree Mohs scale [40], is the main cause of wear of mat-

ing parts: piston sealing and scraping rings and cylinder 

liners, crankshaft and camshaft plain bearings, valve stems 

and their guides. 

The available literature shows that abrasive wear on the 

surfaces of engine components and, as a result, a reduction 

in engine performance, durability and reliability is caused 

largely by the improper quality of air supplied to engine 

cylinders [1, 30, 45]. Abrasive wear of engine components 

is determined by the hardness, but also by the size of dust 

particles, their irregular shape, and sharp edges. It is ac-

cepted in the literature that dust particles with sizes in the 

range of 1–40 µm are the primary cause of wear on the two 

moving surfaces, but dust grains having a size of 5–20 µm 

are the most aggressive [4, 6, 7]. The prevailing view is that 

dust grains between two mating engine components whose 

diameter dp is equal to the thickness of the oil film hmin at 

any given time are the cause of wear. 

The mass of dust that is in the engine intake air stream 

depends on the dust concentration in the air, which can take 

on varying values depending on the conditions of vehicle 

use. The lowest values of dust concentration in the air (from 

0.00045 g/m
3
 to 0.1 g/m

3
) are found on highways [3], the 
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highest (within 0.001–10 g/m
3
) when vehicles are used on 

sandy roads [16]. During tracked vehicle traffic in desert 

conditions, dust concentrations in the air reach values of up 

to about 20 g/m
3
 [4, 10, 38]. 

Not all dust grains that enter the engine cylinders with 

the air have a destructive effect on engine durability. It is 

estimated that about 10–20% of the dust that penetrates the 

engine is retained on the oil-wetted walls of the cylinder 

liner and comes into contact with the surface of the piston 

and piston rings, causing their abrasive wear. About 30% of 

the contaminants that enter the engine can escape with the 

exhaust in the same form into the exhaust system. Mineral 

dust grains, whose melting points are much lower than the 

peak temperature (about 2500°C) in the cylinder during fuel 

combustion, melt, after which they can enter with the ex-

haust gas into the exhaust system in the form of droplets 

and deposit on the walls of the catalytic layer. This creates 

an additional layer that impedes its operation [5]. 

Dust grains that enter with the air can retain and deposit 

on the measuring element (wire or layer thermo anemome-

ter) of the airflow meter, forming an insulating layer that 

impedes heat dissipation from the measuring element. Dep-

osition is facilitated by moisture and oil mist from the 

crankcase venting system, which penetrates the measuring 

element of the flow meter as a result of backflows in the 

intake system. Isolation of the measuring element, which is 

incompletely cooled by the flowing air stream, causes: 

underestimation of the voltage signal Uw of the air flow 

meter, so that the controller dispenses a lower mass of fuel 

to create the fuel-air mixture, resulting in lower engine 

torque and power values. In addition, hard sharp-edged dust 

grains (SiO2, Al2O3) moving at high speed hit the stationary 

measuring element (heater wire) causing scratches on its 

surface, resulting in its weakening or even complete de-

struction. 

Wear and tear on the components of the piston-piston-

ring-cylinder association results in an increase in clearance, 

which is the cause of increased charge blow-off into the 

crankcase during the compression stroke. The loss of work-

ing medium mass from the cylinders caused by this phe-

nomenon results in a decrease in pressure at the end of the 

compression stroke, resulting in a decrease in engine torque 

and power and an increase in exhaust emissions [21, 33, 48, 

51]. Excessive clearances in the P-PR-C linkage increase 

the flow of hot exhaust gases through the labyrinth ring 

spaces into the crankcase. This phenomenon increases the 

temperature of the lubricating oil and decreases its viscosi-

ty, which can lead to excessive wear and seizure of the 

engine. Exhaust fumes in the crankcase contaminate the oil 

with soot, increase its temperature and viscosity. This can 

negatively affect engine life and vehicle reliability [34]. 

Modern passenger car engines, because that they are 

used mostly on paved roads with low dust concentrations in 

the air, are equipped with single-stage filters with  

a pleated paper insert. In trucks and special vehicles, since 

their use is mostly on paved roads with a high concentration 

of dust in the air, it is necessary to use two-stage filters. 

This is an assembly: an inert filter and a cylindrical filter 

element arranged in series behind it, shaped from pleated 

paper or a composite of filter materials, such as: polyester, 

microglass and cellulose [37].  

The placement of an air filter in the engine intake sys-

tem is a necessity. However, there are negative effects of its 

presence in the form of a pressure drop, which leads to 

additional energy losses in the form of reduced torque and  

a drop in engine power [31, 42]. In addition, in passenger 

cars, due to the small space around the engine, there are 

difficulties in placing a filter with a sufficiently large area 

of filter material. Therefore, it is expedient to use materials 

with high surface absorption, low flow resistance and high 

efficiency and accuracy of dust particle filtration. Such 

possibilities are provided by fibrous composite filter mate-

rials, the filtration properties of which will be analyzed in 

this study. 

2. Properties of composite filter beds 
Cellulose-based fiber filter media are widely used in the 

air filtration systems of modern vehicle and machine drive 

engines and for indoor air filtration [25, 35]. Cellulose filter 

media, whose structure is formed by fibers with diameters 

of 10–20 µm, are characterized by high durability com-

pared to some other filter materials. However, their filtra-

tion efficiency and accuracy are not always satisfactory, 

especially during the first (initial) period of filtration, which 

is characterized by the fact that at the start of the filtration 

process there is a low-efficiency φf and filtration accuracy 

dpmax, as well as low flow resistance pf [12]. However, as 

the filtration process proceeds, the mass of dust retained on 

the filter bed increases. There is an increase in filtration 

efficiency φf, filtration accuracy dpmax and flow resistance 

pf. According to the research presented in the paper [12], 

the initial efficiency of the bed made of cellulose is φf0 =  

= 96.3%. The criterion for completing the initial filtration 

period was that the bed achieved a filtration efficiency of φf 

= 99.5%. This condition was obtained at a mass loading of 

dust of kd = 110.7 g/m
2
. This is half of the total operating 

time of the cartridge. During this time, there were maxi-

mum dust grains of dpmax = 10–28 µm in the air behind the 

tested cartridge. Under the conditions of actual engine op-

eration, these are the grains that cause the most wear on 

mating components. 

Engine inlet air filter materials are required to have a fil-

tration efficiency of more than 99.5% and a particle filtra-

tion accuracy of more than 5 µm over the entire operating 

range and long service intervals. Because cellulosic filter 

materials have difficulty meeting these requirements they 

are modified in various ways. 

Improvements in filtration efficiency and accuracy in 

fiber beds are provided by the use of polymeric nanofibers, 

i.e. fibers less than 1 µm in diameter. A thin layer of nano-

fibers (1–5 µm) has low strength, so it is applied over  

a substrate of filter materials that have greater thickness and 

strength, for example, cellulose, polyester or microfiber 

glass. An additional layer applied over standard filter mate-

rials significantly improves the efficiency and accuracy of 

inlet air filtration of motor vehicle engines. A great deal of 

research has been carried out in this area and a considerable 

number of studies have been written [8, 15, 17, 18, 26–28, 

44, 49]. For example, the paper [8] presents the design of  

a new bed with a micro/nano-layered structure, and then 
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investigates its application in air filters. The outer layer of 

the composite bed is a polyester microfiber (PS) layer that 

has a high electrical resistance. The inner layer is polyacry-

lonitrile (PAN) nanofibers characterized by high polariza-

tion and small pore size. The PS/PAN/PS composite bed 

was examined and found to have a high filtration efficiency 

of 99.96% and a low pressure drop of 54 Pa for 0.30 μm 

particles and at a filtration velocity of 0.053 m/s, as ex-

pressed by a quality factor of qc = 0.145 Pa
–1

. 

The authors of the paper [15] presented the results of 

testing the filtration properties of four samples made of 

different materials. It was shown that the filtration efficien-

cy of the material without a layer of nanofibers for dust 

particles smaller than 2 μm is very low and does not exceed 

10%. It was found that a nanofiber layer (even a small one) 

applied to a conventional filter bed increases the filtration 

efficiency, the more the thickness of the layer increases. For 

example, for a nanofiber layer with a surface thickness of 

gm = 0.02 g/m
2
, a filtration efficiency of more than 60% 

was obtained for particles smaller than 2 μm. It was shown 

that the parameters of the filtration process: efficiency and 

accuracy, as well as the flow resistance of materials with an 

additional nanofiber layer depend on the type of substrate 

and the thickness of the nanofiber layer. 

Similar test results with a nanofiber layer applied to  

a standard substrate were presented in the work [17].  

A layer of nanofibers with a diameter in the range of 40–

800 nm and a bed thickness of 0.3 mm and gm = 0.1 g/m
2
 

was applied to a cellulose-based filter medium. The bed 

made in this way achieved a filtration efficiency of φf = 64–

99%, with a filtration velocity of F = 0.03 m/s and for dust 

grains in the range of dp = 0.2–4.5 μm. Increasing the filtra-

tion speed seven times to F = 0.2 m/s resulted in a slight 

decrease in filtration efficiency.  

The authors of the paper [18] applied a PTFE polytetra-

fluoroethylene membrane to a standard filter bed. The effi-

ciency of the filter bed made in this way was determined, 

using nano-CaCO3 powder as a test dust. The efficiency of 

the bed reached a value significantly higher (more than 

99.99% for micron particles) compared to the standard filter 

material.  

The paper [27] studied the effect of nanofiber content of 

5%, 10%, 15%, and 20% on the filtration parameters of the 

cellulose bed. The proportion of 10% nanofibers in the 

filter bed causes a threefold increase in the flow resistance 

and filtration efficiency of dust grains with a size of 0.8 

µm. Regardless of the content of nanofibers in the bed, an 

increase in the size of dust grains within 0.03–0.2 µm caus-

es a decrease in filtration efficiency, and within 0.2–2 µm 

its increase follows. With an increase in the compactness of 

nanofibers in the bed, the curve of filtration efficiency is 

shifted almost parallel towards larger values. The particle 

size at which the filtration efficiency obtained the lowest 

values (MPPS) on the efficiency curve was around 200 nm 

for all cases studied. 

In [28], a submicrofiber filter medium designed to en-

sure the purity of engine intake air was made and tested. 

The filter composite was made by wet bonding two filter 

layers. The filtration efficiency of the composite so made 

was 48% and 10% higher than that of the standard bed and 

the submicrofiber bed, respectively. Field tests of dust load-

ing showed a 45% lower increase in the flow resistance of 

the submicrofiber bed than that of the standard bed, which 

was operated in a motor vehicle filter for 10,000 km. 

The purpose of the study presented in [26] was to deter-

mine the effect of pore size and fiber diameter in a fiber bed 

and on filtration performance. One polyester bed was sub-

jected to the study of depth filtration phenomena, and surface 

filtration phenomena were studied on two polyester beds 

covered with a polytetrafluoroethylene membrane. It was 

confirmed that the smaller the pore size in the bed, the higher 

the filtration efficiency and the higher the flow resistance.  

The paper [44] presents a study of a two-stage filter 

constructed of two filter beds (pre-material and main mate-

rial) placed at a short distance from each other. A synthetic 

(polypropylene) pleated filter material with low filtration 

efficiency and accuracy was used as the pre-filter, which 

was determined by large diameter fibers and high air per-

meability – 3100 l/(m
2
/s). The task of the pre-filter was to 

remove large dust grains. For the second filtration stage 

(main material), a PTFE membrane filter material applied 

to a cellulose substrate was used. Unlike the pre-filter, the 

main filter is structured with nano-sized fibers and has low 

permeability. The purpose of the main filter is to remove 

small-sized particles. This structure of the two-stage filter 

made it possible to significantly reduce the intensity of the 

increase in the flow resistance of the main filter, which 

increased in the correct operating time of the entire filter 

set, the criterion of which was the achievement of the estab-

lished permissible value of flow resistance. These findings 

are consistent with the results of research presented in the 

work [10]. 

The authors of the paper [49] performed tests that de-

termined the possibility of separating particulate matter 

from air using three tubular PTFE membrane filters that 

varied in diameter and length. The tests were carried out at 

filtration velocities in the wide range of 0.003–0.15 m/s and 

with particles of 10–300 nm. Efficiency curves for PTFE 

membranes showed a typical "V" shape for the particles 

used and at fixed filtration speeds. Membranes with smaller 

pore diameters and at flow rates with higher filtration ve-

locities had the lowest MPPS point. It was found that two 

layers of membranes achieved the lowest pressure drops. 

Very high filtration efficiency was obtained at 99.98% for 

0.3 µm particles and almost 100% efficiency for 2.5 µm 

particles.  

From the above analysis it follows: 

 fibrous filter beds of a layered nature show higher filtra-

tion efficiency, accuracy and mass dust loading than 

single layers of which a multilayer bed is made 

 multilayer beds, the results of which are available in the 

literature, cannot be used for engine intake air filtration 

due to specific operating conditions, including dust con-

centration in the air and dust particle size. It is necessary 

to test filter beds that take these conditions into account 

 manufacturers of filter materials for motor vehicle air 

filters provide for the filter manufacturer mainly their 

structure data such as bed thickness, pore size, gram-

mage, air permeability. Data on filtration efficiency and 

accuracy, flow resistance and mass loading of dust are 
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not encountered. Filtration parameters can be deter-

mined, but only during experimental testing of the mate-

rial with the appropriate dust and under established fil-

tration conditions. 
The purpose of this study was to evaluate the possibility 

of increasing engine inlet air filtration efficiency and accu-

racy, as well as dust absorbency, through the use of multi-

layer deposits. Obtaining more favorable filtration perfor-

mance in terms of filtration efficiency and accuracy will 

increase the life of the engine, and the higher dust absorp-

tion capacity of the bed will result in a longer life of the air 

filter until the permissible resistance is reached. 

This is mainly due to their higher dust absorption capac-

ity than single layers. However, it is important whether the 

filtration efficiency and accuracy of such a bed will obtain 

the appropriate and required values throughout the filter's 

service life. This information is not obtainable in the avail-

able literature and therefore must be obtained during exper-

imental tests of a given material with test dust on a special 

stand. For this purpose, two pleated composite filter beds 

consisting of three standard filter materials with different 

properties were designed: composite K1 (polyester-glass 

microfiber-cellulose) and composite K2 (cellulose-glass 

microfiber-cellulose). In the available literature, one does 

not encounter studies of multilayer deposits for engine 

intake air filtration, which were made at the pleating stage. 

The constituent layers are filtration factory materials with 

known structure parameters. During the research, original 

methodology was used, which allows to obtaining of unique 

parameters of the filtration process of fibrous deposits, such 

as: initial efficiency, size of maximum grains in the air 

behind the filter depending on the current unit absorption of 

dust. The methodology allows ongoing measurement and 

control of changes in flow resistance as the mass of dust 

retained by the filter increases. These parameters are essen-

tial in the design of air filters used in automotive technolo-

gy and can be used to predict vehicle mileage. Although 

such studies are costly and labor-intensive, this is the only 

way to obtain the most reliable data. 

3. Materials and methods 

3.1. Subject of the study 

In this study, the properties of several types of filter ma-

terials were tested, the surface of which was shaped into 

triangular pleats of 12 mm in height, and then cylindrical 

filter cartridges of the same design and dimensions and with 

the same area of filter material Ac = 0.183 m
2
 were made 

from them. The cylindrical filter cartridges differed in the 

filter material used. The filter cartridges before testing are 

shown in Fig. 1. 

Table 1 shows the characteristic parameters and selected 

properties of the filter materials to be tested. The subject of 

the study will be three types of filter beds. For ease of anal-

ysis of the test results, the name "Filter" is adopted and 

conventionally designated C, M, P, K1, K2, WP, WB. 

 filter materials: C – cellulose, M – microglass, P – poly-

ester 

 composite beds K1 and K2 composed at the pleating 

stage of three filter layers: bed K1 (layers: P+M+C), 

bed K2 (layers: C+M+C) – Fig. 2–5 

 filter materials: WP – non-woven polyester fabric, WB 

– non-woven cotton fabric. 

 

Fig. 1. Filter cartridges prepared for testing 

 

Fig. 2. Arrangement of filter layers in filter bed (composite) K1 (polyester-

 microglass-cellulose) 

 

Fig. 3. Design of the K-composite (polyester-microglass-cellulose) filter: 

 a) view of the bed after pleating, b) filter layers in the filter bed 

 

Fig. 4. Arrangement of filter layers in K2 (cellulose-microglass-cellulose) 

 filter bed (composite) 

 

Fig. 5. K2 filter bed (composite: cellulose-microglass-cellulose) after 

 making the pleats 
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Table 1. Tested filtration materials parameters according to the manufacturer's data 

Filter paper identification Material characteristics 
Permeability 

qp [dm3/m2/s] 

Grammage 

gm [g/m2] 

Thickness 

gz [mm] 

Max. pore size 

dp [µm] 

C Cellulose  255 130 0.395 55 

M 

Microglass 
Double layer microglass media is laminated with 

spounbond scrim on downstream side: 

microglass leyer 1 
microglass leyer 2 

polyester spounbond 

190 

129 
 

 

50 
28 

51 

0.76 – 

P  
Polyester 

High hydrophobic 

High tensile strengths for longer pulse jet cycles 

136 260 0.54 – 

K1 (P-M-C) Polyester-Microglass-Cellulose – – 1.775 – 

K2 (C-M-C) Cellulose-Microglass-Cellulose – – 1.55 – 

WP Non-woven polyester 540 442 2.5 – 

WB Non-woven cotton     

 

3.2. Materials and research methods 

The purpose of this study was to determine and analyze 

the comparative filtration properties: filtration efficiency, 

filtration accuracy and flow resistance of research filters 

made of different filtration materials: C – cellulose, M – 

glass microfiber, P – polyester K1 and K2 composite beds 

composed at the pleating stage of three filter layers (K1 bed 

– P-M-C layers, K2 bed – C-M-C layers), WP (non-woven 

polyester), WB (non-woven cotton) filter fabrics, by deter-

mining the basic characteristics as a function of mass dust 

load – kd: 

 particle filtration accuracy dpmax = f(kd) 

 particle filtration efficiency f = f(kd) 

 resistance to flow through the filter material Δpf = f(kd)  

and characteristics Δpf = f(Qf), where: Qf – the air flow rate 

through the active surface of the filter under test. 

The mass loading of dust kd was defined by the relation: 

 kd =
mz

Ac
 [g/m

2
] (1) 

where: mz – the mass of dust retained on 1 m
2
 of the surface 

of the filter material, assuming its uniform distribution over 

the entire surface, Ac – the area of the active surface of the 

filter paper of the tested filter – the area of the filter paper 

through which the air stream flows. 

The filtration velocity is the quotient of the air stream 

flowing through the filter Qfmax and the area of the active 

surface Ac: 

 F =
Qf

Ac×3600
 [m/s] (2) 

Filter tests were performed on a bench (Fig. 6) equipped 

with the necessary equipment and instruments for recording 

the data necessary for determining filter characteristics.  

A Pamas particle counter was used to record the size and 

number of particles in the Qf stream downstream of the 

filter under test, allowing measurement in i = 32 measure-

ment intervals in the range of 0.7–100 µm. The polluted air 

stream was drawn to the counter's sensor from the measur-

ing line behind the filter under test, where the tip of the 

measuring probe was centrally located. The measuring line 

was terminated with a special filter, which protects the flow 

meter sensor from dust, and at the same time is a measuring 

(absolute) filter used to determine the filtration efficiency. 

To measure the air flow rate Qf, an FMT430 mass flow 

meter was used, which has a measuring range of 10–150 

m
3
/h and an accuracy of 1.2%. 

 

Fig. 6. Schematic of a standard test stand for testing air filters of internal 

combustion engines of vehicles with air demand up to 350 m3/h: 1 – dust 
chamber, 2 – filter cartridge, 3 – rotameter, 4 – dust dispenser, 5 – dust 

tank, 6 – analytical balance, 7 – U-tube pressure gauge, 8 – measuring 

tube, 9 – counting device, 10 – measuring (safety) filter, 11 – mass air 
flow meter, 12 – fan forcing the flow, 13 – instrument for measuring 

 humidity, temperature and ambient pressure 

 

An electromagnetic metering device with an oscillating 

dust hopper and pneumatic (compressed air) transport of 

dust to the dust chamber, where it is mixed with the air inlet 

stream and flows into the filter, was used to supply dust to 

the test filter. PTC-D test dust was used, which is a substi-

tute for AC fine test dust in Poland [11]. The main compo-

nents of this dust and its fractional composition are exposed 

in Fig. 7. The dust contains more than 67% quartz (SiO2) 

grains, a mineral characterized by high hardness, causing 

accelerated wear of engine components. 

 

Fig. 7. Characteristics of PTC-D test dust: (a) factual composition of dust, 

 (b) chemical composition of dust. The figure is based on data in [11] 
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The flow characteristics Δpf = f(Qf) of filters C, M, P, 

K1, K2, WP, and WB were determined at 10 measurement 

points as a function of air flux varying within the limits Qf 

= Qfmin–Qfmax. 

The maximum value of the flux Qfmax was determined 

from relation (3) assuming the maximum filtration velocity 

F = 0.1 m/s. According to the authors of works [3, 12, 46], 

for proper operation of passenger car air filters, the maxi-

mum filtration velocity should be within the limits F = 

0.06–0.12 m/s.  

 Qfmax = Ac  ∙ vF ∙ 3600 [m
3
/h] (3) 

Characterizations of the filters: efficiency f = f(kd) and 

filtration accuracy dpmax = f(kd), as well as flow resistance 

Δpf = f(kd) were performed simultaneously according to the 

same methodology on the bench (Fig. 6) for one fixed value 

of air flow Qj = 56 m
3
/h, which corresponds to the speed of 

flow through the filter material F = 0.085 m/s. A meas-

urement cycle was established, the duration of which was 

equivalent to the time of uniform dust dosing at a fixed air 

flow rate Qj. The filtration efficiency f = f(kd) was deter-

mined by the gravimetric method (measurement of the 

weight of the filter, the dispenser and the absolute filter 

before and after the measurement cycle) for a constant air 

flow and successively repeated j test cycles of fixed dura-

tion pd. The measurement time (duration of one cycle) was 

fixed: pd = 2 min. in the initial period and pd = 4–5 min. in 

the main period of filter operation. The mass loss of dust 

from the dispenser mD (the mass of dust delivered to the 

filter) and the mass of dust retained on the tested filter mF 

and the absolute filter mA were determined with an analyti-

cal balance with a measuring range of 220 g and an accura-

cy of 0.1 mg. Switching on the particle counter to measure 

the number and size of dust grains in the air stream behind 

the filter was set 60 seconds before the scheduled end of the 

measurement cycle. During one measurement cycle, three 

particle counts were programmed at the planned measure-

ment intervals (dpimin – dpimax), and their average value was 

used for analysis.  

