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Abstract

The article discusses the issues related to the possibility of using hydrogen peroxide in a
proportion of 10% to CI engine fuel to reduce emissions in exhaust gases. The additive
proposed by the authors of the paper is a 12% hydrogen peroxide solution. The paper
presents the results of engine and analytical tests carried out by the authors. The paper
mainly discusses the emission of toxic substances into the atmosphere for an engine run-
ning on standard and modified fuels. Laboratory tests have shown that the cetane number
increased by two units for the modified fuel. The results of engine tests showed that the
fuel additive reduces the concentration of nitrogen oxides and hydrocarbons, while the
soot content increased slightly. The study showed that the modified fuel does not affect
the operating parameters of the compression ignition engine. To assess the potential im-
pact of hydrogen peroxide addition to fuel on the durability of fuel injection equipment,
a nonlinear digital twin model was developed to enable the analysis of the relative degra-
dation risk of the Common Rail injection system. The model was implemented in the
MATLAB R2024b (September 2024) environment as an expert-based scenario model in-
tended for comparative analysis of the influence of different fuels on potential degrada-
tion processes occurring within the fuel injection apparatus. Four fuel variants were ana-
lyzed: conventional diesel fuel (DF), diesel fuel containing 12% H20, B100 fuel (rapeseed
oil methyl ester), and B100 fuel containing 12% H20:. The model incorporated selected
physicochemical fuel properties significantly affecting the operation of the fuel injection
system, including density, kinematic viscosity, calorific value, flash point, iodine number,
and oxygen content.
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1. Introduction

Current trends in modern motor vehicles are focused on reducing greenhouse gas
and toxic emissions into the atmosphere. Modifying fossil fuels is a method of improving
the emission parameters of means of transport so that exhaust fumes meet current envi-
ronmental standards. The task of modifiers used in fuels is to improve the organization
of combustion processes in the cylinder working space. The combustion of a combustible
mixture and the release of heat in CI engines causes physical and chemical effects that

Energies 2026, 19, 3269

https://doi.org/10.3390/en19143269



Energies 2026, 19, 3269

2 of 25

largely determine the engine’s performance. The combustion phenomena that affect the
thermal efficiency of an engine primarily include the effectiveness of converting the fuel’s
chemical energy, the thermodynamic efficiency of its utilization, and the intensity of dy-
namic loading exerted on the crank—piston assembly [1]. These have been problematic
throughout the entire history of diesel engine development. The chemical effects mainly
relate to the composition of exhaust gases, in particular their smoke content and toxic
substances. At present, due to environmental protection requirements, these are the main
requirements for the design of internal combustion engines. The conditions under which
combustion occurs should primarily ensure the maximum possible release of the fuel’s
chemical energy (complete and total combustion), optimal air-fuel mixing and utilization
of the oxidizer, while maintaining minimal exhaust emissions. Thermodynamic analysis
of the engine operating cycle indicates that the efficiency of heat release in each engine is
strongly dependent on the phasing of the combustion process relative to the crank angle
[2]. From this point of view, it would be optimal to burn the entire fuel dose at a constant
combustion chamber volume when the piston is at TDC. However, in this case, the rate of
heat release would become excessively high, causing impact loads on the crank mecha-
nism and acoustic symptoms in the form of excessive noise. These adverse phenomena
necessitate spreading the heat release process over a certain period of crankshaft rotation
near the piston TDC. The requirements for complete heat release and its effective conver-
sion into useful work, combined with low dynamic loading of the crank mechanism and
minimized combustion noise, are inherently conflicting. Consequently, any engineering
solution aimed at optimizing these parameters constitutes a compromise. This compro-
mise is further constrained by exhaust gas composition, which must comply with cur-
rently applicable emission regulations. Experience shows that it is extremely difficult to
achieve satisfactory results in each engine in terms of crankshaft loads, engine noise, ex-
haust gas composition, and fuel economy, and an optimal compromise solution is usually
only possible with a strictly defined heat-release curve. One of the principal challenges
associated with compression-ignition engines is the precise control and optimization of
the combustion process so that the resulting thermo-physical and chemical phenomena
satisfy the diverse and often competing requirements related to performance, fuel effi-
ciency, durability, and emissions over the entire operating range. The combustion process
in a diesel engine is very complex, as its initiation depends on meeting conditions for cer-
tain fuel self-ignition [3]. The combustion process itself also depends on many design fac-
tors and fuel properties, including the auto-ignition delay. One of the primary strategies
for mitigating exhaust emissions involves the implementation of catalytic aftertreatment
systems. In motor vehicles, catalytic converters are primarily integrated into the exhaust
system, where they function to neutralize toxic compounds, including nitrogen oxides
(NOx), hydrocarbons (HC), carbon monoxide (CO), and particulate matter (PM). Conven-
tional catalytic reactors do not influence the combustion process directly; their role is lim-
ited to post-combustion exhaust gas purification [3]. In contrast, liquid-phase catalysts are
designed to actively support combustion, suppress the formation of toxic species during
the reaction, and facilitate their in-situ neutralization. Additionally, such catalysts inhibit
the proliferation of hydrocarbon-degrading microorganisms in the fuel, which contribute
to fuel aging. Literature reports indicate that catalytic converters can also be deployed
directly within the combustion chamber of compression-ignition (CI) engines. For in-
stance, in [4], zinc- and vanadium-based catalysts were applied in a single-cylinder, four-
stroke CI engine. Experimental results demonstrated reductions of approximately 70% in
NOx and HC, 60% in CO, and 50% in CO: emissions, confirming the effectiveness of in-
cylinder catalytic intervention. Studies on the use of plant-based fuels have been pre-
sented in [5]. The automotive industry is currently undergoing a transition from conven-
tional internal combustion engine technologies to a new era of electric propulsion. The
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authors correctly emphasize the need to develop engineering solutions focused on electric
vehicles powered by renewable energy sources or incorporating hybrid power systems.
Study [6] presented the results of measurements of the characteristics of an engine run-
ning on lemon oil biofuel. Furthermore, critical engine components, including the piston
crown, cylinder head, and valves, were coated with a stabilized zirconia catalyst. Experi-
mental evaluation demonstrated that a biofuel-powered engine equipped with catalysts
on these components exhibited reduced emissions of carbon monoxide (CO), hydrocar-
bons (HC), nitrogen oxides (NOx), and particulate matter compared to a conventional en-
gine operating on standard fuel. In [7], gaseous fuels such as hydrogen, methane, and
natural gas were blended with liquid fuel in a 1:1 ratio for testing, with a platinum-alumi-
num catalyst applied within the combustion chamber. Results indicated that the catalytic
system effectively decreased NOx emissions. The addition of hydrogen to the fuel mixture
led to elevated in-cylinder pressures, increased NOx and HC emissions, and reduced
smoke formation, whereas the incorporation of methane and natural gas