After the measurement cycle j, the parameters of the fil-

tration process were recorded to calculate filtration effi-

ciency, filtration accuracy, flow resistance and mass load-

ing of dust kd. 

1.  The efficiency of the filter was calculated as the quo-

tient of the mass of dust mFj retained and the mass of 

dust mDj delivered to the filter during the next j meas-

urement cycle, from the relation: 

 
j

=
mFj

mDj
=

mFj

mFj+mAj
100% (4) 

2.  The mass loading of dust kdj of the filter material used 

in the filter was calculated from the relationship: 

kdj =
∑ mFj

n
j=1

Ac
 [g/ m

2
]  (5) 

3.  The number Npi of dust grains in the air stream Qf 

downstream of the filter in fixed and diameter-limited 

(dpimin – dpimax) measurement intervals from the particle 

counter printout. 

4.  Filtration accuracy as the largest dust grain size dpj = 

dpmax occurring in the air stream Qf downstream of the 

filter and appearing on the particle counter printout. 

5.  The proportion of the measured Npi number of dust 

grains in each measurement interval relative to the total 

number of dust grains passed through the filter for  

a given test cycle: 

Upi=
Npi

Np
=

Npi

∑ Npi
32
i=1

100%  (6) 

where: Np = ∑ Npi
32
i=1  – the total (from all measurement 

intervals) number of dust grains present in the airstream 

downstream of Qf after the test filter. 

6.  Flow resistance pfj of the filter being the difference in 

static pressure upstream and downstream of the filter 

calculated according to the following relationship: 

 ∆pfj =
∆hmj

1000
∙ (

m
− 

H
) ∙ g [Pa] (7) 

where: hmj – height measured on a U-tube water pressure 

gauge after dust dosing, m – density of the manometric 

liquid [kg/m
–3

], H – density of air [kg/m
-3

], g – earth's 

attraction [m/s
2
]. 

According to the above methodology, the characteristics 

of efficiency f and filtration accuracy dpmax and flow re-

sistance f(kd) of filters C, M, P, K1, K2, WP, WB were 

determined depending on the mass of dust retained on the 

filter and defined as "mass loading of dust" kd [g/m
2
]. Two 

copies of each filter were tested with the same filter materi-

al and under the same conditions. Before testing the filters 

with dust, their Δpf = f(Qf) characteristics were performed. 

4. Research results and their analysis  
Figure 8 shows the changes in flow resistance pf of the 

tested filters with different filter materials as a function of 

the air flow rate Qf. Regardless of the filter tested, the in-

crease in air flow rate causes a parabolic increase in flow 

resistance pf, which is due to the increase in flow velocity 

through the bed in the second power. 

The highest values of flow resistance, over the entire 

range of air flow Qf, were recorded for the cartridge, where 

the filter bed is a K2 composite (C + M + C) of three se-

quentially arranged layers: cellulose, microglass and cellu-

lose. For Qfmax = 56 m
3
/h, the flow resistance of the K2 

cartridge has a value of ∆pf = 1.304 kPa (Fig. 8). This value 

is more than 2.5 times higher than the flow resistance value 

of material C, which is exclusively a cellulose filter materi-

al. Similarly high flow resistance is characterized by com-

posite K1 (P + M + C) of three sequentially arranged lay-

ers: polyester, microglass and cellulose. Such significant 

values of flow resistance are mainly due to the thickness of 

the composite deposits, which are the sum of the thickness 

of the three layers of filter material folded together. Com-

posite K2 has a thickness of gz = 1.55 mm, and K1 gz = 

1.775 mm. In comparison, the thickness of the cellulose 

layer is gz = 0.395 mm. The flow resistance of the other 

filters is at a much lower level in the range ∆pf = 0.471–

0.696 kPa for a flow rate of Qf = 56 m
3
/h. 
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Fig. 8. Flow resistance characteristics pf = f(Qf) of filters with different 

 filter materials 

 

The filtration characteristics: efficiency f = f(kd) and 

filtration accuracy dpmax = f(kd) and flow resistance Δpf = 

f(kd) of the filter materials C, M, P, WP, WB and compo-

sites K1 and K2 made by the author for the study are shown 

in Fig. 9–19. The characteristics are similar as to the course, 

but differ as to the obtained values of efficiency, filtration 

accuracy and flow resistance depending on which filter 

material they are made of. At the onset of the filtration 

process, filtration efficiency and flow resistance take on 

small but varying values, which with the increase in the 

dust mass on the filter layer (increase in the mass loading of 

dust kd) take on increasing values, which is characteristic of 

fibrous deposits. The increase in filter performance values 

is due to changes in the structure of the filter bed, which 

result from the retention of dust grains on the fibers of the 

filter bed through the action of filtration mechanisms, main-

ly: inertial, direct retention and diffusion. The first dust 

particles retained and deposited on the surface of the fibers 

form a layer on which further dust grains arriving with the 

air are deposited. Successive layers of dust are superim-

posed, which form agglomerates that often grow to consid-

erable sizes. In this way, the free spaces between the fibers 

are filled. The phenomenon of the formation of dust ag-

glomerates on fibers is discussed in detail in the paper [23]. 

Agglomerates formed on the fibers cause a change in 

the conditions of air flow and separation of successive dust 

grains. The distances between the surfaces of dust-laden 

elements decrease (the porosity of the baffle decreases), 

which causes an increase in flow velocity, and hence the 

hydrodynamic flow resistance in the filtration layer must 

increase as a consequence. Reducing the distance between 

the dust-laden fibers increases the intensity of the filtration 

mechanisms, hence the filtration efficiency obtains higher 

and higher values and gets closer and closer to 100%. From 

this point on, the filtration efficiency usually remains con-

stant. Therefore, the filtration process of the studied filters 

was conventionally divided into two stages. It was deter-

mined that the first (tp1), the initial stage of each filter's 

operation, lasts from the beginning of the influx of dust 

onto the filter until the filtration efficiency reaches φf = 

99.9%. This efficiency value is required of filter materials 

intended for motor vehicle engine intake air filters. The 

following stage of operation is called the main stage and 

lasts until the filter reaches the set value of flow resistance. 

The filtration accuracy, defined as the maximum size of 

dust grains behind the filter, initially has a small value. In 

the air behind the filter there are initially dust grains dpmax 

of large size, after which they decrease with the increase of 

the mass loading of dust kd and remain constant for a while, 

then at the end of the filtration process they generally reach 

larger and larger values, which is generally associated with 

a decrease in efficiency and means that the filtering capaci-

ty of the filter is exhausted. The direct cause of the appear-

ance of large dust grains in the air behind the filter at the 

final stage of filtration is the large flow resistance, the value 

of which increased intensively with the increase in the mass 

loading of dust kd of the filter bed. With a large pressure 

difference and high local flow velocities in the filter bed, 

dust grains are detached, from the outermost parts of the 

agglomerates, and migrate towards the outlet. It follows 

from the above that the operation of the air filter with ex-

cessive flow resistance is inadvisable. Therefore, it was 

assumed that the criterion for completing the testing of 

filters would be the achievement of a fixed value of re-

sistance, called in the literature the permissible resistance 

pfdop. In the case of the tested filters, the value pfdop =  

4 kPa was assumed. 

Figures 9–11 show the characteristics of filtration effi-

ciency f = f(kd), filtration accuracy dpmax = f(kd) and flow 

resistance Δpf = f(kd) of filters with a filtration bed, respec-

tively: C (cellulose), M (microglass) and P (polyester).  

 

Fig. 9. Changes in efficiency φf and filtration accuracy dpmax, as well as 
flow resistance Δpf as a function mass loading of dust kd of the tested 

 filters with filter bed C (cellulose) 

 

Two filters were tested for each filter material. You can 

notice slight differences in the characteristics and in the 

obtained values of efficiency, filtration accuracy and flow 

resistance for two filters made of the same type of filter 

material. 

A comparative analysis in terms of changes in filtration 

efficiency and accuracy, as well as flow resistance as a 

function of the mass loading of dust kd of C, M and P filter 

beds is shown in Fig. 12.  

The characteristics of No. 2 filters of each type of filter 

material were used. The characteristic curves vary, which is 

mainly due to the structure of the materials studied.  
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Fig. 10. Changes in efficiency φf and filtration accuracy dpmax, as well as 

flow resistance Δpf as a function mass loading of dust kd of the tested 

 filters with filter bed M (microglass) 

 

Fig. 11. Changes in efficiency φf and filtration accuracy dpmax, as well as 

flow resistance Δpf as a function mass loading of dust kd of the tested 
 filters with material P (polyester) 

 

Fig. 12. Comparative analysis of filtration properties in terms of filtration 
efficiency and accuracy, flow resistance and mass loading of dust of bed 

 filters: C, M and P 

 

Material C, which obtained the lowest (0C = 95.5%) 

filtration efficiency during the initial period, has at the same 

time the highest permeability (qp = 255 dm
3
/m

2
/s) and the 

smallest (gm = 130 g/m
2
) grammage (Table 1), which means 

that mainly depth filtration takes place in the bed, which 

does not guarantee high efficiency of dust grain retention. 

Material M (microglass), which has a much lower permea-

bility (qp = 190 dm
3
/m

2
/s) and a comparable grammage, 

achieved a very high initial filtration efficiency 0M = 

99.9%). This is due to the fact, this material is constructed 

of two layers of very thin glass fibers and protected at the 

outlet by a layer of polyester (Table 1). This guarantees the 

occurrence of the phenomenon of surface filtration and the 

retention of dust grains of small size and ensures a high 

(kdM = 92.5 g/m
2
) mass loading of dust (Fig. 12). 

Figures 13 and 14 show the characteristics of filtration 

efficiency f = f(kd), filtration accuracy dpmax = f(kd) and 

flow resistance Δpf = f(kd) of filters with filter bed, respec-

tively: WP (non-woven polyester), WB (non-woven cot-

ton). It can be seen the high reproducibility of the obtained 

test results for both WB and WP nonwovens. 

 

Fig. 13. Changes in efficiency φf and filtration accuracy dpmax, as well as 

flow resistance Δpf as a function mass loading of dust kd of the tested 
 filters with WB material (non-woven cotton) 

 

Fig. 14. Changes in efficiency φf and filtration accuracy dpmax, as well as 

flow resistance Δpf as a function of mass loading of dust kd of the tested 

 filters with WP (non-woven polyester) material 

 

Figure 15 analyses the changes in filtration efficiency, 

filtration accuracy and flow resistance as a function of the 

dust mass loading kd of the WB and WP filter beds. The 

results of tests on filter No. 2 of both nonwovens were used 

for the analysis. Analyzing the slow increase in filtration 

efficiency and accuracy as a function of dust mass load kd, 

it should be noted that the duration of the initial filtration 

period of both nonwovens is significant. The initial filtra-

tion efficiency of the nonwovens obtains small values φ0WB 

= 90.8% and φ0WB = 96.1%, respectively. In order for the 

filters to achieve the required filtration efficiency of φf = 

99.5%, it is necessary to achieve a mass loading of the dust 

of kdWB1 = 65.96 g/m
2
 and kdWP1 = 115.4 g/m

2
, respectively, 

which is more than 50–70% of the total filter operation time 

to achieve the established permissible flow resistance Δpfdop 
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= 4 kPa (Fig. 15). During this time, dust grains of consider-

able (dpmax = 14–16 µm) size were recorded in the air be-

hind the filter. However, the grain sizes decreased as the 

mass of dust retained on the filter bed increased, and by the 

end of the initial period they had stabilized at dpmax = 3–4 

µm. Under conditions of actual filter operation, the engine 

is exposed to dangerous dust. An apparent increase in the 

flow resistance of the tested filters began when the initial 

period ended and the main period of filter operation began, 

during which the filtration efficiency remained high, more 

than 99.5%. The significant increase in flow resistance was 

due to the higher intensity of dust accumulation in the bed 

as a result of the high efficiency. A filter material with such 

properties cannot be suitable for filtering engine intake air 

but can be used as a pre-filter in a two-stage filtration sys-

tem. 

 

Fig. 15. Comparative analysis of filtration properties in terms of filtration 
efficiency and accuracy, flow resistance and mass loading of dust of filters 

with WP (non-woven polyester) and WB (non-woven cotton) mate-

 rial 

 

The characteristics of filtration efficiency f = f(kd), fil-

tration accuracy dpmax = f(kd) and flow resistance Δpf = f(kd) 

of two copies of K1 (P-M-C) composite filter bed filters, 

presented in Fig. 16, show great similarity as to their course 

and values. The tested filters achieve a high initial filtration 

efficiency of φ0K1 = 99.8% (for kdKp = 5.95 g/m
2
), and the 

size of maximum dust grains during the initial period does 

not exceed the value of dpmax = 5–7 µm. After the cartridges 

reach a mass loading of dust of kdK1 = 16.3 g/m
2
, the sizes 

of maximum dust grains stabilize at dpmax = 2–3 µm, which 

is a very high accuracy for fibrous filter media that can be 

used in automotive technology. The high filtration efficien-

cy and accuracy of the cartridges was maintained until the 

flow resistance pf = 6.2 kPa was reached (Fig. 16). The 

filter elements tested achieved a high mass loading of dust 

of kdK1 = 199.8 g/m
2
, which is due to the configuration of 

the materials used and the considerable (gm = 1.775 mm) 

thickness of the composite bed. The first filter layer of the 

K1 cartridge is a 0.62-mm-thick polyester bed with high 

permeability, which makes the phenomenon of depth filtra-

tion occur, resulting in the retention of dust grains of the 

largest size. The second filtration layer is M bed (microfi-

ber glass), where the phenomenon of surface filtration oc-

curs, resulting in high efficiency and accuracy of filtration 

of small-sized dust grains (Fig. 12). The cellulose layer is  

a reinforcing layer and stabilizes the airflow. 

 

Fig. 16. Variation of efficiency φf and filtration accuracy dpmax and flow 

resistance Δpf as a function mass loading of dust kdK1 of K1 filter with 

 composite bed of three layers: P–M–C 

 

On the other hand, Fig. 17 shows a comparative analysis 

of the filtration properties of composite K1 (P-M-C) and 

composite K2 (C-M-C), whose filtration characteristics 

were performed under the same assumed conditions. It can 

be clearly seen that the K1 composite, which differs only in 

the first filtration layer (polyester) from the K2 composite 

(cellulose), achieves significantly better results in terms of 

filtration efficiency and accuracy.  

 

Fig. 17. Characteristics of filtration efficiency f = f(kd), filtration accuracy 
dpmax = f(kd) and flow resistance Δpf = f(kd) of filters with composites: K1 

 (P-M-C) and K2 (C-M-C) 

 

After the K1 composite reaches a mass loading of dust 

kmK1 = 16.3 g/m
2
, the filtration efficiency is at 99.99% and 

is maintained until the flow resistance pf = 6.2 kPa is 

reached, which is well beyond the permissible resistance 

(Fig. 17). It should be noted that at this time there are dust 

grains of very small size dpmax = 3–4 µm in the exhaust air 

from the tested filter.  

When the flow resistance Δpfdop = 4 kPa is reached, the 

mass loading of dust of the K1 composite is kdK1 = 148.9 

g/m
2
, which is three times higher than that of the K2 com-

posite, for which kdK2 = 45.9 g/m
2
. This is due to the in-

crease in flow resistance of the tested materials K1 and K2. 

As can be seen from Fig. 17, the intensity of the increase in 

flow resistance of K2 is very high, which may be due to the 

low efficiency of the C (cellulose) layer and the deposition 

of most of the dust on the M (fiberglass) filter bed. 
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From the research presented here, it can be seen that 

there is a close relationship between the filtration efficiency 

and flow resistance and the filtration accuracy of the filter 

material. An increase in filtration efficiency is directly 

related to an increase in filter accuracy (dpmax decreases) 

and an increase in flow resistance. Comparing directly the 

filtration properties of different materials is difficult. There-

fore, the “filtration quality factor qc” is commonly used in 

the literature, which relates filtration efficiency and flow 

resistance of the same filter material and, according to [32, 

46], is expressed by the relation: 

 qc =
−ln (1−f0)

pf
 [1/kPa] (8) 

where: f0 – initial filtration efficiency, pf – flow re-

sistance. 

A higher value of qc means a more favorable relation-

ship between efficiency and flow resistance, which means 

that the filtration process is more efficient. 

In addition, for the purpose of this work, to compare the 

filtration properties of the tested materials, the filtration 

efficiency index qs, was defined, which expresses in (%) the 

period of correct operation of the filter concerning the total 

time of its operation: 

 qs = (1 −  
kd1

kd2
) 100%  (9) 

where: kd1 – mass loading of dust of the material at the time 

of obtaining the required filtration efficiency f = 99.5%, 

kd2 – mass loading of dust of the material at the time of 

obtaining by the filter the established permissible resistance 

(pfdop = 4 kPa). 

A smaller value of the qs index means a shorter duration 

of the filtration process with the required filtration efficien-

cy and accuracy. 

Using the above relationships, the values of qc and qs 

coefficients were calculated for the tested filter materials, 

and the results are summarized in Fig. 18. 

 

Fig. 18. Filtration quality factor qc, efficiency index qs and mass loading of 

 dust kd of the tested filter materials 

5. Vehicle mileage modeling 
Determining the duration of proper operation of an air 

filter is not a straightforward exercise since it depends on 

many factors that change during vehicle use. The operating 

time of a filter can be determined experimentally during its 

use in a vehicle or during tests on a laboratory bench. De-

pending on the type and size of the air filter, such tests are 

usually labor-intensive and expensive. The basic criterion 

for completing the tests is the achievement of a fixed value 

of the permissible flow resistance ∆pfdop. It is also possible to 

computationally determine the operating time τpf of an air 

filter using theoretical relationships, such as that given in 

[29]: 

τpf =
Ac ∙ kd ∙ kc

QEmax ∙ s ∙ φf
 [h] (10) 

where: Ac – active surface area of the filter material in the 

filter [m
2
], kd – mass loading of dust of the filter material 

[g/m
2
] at the permissible value of the flow resistance ∆pfdop, 

kc – correction factor for the difference between the test 

dust parameters and the parameters of the real pollution, 

QEmax – nominal engine inlet air flow [m
3
/h], s – dust con-

centration in the air entering the filter [g/m
3
], φf – filtration 

efficiency of the filter material.  

If we assume a constant (average) driving speed Vp 

(km/h), the distance traveled by the vehicle Sp in time τpf is 

described by the formula: 

Sp = 𝜏pf·Vp [km]    (11) 

If we now consider relation (9), then the distance the 

vehicle will travel in time τpf can be described by the rela-

tion: 

Sp = Vp
Ac ∙ kd ∙ kc

QEmax ∙ s ∙ φf
 [km] (12) 

From the presented relationship, it is clear that for its 

practical application it is necessary to know several data 

that describe the filter material, which are: filtration effi-

ciency φf, mass loading of dust kd, and coefficient kc, which 

corrects the difference between test and actual parameters 

under specific operating conditions. Among the most im-

portant are the chemical composition of the dust, the type of 

dust and its concentration, the granularity of the dust, and 

the speed of the airflow. The kc, factor is mainly used when 

the effect of soot on the operating time of a pleated paper 

cartridge filter must be considered. The kc factor is usually 

defined as the ratio of the filter operating time under soot 

contamination conditions to the operating time when using 

test dust, which is mineral dust. With higher soot content in 

the air, the kc factor takes values less than 1, and the filter's 

operating time will be correspondingly shorter. This is 

important in the case of passenger car air filters operated in 

urban conditions, where soot, as a product of incomplete 

combustion of fuel in engines, is the predominant pollutant 

of the air entering the engine, but also of the air inhaled by 

people. 

Filter materials are produced by specialized plants, 

which describe their structure with characteristic parame-

ters, this is most often: material thickness and grammage, 

pore dimensions and air permeability at specific flow pa-

rameters. Manufacturers also specify the type of filter mate-

rial or the percentage composition of the component. As 

can be seen, none of these data is a component of the rela-

tionship (11). Previous studies of modern fibrous filter 

materials applicable in automotive technology report that 

their filtration efficiency oscillates within narrow limits φf = 

99.5–99.9% during the main period of filter operation. Such 

efficiency values were registered during the tests described 

in this paper. 



 

Experimental study of materials for the filtration of the intake air of the internal combustion engine of a motor vehicle 

122 COMBUSTION ENGINES, 2024;197(2) 

It follows that the parameter that, in relation (11), sig-

nificantly determines the course of the Sp vehicle is the 

mass loading of dust kd of the filter material used. From the 

tests carried out in this work, it can be seen that there are 

significant differences in the achieved values of the mass 

loading of dust kd for different filter materials determined at 

the permissible flow resistance, in this case for pfdop = 4 

kPa. Using the calculated values of the kd coefficient for 

cellulose C and composite K and taking the values of the 

other parameters in relation (11) as constants, the modeled 

mileages of a passenger car at which filter servicing – re-

placement of the filter element – should be carried out were 

established. 

Using relation (11), calculations were carried out based 

on the data of the Audi A4 engine (CI engine with turbo-

charging and air cooler): displacement Vss = 2.496 dm
3
, 

filter paper area Ac = 2.09 m
2
, engine inlet air flow QEmax = 

554 m
3
/h. For the calculations, it was assumed that the test 

vehicle would be used mainly in non-urban conditions, 

where dust is the main component of pollution. Therefore,  

a correction factor of kc = 1 was assumed. According to [3], 

the dustiness of air on paved roads and highways can take 

on values in the wide range of s = 0.0004–0.1 g/m
3
. To 

calculate the vehicle mileage (achieving ∆pfdop), the use of 

the vehicle was assumed at an air dust concentration of s = 

0.0005 g/m
3
 and a vehicle moving speed of Vp = 60 km/h. 

Vehicle mileage was estimated for a vehicle equipped with 

an air filter with composite K1 and materials that are suc-

cessive layers in this composite: P, M and C. The dust mass 

load kd and filtration efficiency φf were adopted from filter 

tests. The results of the calculations are shown in Fig. 19. 

 

Fig. 19. Modeled car runs for different types of filter beds and correspond- 

 ing different mass loading of dust kd 

 

As expected, the higher the mass loading of dust kd, the 

higher the vehicle mileage has a higher value (Fig. 19).  

A filter with a filter material (K-composite made by the 

author) provides twice the mileage of the other filter mate-

rials, which is due to the correspondingly higher mass load-

ing of dust kd. For the assumptions made, the modeled 

vehicle mileage has a value of more than 67,000 km. The 

mileage values are subject to change depending on changes 

in vehicle operating conditions, such as dust concentration 

in the air drawn into the engine, driving speed and air flow 

QE, which does not often assume maximum values. The 

mileage of the vehicle is largely determined by the filter 

area of the Ac material. Due to the limited space around the 

engine, where the air filter is most often located, it is diffi-

cult to apply a sufficiently large filter paper surface. 

Figure 20 shows that an increase in the concentration of 

dust in the air increases, at the same value of air flow, the 

mass of dust delivered to, the filter which fills the filter bed 

with greater intensity. Since the absorptive capacity of the 

filter bed is limited, the value of the vehicle mileage is 

shortened accordingly. For filter beds whose dust load kd 

the vehicle mileage will be lower. A change in dust concen-

tration within s = 0.0005–0.001 g/m
3
 reduces the mileage of 

the car by 50% regardless of the absorptive capacity of the 

filter material kd. 

 

Fig. 20. Modeled car runs depending on the dust concentration in the inlet 

 air for different mass loading of dust kd of filter beds 

6. Summary and final conclusions 
The purpose of the study was to experimentally evaluate 

the properties of filter materials in the context of selecting  

a filter material with the best parameters for the filtration of 

air drawn by vehicle internal combustion engines. The 

evaluation was based on the filtration characteristics deter-

mined on the test bench: filtration efficiency and accuracy, 

as well as flow resistance depending on the mass loading of 

dust kd. Filter materials produced by specialized factories 

were tested: cellulose, polyester, microfiber glass, and  

a filter bed made of three layers of different materials.  

A filter bed consisting of three base filter materials (polyes-

ter-microglass-cellulose) was designed and fabricated, and 

the characteristics of the filter bed were determined.  

A comparative analysis was carried out using the air filtra-

tion quality coefficients of the fiber baffles. The results of 

the study and their analysis led to the following conclu-

sions. 

1)  Two characteristic stages can be distinguished in the 

filtration process of the tested filter beds: a preliminary 

stage showing a low initial, but increasing with the in-

flux of dust on the bed, efficiency φf and filtration accu-

racy dpmax, and a small but slowly increasing flow re-

sistance pf, and a main stage, which starts when a sta-

ble efficiency is reached at the conventional minimum 

level of φf = 99.5%.  

2)  The duration of the pre-stage varies for the filter materi-

als tested and is longer the lower the initial filtration ef-

ficiency. For WB and WP nonwovens, this is 96.1% and 

90.8%, respectively. This increased the duration of the 

initial stage and reduced the main stage to 40% of the 
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total filter operating time with these materials. This has 

a major impact on the accelerated wear of the engine's 

tribological associations, due to the large-diameter dust 

grains (dpmax = 14–16 µm) in the air behind the filter at 

this time, which are drawn into the engine cylinders. 

3)  The filter bed (K1 composite) made for the present 

study, in the form of three composite layers of polyes-

ter-glass microfibre-cellulose materials, shows, under 

the same test conditions as the other materials, a high 

initial filtration efficiency (99.8%) and thus a short ini-

tial filtration period. This resulted in a prolongation of 

the duration of the main stage involving the filtration 

process with high efficiency (99.9%) and filtration accu-

racy (dpmax = 1.5–3 µm) until the set flow resistance val-

ue pfdop = 4 kPa was reached. 

4)  Compared to other tested materials, the K1 composite 

obtained more than twice the value of the mass dust 

load (kdK1 = 148.9 g/m
2
), which will allow to extend the 

operating time of the filter (vehicle mileage in km) until 

the performance of air filter servicing – filter cartridge 

replacement. 

5)  The presented original methodology for experimental 

testing of filter materials having different chemical 

composition structure parameters, and thus different fil-

tration properties, partly fills the information gap in the 

acquisition of basic parameters of filter materials. The 

results obtained can be used for a more precise design of 

air filter structures for internal combustion engines of 

cars and trucks, special vehicles and working machines 

depending on the expected conditions of use and, in par-

ticular, on the concentration of dust in the air. 

Fibre filtration materials are characterized by the fact 

that the three basic parameters of the filtration process: 

filtration efficiency, filtration accuracy and flow resistance 

are closely linked. Changing the structure of the filter bed 

as a result of the retention and accumulation of dust mass 

results in an increase in filtration efficiency, a reduction in 

the size of dust grains in the purified air, but also results in 

an inevitable increase in flow resistance that is detrimental 

to engine operation. Fibrous materials research is directed 

towards the construction of a bed that has a high dust ab-

sorption capacity with minimal flow resistance, achieves 

high filtration efficiency and accuracy and maintains these 

parameters throughout the filter operation until the permis-

sible resistance is reached. In the present work, by investi-

gating a bed consisting of three different filter layers, which 

is an innovative approach in the field of filter material re-

search, results were obtained that partly meet the above 

contradictory requirements. Work in this direction, using 

other composites given their filtration capabilities, should 

be continued. The results obtained can modernize methods 

for the design and optimization of air filtration systems in 

internal combustion engines. 
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Nomenclature 

CI compression ignition 

dpmax filtration accuracy 

kd mass loading of dust 

qc filtration quality factor 

qs filtration efficiency index 

Qf air flow 

T-PR-C piston-piston ring-cylinder 

pf flow resistance 

φf filtration efficiency 
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ARTICLE INFO  One of the biggest challenges of modern aviation is the development of technologies that reduce or eliminate 

emissions of harmful combustion components into the atmosphere. European authorities are imposing increas-

ingly stringent emissions regulations. Therefore, new models of combustion chambers, new combustion methods, 
as well as new types of aviation fuels must be developed.  

This article presents the possibilities of using hydrogen propulsion in aviation. The reasons for conducting 

research on hydrogen propulsion are discussed, as well as the history of the introduction of hydrogen propulsion 
into aircraft engines. Problems that can be encountered in the production and storage of hydrogen are identified 

and explained. Proposals for the use of hydrogen combustion or the use of fuel cells to power turbine engines 

are also presented, and the economic aspect of this type of fuel is discussed. 

 

Received: 6 December 2023 
Revised: 29 December 2023 

Accepted: 7 January 2024 

Available online: 27 February 2024 

Key words: combustion chamber, hydrogen propulsion, aircraft turbine engine, emissions, hydrogen 

 
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/) 
 

 

1. Introduction 
One of the most promising energy sources for aircraft 

engines is hydrogen. Alongside electric propulsion and 

batteries, these are two main contenders to achieve zero 

emission goal. The energy potential of hydrogen, as well as 

traditional fuels, surpasses that of batteries by a significant 

margin. In 2020, the costs associated with hydrogen were 

more than 20 times lower (in €/kWh) compared to Li-Ion 

batteries. Anticipated cost reductions in the upcoming years 

are expected to occur much more rapidly for hydrogen than 

for batteries. This trend may lead to costs reaching approx-

imately 30 times less than the current expenses by 2025, 

providing hydrogen with an even more substantial ad-

vantage [20]. Hydrogen can provide zero carbon dioxide 

emission. Moreover, the possibility to burn leaner mixtures, 

significantly reduce emissions of nitrogen oxides, which are 

responsible for the destruction of the ozone layer, are large-

ly responsible for smog, and have a devastating effect on 

plants and other living organisms [4]. Depending on the 

amount of carbon dioxide produced, hydrogen can be di-

vided into gray, blue, and green. The term gray hydrogen 

refers to the situation when carbon dioxide is created during 

its extraction or production. In the case of blue hydrogen, 

pollutants are captured and stored. Green hydrogen is creat-

ed only through renewable energy sources, when during 

the electrolysis process and during its combustion, only 

water is being produced [25]. Looking at the advantages 

of green hydrogen and the fact that it has a high heating 

value (2.5 times that of aviation kerosene) it is highly prob-

able that it will become an excellent fuel for turbine en-

gines. The use of hydrogen as aviation fuel, however, is not 

a new idea. Hydrogen was used as early as 1943 in the 

United States, during work on the space program, or with 

the use of hydrogen to power the B-57 bomber in 1956. 

Besides that, the Russians designed a hydrogen-powered 

Tu-154 aircraft (named Tu-155 after modifications) [3]. In 

addition, work on smaller projects was going on all the 

time. Figure 1 shows some of the most significant designs 

for the development of hydrogen propulsion, which confirm 

that hydrogen is still an attractive fuel in various aspects. 

 

Fig. 1. Development of hydrogen propulsion over the years [15] 
 

One of the most important issues in hydrogen propul-

sion is how to produce it. Three ways of producing hydro-

gen are the most popular: thermal dissociation, electrolysis 

using photonics, and bioenergy. Production can also occur 

using nuclear energy. Sources of hydrogen, according to 

2013 data, are shown in Fig. 2. It can be noticed that: coke 

oven gases, fossil fuels, oils still play the largest role, but 

electrolysis is also used.  

The properties of hydrogen are shown in the Table 1. 

 

 

Fig. 2. Sources of hydrogen production with forecast [16] 
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Table 1. Properties of hydrogen and aviation kerosene [22] 

 Hydrogen (LH2) 
Aircraft kerosene 

(Jet A) 

Density [kg/m3] 71 790 

Energy density [MJ/dm3] 10.03 36.66 

Specific energy [MJ/kg] 141.8 46.4 

Autoignition point [°C] 500 210 

Flame temperature [°C] 2250 2230 

LHV [kWh/kg] 33.3 11.9 

 

The most economical way of production is certainly the 

use of fossil fuels. It uses one of three methods for this: 

steam reforming, auto-thermal reforming, and partial oxida-

tion.  

The most popular of these methods is the Steam Re-

forming Method (SRM), during which methane and steam, 

under the influence of an endothermic reaction, are trans-

formed into hydrogen and carbon monoxide, as shown in 

equations (1)–(3). 

CH4 + H2O + heat→ CO + 3H2 (1) 

After further conversion, one gets: 

CO + H2O → CO2 + H2 + heat (2) 

In the case of a partial oxidation reaction, we have an 

exothermic reaction and it looks as follows: 

CH4 + ½ O2 → CO + 2H2 + heat (3) 

Another method, ATR (Auto-Thermal Reforming), is  

a combination of the aforementioned methods. In this pro-

cess, carbon monoxide is converted to hydrogen according 

to equation (2). 

2. Operating principle of a hydrogen-powered  

engine 
The operating principle of a hydrogen-powered turbine 

engine is essentially similar to that of an engine powered 

by traditional aviation fuel. However, there are several 

differences. First and already mentioned, hydrogen com-

bustion does not contribute to greenhouse gas emissions. 

However, nitrogen oxides are still produced, as well as 

water vapor. A hydrogen-burning engine can perform flight 

operations with a leaner mixture (air-to-fuel ratio), which 

contributes to lower NOx, but also results in reduced power 

output. The amount of nitrogen oxides produced can be 

further reduced by changes in engine design and by reduc-

ing the cruising altitude by about 2 to 3 km compared to 

that currently used for standard aviation fuels. Hydrogen 

also has the advantage of being more flammable, which 

contributes to lower ignition energy compared to aviation 

kerosene. On the other hand, hydrogen has a higher flame 

velocity and this can cause flame blow-out and unstable 

combustion chamber operation. Due to its low density, 

hydrogen creates also a more uniform mixture in the com-

bustion chamber. In addition, it is also a safer fuel than 

kerosene, since in aviation accidents deaths are largely due 

to flames and harmful fumes, while with hydrogen that 

does not form a vapor cloud.  

For engine operation, hydrogen can also be produced 

from renewable energy sources, through a water electroly-

sis reaction represented by equation (4). 

 

Fig. 3. Schematic of a hydrogen-powered engine [5] 

 

H2O + electricity → H2 + ½O2  (4) 

During alkaline electrolysis, water on the cathode ab-

sorbs electrons to form hydrogen. The hydroxide ions move 

to the anode, where electrons are released. A typical reac-

tion is shown below:  

 Cathode: 2H2 O + 2e
−
 → H2 + 2OH

−
  

Anode: 2OH
−
 → ½ O2 + H2O + 2e

−
 

 Sum: H2O → ½ O2 + H2 

(5) 

 

Fuel cells can also be used to burn hydrogen in aircraft 

engines, generating energy through a chemical reaction. 

The best power-to-weight ratio of the system is character-

ized by PEM (Proton Exchange Membrane) type fuel cells. 

In PEM cells, water is created on the cathode and heat is 

released due to the exothermic reaction. Their disadvantage 

is the cost of materials for their manufacture, such as car-

bon composites, platinum, and synthetic polymers.  

In the case of PEM-type electrolysis, there is a signifi-

cant improvement in the conductivity due to the use of 

a solid polymer membrane as an electrolyte. The reactions 

occurring in PEM are shown by equation (6).  

 Cathode: 2H
+
 + 2e

−
 → H2 

Anode: H2O → ½ O2 + H
+
 + 2e

−
 

 Sum: H2O → ½ O2 + H2 

(6) 

In the case of fuel cells, thermal management is also 

important. With fuel cell stacks, there is a large accumula-

tion of heat, which can be and impediment for large air-

craft.  

 

Fig. 4. Fire-fueled PEM [5] 

 

When choosing between the presented methods of using 

hydrogen in aircraft propulsion, several factors must be 
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taken into account. For long-distance aircraft, hydrogen 

combustion is more feasible – fuel cells will not yet pro-

duce the required energy. For General Aviation, where 

engines do not require as much power, fuel cells would be 

more recommended. The literature also suggests that the 

use of hydrogen combustion can reduce carbon dioxide 

emissions by 50–75%, while with fuel cells it is as low as 

75–90% [11].  

In Poland, hydrogen is currently produced from coke 

oven gas – a thermochemical process. Much better would 

be producing it by electrolysis, that is, by decomposition of 

water, under the influence of an electric current, into oxy-

gen and hydrogen – then we are dealing with an electro-

chemical process. Electricity from hydrogen fuel is ob-

tained through fuel cells during oxidation reactions. In the 

future, it will also be possible to produce hydrogen by gasi-

fying municipal waste, agricultural waste and biomass. So 

this would be an additional ecological advantage of this 

fuel. Figure 5 shows a comparison of the climate impact of 

synthetic fuel, hydrogen turbines, and hydrogen fuel cells.  

 

Fig. 5. Comparison of climate impacts between new fuels [11] 

3. Distribution and storage 
Beneath the surface of this seemingly perfect energy 

carrier lies a huge challenge: a storage problem. Hydrogen, 

with its light, gaseous nature, poses unique difficulties 

when it comes to storage and transportation. Unlike con-

ventional fuels, traditional storage and transportation meth-

ods, such as tanks or pipelines, do not work for hydrogen. 

Instead, hydrogen requires innovative solutions that take 

into account its special properties and make it a viable en-

ergy source. 

Hydrogen storage issues are primarily a huge challenge 

for materials and chemical engineering. The search is on for 

high-strength materials that, at the same time, do not react 

with hydrogen or, on the contrary, strong adsorbents that 

allow to densely accumulate large amounts of hydrogen on 

their surfaces. The focus is also on elements that form com-

pounds with hydrogen in the form of metal hydrides or 

complex hydrides. The goal is to concentrate hydrogen 

elements in the smallest possible volume to achieve 

the highest volumetric energy density. This can be achieved 

by: compressing the hydrogen, lowering its temperature and 

liquefying it, or reducing the intermolecular repulsion force 

by forming interactions with other materials (metals) [17]. 

Figure 6 graphically describes the most popular hydrogen 

storage concepts. 

Energy requirements characterize all the previously 

mentioned forms of increasing hydrogen density. This is 

an important parameter in evaluating and selecting the best 

hydrogen storage method. Table 2 summarizes the methods 

of hydrogen storage, along with information for their initial 

comparison. 

 

Fig. 6. Ways to store hydrogen [11] 

 
Table 2. The summary of H2 storage methods with characteristic parame-

ters [26] 

Storage 
method 

Volumetric  

density 

[kg·m–3] 

T 
[⁰C] 

P 
[bar] 

Energy consumption 
[%LHV] 

Compressed 
H2 

< 40 25 800 > 7 

Liquid H2 70.8 –252 1 > 45 

Physisor- 

ption 
20 –80 100 

No specific data. Rela-

tively low, depends on 
the host metal 

Metal  

hydrides 
14–156 25 1 

No specific data. To 

provide high stability 
usually moderate tem-

peratures and pressures 

are used for hydrogena-
tion. 

Complex 

hydrides 
150 > 100 1 

No specific data. Re-

quires elevated tempera-

tures for hydrogenation 
and dehydrogenation 

4. Problems and directions of development 
As mentioned earlier regarding hydrogen, one of the 

more difficult issues is how to store it. This gas can be 

stored in compressed or liquid form and in pressure or cry-

ogenic tanks (hydrogen cooled to –252°C and therefore in 

a liquid state). Pressure tanks maintain a pressure of 35 to 

70 MPa. This requires the use of heavy thick-walled tanks 

such as steel, which is highly uneconomical for aviation. It 

is also possible to use composite materials, which would 

significantly reduce the weight of the tank, unfortunately, 

compressed hydrogen has almost seven times lower volu-

metric energy density than aviation kerosene. However, 

when storing hydrogen in a liquid state, cryogenic tanks 

that maintain a low temperature are necessary. Limiting 

heat exchange with the environment with very good results 

is provided by multilayer tanks with a vacuum space be-

tween the layers [1, 2, 8, 14, 16, 18, 22]. Due to the low 

boiling point of hydrogen, heat exchangers also appear to 

be necessary in the tank itself to prevent vaporization of the 

hydrogen and, consequently, an uncontrolled increase in 

tank pressure. A different method of storing hydrogen is to 

store it inside the crystallographic lattice of metals and form 

bonds (ionic or covalent) with the metal elements to form 

hydrides (Fig. 7) [21]. This method is still being developed 

so that hydrogenation and dehydrogenation of metals can 

take place under the most applicable conditions (tempera-

tures and pressures close to ambient) [24]. For the time 

being, however, they are not the best solution for aviation 
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due to their weight. Their application will most likely be 

limited to large-scale ground storage and transportation. 

Due to their large surface area and thermal stability, carbon 

nanotubes are also being considered for hydrogen storage. 

The large surface area of nanotubes makes them, along with 

porous materials, appear to be ideal adsorbents for hydro-

gen storage on their surface based on van der Waals forces. 

The forces of these bonds, however, are so small that they 

play a significant role at reduced temperatures of the order 

of 200 K. Because of their mass and greater potential for 

hydrogen storage (including the potential for rapid refuel-

ing), they represent a promising hydrogen storage method 

for the aerospace sector [6, 19]. Worth noting are complex 

metal hydrides of such metals as Lithium, Manganese, 

Beryllium, and Al. Compared to their simpler counterparts, 

they often have twice the ratio of hydrogen atoms to metal 

atoms. The relatively high % hydrogen content by weight 

of the whole compound is their great advantage [12]. 

 

Fig. 7. Hydrogen occupies octahedral or tetrahedral sites in interstitial 
hydrides. Interstitial sites are marked by brown dots [13]; FCC – face 

centered cubic, HCP – hexagonal close-packed, BCC – body-centered 

 cubic 

 

Currently, airports do not have infrastructure designed 

for hydrogen distribution, so this will involve upgrading 

them. This is an extremely costly challenge, as it requires 

financial outlays not only for the infrastructure but also for 

personnel training, legal safeguards or matters related to 

meeting safety standards. For the moment, however, it is 

impossible to say that hydrogen is a 100% green solution. 

The process of production and storage would consume 

a great deal of energy. Studies also point to problems with 

fuel pumps and heat exchangers, making it necessary for 

the engine to be redesigned. In addition, the fuel tanks in 

the aircraft require a larger volume than the tanks for typi-

cal Jet A-1 fuel. Due to the problem of balancing the air-

craft, it is suggested that the tanks be located behind the 

passenger cabin. However, the aircraft's center of gravity 

would then change. Thus, a second solution could be to 

place two tanks – one in front of and the other behind the 

cabin, or to use the space above the passenger cabin for this 

purpose. An example of liquid hydrogen tank placement is 

presented in Fig. 8. 

Much more of a problem than storing hydrogen can be 

leaks. Due to the fact that it is a very light gas that can burn 

explosively by forming a mixture with air. It, therefore 

requires additional safeguards. Hydrogen also causes an 

increase in the brittleness of metal materials, which gener-

ates damage to fuel tanks and fuel system components.  

 

Fig. 8. Conceptual layout of fuel tanks in an aircraft [3] 

5. Economic aspect 
The cost of traveling on a hydrogen-powered plane will 

be dictated by the cost of the fuel. The price of an airline 

ticket includes the cost of producing the fuel but also 

charges for the pollutants emitted. For the moment, Jet-A 

fuel is much cheaper than "green solutions". Hydrogen will 

become profitable for airlines when there is an increase in 

fees for the emitted carbon footprint for traditional aviation 

fuels. Fuel costs depending on "carbon compensation" over 

the years in the European Union and the United States are 

presented in Fig. 9.  

 

Fig. 9. Comparison of jet fuel costs [15] 

 

The cost of aviation kerosene and "blue" hydrogen is 

expected to increase over the years. In contrast, the costs of 

synthetic fuel (E-kerosene) and "green" hydrogen will de-

crease. The projections are indicative of the emphasis being 

placed on low emissions. Hydrogen is certainly one of the 

fuels of the future, as it can provide much more energy than 

standard aviation kerosene, which would enable high-speed 

flights, while not contributing to carbon emissions. Howev-

er, hydrogen is not a 100% environmentally friendly solu-

tion due to the condensation plumes produced during com-

bustion, leading to climate warming in large quantities. 

Nevertheless, it is one of the greenest options for powering 

aircraft engines. A comparison of the amount of carbon 

dioxide produced by aviation fuels is presented in Fig. 10. 
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Fig. 10. Comparison of the amount of carbon dioxide produced for differ-
ent aviation fuels [15] 

 

It can be seen that among the fuel types presented, kero-

sene and blue hydrogen are responsible for the largest 

amount of generated CO2 is accounted for by aviation kero-

sene and blue hydrogen. A low carbon footprint can be 

achieved by using synthetic fuel produced from 100% re-

newable sources or green hydrogen. The predictions shown 

in Fig. 9 represent the best-case scenario for carbon dioxide 

production depending on the fuel chosen, but the differences 

between kerosene and hydrogen are significant enough to 

recognize the validity of using hydrogen in air transport. 

6. Internal combustion engine powered  

by hydrogen 
When assessing the value of hydrogen as a fuel of the 

future, it is worth paying attention to the industry. An ex-

ample from the industry can be found in the research of an 

automotive company that has been going on for nearly 

a decade. The Japanese manufacturer saw the potential in 

hydrogen fuel as early as 2014 and developed the technolo-

gy over the following years. In addition to hydrogen cells, 

the use of which we can observe today by following one of 

the corporation's cars, a large amount of effort was put into 

a hydrogen-powered piston engine. Initially, hydrogen 

combustion was used in hydrogen-gasoline mixtures. As 

demonstrated by Karagöz et al. [7], among others, this is 

not the most efficient, as it contributes to an increase in 

brake specific fuel consumption (BSFC) (Fig. 11). This is 

due to a number of factors including: a much higher flame 

rate, a difference in the mixture equivalence ratio, and 

a much lower energy required to ignite the hydrogen result-

ing in a tendency for knocking combustion to occur. This 

problem was comprehensively overviewed by the Matla 

[10] indicating the compression ratio and mixture equiva-

lence ratio influence on the knocking combustion and dis-

cussing advantages of prechamber implementation as 

a method of combustion control feature. 

This comes to a consequent reduction in engine power 

of up to 25% for 50% hydrogen content in the mixture. In 

subsequent steps, further successes were recorded with pure 

hydrogen fuel stored in a high-pressure tank and then with 

a liquid hydrogen tank and an intermediate hydrogen gas 

tank. Research conducted by Longwic et al. [9] indicates 

however, that diesel fuel/H2 blends have a significantly 

beneficial impact on the mean effective pressure. Moreover 

authors state that in the case of specific diesel engine 62% 

of carbon dioxide emission reduction was observed (for 

46% of hydrogen in the blend) alongside with nearly 76% 

of soot reduction. 

 

Fig. 11. Piston engine BSFC at range of different rpm for different hy-
 drogen content in a mixture [7] 

7. Conclusions 
The analysis, done as a part of the research and present-

ed in the article, provides expertise on the directions of 

aviation development regarding hydrogen propulsion. It 

needs to overcome economic and ecological difficulties but 

also address the demand for flights at high speeds (e.g., X-

43 A). Authors conduct research on the toxicity of exhaust 

gases of aircraft propulsion and the possibility of using 

hydrogen in this type of propulsion systems. The conclu-

sions drawn from the analyses are as follows: 

Hydrogen will not fully eliminate nitrogen oxides emis-

sions, yet it will eliminate carbon oxides emission. It is also 

the main competitor for batteries as a mobile clean energy 

carrier. The real future of hydrogen depends on efforts to 

overcome infrastructure limitations and unfavorable chemi-

cal properties. The most important issues in hydrogen utili-

zation research at this point are weight issues – tanks must 

be developed that will reduce the weight by at least half 

compared to currently proposed solutions and, as always, 

safety issues.  

Storing hydrogen in the solid state is very promising 

and provides a high volumetric density of hydrogen, higher 

than that of compressed and liquid hydrogen. However, the 

energy required to recover hydrogen from the structure of 

the compound (available at temperatures on the order of 

360–500 K) limits the application of this method to above-

ground hydrogen storage or large-scale transport. An ex-

ception is the storage of hydrogen on the surface of metals 

based on physical adsorption, but this method appears to be 

inferior in terms of efficiency compared to liquid hydrogen. 

The ongoing work and decisions made by the world's larg-

est companies lead to believe that hydrogen has a future in 

aviation, and it belongs to liquid hydrogen. In favor of 

hydrogen is the calorific value of this fuel, although due to 

its low density, the tanks will have to be larger, the mass of 

hydrogen required for the mission will be almost three 

times lower than the mass of aviation kerosene while main-

taining combustion efficiency. 
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1. Introduction 
Motorsport have a history not much shorter than the car 

itself. Carl Benz patented his first vehicle in 1886, and the 

first car race took place in France 8 years later in 1894 on 

the Paris-Rouen route. People's tendency to compete and 

the desire to achieve the best possible results was the driv-

ing force behind the development of motorsports and, con-

sequently, automotive technology. It is important to re-

member that many of the solutions originally used in per-

formance cars were later adapted for use in their mass-

produced counterparts [14]. Features such as double over-

head cam timing (DOHC), turbocharging, four-wheel drive, 

disc brakes, anti-lock braking system (ABS), active suspen-

sion and even rear-view mirrors, even if they do not have 

their roots in motorsport, deserve recognition for their re-

finement and popularization in mass-produced cars. The 

extreme nature of competition in motor sports also allows 

us to obtain answers about the limits of reliability of indi-

vidual components that would never be operated in such 

demanding conditions. Motor sports, in addition to provid-

ing a development impulse for the automotive industry, 

have been an object of interest for fans for many years. 

Both circuit racings, i.e.: FIA Formula One World Champi-

onship (F1), FIA World Endurance Championship (WEC), 

FIA World Touring Car Cup (WTCR) and rallies of various 

ranks, i.e.: FIA World Rally Championship (WRC), FIA 

European Rally Championship (ERC) attract the attention 

of the public both on race tracks and on special stages of 

rallies. In the case of rallies, the competition covers a much 

larger area than in the case of circuit racing. At the same 

time, in the case of rallies, fans can stay much closer to 

rally cars than in the case of circuit racing, because places 

such as the start and finish of the rally, regroups, service 

parks attract interest, and rally cars are within these zones 

easy to reach for them. In addition to fans, there is also a 

large group of people from the organizing committee and 

members of motor sports teams. Both racing and rally cars, 

like mass-produced cars, emit noise and harmful substanc-

es. The least advantageous in this respect is the internal 

combustion engine drivetrain, hybrid solutions are an in- 

 

termediate solution, and electric drive systems are the most 

advantageous. However, these assumptions do not take into 

account the entire vehicle life cycle, which is increasingly 

turning out to be much less favourable for electric drive 

systems. Moreover, currently the Battery Electric Vehicle 

(BEV) drive system, or more precisely the battery that is 

the energy source, is so imperfect that this type of drive is 

unable to enable the car equipped with it to compete with 

cars equipped with a combustion or hybrid drive. At the 

same time, electrically powered cars are much more expen-

sive than their combustion counterparts, and safety issues, 

which are of great importance in motor sport, are much 

more complicated. Given the above, the internal combus-

tion engine is currently optimal for motorsport and, assum-

ing it continues to be used there, efforts should be made to 

improve it in terms of noise and emissions. However, it 

should also be emphasized that reducing noise emissions in 

motor sport is not always desirable for safety reasons. The 

noise emitted by a rally car while driving on a special stage 

makes it easier for fans to recognize an approaching car. 

Therefore, reducing noise emissions in motor sports is not 

always desirable for safety reasons and an appropriate 

compromise must be reached. For this reason, the article 

will discuss issues related to harmful substances emitted by 

rally cars. It should be emphasized that the review of the 

scientific literature indicates gaps in the approaches to the 

topics discussed in the article. According to the research 

conducted by the authors, the topic of exhaust gas treatment 

in cars is the subject of many scientific publications, but not 

in the case of motor sports. Hence, according to the authors, 

there is a need to fill this gap, which was the reason for 

conducting the research described in this article. 

2. The impact of harmful substances on human 

health 
Emission of harm substances from passenger cars is  

a serious problem that negatively affects both human health 

and the natural environment. A list of harmful substances 

found in car engine exhaust gases and their negative disease 

effects is summarized in Table 1. 
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Table 1. List of harmful substances 

Particle  Influence on human health 

Particular Matter 

(PM10 and PM2.5) 

The effect of PM (including black carbon) on 

the incidence of cardiovascular disease, respir-

atory disease, lung cancer and mortality due to 
them as well as total mortality has been shown 

[8, 19]. 

Hydrocarbons (HC) The research indicates a substantial elevation 

in the risk of Chronic Obstructive Pulmonary 
Disease (COPD) when individuals are exposed 

to high levels of environmental Hydrocarbons 

(HC). Moreover, there is a notable connection 
to systemic inflammation in this progression. 

In the context of short-term effects, studies 

within school populations have identified a 
decline in lung function, heightened instances 

of airway inflammation, and an escalated 

likelihood of developing lung cancer among 
those consistently exposed to HC over an 

extended period [10, 17]. 

Nitrogen oxides 
(NOx) 

Recent meta-analyses have shown an associa-
tion between the concentration of NO2 and 

mortality from all causes, including lung 

cancer and respiratory and cardiovascular 
diseases. Short-term exposure to NO2 results 

in an increase in exacerbation of chronic 

respiratory diseases and bronchial reactivity in 
people with pre-existing lung disease [1, 4, 5]. 

Carbon monoxide 

(CO) 

Generally, epidemiological studies revealed 

that short-term exposure to ambient carbon 
monoxide is linked to all-cause mortality and 

cardiovascular diseases [11, 13]. People with 

heart conditions can be particularly affected by 
CO causing chest pain and affecting the ability 

to exercise. Exposure to high concentrations of 

CO cause vision problems, reduce ability to 
work, reduced manual dexterity, and difficulty 

performing difficult tasks. Very high concen-

trations of CO can cause death [15]. Exposure 

to ambient CO was associated with the in-

crease in risks for the total number of respira-

tory diseases such as bronchiectasis, pneumo-
nia, and asthma [18]. 

 

All the above-mentioned harmful substances, especially 

with long-term exposure, have a negative impact on human 

health. For this reason, just like the automotive industry, 

motor sports also consistently attach importance to reducing 

emissions of harmful substances from combustion engines. 

Various solutions are used, including: the use of exhaust 

gas treatment systems, or, as mentioned earlier, changing 

the way the car is propelled. As in the case of mass-

produced cars, in motorsport there is no single best answer 

to the question of what the drive system of the future should 

look like. Many different drivetrain concepts match those 

found in mass-produced cars and often go a step further. 

Hybrid drivetrains are used in various configurations in cars 

such as Rally1 in rallies, LMP1-Hybrid in long-distance 

circuit racing, or FIA Formula One World Championship 

(F1), as well as purely electric drivetrains in Formula E and 

FIA eTouring Car World Cup (ETCR). Alternative fuels for 

combustion engines are also used, the main purpose of 

which is not to reduce emissions of harmful substances, but 

can be included in activities aimed at making motorsport 

more environmentally friendly. The topic of the future of 

drive systems in sports cars is currently also discussed in 

rallies, where hybrid drivetrains have begun to be imple-

mented in Rally1 cars [7], and in the case of combustion 

engines, alternative fuels have been introduced. P1 fuel is  

a synthetic fuel, CO2 neutral and fossil fuel free. Develop-

ment work is also underway on hybrid systems for lower 

groups of rally cars, i.e. Rally2/3/4/5 [16]. It should be 

emphasized, however, that at the moment, for reasons such 

as: availability of technology, ability to ensure safety, price-

performance ratio, the optimal source of drive in motor 

sports is still the combustion engine. With this in mind, we 

should focus on how to clean exhaust gases from such en-

gines. 

3. Reducing the emission of harmful substances  

in rally cars  

3.1. On the road sections 

Regulations governing use of catalytic converters in 

motorsport have existed since the 1980s. The overarching 

document defining the rules of competition in motorsport 

and the technical regulations of cars is the International 

Automobile Federation (FIA) International Sporting Code 

(ISC). In art. 252 App. J 2023 to the FIA ISC stipulates that 

a rally car must be equipped with an original or homologat-

ed catalytic converter indicated in FIA Technical List No. 

8, if such are the requirements of the country in which the 

competition is held [6]. Some of the more technically ad-

vanced groups of rally cars must use FIA-approved catalyt-

ic converters. This is since in groups such as Rally1, Ral-

ly2, Rally3, Rally4 or Rally5 it is permissible to change the 

engine to an engine other than the original one that has FIA 

homologation. In such a case, the catalytic converter that  

a given car model was originally equipped with will most 

likely no longer meet the requirements, because the pa-

rameters of the engine used will be completely different 

from those of the originally installed one. Modifications to 

the engine in which a car is equipped, or even replacing it 

with another one, include the reasons why the FIA provides 

for the homologation of catalytic converters intended for 

use in motor sports, including rallies. The catalytic convert-

er homologation process according to the FIA procedure is 

delegated to the FIA National Sporting Authorities (ASN) 

[2]. In the case of Poland, ASN is the Polish Automobile 

and Motorcycle Federation (PZM). The ASN catalytic 

converter homologation procedure includes the following 

steps [2]: 

 The catalytic converter is approved for a given engine 

capacity and a group of cars with a specific scope of 

modifications. 

 The cross-section of the catalytic insert must be min. 

100 CPSI, and its dimensions depend on the power of 

the engine with which they are to work. 

 The minimum conversion efficiency of individual toxic 

substances, i.e. CO, HC and NOx, is specified and must 

be met during approval tests. 

 Approval tests are carried out following the ECE R15 

Type I cycle. 

 Tests must be performed in an independent testing la-

boratory. 

The analysis of the actual situation shows that the cata-

lytic converter, homologated by the FIA regulations, is not 

approved for a specific car model, but for the range of en-

gine capacity and modifications of a given group of cars. 
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This is intended to increase the universality of catalytic 

converters homologated by the FIA procedure, which is key 

to ensuring their acceptable selling price in the case of 

relatively small production series occurring in motorsport. 

The maximum emission levels of harmful substances were 

not specified for homologation tests, but the minimum 

catalytic converter efficiencies for individual harmful sub-

stances were provided. This approach results from the need 

to ensure the already mentioned universality of catalytic 

reactors in motorsport. When, after passing the above pro-

cedure, the catalytic converter is approved, it is entered on 

the FIA Technical List No. 8, so it can be used in rally cars. 

It should be installed in a rally car in accordance with the 

manufacturer's guidelines so that the efficiency of the cata-

lytic converter required by regulations is maintained. 

In the discussed case, a catalytic reactor prepared by  

M-Sport Poland was tested. It was installed in a 2018 Ford 

Fiesta ST (presented in Fig. 1) test car in accordance with 

the requirements of the FIA Catalytic Converter Homologa-

tion Regulations.  

 

Fig. 1. Ford Fiesta ST 

 

Table 2 presents the basic technical data of the above-

mentioned car. 
 

Table 2. Basic technical data of the Ford Fiesta ST 

Parameter Unit Value 

Weight of the car kg 1262 

Engine type – Turbocharged, petrol 

Number of cylinders – 3 

Displacement cm3 1496 

Maximum power kW 147 

Maximum torque Nm 290 

Transmission – Six speed manual 

 

The tests were carried out on a chassis dynamometer 

AVL Zoelner 48” 2WD at a BOSMAL Automotive Re-

search and Development Institute Ltd and the emissions of 

harmful substances were recorded by the exhaust emission 

analysis system AVL AMA i60 and CVS system AVL i60 

LD LE. Exhaust emissions were measured before and after 

the catalytic converter. The tests were carried out in ac-

cordance with the procedure according to the ECE-R15 

Type 1 driving cycle, also known as UDC (Urban Driving 

Cycle). The ECE-R15 Type I cycle is shown in Fig. 2. 

 

Fig. 2. ECE-R15 Type 1 cycle 

 

The ECE-R15 Type I cycle is an urban driving cycle 

that was introduced in 1970. Later, after minor modifica-

tions, it became part of the EUDC extra-urban driving cy-

cle, the ECE-R101 regulations introduced in 1990, and part 

of the NEDC cycle used until 2017. It was then replaced by 

the WLTC cycle [12]. The ECE-R15 type 1 cycle repre-

sents low-speed driving in large European cities. The FIA's 

motivation for choosing this particular driving cycle for 

testing catalytic converters used in motor sports can be 

explained by the fact that the main objective in motor ral-

lies is to reduce emissions on the road sections, which con-

stitute approximately 75% of the entire rally route. The 

average speed on road sections is set so that crews can 

cover a given section in accordance with road traffic regula-

tions. 

The efficiency of the catalytic converter as defined in 

the FIA regulations can be described (1): 

 K(X) =
Y(X)− Z(X)

Y(X)
∙ 100% (1) 

where: K(X) – catalytic converter efficiency, X – selected 

toxic component of exhaust gases, Y – mole fraction of X 

upstream of the catalytic converter, Z – mole fraction of X 

after the catalytic converter. 

In accordance with the FIA procedure, tests of CO, HC 

and NOx mole fractions were carried out both before and 

after the catalytic converter. The research results were ob-

tained and are presented in Table 3. 

 
Table 3. Results of tests on the efficiency of the catalytic converter 

Particle 
Pre-cat 

[g/km] 

Post cat 

[g/km] 
K(X) 

K(X) required 

by the FIA 

CO 6.512 0.198 97.0% 75% 

HC 3.288 0.011 99.7% N/A 

NOx 0.770 0.024 96.9% N/A 

HC + NOx 4.058 0.035 99.1% 60% 

 

As it can be noted, the catalytic converter met the FIA 

efficiency requirements. It is interesting to compare the 

obtained results with the applicable EURO exhaust emis-

sion standards [12]. A summary of the maximum emission 

levels of individual harmful substances is presented in Ta-

ble 4 below. 
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Table 4. Maximum emission levels for given Euro standard 

  
CO 

[g/km] 
THC + NOx 

[g/km] 
THC 

 [g/km] 
NOx 

[g/km] 

Euro 1 2.72 0.97 – – 

Euro 2 2.2 0.5 – – 

Euro 3 2.3 – 0.2 0.15 

Euro 4 1 – 0.1 0.08 

Euro 5 1 – 0.1 0.06 

Euro 6 1 – 0.1 0.06 

 

Comparing table values from the results presented in Ta-

ble 3, it can be concluded that the tested car equipped with  

a catalytic converter approved by the FIA, taking into ac-

count the emission of harmful substances, would meet stand-

ards up to and including Euro 6. It should be emphasized that 

these emission values cannot be directly compared. In the 

case of Euro standards, the homologation testing procedure is 

different than in the case of the FIA standard, which specifies 

the test cycle according to ECE R15 Type 1, and not NEDC, 

WLTP or RDE. However, the ECE-R15 Type 1 Urban Driv-

ing Cycle is the least favourable case in terms of emissions 

(variable engine loads, including stops) [3, 9], it is possible to 

analyse the amount of harmful substances emitted by rally 

cars with and without exhaust aftertreatment systems on road 

sections. It should be emphasized here that the engine maps 

of modern rally cars are calibrated separately for road sec-

tions and separately for special stages. Thanks to this, if full 

engine operation is not required on the access section, the 

map can meet the conditions ensuring optimal operating 

parameters of the catalytic converter. The main such parame-

ter is the excess air coefficient λ. For λ = 1, the catalyst is 

characterized by the highest NOx reduction efficiency and 

high CO and HC oxidation efficiency. 

Taking into account the above results, it was decided to 

carry out statistical calculations regarding the emissions of 

harmful substances during the PZM Polish Rally Champi-

onship (RSMP) season for two cases. In the first case, the 

emissions of harmful substances throughout the season 

were analysed for one car, while in the second case, the 

average number of crews entered in the rally was analysed. 

All rallies in the PZM RSMP season were included in the 

analysis. In the 2023 season, they consisted of rallies with 

the lengths specified in Table 5. The emissions of individu-

al harmful substances were compared without a catalytic 

converter and with a catalytic converter installed in the car. 

Assuming the above distances, it was possible to esti-

mate the emissions of harmful substances from the entire 

RSMP season in two versions. In the first case, rally cars 

are not equipped with a catalytic converter approved by the 

FIA, while in the second case it is installed in the car. It 

should be noted that the following analyses assume that all 

rally cars are the same and are equipped with the same 

catalytic converters. However, this simplification seems to 

be good enough for statistical analysis, because the Rally3 

group cars are in the middle of rally cars groups in terms of 

generated power. This should also translate into the average 

amount of fuel burned and, consequently, the emission of 

harmful substances for the entire group of rally cars.. The 

results obtained for one car based on calculations are pre-

sented in Fig. 3.  

Table 5. Route characteristics in the Polish Rally Championship season 

 2023 

No. Rally Road 

Sections, 

[km] 

Special 

Stages, 

[km] 

Total, 

[km] 

1. 51. Rajd Świdnicki 261.20 132.60 393.80 

2. 79. Rajd Polski 737.41 182.06 919.47 

3. 42. Rajd Podlaski 418.48 110.60 529.08 

4. Rajd Małopolski 202.88 118.18 321.06 

5. 32. Rajd Rzeszowski 445.12 152.94 598.06 

6. Rajd Śląska 484.78 150.34 635.12 

7. 68. Rajd Wisły 364.25 124.36 488.61 

Total: 2914.12 971.08 3885.20 

 

Fig. 3. Results of emissions of harmful substances on road sections for the 
entire RSMP season for one rally car 

 

Moreover, by assuming the average number of starting 

cars in the RSMP based on the average number of entries 

from all rounds, which is 47 crews, it was possible to esti-

mate how many harmful substances the RSMP rallies emits 

on the road sections throughout the season. The results are 

presented in Fig. 4. 

 

Fig. 4. Results of emissions of harmful substances on approach sections 

 for the entire RSMP season for the average number of rally cars 

 

The graphs show the significant impact of the catalytic 

reactor on reducing the emission of harmful substances. 

The difference between a car equipped with a catalytic 

converter and a car without it is significant, because for 

each of the harmful substances the reduction in their 

amount reaches almost 100%, in each case exceeding 97%. 

The presented data well justify the need to use exhaust gas 

treatment systems in rally cars. Even taking into account 

the relatively small number of rally cars that are only on the 

road temporarily during sporting events. It should be noted 

that the tested catalytic converter significantly exceeded the 
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standards set by the FIA, which means that it stood out 

positively from the regulations in force in motorsport. 

Comparing the obtained analysis results with the situation 

of all road transport in Poland, in the case of CO the entire 

emission season of rally cars is given in Table 4. In the case 

of CO, it is 0.09 ‰ of this emission, and NOx 0.02 ‰. As it 

can be noted, rallies constitute a marginal part of road 

transport in Poland. 

3.2. On the special stages 

Special stages of a car rally have different characteris-

tics than road sections. Driving on a special stage is a time 

trial, so the crews try to achieve the shortest possible travel 

time. In such conditions, the engine of a rally car works 

almost all the time under full load. The amount of fuel 

burned in this case is much higher than when driving on the 

road section. Additionally, rally cars use the Anti-Lag Sys-

tem (ALS), whose task is to maintain a constant, high tur-

bocharger speed when the foot is taken off the throttle pedal 

by fuel injection at these moments. Apart from the fact that 

ALS undoubtedly has a positive effect on the performance 

of a rally car, it also has a negative impact on fuel con-

sumption and an increase in engine operating temperature 

in engines with an exhaust manifold integrated with the 

head. Higher fuel consumption directly translates into in-

creased emissions of harmful substances, so it is worth 

considering replacing the ALS system with another one that 

will translate into increased fuel consumption to a lesser 

extent, or preferably none at all. 

To show the benefits that can be obtained by replacing 

the ALS system with another one, tests were carried out 

during which the Fiesta ST Rally3 (model presented in Fig. 

5) built by M-Sport Poland moved along a designated route 

in 3 modes, i.e.: ALS off, ALS at the highest level of turbo-

charger support (ALS3) and ALS at an intermediate level of 

turbocharger support (ALS2). The data was recorded by  

a data acquisition system installed in the car. Table 6 pre-

sents the basic technical data of the above-mentioned car. 

 

Fig. 5. Ford Fiesta ST Rally3 

 
Table 6. Basic technical data of the Ford Fiesta ST Rally3 

Parameter Unit Value 

Weight of the car kg 1210 

Engine type – Turbocharged, petrol 

Number of cylinders – 3 

Displacement cm3 1496 

Maximum power kW 158 (FIA 30 mm restrictor) 

Maximum torque Nm 400 

Drivetrain – Constant four-wheel drive 

Transmission – Five-speed sequential gearbox 

Based on the tests performed, fuel consumption results 

were obtained depending on the ALS system used. They are 

presented in Fig. 6. 

 

Fig. 6. Comparison of fuel consumption for different levels of ALS opera-
tion 

 

As can be seen, the difference in fuel consumption by  

a rally driver on a special stage with the ALS system on and 

off can be up to 9.3 dm
3
/100 km. Even the intermediate 

ALS mode increases fuel consumption by 6.6 dm
3
/100 km. 

A comparison of fuel consumption on Special Stages 

throughout the RSMP season was made, in accordance with 

Table 5. As a result of the calculations, fuel consumption 

values per car and the average number of cars entered in the 

rally were obtained and are presented in Table 7. 

 
Table 7. Calculated fuel consumption for the entire RSMP season for the 

average number of rally cars (47) 

  NO ALS ALS1 ALS2 

Fuel consumption  

per 1 car, [dm3] 
506.37 570.92 596.53 

Fuel consumption  

per 47 cars, [dm3] 
23,799.58 26,833.26 28,037.12 

 

Analysing the entire RSMP rate in accordance with the 

adopted assumption, i.e. assuming the average number of 

registered crews throughout the entire season 47, savings in 

fuel consumption without the use of the ALS system may 

amount to approximately 15%. This is an important value, 

especially since reducing fuel consumption will also reduce 

emissions of harmful substances from rally cars. 

In the article devoted to alternative 48 V drive systems 

in rally cars, the issue of using an electrically driven com-

pressor was raised [16]. Such a device would allow, to 

some extent, to provide the required boost pressure in  

a situation where the turbocharger does not have the re-

quired rotational speed. Thus, thanks to the use of such  

a device, it would be possible to limit the operation of the 

ALS system, which would result in achieving the assumed 

goal, i.e. reducing fuel consumption and, consequently, 

harmful substances consumed by the rally car. while driv-

ing on the Special Stage. The next step will be to test a rally 

car engine equipped with an electrically driven compressor. 

The conclusions will allow, at least initially, to answer the 

question to what extent it will be possible to limit the use of 

the ALS system in a rally car. 
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4. Summary  
Due to the recent change in the Euro 7 standard, com-

bustion engines, also in small cars, which are the basis for 

building rally cars, will remain available for at least a few 

more years. Moreover, in the case in question, i.e. rally cars 

powered solely by electricity with an energy source in the 

form of batteries, there is a significant difference in the 

performance of the cars in favour of cars equipped with 

combustion engines. With this in mind, it seems crucial to 

improve combustion engines in order to reduce emissions 

of harmful substances, including fuel consumption, rather 

than to completely abandon them. On the one hand, there 

are options regarding exhaust gas treatment systems, which, 

as presented in this article, allow for: 

 reducing emissions of harmful substances such as CO, 

HC and NOx by over 96% depending on the substance. 

 in the scale of the entire analysed RSMP season, this 

shows the large scale of this action, which can be count-

ed in hundreds of kilograms when it comes to reducing 

emissions from the entire rate.  

However, it should be borne in mind that exhaust gas 

treatment systems have a negative impact on engine param-

eters, which are crucial in car rallies, so this should be taken 

into account when implementing them. 

On the other hand, in addition to exhaust gas treatment 

systems, the possibilities of using electrical devices can also 

be used, thus creating hybrid drive systems. Reducing fuel 

consumption also directly reduces the emission of harmful 

substances. For this reason, work is being carried out to 

verify the effect of using a 48V hybrid system consisting of 

BISG and an electric compressor. The next direction of 

work should be further tests of the above solutions in condi-

tions similar to those of a real rally. 
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Nomenclature 

ABS  anti-lock braking system 

ALS  turbocharger anti lag system 

ASN  national sporting authority 

BEV  battery electric vehicle 

CPSI  cells per square inch 

DOHC double overhead camshaft 

ECE  United Nations Economic Commission for Europe 

ERC  FIA European Rally Championship 

ETCR   FIA Etouring Car World Cup 

F1  FIA Formula One World Championship 

FIA  International Automobile Federation 

ICE   internal combustion engine 

PZM   Polish Automobile and Motorcycle Federation 

RDE  real driving emissions 

RSMP  Polish Rally Championship 

UDC  urban driving cycle 

WEC  FIA World Endurance Championship 

WLTP  worldwide harmonised light vehicle test procedure 

WRC  FIA World Rally Championship 

WTCR FIA World Touring Car Cup 
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1. Introduction 
The negative impacts of air pollution on public health 

and the environment have been a cause of global concern. 

The Paris Climate Agreement of 2015 [20] outlined a goal 

to achieve carbon neutrality by 2050 and a target for carbon 

reduction by 2030, with each country taking up a role in 

achieving this. The transportation sector is a significant 

contributor to air pollution, with fossil fuels in internal 

combustion engines producing carbon dioxide (CO2).  

Road transport is responsible for around one-fifth of the 

EU's total greenhouse gas emissions, with emissions show-

ing an increasing trend. The case for moving towards zero-

emission mobility [4, 17] becomes even more substantial 

and more apparent in the context of the drive to reduce 

energy dependence as soon as possible in the EU, given that 

road transport also accounts for one-third of the EU's total 

final energy consumption.  

The European Green Deal [20] stipulates the goal of at-

taining climate neutrality by 2050 and an ambitious interim 

target of reducing net greenhouse gases (GHGs) emissions 

by at least 55% by 2030 relative to 1990 levels. This is in 

line with the EU's dedication to global climate action as per 

the Paris Agreement [17, 20]. 

The European Green Deal and the goal of achieving 

climate neutrality are having an impact on the progress of 

battery electric vehicles (BEVs) [5, 17, 20]. 

Electric vehicles are often seen as an environmentally-

friendly form of transportation, but the emissions produced 

by them are dependent on the types of fuels used to produce 

electricity in the country where they are being used. It can 

refer to vehicles powered mainly from renewable energy 

sources as being "100% ecological" or "climate-friendly" 

[18]. 

According to the latest submission of the national inven-

tory of air pollutant emissions [1, 14, 15], most of the pub-

lic power in Poland is generated using solid fuels – that's 

81% of the total energy mix. Mainly, this means using of 

hard coal and lignite. The energy sources used in Poland 

affect the air pollutants generated by electric vehicles, re-

sulting in a transfer of carbon emissions from other sectors 

into the road transport sector. The effects that electric vehi-

cles have on the environment are largely determined by the 

energy sources used in the countries where they are pro-

duced. 

Electric vehicles in Poland can be seen as a source of 

carbon emissions that have been transferred from the public 

power and energy sector to the transportation sector. This 

implies that the environmental impact of electric vehicles is 

largely dependent on the type of energy that is used to pro-

duce electricity in the country. The study [8] shows that the 

amount of air pollutants created by battery electric vehicles 

(BEVs) and internal combustion engines vehicles (ICEVs) 

can be compared based on the energy sources used to pro-

duce electricity. This gives researchers a chance to examine 

the environmental impacts that may come about because of 

battery electric vehicles and the utilization of energy gener-

ated from non-renewable sources [8]. 

The importance of battery electric vehicles in meeting 

environmental objectives cannot be overstated, however the 

extent of their environmental advantages varies based on a 

variety of factors such as the energy source, the type of air 

pollutants and greenhouse gases present, and the specific 

kind of electric vehicle. Undoubtedly, the advantage of 

battery electric vehicles is shifting the source of transport-

related air pollution from roads to power plants [7]. The 

potential of electric vehicles to cut back on-air pollutants 

and greenhouse gases may not be fully realized if the elec-

tricity used to power them is sourced from non-renewable 

sources such as coal and oil [18]. In China, research carried 

out by Huo et al. [6] indicates that electric vehicles can lead 

to a three to tenfold increase in SO2 emissions and a dou-

bling of NOx emissions when compared to internal combus-

tion engine vehicles (ICEVs) [18], given that the majority 

of electricity is generated from coal. 

Electric vehicles do not have the capability to complete-

ly reduce all air pollutants and greenhouse gas emissions. 

Huo et al. [6] demonstrated that battery electric vehicles 

technology has the potential to reduce greenhouse gas 

emissions by 20%. However, it may also augment the con-

centrations of particulate matter (PM both PM10 and 

http://orcid.org/0000-0001-9193-1473
http://orcid.org/0000-0002-2364-4533
http://www.combustion-engines.eu
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PM2.5), nitrogen oxides (NOx) and sulphur dioxide (SO2). 

According to Nichols et al. [15], battery electric vehicles 

are capable of decreasing emissions of greenhouse gases, 

NOx, and PM10, yet produce substantially higher SO2 

emissions than cars with an internal combustion engine. 

There is proof that the particulate matter generated beyond 

exhaust systems varies between battery electric vehicles 

and internal combustion engine vehicles, as the mass of the 

vehicle can affect non-exhaust emissions [19, 20]. The 

amount of wear and tear on tires, brakes, and roads increas-

es significantly for heavy vehicles (50% more than on me-

dium and small cars, which weigh 1600 kg and 1200 kg, 

respectively) [19]. On average, electric vehicles are about 

24% heavier than cars with combustion engines [21, 22]. 

In addition to energy generation and consumption, the 

type of electric vehicle is also an essential factor in the 

environmental benefits of electric mobility. Electric vehi-

cles fall into four categories:  

 Hybrid Electric Vehicles (HEV), which run primarily on 

gasoline with a small battery assisting the internal com-

bustion engine.  

 Plug-in Hybrid Electric Vehicles (PHEV), which run on 

both gasoline and Diesel independently and electricity. 

 Battery Electric Vehicles (BEVs) that are powered sole-

ly by electricity. 

 Fuel Cell Electric Vehicles (FCEVs) which are powered 

by hydrogen.  

Figure 1 compares various types of electric vehicles 

based on their energy source, consumption, and emissions 

from exhaust pipes and power plants. 

Weiss et al. [23] suggest that battery electric vehicles 

with high battery capacity can produce between two and 

three times more greenhouse gases than hybrid electric 

vehicles, depending on the electricity source and the timing 

of the battery electric vehicles charging [10]. 

 

Fig. 1. Comparison of source and energy consumption and tailpipe emis-
sions and energy generation for different types of electric vehicles (EV) 

[22] (*) The data displayed here is intended to be seen, not analysed. It is 

not organized or measured in any particular way; **) The technology used 
by each plant may differ, so we have not supplied numerical data for 

 visualization [22] 

 

The energy mix in Poland is based mainly on fossil 

fuels. However, a slight increase in the share of renewable 

sources is noticeable, whereas it is still a small share of the 

entire energy mix (Fig. 2) [23]. 

 

Fig. 2. Polish energy mix (based on [1]) 

 

It is apparent that the environmental effects of electric 

vehicles vary based on the particular circumstances. 

Some studies have only concentrated on specific emis-

sion chains, including production [11], energy generation 

[9, 22] and operation [6]. To this end, there is an urgent 

need for a thorough review of literature studies that can 

help fully assess the environmental aspects of electric vehi-

cles (EVs), given the issue's complexity and scope. This 

study is a step in that direction. 

2. Materials and Methods 
This article examines the emissions of harmful sub-

stances given off by different types of vehicles, including 

conventional internal combustion engine vehicles (ICEV), 

hybrids, plug-in hybrids, and battery electric vehicles 

(BEV). It looks at the emissions from different types of 

passenger cars, such as minis, smalls, mediums and large 

SUVs and executives, by comparing them in pairs. 

The authors employed the COPERT (COmputer Pro-

gramme to calculate Emissions from Road Transport) soft-

ware for simulating emissions of internal combustion en-

gines vehicles and energy consumption by battery electric 

vehicles. The methodology followed the guidelines set out 

by the 2006 IPCC Guidelines for National Greenhouse Gas 

Inventories and EMEP/EEA Air Pollutant Emission Inven-

tory Guidebook 2019 [16], which are basic guidelines for 

inventories of greenhouse gases and air pollutants. 
The equivalent emissions from battery electric vehicles 

were calculated from the formula given below (1): 

 Ei = E𝑐 × EFi ×M (1) 

where: Ei – emission of pollutant i [g/km], Ec – the amount 
of electric energy used, measured [Wh], EFi – emission 
factor of pollutant i for electricity produced by installations 
for combustion of fuels [g/Wh] based on [23], M – distance 
driven by vehicle [km]. 

Two types of simulations were carried out:  

 comparison of emissions for BEV, hybrid, PHEV, and 

ICE vehicles 

 comparison of emission equivalent with BEV for vari-

ous energy mixes, based on indicators determined in the 

National Centre for Emissions Management (KOBiZE) 

studies [1]. 

Simulations were carried out, assuming that vehicles 

from each type of passenger cars travelled 10,000 km in 

each segment of passenger cars (Mini, Small, Medium and 

Large-SUV-Executive).  
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3. Results 
Figures 3–22 show the influence of the vehicle type on 

emissions. The dependence is presented for each segment 

of passenger cars (Mini, Small, Medium and Large-SUV-

Executive).  

 

Fig. 3. Comparison of carbon dioxide (CO2) emissions for the selection of 
 Mini Passenger cars  

 

Fig. 4. Comparison of nitrogen oxides (NOx) emissions for the selection of 

 Mini Passenger cars  

 

Fig. 5. Comparison of exhaust particulate matter (PMexh) emissions for 

 the selection of Mini Passenger cars  

 
 

Fig. 6. Comparison of non-exhaust particulate matter (PMnon-exh) emissions 
 for the selection of Mini Passenger cars  

 

Fig. 7. Comparison of sulphur dioxide (SO2) emissions for the selection of 

 Mini Passenger cars  
 

The simulation results presented in Fig. 3–22 show that, 

for the passenger car in the Mini segment, the equivalent 

emissions of CO2, NOx, PMexh (PM emission from the ex-

haust system) and SO2 are higher for battery electric vehi-

cles than for internal combustion engines vehicles. The 

most significant difference can be seen for SO2, PMexh and 

NOx. The simulations also show that in the case of the Mini 

segment, CO2 and PMexh emissions are the lowest for diesel 

internal combustion engines. In the case of NOx emissions, 

hybrid vehicles (HVs) and internal combustion engines 

LPG have the lowest emissions. 

However, concerning PMnon-exh emissions, it can be seen 

that the lowest emissions are from battery electric vehicles.  

For the passenger car segment in the Small segment, 

similar to the Mini segment, the equivalent emissions of 

CO2, NOx, PMexh, and SO2 are higher for battery electric 

vehicles than for vehicles with internal combustion engines. 

 

Fig. 8. Comparison of carbon dioxide (CO2) emissions for the selection of 

 Small Passenger cars  

 

Fig. 9. Comparison of nitrogen oxides (NOx) emissions for the selection of 

 Small Passenger cars  
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Fig. 10. Comparison of exhaust particulate matter (PMexh) emissions for 

 the selection of Small Passenger cars  

 

Fig. 11. Comparison of non-exhaust particulate matter (PMnon-exh) emis-

 sions for the selection of Small Passenger cars  

 

Fig. 12. Comparison of CO2, NOx, PM and SO2 emissions for the selection 

 of Small Passenger cars  

 

Fig. 13. Comparison of carbon dioxide (CO2) emissions for the selection 

 of Medium Passenger cars  

 

Fig. 14. Comparison of nitrogen oxides (NOx) emissions for the selection 

 of Medium Passenger cars  

 

Fig. 15. Comparison of exhaust particulate matter (PMexh) emissions for 

 the selection of Medium Passenger cars  

 

Fig. 16. Comparison of non-exhaust particulate matter (PMnon-exh) emis-

 sions for the selection of Medium Passenger cars  

 

Fig. 17. Comparison of sulphur dioxide (SO2) emissions for the selection 

 of Medium Passenger cars  
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The simulations also show that in the Small segment, 

Plug-in Hybrid Electric Vehicles (PHEV) has the lowest 

CO2, PMexh, and NOx emissions. As in the case of the Mini 

segment, in the case of PM emissions from abrasion, it can 

be seen that the lowest emissions are from battery electric 

vehicles (BEV) and Plug-in Hybrid Electric Vehicles 

(PHEV). 

For the passenger car in the Medium segment, similarly 

to the previous segments (Mini and Small), the equivalent 

emissions of CO2, NOx, PMexh and PMnon-exh (PM emission 

from the tribological process) and SO2 are higher for bat-

tery electric vehicles than for internal combustion engines 

vehicles. 

The simulations also show that CO, NOx and PMnon-exh 

emissions are the lowest for separate Plug-in Hybrid Elec-

tric Vehicles. 

In the case of non-exhaust PM emissions, contrary to 

the Mini and Small segments, the lowest emissions are for 

CNG internal combustion engines passenger cars. 

 

Fig. 18. Comparison of carbon dioxide (CO2) emissions for the selection 

 of Large-SUV-Executive Passenger cars  

 

Fig. 19. Comparison of nitrogen oxides (NOx) emissions for the selection 

 of Large-SUV-Executive Passenger cars  

 

Fig. 20. Comparison of exhaust particulate matter (PMexh) emissions for 

 the selection of Large-SUV-Executive Passenger cars  

 

Fig. 21. Comparison of non-exhaust particulate matter (PMnon-exh) emis-

 sions for the selection of Large-SUV-Executive Passenger cars  

 

Fig. 22. Comparison of sulphur dioxide (SO2) emissions for the selection 

 of Large-SUV-Executive Passenger cars 
 

For the passenger car in the Large-SUV-Executive seg-

ment, similar to the Medium passenger cars, the equivalent 

emissions of CO2, NOx, PMexh and PMnon-exh and SO2 are 

higher for battery electric vehicles than for internal com-

bustion engine vehicles. 

The simulations also show that CO2, NOx and PMnon-exh 

emissions are the lowest for separate Plug-in Hybrid Elec-

tric Vehicles (PHEV). 

In the case of non-exhaust PM emissions, similarly to 

the Medium segments, the lowest emissions are for CNG 

internal combustion engines passenger cars. 

Figures 23–25 show the influence of energy mix on 

emissions from battery electric vehicles. The dependence is 

presented for each segment of battery electric vehicles 

(Mini, Small, Medium and Large-SUV-Executive).  

 

Fig. 23. Comparison of carbon dioxide (CO2) emissions for BEV depend-
 ing on polish fuel mix 
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Fig. 24. Comparison of nitrogen oxides (NOx) emissions for BEV depend-
 ing on polish fuel mix 

 

Fig. 25. Comparison of particulate matter (PM) emissions for BEV de-

 pending on polish fuel mix 

 

Fig. 26. Comparison of sulphur dioxide (SO2) emissions for BEV depend-

ing on polish fuel mix 

 

Figures 23–25 shows the dependence of equivalent 

emissions on the energy mix. It can be seen that as Renew-

able Energy Sources (RES) electricity increases, the 

equivalent emissions from electric vehicles decrease. For 

2020, the share of RES electricity in total electricity pro-

duction was the highest, almost 12.5%, while for other 

years, it was approximately 10%. 

4. Conclusions 
Research conducted and the data presented in the article 

indicate that the amount of carbon dioxide and pollutants 

released by cars is largely dependent on the kind of fuel 

used (in the case of ICEVs) and the energy mix (for BEVs). 

Simulation studies conducted in Poland suggest that 

introducing electric cars to traffic while removing cars with 

internal combustion engines is not necessarily beneficial. 

The simulation results shown in Fig. 3–22 show that the 

CO2 emissions of battery electric vehicles are higher than 

those of internal combustion engine vehicles for all 

segments (Mini, Small, Medium and Large-SUV-Execu-

tive.  

The same is true for NOx, exhaust PM and SO2 emis-

sions. The SO2 emissions from battery electric vehicles are 

significantly higher than those from internal combustion 

engines because the energy mix is mainly based on coal. 

Only the non-exhaust emission PM (tire, brake wear and 

abrasion), is lower for battery electric vehicles, but this 

difference is negligible. 

Figures 23–25 compares CO2, NOx, PM and SO2 

emissions for battery electric vehicles depending on the 

Polish fuel mixture. It shows that the emission depends on 

the energy mix. Comparing the values in Fig. 2 with the 

simulation results, it can be seen that the greater the share 

of renewable sources in the energy mix, the lower the 

emission of all pollutants under consideration. This 

relationship clearly shows that if Poland strives for climate 

neutrality, it should increase the share of renewable sources 

in the energy mix before decarbonizing transport. 

In conclusion, the findings of the research and the 

evaluation of the sources demonstrate that, with the existing 

energy mix in Poland, the shift of more cars to electric 

engines and a decrease in the number of cars with internal 

combustion engines will not have a beneficial effect on the 

environment and human health, as the amount of NOx and 

SO2 in the atmosphere will escalate. 

This article serves as a benchmark for further 

exploration into the role of electromobility in the energy 

mix or electricity industry. The purpose of the study could 

be to examine the effects of electromobility on the 

environment and the economy. It is plausible to apply the 

benchmarking system that is provided to cars powered by 

alternate fuel sources, such as hydrogen. 

 

Nomenclature 

BEV  battery electric vehicles 

CO2  carbon dioxide  

EV  electric vehicles 

FCEV  fuel cell electric vehicles 

GHG  greenhouse gases 

HEV  hybrid electric vehicles 

ICEV  internal combustion engine vehicles 

NOx  nitrogen oxides 

PHEV  plug-in hybrid electric vehicles 

PM  particulate matter  

RES  renewable energy sources 

SO2  sulphur dioxide 
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1. Introduction  
For many decades hydrogen was considered as a fuel of 

far-future solutions and labelled as too expensive and dan-

gerous for daily use. Even though a lot of research projects 

were carried out on technologies for safe storage and use, as 

well as less expensive production, it still remained linked 

solely to the space industry. 

The situation has changed recently, and hydrogen has 

suddenly become a fuel considered to be within reach for 

everybody. This, together with more and more hydrogen 

solutions for daily use already available on the market, is 

boosting current activities on further developments. Cur-

rently, there are available for regular sales: hydrogen 

fuelled cars, trucks, and buses; hydrogen fuel cells for 

household power generation; electrolyzers; hydrogen tanks 

for a wide range of storage pressures and more. Each signif-

icant industrial gas engine maker announces developments 

of its own products to allow the usage of hydrogen as  

a fuel, at least to some extent. However, most of the tech-

nologies presented nowadays are at a very early stage of 

development, usually at factory tests and improvements. 

Nevertheless, some OEMs put first prototypes into the 

initial phase of field testing [1, 7, 8, 10, 13]. Still, most 

companies working as system integrators do not have either 

a budget, capabilities, competencies, or facilities to develop 

engine technology, and thus, they are usually dependent on 

the technology available from industrial engine manufac-

turers. 

The paper describes over a decade of Horus-Energia ex-

perience in development of technologies for industrial gas 

engines enabling hydrogen usage as a fuel for on-site power 

generation. The engines were modified inhouse by Horus-

Energia and adopted to operate on gas fuels containing 

hydrogen at various proportions and even for pure hydro-

gen. Systems were installed on several applications, and the 

experience from tens of thousands of hours of operation in 

real conditions will also be present together with the next 

steps planned for the technology improvements. 

2. Solution for low hydrogen content in gas fuel 
The basic hydrogen technology available from Horus-

Energia is based on the innovative and patented gas-air 

mixer system called the MUZG. Gas-air mixers are the 

most common solutions for industrial gas engines on the 

market due to their simplicity and high reliability, but they 

have a lot of limitations like slow response to changes in 

fuel properties, lack of capability to change gas-air mixture 

composition on demand, or operating range for air/fuel 

ratio. The MUZG technology, developed together by Ho-

rus-Energia and Cracow University of Technology, is much 

more advanced and sophisticated than typical mixer solu-

tions. In the MUZG system, the gas dosing is additionally 

regulated by a fast reacting control unit [4, 5, 9, 11]. The 

MUZG system uses many additional sensors to monitor 

combustion process inside cylinders, to detect abnormal 

situations, like knock or misfiring, and to implement neces-

sary correction for engine controls or to mixture composi-

tion. Thanks to fast algorithms and fast-response controllers 

the MUZG system can implement corrective actions within 

a single engine cycle. 

This improves mixer operational flexibility and helps to 

overcome the main disadvantages of typical mixers i.e. 

narrow operating window for gas fuel calorific value and 

slow response when gas fuel calorific value changes – the 

gas fuel calorific value change causes change in stochio-

metric gas-air ratio and thus requires correction in stochio-

metric coefficient (lambda). Additionally, extended sensors 

and fast processing help to detect many abnormalities at 

their initial phase, which is very important to implement 

active knock protection. The operation near the knock limit 

enables high efficiency, but standard control systems of 

industrial gas engines create too high a risk of knock. Only 

effective early knock detection and fast response of the 

control system allow such engine operation. 

The MUZG system was tested in 2017 and 2018 at Ho-

rus-Energia premised within R&D project co-financed by 

the National Centre for Research and Development. During 

http://orcid.org/0000-0001-9451-3146
http://orcid.org/0000-0002-6504-1714
http://www.combustion-engines.eu
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tests, various gas fuels were specially composed to define 

the real operational limitations of the MUZG system. The 

tests were focused on wide range of fuel calorific value 

change, the methane number change and on maximum 

accepted change rate of these. 

The main advantages of the MUZG system over typical 

mixers are shown in Fig. 1–3. 

 

Fig. 1. Comparison of gas-air mixers operation window for gas fuel 
 calorific value 

 

 

Fig. 2. Comparison of acceptable gas fuel calorific value change speed 
 for stable gas-air mixer operation 

 

The MUZG system tests showed its superiority over 

standard systems dedicated to industrial. The system allows 

a significantly wider operating window for gas fuel calorif-

ic value change. What is most important, the MUZG system 

does not require any additional inputs or settings when gas 

fuel calorific value changes. On the contrary, standard con-

trol systems need presetting for particular fuel and quite 

narrow operating window is than anchored with these initial 

values giving as a result much narrower operating range in 

reality than it seems from the theoretical range. 

The MUZG system also has unique and incomparable 

capability in responsiveness to gas fuel properties change. 

As the tests showed, the MUZG system reaction time is 

over 100 times shorter than standard systems offer [4, 5]. 

 

Fig. 3. Comparison of MAN E2876 LE302 gas engine efficiency for 

 various gas-air mixers during operation on methane 

 

The above mentioned advantages are very important 

when it comes to non-conventional gas fuels but the MUZG 

system provides significant benefits also for engines fuelled 

with conventional gas fuels. The visible efficiency im-

provement achieved during operation on methane results 

from more accurate fuel dosing linked to measured knock 

margin and fast processing of controls. 

It is important to note that the MUZG system has been 

designed independently from the engine platform, so it can 

be installed on any industrial gas engine and will provide 

extremely flexible, self-adjusting, fast reacting, and effi-

ciently optimized operation of the engine. Horus-Energia 

has successfully installed the MUZG on many gas engines, 

like MAN, Perkins or Rolls-Royce MTU. 

3. Solution for high hydrogen content in gas fuel 
The gas-air mixer solution, where fuel is delivered at the 

engine air inlet, fills quite a large volume with a flammable 

mixture and starts to be problematic and hazardous when 

hydrogen is the dominating gas fuel component. For such 

cases, the WUZG technology available from Horus-Energia 

is recommended. The WUZG uses the same control philos-

ophy as the MUZG system, and the main difference is that 

instead of a gas-air mixer located at the engine air inlet, 

there is a multipoint injection system with individual injec-

tors for each cylinder located in the intake manifold close to 

cylinder heads. 

The WUZG system was developed in close cooperation 

between Horus-Energia and Cracow University of Tech-

nology already in 2013, and it has the same basic ad-

vantages as the MUZG system, but it offers an even faster 
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response when the gas-air mixture composition change is 

required and enables the possibility to control each cylinder 

separately [2]. 

The exact hydrogen content in gas fuel when the 

WUZG system shall be used instead of the MUZG system 

is not defined and actually it comes more to gas fuel proper-

ties than only hydrogen content in it. Usually fuels with 

hydrogen content lower than 50% contain significant con-

tent of carbon monoxide, nitrogen and also carbon dioxide. 

Additionally, usually they are some process by-streams or 

by-products and they are available at low overpressure, 

typically some millibars, and are seldom cleaned. For such 

fuels it is more feasible to use the MUZG system. When 

fuel is clean and hydrogen content is over 50–60% the 

WUZG system is better and safer solution. 

Like the MUZG system, also the WUZG system was 

developed independently from engine platform, so it can 

also be installed on any industrial gas engine. Horus-

Energia has successfully installed such system on several 

Perkins (Fig. 4) and MAN engines so far. 

 

Fig. 4. The cogeneration unit with Perkins 4016-61TRS2 industrial gas 

 engine equipped with the WUZG system at customer site in Gaj Oławski 

4. Solution for hydrogen-hydrocarbons blend 
In 2022, another R&D project started and the aim was 

to develop a system especially dedicated to gas fuel that is a 

blend of hydrogen and methane (natural gas). It is meant to 

be used with future pipeline gas when (probably) hydrogen 

generated from renewable sources will be injected into the 

national gas grid and locally its level can change from near-

ly 0% to even 100% within a short period of time. The 

methane-hydrogen fuelled industrial gas engines are sup-

posed to be installed in the cogeneration solutions operated 

locally in a distributed power generation system. For such 

operation it is crucial to ensure that hydrogen change in the 

entire range can be done when the engine is operating and 

without any required change in the engine load during the 

change. Also, the engine needs to accept quick changes of 

hydrogen content within the entire range regardless if hy-

drogen content is being increased or decreased. 

The newly developed system is based on the features of 

the MUZG and the WUZG systems and it benefits from 

both systems advantages. For the project purpose, the Per-

kins 4016-61TRS2 industrial gas engine was modified in 

the autumn of 2022 (Fig. 5), but the system is independent 

from the engine platform and, as the previously mentioned 

ones, it also can be used on various industrial gas engines. 

The genset was equipped with a heat recovery system 

providing nominal power of 1 MW electric plus 1 MW 

thermal power, and the cogeneration unit was tested in 

2023 at Horus-Energia premisses (Fig. 6) with the very 

extended functional and operational test program. During 

the tests, the unit was fuelled with methane blended with 

hydrogen in the required proportions. 

The test facility at Horus-Energia is equipped with a gas 

mixing station which allows online blending of fuel gas 

from its components – in this case, hydrogen was blended 

with natural gas from the gas distribution network. Hydro-

gen was delivered in a trailer at a pressure of 200 bar, re-

duced at the pressure reduction station to a level equal to 

natural gas pressure. The gas flow was measured simulta-

neously for each stream separately. During blending, the 

proportions of natural gas and hydrogen were changed to 

create the fuel gas blend with the required proportions and 

also to change them with the required rate. The tests cov-

ered the steady-state operation for the efficiency measure-

ments (Fig. 6) and the dynamic tests for fast change of 

hydrogen content in the fuel at constant load (Fig. 7). 

 

Fig. 5. The Perkins 4016-61TRS2 industrial gas engine is equipped with 
the specially developed system hydrogen-methane fuel system. The genset 

 arrangement at Horus-Energia test facility 

 

Fig. 6. The containerised cogeneration unit with the Perkins 4016-61TRS2 
industrial gas engine at Horus-Energia industrial engines test facility 
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The functional test showed that the control system de-

veloped in the project provides better control and balance 

for the industrial gas engine than the original control sys-

tem. Additionally, the addition of hydrogen in the fuel gas 

improves combustion efficiency and, thus, engine efficien-

cy. The zones with the extremally lean mixture that is non-

flammable for methane are usually located close to cylinder 

walls, which additionally limits flame propagation in these 

zones due to quenching distance. These zones are sources 

of methane direct emissions from the exhaust, known as 

methane slip, and this reduces engine efficiency. When 

hydrogen is added to the fuel, the situation improves, as 

hydrogen has much wider flammability limits and a much 

shorter quenching distance. The non-flammable zones are 

much smaller, and less unburned fuel is exhausted from the 

engine. 

 

Fig. 7. The efficiency of Perkins 4016-61TRS2 gas engine with standard 

control system and with the developed one 

 

Fig. 8. The maximum allowed sudden change of hydrogen content for 
Perkins 4016-61TRS2 gas engine with standard control system and with 

 the developed one 

The dynamic tests showed that the implemented control 

system if compared with the standard control system, al-

lows for a much wider range of hydrogen content in the fuel 

and a much faster change of hydrogen content. It is im-

portant to highlight that the engine with its original configu-

ration has two limitations: hydrogen content cannot be 

higher than 5% (by volume), and the engine shall not be 

operated for a long time with loads below 50% of the nom-

inal load. The new control system offers better dynamics 

because of its advanced control philosophy, which includes 

many more sensors and transducers and a fast data pro-

cessing controller, which allows to detect even small 

change in the combustion process, evaluate the cause and 

react correctively from cycle to cycle. Thanks to such con-

trol system ability, the engine operation can be set for more 

efficiency optimal points but still with a safe distance from 

the knock margin, especially during fast changes of fuel 

properties or during fast loading or unloading. Additionally, 

when a fuel gas injection system is used, the system allows 

individual control for each cylinder with individually set 

mixture composition (especially individually set stoichio-

metric coefficient) and individually set ignition timing. 

The observations for tests with hydrogen content over 

50% are that further increase of hydrogen in the fuel blend 

has less influence on the engine efficiency, as the combus-

tion process in the very lean areas is already well stabilised 

with 50% hydrogen in the fuel blend. Also, charge ex-

change is already well controlled as the system switches 

from mixer to injectors, so cylinders are flashed with pure 

air instead of mixture. Another observation is that due to  

a lean mixture and lower combustion temperatures NOx 

emissions are lower when the share of hydrogen increases 

(Fig. 9 and Fig. 10). 

 

Fig. 9. The exhaust temperatures before turbocharger (Tex1) and after 

turbocharger (Tex2) for the Perkins 4016-61TRS2 gas engine fuelled 
 with various hydrogen content in the gas fuel 

 

It is important to note that the Perkins 4016-61TRS2 

running at a nominal load of 1000 kW consumes about 90 
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kg of pure hydrogen per hour. Typical hydrogen trailer, as 

those used during tests at Horus-Energia premisses, contain 

about 320–400 kg of hydrogen, so one trailer is sufficient 

for 3.5–4.5 hours of operation only, not enough even to 

complete one full day of the tests. For that reason, further 

extensive performance tests are scheduled for 2024 and will 

be carried out at the location where hydrogen is available 

locally to avoid frequent hydrogen deliveries and related 

logistics.  

 

Fig. 10. The NOx emission from the Perkins 4016-61TRS2 gas engine 

 fuelled with various hydrogen content in the gas fuel 

 

The last part of the test program will be the two years 

long durability test during normal operation of the cogener-

ation unit at selected customer. 

The final version of the system will enable fuelling the 

industrial gas engine with a blend of hydrogen and gaseous 

hydrocarbons at any proportions with the same functionali-

ties as the tested system. 

5. Operational experience of the MUZG  

and WUZG systems 
The very first WUZG system was commercially in-

stalled on three cogeneration units with MAN industrial gas 

engines commissioned in 2014 – one MAN E2876 LE302 

engine and two MAN E2842 LE322 engines. The units 

were fuelled with post-processing gas containing 85-95% of 

hydrogen [2], and in 2019, they gained over forty thousand 

operating hours, proving very high reliability. Another 

interesting example of commercial application is the Per-

kins 4016-61TRS2 engine delivered in March 2022 to op-

erate on pure hydrogen (Fig. 4). The unit is able to generate  

1 MW of electric power and 1 MW of heat or 750 kW in 

chill water to a local factory will also be used as peak shav-

ing solutions for local wind farms. During the overproduc-

tion of electricity from the wind farm, the surplus electricity 

will be used to produce hydrogen using the process of water 

electrolysis. The hydrogen will be stored in high pressure 

tanks and can be later used to generate electricity when 

there is a lack of power in the system or electricity price is 

attractive enough. 

The MUZG system has been installed commercially 

since 2017 and has also proved its unique flexibility for gas 

fuels with variable properties. The engines with the MUZG 

system work well fuelled with syngas (gasified sewage 

sludge) containing about 40–45% of hydrogen and also 

other fuels with low quality, like coalmine gas for instance. 

Those engines also proved their high durability and gained 

over sixty thousand running hours so far (Fig. 11). 

The theoretical average annual availability of industrial 

gas engines is 8650 hours [4, 9, 12], which is based on ideal 

operation when all maintenance actions are done as sched-

uled, with no delays, unexpected stops, and failures. In 

reality, such number is extremally hard to reach, and typical 

industrial gas engine has the real average annual availabil-

ity of about 8000 hours, and well maintained and carefully 

operated engines with good and stable gas quality can reach 

8350–8400 hours of average annual availability. 

The engines with the MUZG system reached an average 

8100 hours even though the gas quality was low with many 

impurities and significant fluctuation of gas composition. It 

is also important to mention that units operating on waste 

fuels or by-products are treated the same way as fuel, so the 

owner usually doesn’t pay much attention to careful opera-

tion or regular maintenance with the required schedule. 

The engines equipped with the WUZG system reached 

even 8600 hours of average annual availability even though 

the gas composition was not stable and fuel was not puri-

fied at all. 

These impressive results were possible because both 

systems have the unique functionality of continuous com-

bustion process monitoring and can react if improper opera-

tion is detected to adjust relevant settings (the WUZG sys-

tem can do it even for each cylinder separately). 

 

Fig. 11. Comparison of reliability of typical industrial gas engines and the 

engines with the MUZG and the WUZG 
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6. Conclusions and future steps 
The MUZG and the WUZG systems are universal can 

be installed on any industrial gas engine and, once installed, 

they improve engine operation flexibility and performance, 

even when the engine is operated on conventional fuels. 

Better performance is achieved mainly due to better detec-

tion of knock margin but also thanks to continuous monitor-

ing of engine condition and corrective settings implied for 

the whole process, from mixture formation to combustion. 

All additional sensors used to ensure that the gas-air mix-

ture is carefully prepared and the combustion process is 

well monitored together with fast signal processing help to 

operate on fuels with variable properties or low quality 

when the change in control can be applied within one single 

engine cycle. 

The MUZG and the WUZG systems are especially de-

signed to control the combustion of hydrogen based fuels. 

The functionality of the systems allows the use even pure 

hydrogen and still to control combustion properly i.e. to 

prevent from knock, to limit combustion temperatures, to 

control flame speed etc. All of these are done by early de-

tection of knock or misfiring tendencies, exhaust tempera-

ture rise or fall, and once it is detected, counteraction is 

applied already in the following engine cycle. The WUZG 

system allows additionally to control of each cylinder sepa-

rately with the individual mixture composition or with 

temporary cylinder deactivation if the combustion process 

is hard to control and leads to potential cylinder failure. 

The monitoring also enables save operation of the en-

gine. Even small variations from the desired engine opera-

tion can be detected and various corrective actions can 

applied before the process reaches a serious level or dam-

age occurs. This helps to avoid situations when the engine's 

available power is limited, or the engine needs to be 

stopped due to an operation warning or alarm signal. All of 

these are reflected in the annual average availability of the 

engines equipped with the MUZG or the WUZG system 

regardless of fuel type and quality that were used. 

The combined MUZG and the WUZG system brings 

additional operational flexibility, as the engine control 

system can switch from one fuel supply system to another. 

The MUZG system gets priority when fuel has low pressure 

low hydrogen content and the WUZG system is preferred 

when gas pressure or hydrogen content are relatively high. 

As the mentioned systems have high potential for vari-

ous applications there are many further development pro-

jects already ongoing or planned. The combined MUZG-

WUZG system will be extended to enable the use of other 

gaseous hydrocarbons blended with hydrogen. The MUZG 

system can be used for bi-fuel engines fuelled with oil fuel 

(biodiesel for instance) and gas fuel (bio-methane for ex-

ample), which will create a very reliable and carbon dioxide 

neutral solution for independent power generation with 

unique operational flexibility and loading performance not 

observed in typical industrial gas engines. And finally, the 

WUZG system can also be used for bi-fuel engines combin-

ing the combustion of biodiesel with hydrogen or for other 

fuels, such as alcohols. Basic tests of that system has al-

ready been started and the first results are promising, but 

the solution is still far from final implementation. 
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1. Introduction 
Due to the increasing anthropopressure on the natural 

environment, their conditions are deteriorating due to the 

increasing pollution of the surrounding nature. This process 

applies to all aspects of the natural environment – air, land, 

water, and the broadly understood biosphere. 

In the case of lakes, the influence of anthropopressure is 

particularly visible. Firstly, because of their relatively small 

dimensions – the concentration of pollutants is much higher 

than, for example, in the case of air or seas. Secondly, be-

cause of the very diverse purpose of lakes’ use. They can be 

used as a breeding place, and a source of fish for fish farms 

as tourist attractions – a place for water sports, and their 

shores are attractive places for the construction of housing 

estates or hotels. Finally, lakes can serve as drinking water 

reservoirs. Of course, in practice, all these uses coexist to 

varying degrees. 

The anthropopression exerted on lakes accelerates the 

natural process of eutrophication (aging of lakes). Exces-

sive inflow of pollutants (first of all – nutrients – nitrogen 

and phosphorus) causes a number of unfavorable changes 

in water ecosystems [20]. These changes consist in a de-

crease in water transparency as a result of the intensifica-

tion of primary production processes (excessive develop-

ment of phytoplankton and also bacterioplankton – cyano-

bacteria), changes in water salinity (increase in electrolytic 

conductivity), changes in the biological structure of the 

ecosystem (decrease in biodiversity, disappearance of mac-

rophytes, replacement of valuable fish species by the less 

valuable) [16, 20]. Excessive production of organic matter 

causes the consumption of oxygen for the processes of its 

decomposition, which takes place in the deeper layers of 

water and causes the development and strengthening of 

oxygen deficits in the bottom zone.  

It may cause an increase in water pollution in lakes and, 

consequently, the loss of some of their qualities – a ban on 

bathing due to pollution, or a decline in the fish population. 

Surface water pollution can be of biological, chemical or 

physical character. In particular, it may be contamination of 

water with bacteria, e.g., E. coli, the influx of toxic chemi-

cals into the water, or pollution with heavy metals. Eutroph-

ication is a slow increase in lake pollution caused by the 

nutrients export from the catchment area, increasing water 

fertility. The rate of this nutrient alimentation in natural 

conditions is slow, but human activity has significantly 

accelerated this process. In the first stage, this leads to the 

flourishing of life, and after some time – due to the con-

sumption of oxygen resources in the lower layers of water – 

to a series of unfavorable changes mentioned above. 

There are various methods of examining the state of 

water in terms of physical (temperature, pH, color, smell, 

Secchi disc visibility, electrolytic conductivity), chemical 

(determination of the content of various elements and 

chemical compounds by analytical chemistry methods) 

[18] or biological (e.g. analysis of species composition, 

number of organisms, biomass of organisms) [20]. Optical 

methods are used to measure the phytoplankton content in 

waters [3]. 

As a result of the research, it can be proved, that there is 

a specific relationship between a specific deviation of the 

parameters of the sound emitted in the water of the tested 

reservoir depending on its chemical and physical state. 

It is known from physics that the speed of sound in liq-

uids depends on the modulus of volumetric elasticity and 

the density of the liquid – according to the equation (1) 

 v = √K ∙ ρ−1 (1) 

where: K – modulus of volumetric elasticity, ρ – liquid 

density. 

The density of the liquid is primarily influenced by 

temperature and salinity. It is known from research on 

physical phenomena that the speed of sound waves in water 

depends on the temperature and salinity of the water. In 
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turn, the water elasticity coefficient is influenced by pres-

sure, temperature and viscosity [15, 34]. These are relative-

ly old studies – more recent studies in connection with the 

effect of solution concentration are shown e.g. in the works 

by Koszela-Marek [22], Koszela et al. [21]. This type of 

research was conducted especially for sea waters – the basic 

description of the acoustic properties of sea water is given 

in the works of Dera [8, 9]. 

It is known from the literature, that the speed of sound 

in water is described by the formula (2): 

 c(S,T,P) = 1449.14 + cS + cT + cP + cS,T,P  (2) 

where 1449.14 m/s = c° (35, 0, 0) is the speed of sound 

under standard conditions, adopted for ocean water with a 

salinity of 35‰ at 0°C and atmospheric pressure. The re-

maining components of this formula expressing corrections 

for other conditions are given in formulas (2a) [40]: 

 cS = 1.3980 (S – 35) + 1.692 · 10
–3

 (S – 35)
2
 

 cT = 4.5721T – 4.4532·10
–2
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where: T – water temperature, P – water pressure, S – water 

salinity. 

Since this formula does not take into account other fac-

tors – e.g. the influence of gas bubbles or the content of 

organic substances – simpler formulas are used in practice, 

but also in the form of empirical regression formulas – see, 

for example, Hamilton [17], Mackenzie [29] or Fine et al. 

[11]. 

These formulas describe the relationship between the 

basic parameters of water (salinity, temperature, pressure) 

and the speed of sound wave propagation in water. 

The phenomenon of absorption of sound waves in water 

has three main causes: thermal conductivity, molecular 

viscosity, and molecular relaxation processes. They cause 

an observable reduction in the acoustic energy carried by 

the sound wave. For the research hypothesis, the third im-

portant reason is relaxing molecular processes [6, 25]. 

It relies on transforming particles into new structures, 

caused by an increase in pressure (resulting from the pas-

sage of a sound wave). It has been experimentally con-

firmed that the greatest energy loss (absorption) occurs 

when the period of the sound wave is equal to the time 

needed for the particle to transform into a new structure. At 

present, this phenomenon has been found for three frequen-

cies of the sound wave [12, 30]: 

 1 kHz for boric acid 

 100 and 200 kHz for transformation of MgSO4 

 105 MHz for structural transformation of water. 

These phenomena are still being investigated – for ex-

ample, studies for poly-methylacrylics are described in the 

work of Ceccorulli and Pizzoli [4]. 

It implies, that depending on the frequency of the sound 

wave (ratio of wavelength and particle diameter), it will be 

possible to notice increased wave scattering in the frequen-

cy band corresponding to specific particle diameters [32]. 

For given phytoplankton components, their diameter is 

determined by species and stage of development. This 

should make it possible to find the relationship between the 

number of organisms (and other particles suspended in 

water), their type or number of gas particles, and the length 

(frequency) of the scattered wave [28, 38]. 

In the literature research, references can be found show-

ing the use of various models of sound wave propagation in 

water depending on its physical or geometric properties. 

Primarily for marine waters [1, 24]. 

In the description of sound propagation phenomena, 

various mathematical models are used to describe the phe-

nomena occurring in water [7, 26, 27]. The models present-

ed in those works, their mathematical description, and vari-

ous methods of solving problems related to modeling phe-

nomena occurring during the propagation of the sound 

wave in the water show that these phenomena are still poor-

ly understood and ambiguous from the point of view of 

their understanding or mathematical description. 

In the case of surface waters – PAM (Passive Acoustic 

Monitoring) is currently used. In the study by Desjonquères 

et al. [10], the authors describe the potential application of 

the PAM method for the assessment of biological phenom-

ena and ecological assessment of surface waters. Putland 

and Mesinger [36] clearly emphasized that freshwater 

acoustic monitoring is a field of knowledge that is still 

more unknown than known. In their research, they focused 

on monitoring lakes in Minnesota and the impact of sonic 

anthropopressure on lake waters. However, they also used 

the PAM method. Similar conclusions can be drawn from 

the work by Proulx et al. [35]. 

Also, the work by Rountree et al. [37] focused on "new" 

sources of sounds in surface waters – from artificial sources 

(cars, air transport, and others), while confirming that living 

organisms are the source of a huge sound background in 

lakes – in practice mostly unrecognized yet. 

In turn, Geay et al. [13] analyzed the method of propa-

gation of sounds in shallow mountain streams in their work. 

In their research, they focused on the use of sound to assess 

the intensity of gravel and stone erosion in the bottoms of 

mountain streams. The use of acoustic monitoring methods 

is not limited to natural reservoirs.  

However, there is relatively a lot of work on the propa-

gation of sound waves in sea waters. In these works, the 

authors discuss the influence of physical parameters (tem-

perature, density) and chemical parameters – salinity) on 

the propagation speed of the sound wave – pro. For exam-

ple, works contained in post-conference materials published 

by Murali et al. [31] or specifically the work by An-

nalakshmi, and Murugan [2], where the authors devote an 

entire chapter to measuring the speed of sound in sea waters 

using the CTD data analysis (conductivity, temperature, 

depth – pressure). Similar studies are also carried out in 
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Poland – for example, the work by Opaliński [33] describes 

a study of the impact of salinity and persistent thermal 

stratification on the accuracy of bathymetric measurements 

of water reservoirs with the use of echolocation methods.  

To summary the review, the description of physical 

phenomena related to the propagation of sound waves in 

water used in the measurement of the position of objects in 

the water (e.g. submarines, fish schools, underwater obsta-

cles, etc.), i.e., it is well scientifically described, e.g. by 

Hodges [19]. The available sonic techniques can observe 

zooplankton clusters [14] – but there is very little research 

on sound wave propagation and showing the effects of 

pollution and temperature on sound wave propagation in 

lake waters [5]. 

The development of the above-described relationships 

between the propagation of a sound wave in water and its 

physicochemical properties will allow for a better under-

standing and more accurate description of the phenomena 

occurring in water during the propagation of a sound wave 

for different frequencies and water conditions. The devel-

opment of new – more accurate regression formulas for the 

above-mentioned dependence will not only contribute to the 

development of science, but may be the basis – in the next 

step – for the development of new methods of analysis of 

the state of the water. Currently, such analyses require ei-

ther measurements made with the use of multi-parameter 

probes or detailed laboratory analyses (physical, chemical 

analyses, microscopic analyses of phytoplankton and zoo-

plankton), which are time-consuming and require the work 

of a team of specialists. These analyses – often tedious and 

time-consuming from the point of view of current stand-

ards, are often based on chemical methods. 

2. Research hypothesis 
As it was written in paragraph 1 – there are no articles 

available in the literature that illustrate the relationship 

between the trophic state of surface waters and physical 

phenomena related to the propagation of sound waves in 

water. Conducting the planned research will allow to find 

mathematical relationships (regression equations) between 

the mentioned above phenomena of sound wave propaga-

tion in water and its chemical, and physical state. Conse-

quently, the scientific goal of the study is to find the rela-

tionship between the speed of propagation of sound and the 

physico-chemical state of surface waters.  

The research hypothesis is as follows: a specific water 

status described by physical-chemical parameters will give 

characteristic parameters of sound wave propagation.  

As a consequence, it is possible to build dependencies 

that will clearly define the trophic state of water based on 

the measurements of sound wave propagation. 

3. Measuring stand 
The ultrasonic measuring stand used in the study con-

sisted of a Panametrics 5800PR ultrasonic wave generator, 

a Tektronix TDS 1012B digital oscilloscope, a set of M02 

2L0o20C INCO measuring heads, and a measuring module 

that guaranteed a fixed, coaxial position of the heads oppo-

site each other. An Adwa AD1020 laboratory meter with an 

accuracy of 0.1℃ was used for temperature control (Fig. 1). 

 

Fig. 1. Measuring stand 

 

Knowing the distance of the heads in the measuring de-

vice (s = 48 ±0.05 mm) and measuring the ultrasonic wave 

transition time between the measuring heads (±0.01 µs), the 

propagation speed of the ultrasonic wave at a frequency of 

2 MHz was calculated based on the relation (3) assuming  

a constant propagation speed of the ultrasonic waves at  

a short distance.   

 v = s·t
–1

 [ms
–1

]   (3) 

where: v – ultrasonic wave propagation speed [ms
–1

], s – 

distance between measuring heads [m], t – time of ultra-

sound wave transition through the test medium [s]. 

4. Material and methods 
The research was organised into two stages, the first 

was to test the effect of phosphates in the sample on the 

ultrasonic wave propagation velocity, while the second 

consisted of testing one sample at selected temperatures to 

determine the effect of temperature on the ultrasonic wave 

propagation velocity. 

In the first stage, laboratory samples based on distilled 

water with a phosphate content of 0, 20, 40, 60, 80 and 100 

kg·m
–3

 were obtained by adding an appropriate amount of 

di-Potassium hydrogen phosphate 3 (K2HPO4  3H2O – 

228.23 g·mol
–1

) to water were used. The substance was 

then mixed with a mechanical stirrer until the components 

were dissolved in distilled water. The test consisted in de-

termining changes in the speed of propagation of the ultra-

sonic wave depending on the phosphate content of the sam-

ple. For this purpose, each sample was tested 10 times us-

ing a specialised measuring stand described in more detail 

in section 4, and then the results were compared with each 

other. Additionally, in order to eliminate the effect of tem-

perature on the measurement results, each of the tested 

samples was kept at 20 ±0.5℃.  

The second stage consisted of using a tap water sample 

with unknown chemical content. The test was carried out 

using the same sample at temperatures ranging from 12 to 

30℃, changing it every 1℃. Due to technical limitations of 

the measuring stand, 3 repetitions of the ultrasound propa-

gation time were performed for each temperature value of 

the sample. 

5. Results and discussion 
The ultrasonic velocity calculated from the laboratory 

samples is shown graphically in Fig. 2. 

The propagation velocity of the ultrasonic wave for the 

reference sample with zero phosphate content ranged from 
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1476.0 to 1476.5 m·s
–1

, and the mean value of the values 

obtained was 1476.1 ±2.1 m·s
–1

. A difference appeared 

already in the first sample with 20 kg·m
–3

 phosphate con-

tent, for which the calculated velocity ranged from 1502.2 

to 1502.3 m·s
–1 

and the mean value was 1502.3 ±2.1 m·s
–1

. 

 

Fig. 2. Ultrasonic velocity calculated from the laboratory samples, phos-
phorus content 

 

The average wave propagation velocity for the other 

samples was 1527.7 ±2.2 m·s
–1

 for the 40 kg·m
–3

 sample, 

1550.4 ±2.2 m·s
–1

 for the 60 kg·m
–3

 sample, 1572.7 ±2.2 

m·s
–1

 for the 80 kg·m
–3

 sample and 1596.3 ±2.3 m·s
–1

 for 

the 100 kg·m
–3

 sample. 

Based on the results obtained, a linear approximating 

function (Fig. 3) (4) was determined using CurveExpert 1.4 

software, whose correlation coefficient was r = 0.9995. 

 

Fig. 3. Linear approximating function, phosphorus content 

 

 v = 1477.97 + 1.19·y1   (4) 

where: v – ultrasonic wave propagation speed [m·s
–1

], y1 – 

phosphate content of the test sample [kg·m
–3

]. 

The second part of the study, testing the sample for 

changes in the characteristic parameter due to temperature 

change. Using the same sample continuously, the results 

were 1469.4 ±2.1 m·s
–1

 for a temperature of 12℃ to 1518.5 

±2.1 m·s
–1

 for a temperature of 30℃. Changes in the ultra-

sonic wave propagation velocity values were observed with 

each temperature change (Fig. 4).  

 

Fig. 4. Ultrasonic wave propagation velocity, temperature  

 

Analogous to the first part, a linear approximating func-

tion (Fig. 5) (5) was determined using CurveExpert 1.4 

software, whose correlation coefficient was r = 0.9906. 

 

Fig. 5. Linear approximating function, temperature 

 v = 1444.21 + 2.44·y2 (5) 

where: v – ultrasonic wave propagation speed [m·s
–1

], y2 – 

temperature of the tested sample [
o
C]. 

In conclusion, the first part of the study shows that the 

ultrasonic wave propagation velocity not only increases 

with increasing phosphate content in the test sample but 

also this increase is close to linear, as the propagation ve-

locity changed by 25 ±3 m·s
–1

 for each 20 kg·m
–3

 of phos-

phate content in the samples. This suggests that each  

1 kg/m
3
 increase in phosphate concentration should in-

crease the wave propagation velocity by approximately 

0.25 m·s
–1

. 

In the second stage, the significant influence of the test 

sample temperature on the test results was confirmed. Each 

change in temperature caused significant differences in the 

average propagation of the ultrasonic wave in the sample. 

This shows that in ultrasonic testing, it is necessary to mon-

itor and maintain the temperature of the samples being 

tested constantly. 

6. Conclusions 
As a result of the first part of the study, it can be con-

cluded that the proposed method is useful for the measure-

ment of phosphate content in laboratory samples, as the 
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r = 0.99950074
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value of the propagation velocity of the ultrasonic wave is 

dependent on the content of phosphate in the test sample.  

The measurements obtained indicate that the propaga-

tion speed of the ultrasonic wave not only increases with 

increasing phosphate concentration, but that this increase is 

also close to linear, as the propagation speed changes by 25 

±3 m·s
–1

 for every 20 kg·m
–3

 of phosphate concentration in 

the sample. This shows that each 1 kg·m
–3

 increase in 

phosphate concentration should increase the wave propaga-

tion velocity by approximately 0.125 m·s
–1

. 

As a result of the study, it can be concluded that the 

proposed method is useful for measuring phosphate content 

in water with an accuracy of ±2.5 kg·m
–3

. 

The second part of the study shows how much influence 

the sample temperature has on the measurement results.  

A temperature deviation of as little as 0.1 degree causes  

a significant change in the wave propagation speed. There-

fore, it should be kept constant during future tests with the 

proposed method so that its value can be ignored. 

The aim of publishing the paper in an automotive jour-

nal is to present the developed method for measuring con-

taminant content. As is well known, contaminants are also 

found in engine oils. They contribute to the degradation of 

the lubricating properties of oils [39]. According to the 

work [23], soot contamination of the lubricant can damage 

the power unit, so the rapid detection of its accumulation 

may be desirable to prevent damage. Adaptation of the 

presented method in vehicle diagnostics could extend the 

available methodology to a non-destructive and quick way 

of determining the properties of engine oils. A pilot study 

on contaminated engine oils using ultrasound is planned for 

the near future. 

 

Nomenclature 

c speed of sound in water  

c° speed of sound in water under standard conditions  

CTD conductivity, temperature, depth (pressure) data 

analysis 

K modulus of volumetric elasticity  

P water pressure 

PAM passive acoustic monitoring 

r correlation coefficient 

s distance between measuring heads  

S water temperature 

t time of ultrasound wave transition through the test 

medium 

T water salinity 

v ultrasonic wave propagation speed  

y1 phosphate content of the test sample 

y2 temperature of tested sample 

ρ liquid density
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ARTICLE INFO  Unconventional approaches to propulsion system design are increasingly being explored to meet increasing 
demands for efficiency, ecology, and reliability. This paper focuses on the analysis of simulated dynamic loads 

on the propulsion system of ships that feature unconventional power systems – Reformed Methanol Fuel Cell 

System (RMFC). The analysis is aimed at understanding the performance of these systems under dynamic sea 
conditions, assessing their performance, and identifying potential challenges and benefits associated with them 

(including military ones). According to military assumptions, an undeniable benefit is the minimization of the 

ship's physical fields and its independence from the base (i.e., in the future, obtaining hydrogen from seawater 
electrolysis). 
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1. Introduction 
Today's marine technology is constantly evolving, striv-

ing for ever more advanced and efficient solutions. One of 

the core components of modern vessels is their propulsion 

system, which plays a key role in ensuring not only effi-

ciency but also the sustainability of the marine environ-

ment. Increasingly, unconventional approaches to propul-

sion system design are being explored to meet the growing 

demands for efficiency, ecology, and reliability. 

In addition to the aforementioned commercial require-

ments, special – purpose entities – such as the military – 

focus additionally on logistical aspects (independence from 

the base), and stealthiness of operations (minimizing the 

physical ship, including acoustic and thermal). These aspects 

can be provided by propulsion systems equipped with hydro-

gen-powered fuel cells. 

The conditions of use of marine main propulsion en-

gines are peculiar, resulting from the resistance characteris-

tics of the vessel and the characteristics of the propellers. 

The movement of the vessel is characterized by significant 

dynamics resulting from changes in the external conditions 

of swimming, which significantly affects the course of the 

resistance characteristics and, thus, changes in the power of 

the main engines at a given speed of swimming. The dy-

namic change of loads, during which there is a change in 

the performance of the propulsion system at a given time, 

occurs as a result of steering, the interaction of external 

conditions as well as their correlation. Typical dynamic 

conditions occur during starting from a standstill, changes 

in speed, changes in the direction of movement of the ves-

sel, sailing in storm conditions, working on DP, performing 

special tasks (e.g. fishing, trawling, searching for mines) 

[17]. 

Reciprocating internal combustion engines were the tra-

ditional solution adopted for most ships of the last century. 

The emerging sense of environmental responsibility in the 

early 20th century [15, 35] as the changing climate led to 

a change of approach in ship propulsion design [1]. The 

shipbuilding industry focused its efforts on implementing 

exhaust gas cleaning systems to ensure compliance with 

MARPOL regulations [3, 16]. The 21st century brought 

further restrictions on toxic exhaust emissions [16, 22], 

forcing the introduction of alternatives for energy efficiency 

as well as emission reduction. 

Leo et al. [19] took up the study of PEM fuel cells in 

terms of exergy loss and exergy efficiency. He performed 

the analysis for PEM fuel cells powered by hydrogen pro-

duced by methanol reforming and direct methanol fuel cells 

powered by direct liquid methanol [19]. 

The issue of using hydrogen as an alternative power 

source at sea was dealt with, among others, by Meryem 

Gizem Sürer and Hüseyin Turan Arat. They summarized 

the latest research, hydrogen production, and storage meth-

ods and challenges, which allowed them to analyze the 

development of fuel cell-based marine vehicles [26]. 

Zuhang et al. [10] in their research present a literature 

analysis of the economics, feasibility, and primacy of fuel 

cells and hydrogen for marine applications in four aspects: 

key technologies for marine fuel cell applications, key 

technologies for marine hydrogen applications, costs, and 

standards. 

Elammas [7] paper analyzed the environmental benefits 

of hydrogen fuel cells, including their potential to reduce 

greenhouse gas emissions and improve energy efficiency. 

In addition, he addressed the issues of improving energy 

security and reducing dependence on fossil fuels in mari-

time transportation. 

One variant of the solution is the use of hybrid propul-

sion systems (HPS), which use electric motors, power gen-

eration systems, and power storage systems (Fig. 1). The 

downside of hybrid solutions is the increased weight of the 

vessel. However, the benefits of such a solution, including 

the high efficiency of the electric engine and the reduction 

of toxic exhaust emissions, outweigh the potential losses. 
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http://orcid.org/0000-0002-8294-873X
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Satisfactory results obtained for hybrid propulsion systems 

encourage total propulsion electrification. An issue still 

being worked out is the optimization of electricity storage 

in batteries, the efficiency of this process depending on the 

speed and temperature of battery operation, and the thread 

of electricity production [2, 25, 32]. 

 

Fig. 1. AKA Hybrid propulsion [36] 

 

A major trend in the development of marine propulsion 

systems is the use of alternative fuels such as hydrogen and 

its compounds. The revolution, which is already underway, 

is being driven by fuel cell (FC) technology and hybrid 

energy storage systems (HESS). Fuel cells are a quiet and 

clean energy source. On the plus side, fuel cells have a 

much higher energy density and high energy efficiency than 

batteries. Given these advantages, fuel cells themselves as 

well as hybrid systems have a promising future in marine 

applications [21, 22, 23]. One example of a hybrid system 

is the use of a PEMFC cell in a propulsion system in which 

an electrochemical battery can be recharged from a fuel cell 

(Fig. 2). 

 

Fig. 2. Schematic of the construction ship propulsion system in which 

electrochemical battery can be recharged from a PEMFC  

Among the 6 main types of fuel cells available (Table 

1), which are used commercially, FCs containing a solid 

electrolyte are the most predisposed for power unit applica-

tions. 

This group includes proton exchange polymer mem-

brane fuel cells (PEMFCs), which can operate in the tem-

perature range from 20 to 70

C (LT-PEMFC), and solutions 

operating at temperatures of 120–160

C (HT-PEMFC) [4, 

31]. It should be noted that LT-PEMFC polymer cells, with 

respect to HT-PEMFCs, have already been used commer-

cially in transportation for many years [5, 6, 31]. 

Despite the main advantage of LT-PEMFCs being low-

temperature operation, they have one key disadvantage. In 

the use of these cells is the need to use high-purity hydro-

gen H2 (5N), due to the presence of a platinum catalyst. An 

example of an LT-PEMFC fuel cell stack is shown in Fig. 

3. Unfortunately, the cost of the Pt catalyst, accounts for 

about 50% of the total cost of a PEMFC fuel cell stack. In 

addition, the Pt catalyst, shows very poor resistance to CO, 

SOx (the possibility of catalyst degradation, leading to sig-

nificant degradation of the electrical performance of the FC 

stack) [5, 6, 33]. 

 

Fig. 3. Example PEM fuel cell stack [11] 

 

LT-PEMFC fuel cells can operate as electricity genera-

tors in a wide range of electrical outputs from a few watts 

to several hundred kW. In turn, these units can be combined 

in a modular fashion (i.e., series connection of smaller 

units, parallel connection of more units) or electrically 

connected in series-parallel to form high-power generators, 

i.e., the 15–19 MW range [5, 6]. 

 
Table 1. Types of fuel cells [9, 31] 

Type of cell Electrolyte Operating temperature [C] Fuel Efficiency [~%] Application 

PEMFC – polymer 
membrane fuel cell 

solid polymer 20–160 
H2, N2H4, CH4 – fuel and 
oxidizer devoid of CO2 

53–58 
astronautics, military 

technology 

AFC – alkaline fuel 

cell 
solution KOH 50–200 H2, N2H4, CH4 60 

astronautics, military 

technology 

DMFC – methanol 
fuel cell 

solid polymer 20–90 methanol 40 
portable 

PAFC – phosphoric 

acid fuel cell 

Concentrated 

H3PO4 
150–200 

H2, CH3OH, natural gas, 

kerosene, biogas 
> 40 

public facilities 

MCFC – molten 
carbonate fuel cell 

fused carbonate 
(Li, K, Na) 

600–700 
CH3OH, natural gas, 

biogas 
45 

power generation 

SOFC – solid oxide 

fuel cell 
ZrO2:Y2O3 500–1000 

H2, CH4, natural gas, 

biogas 
35–43 

power engineering, 

cogeneration 
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PEMFC generators have an electrical efficiency of 45–

65%,The rest of the energy is lost as heat. In order to re-

move heat from the fuel cell space, they must have cooling 

systems. Liquid cooling systems are used at scales above 10 

kW. It should be noted that the heat from LT-PEMFC fuel 

cells can be recovered and used in the system, raising the 

efficiency of the integrated energy system to 70–80% [8, 

28]. 

As a rule of thumb, LT-PEMFC fuel cells require a sup-

ply of 0.8 m
3
 of H2 (at 50% efficiency) to produce 1 kWh. 

Based on this relationship, it can be assumed that an FC 

generator (FC stack module of 100 kW, to produce 100 

kWh will require the supply of 80 m
3
 of H2 or 7.12 kg of 

H2. In the case of FC LT-PEMFC generators, it is necessary 

to take into account about 2–3% H2 of hydrogen additional-

ly for the so-called own needs (purification, membranes, 

over–blowing). Media outlet temperatures from the media 

cooling system and from the cathode space are in the range 

of 45–55
o
C [6, 15, 24, 34]. 

This article focuses on analyzing the simulated dynamic 

loads of a ship's propulsion system, which features an un-

conventional power system (in this case, a power genera-

tion module consisting of a 5 kW fuel cell powered by 

reformer-generated hydrogen (RMFC)). The analysis of 

such a solution is aimed at understanding their performance 

under dynamic maritime conditions, assessing their perfor-

mance, and identifying possible challenges and benefits 

associated with them. 

The conclusions of this analysis may have important 

implications for the future of marine transportation and 

vessel operations. By considering unconventional power 

systems, we are able to chart development paths that will 

contribute to a more sustainable and efficient use of marine 

resources, while reducing environmental impact. 

In terms of military application, the key is to achieve 

independence from fossil fuels, which, during a potential 

conflict, can increase the operational potential of the ships. 

In addition, which is also part of the research issue, the use 

of RMFCs allows for minimizing the ship's thermal field by 

lowering the temperature of the exhaust gases. 

2. Research object 
In order to carry out the study, it was necessary to ob-

tain the actual load spectra of the marine engine. Data were 

obtained from a vessel equipped with an MTU 8V2000 

M72 propulsion engine (Fig. 4). 

 

Fig. 4. View of the MTU 8V2000 M72 engine [27] 

Basic technical engine data is shown below in Table 2. 

Table 2. Technical data of the MTU 8V2000 M72 engine [27] 

Rated speed rpm 2250 

Rated power kW 720 

Number of cylinders – 8 

Cylinder arrangement and quantity o 90 

Piston stroke mm 156 

Cylinder diameter mm 135 

Cylinder displacement cm3 2230 

Total engine displacement cm3 17840 

Number of inlet valves per cylinder – 2 

Number of exhaust valves per cylinder – 2 

 

The object of laboratory research was a stationary test 

stand for power generation, which is located at the equip-

ment of the Poznan University of Technology (Fig. 5). The 

configuration of this station allows simulation studies that 

faithfully, assuming the scalability of the processes, reflect 

the nature of load changes in the ship's propulsion system. 

 

Fig. 5. Reformer test stand including battery, electric motor, power take-

off system and data acquisition station 

 

The main components of the stand (Table 3) are a power 

generation module (H3–5000 is a Reformed Methanol Fuel 

Cell System (RMFC)) consisting of a 5 kW fuel cell 

(HTPEM) powered by hydrogen generated in the reformer. 

The reformer, on the other hand, is powered by an aqueous 

methanol solution with a methanol–water ratio of 60/40. 

The stand also includes a battery, an electric motor and  

a resistor. 

The operation of the test stand load system is controlled 

by software dedicated to the developed test stand design. 

The reformer feeding the fuel cell operated in automatic 

mode, selecting the fuel dose according to the charging 

current. The control interface is shown below (Fig. 6). To 

test toxic compounds, a TESTO 350 analyzer was used, 

which was plugged into the reformer's exhaust outlet. 
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Table 3. Technical specifications test bench [30] 

RMFC 

Maximum power output  W 5000 

Input/Output voltage  W 42/57 

Output current  A 125 

Fuel consumption  dm3/kWh 0.9 

Battery 

Total energy capacity kWh 25.92 

Operational energy capaci-

ty 
kWh 23.30 

Number of cells – 192 

Rated voltage of a single 
cell 

V 3.75 

Rated capacity of a single 

cell 
Ah 36 

Rated voltage V 395 

Electric motor 

Engine power kW 65 at 3000 rpm 

Continuous engine power kW 43 

Maximum torque Nm 
220 in the shaft speed 

range of 250–2500 rpm 

 

Fig. 6. RMCF data acquisition workstation interface 

3. Research plan 
In accordance with the research methodology, a re-

search plan was developed, taking into account the research 

object, the measurement apparatus used and the measured 

parameters of the research object. Due to the complexity of 

the processes occurring during the load changes of the ma-

rine engine, it was decided to carry out tests for 4 cases 

determined on the basis of data collected on the vessel 

according to: 

 the experimental plan of PS/DK 3
2
 

 the propeller characteristics 

 the load histogram 

 the battery charging plan. 

Crankshaft speed, engine torque load, fuel consumption, 

exhaust toxic content and temperature, battery dis-

charge/charge current, battery voltage, battery charge level 

were measured for the test object. 

3.1. Research according to the experimental plan  

of PS/DK 3
2
 

Design of experiment (DoE) is often used to create em-

pirical models. It reduces the number of measurements 

required, which translates into a reduction in the use of the 

object under study and, consequently, a reduction in costs. 

A properly selected research plan gives the possibility of 

obtaining accurate results, i.e., mathematical relationships 

describing selected process quantities [12 13, 20]. 

The study was planned using a static determined com-

plete research plan (PS/DK 3
2
), with which the influence of 

two input factors (crankshaft speed and engine torque load) 

was analyzed. 

One of the steps in planning the experiment is to deter-

mine a set of characteristic quantities for the test object 

(Fig. 7), which were selected by introducing the following 

simplifications: 

1. Constant values, due to their invariable influence on the 

waveform output values, are not taken into account 

2.  Interference factors are ignored due to studies conduct-

ed under identical environmental conditions 

3  The set of input (independent) quantities is defined as 

follows: 

 shaft speed n = 300–1200 rpm 

 torque set on brake M = 0–60 Nm 

4. The output quantities are limited to the quantities: 

 receiver (motor) power P [kW] 

 battery voltage U [V] 

 battery voltage drop dU [V/s] 

 battery current Ibat [A] 

 charging current Ilad [A] 

 battery charge level [%] 

 exhaust gas temperature tsp [℃] 

 nitrogen oxides concentration in the exhaust gas 

NOx [ppm] 
 nitrogen oxide concentration in the exhaust gas 

NO [ppm] 
 nitrogen dioxide concentration in the exhaust gas 

NO2 [ppm] 
 carbon monoxide concentration in the exhaust gas 

CO [ppm] 
 carbon dioxide concentration in the exhaust gas 

CO2 [%]. 

 

Fig. 7. Research object – structure. x – input quantities, y – output quanti-

ties, Z – disturbing quantities, C – constant values [37] 

 

The values of the input parameters (in the number k) in 

the given intervals took over three levels of variation, 

which allows us to obtain a mathematical model of the 

studied process in the form of a polynomial of the second 

degree [37]: 
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 y = b0 + ∑ bk xk + ∑ bkk xk
2 + ∑ bkj xkxj   (1) 

where: y – dependent output factor, x – j-th independent 

input factor, b – regression function coefficient. 

The experiment was carried out according to the appro-

priate (for the chosen research plan) set of process input 

parameter values (Table 4). 

 
Table 4. The experimental plan 

Test A B n [rpm] M [Nm] 

1 –1 –1 300 20 

2 0 –1 750 20 

3 1 –1 1200 20 

4 –1 0 300 40 

5 0 0 750 40 

6 1 0 1200 40 

7 –1 1 300 60 

8 0 1 750 60 

9 1 1 1200 60 

 

The researcher were able to perform as few as nine 

tests, which made it possible to satisfactorily analyze the 

results obtained. In this plan: 

 A is crankshaft rotational speed 

 B is torque set on brake. 

Number –1, 0 and 1 means lowest, middle and highest 

value of parameters A and B. 

3.2. Research by propeller characteristics 

The analysis by propeller characteristics was performed 

on the basis of the quantities obtained from the field of the 

MTU 8V2000 M72 engine (Fig. 8). 

 

Fig. 8. MTU 8V2000 M72 engine work field. DBR – temporary work 

curve, WMT – maximum continuous work curve, P = f (n3) – propeller 
 characteristics, 1 – unit fuel consumption curves [27] 

 

In order to perform the experiment, the assumed values 

of power and speed obtained from the working field were 

converted to denominated values to perform the bench test 

(Table 5). 

Table 5. Independent parameter assumptions for the helical characteristics 

No. n [rpm] M [Nm] n/ne P/Pe n [rpm] M [Nm] 

1 600 20 0.33 0.03 400 1.8 

2 800 40 0.44 0.11 530 6.6 

3 1000 60 0.55 0.16 660 9.6 

4 1200 110 0.66 0.3 790 18 

5 1400 170 0.77 0.46 920 27.6 

6 1600 260 0.88 0.7 1050 42 

7 1800 370 1 1 1200 60 

  SHIP TEST STAND 

3.3. Research according to the load diagram 

Data from the ship's machine log was used to develop 

the load diagram. In the ship's machine log, load status 

information is recorded in the form of changes in engine 

speed. Records are made every hour of continuous opera-

tion or when the engine speed changes. Nowadays, this 

process is done automatically with the help of dedicated 

ship engine room monitoring programs. 

Engine load processes during operation can be treated as 

a stochastic process (with engine standstill treated as an 

additional operating state) described by a process state 

space: 

 Ω = {e1, e2, e3, e4, e5, e6}  (2) 

where: e1 – the operating condition of the engine in "loose 

gear”, n = 600 rpm, e2 – engine running condition on "very 

slow forward”, n = 600 rpm, Pe = 0.03 Pz (20 kW), e3 – 

engine running condition on "slow forward”, n = 1200 rpm, 

Pe = 0.15 Pz (110 kW), e4 – engine running condition at 

"half ahead”, n = 1800 rpm, Pe = 0.51 Pz (370 kW), e5 – 

engine running condition at "full ahead”, n = 2250 rpm, Pe 

= Pz (720 kW), e6 – „stop”. 

The power values for individual engine loads were de-

termined indicatively for the ship's averaged propeller char-

acteristics and assuming that in the ship's propulsion system 

the engines reach their rated operating point, i.e. for full 

displacement at rated speed value n = 2250 rpm the engines 

reach rated power Pz = 720 kW. 

 

Fig. 9. The recorded path during the task searching by lanes 
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Also key to the operation of the ship's propulsion sys-

tem is the type of task being performed, e.g. (minesweep-

ing, patrolling, searching, identification). Each of the tasks 

requires different engine settings and introduces additional 

variables (e.g., changes in the direction of swimming, wind 

influence, making turns). An example of the path of a spe-

cial–purpose vessel while performing a strip search task is 

shown in Fig. 9. Data for the chart was obtained from the 

"Automatic Identification System" AIS system. 

Based on the values from the machine log, a histogram 

was developed for each working conditions (Fig. 10). 

 

Fig. 10. Histogram of engines running time 

 

In order to perform the experiment, the assumed values 

of power and speed obtained from the time balance of the 

motors (load histogram) were converted to denominated 

values, which allowed to perform the test on the test bench 

(Table 6). 

 
Table 6. Independent parameter assumptions for the load diagram 

Propulsion 

 mode 

n 

[rpm] 

Usable 

power 

Power for 
the propul-

sion mode 
[kW] 

n 

[rpm] 

M 

[Nm] 

e1 luz 600 0 0 400 0 

e2 BWN 600 P = 0.03 Pmax 20 400 1.8 

e3 WN 1200 P = 0.15 Pmax 110 790 18 

e4 PN 1800 P = 0.51 Pmax 370 1200 60 

e5 CN 2250 P = 1.0 Pmax 720 1400 110 

SHIP TEST STAND 

3.4. Research according to the plan charging the battery 

The analysis according to the 'battery charging' plan was 

carried out during battery charging using the system pre-

sented in Chapter 2. During start-up and preheating and 

cooling of the reformer, the test quantities were not meas-

ured due to the lack of measurement capabilities. Attention 

should be paid to the preparation time of the reformer for 

operation, i.e. the preheating process, which takes about 36 

minutes, and the cooling time – 24 minutes. This accounts 

for about 33% of the device's operating time. The test plan 

for battery charging is shown in Table 7. 

 
Table 7. The experimental plan for battery charging 

No. 
Battery charging  

current [A] 
Measurement time [min] 

– 
start + preheating 36 

– 

1 2 8 

2 4 23 

3 6 7 

4 8 10 

5 10 8 

6 12 10 

7 13 12 

8 6 37 

– 
cooling + stop 24 

– 

4. Test results 
In accordance with the established test plan, all the men-

tioned parameters of engine operation were measured and 

recorded for the set speed, torque, and battery charging 

current. After the tests were performed, the obtained output 

values were analyzed in the STATISTICA program.  

4.1. Analysis of the results for the experiment plan 

PS/DK 3
2
 

The analysis began by determining the significance of the 

influence of individual input parameters and their interac-

tions were determined using ANOVA analysis of variance. 

The next step was to determine the quality of fit of the ob-

tained (quadratic) models to the measured values was deter-

mined on the basis of coefficients of determination R
2
 and 

standard deviation of the residual component s [12, 18, 29]. 

 

a) b) 

  

Fig. 11. Pareto charts of concentration of a) battery current Ibat, b) battery voltage drop dU 
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The approximated polynomials (1) allowed the determi-

nation of relationships between the variables, including the 

calculation and evaluation of the effect of loadings on the 

determination of correlations. Pareto charts were used for 

preliminary analysis. 

Figure 11 shows the effect of individual independent 

factors and their interactions on battery performance indica-

tors. The input quantities are represented on the vertical 

axis of the graph. Number 1 is crankshaft rotational speed, 

2 – torque on the brake. The designation "L" means that the 

value of the coefficient is assigned to the linear magnitude 

of the polynomial, "Q" – to the quadratic magnitude, while 

"wz" – in relation to. As you can see, the main effect on the 

studied quantities is directly influenced by the speed as well 

as the torque, and for changes in battery voltage the rela-

tionship between the independent variables. 

Based on the data obtained, surface plots were created 

and the changes in the parameters studied were presented as 

a function of fuel crankshaft speed and torque set on the 

brake (Fig. 12). 

In the studied range of load and speed, the battery volt-

age drop was found to be the smallest for high loads and 

low speeds at the same time, or low loads and high speeds. 

The other studied parameters, such as power, battery dis-

charge current, and battery charge level, show changes as 

expected, i.e., as the independent parameters increase, the 

values of battery current and receiver power increase, while 

the battery charge level decreases. 

4.2. Analysis of results for propeller characteristics 

For the results obtained, a slight spike in the battery 

charge value is visible (Fig. 13). This is due to both the 

time of measurement, which for technical reasons was lim-

ited to two minutes, and the small load variances of the 

system. 

 

a) 

 

b) 

 

c) 

 

d) 

 

Fig. 12. Dependence of a) battery voltage drop, b) battery charge level, c) battery current, d) receive power 
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a) 

 

b) 

 

c) 

 

d) 

 

Fig. 13. Scatterplot of multiple variables against a) crankshaft rotational speed n, b) torque on the brake M, c) battery current, d) measurement time 

 

a) 

 

b) 

 

c) 

 

d) 

 

Fig. 14. Scatterplot of multiple variables against a) crankshaft rotational speed n, b) torque on the brake M, c) battery current, d) measurement time 
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a) 

 

b) 

 

c) 

 

d) 

 

Fig. 15. Scatterplot of multiple variables against charging current Ilad a) Ge, ge, P, b) tsp, P, battery charge level, c) dU, d) CO2, O2 

 

Analyzing the data obtained, it can be concluded that 

both battery currentIbat and battery voltage drop dU show 

the highest correlations with the other measured quantities. 

4.3. Analysis of the results for the load diagram 

The analysis according to the load diagram was per-

formed on the basis of the operating time balance of the 

motors presented in Chapter 3 (Fig. 10, Table 6). 

Due to technical limitations of the test stand, measure-

ments were not made for maximum values, i.e. n = 1400 

rpm and M = 110 Nm. The tests (Fig. 14) according to the 

load balance are made for 60 minutes. The operating time 

for a given float mode was selected proportionally with the 

actual operating times of the drive. 

Comparing the scatter plots for the test according to 

propeller characteristics (Fig. 13) with the scatter plots for 

the load diagram (Fig. 14), significant differences in the 

distribution of variables are apparent. This is due to the 

measurement times and the actual settings selected for the 

diagram in Fig. 14. Battery voltage drops over time for high 

current values are lower, which may allow the battery to 

run longer at a given load. 

4.4. Analysis of results for battery charging 

The analysis of the results for battery charging was per-

formed based on the experimental plan shown in Table 7. 

During start-up and preheating and cooling of the re-

former, the test quantities were not measured due to the 

lack of measurement possibilities. Note the reformer's own 

operating time (i.e., the preheating process, which takes 

about 36 minutes, and the cooling time – 24 minutes). This 

represents about 33% of the device's operating time. The 

test results are shown in Fig. 15. 

From the above scatter plots, it can be seen that an in-

crease in the charging current affects the increase in the 

tested quantities. It should be noted that the magnitudes of 

the measured toxic compounds of the exhaust gas are close 

to zero. This has a positive effect on environmental protec-

tion, including a reduction in the emission of toxic com-

pounds into the atmosphere. 

5. Conclusion 
The conducted studies, both empirical and model-based, 

prove that it is reasonable to use unconventional power 

sources for ship propulsion systems (equipped with fuel 

cells powered by hydrogen generated in a reformer), espe-

cially under specific operating conditions. 

The main conclusions of the study are as follows: 

1. The test object should be analyzed based on its specific 

load character. 

2. The ship sails more than 50% of the task time in the 

very slow forward (BWN) mode. The battery voltage 

drop, for this mode, is the smallest at 1.263 mV/s for the 

test object. 

3. As can be seen from the Pareto plots, speed and torque 

have the greatest influence on the quantities studied, 

while their linear and quadratic interactions are much 

less important. 

4. Battery voltage drop is smallest for high loads and low 

speeds at the same time, or low loads and high speeds. 
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5. Both battery current 𝐈𝐛𝐚𝐭 and battery voltage drop 𝐝𝐔 

show the highest correlations with the other measured 

quantities. 

6. The magnitudes of the measured values of toxic com-

pounds of exhaust gases are close to zero, and thus close 

to the values of the measuring resolution of TESTO 

350. This is due to the nature of the combustion of 

methanol and has a beneficial effect on reducing their 

emission into the atmosphere. 

In summary, the use of fuel cells can help improve air 

quality, reduce greenhouse gas emissions, and create  

a more efficient and sustainable energy system. However, it 

is worth noting that the implementation of this technology 

also requires consideration of aspects related to fuel (hy-

drogen) production and transportation. According to mili-

tary assumptions, an undeniable benefit is the minimization 

of the physical fields of the vessel and its independence 

from the base (i.e., in the future, obtaining hydrogen from 

seawater electrolysis). 

The promising results of the research will be continued. 

They will focus on developing a model for optimizing the 

selection of the battery buffer and placing it on the vessel so 

that the vessel's stability assumptions are maintained. 

 

Nomenclature 

AIS   automatic identification system 

ANOVA analysis of variance  

DP   dynamic positioning 

DV   dependent variable 

FC   fuel cell 

HESS   hybrid energy storage system 

HPS   hybrid propulsion system 

HT   high temperature 

LT   low temperature 

PEMFC  polymer membrane fuel cell 

RMFC   reformed methanol fuel cell system 
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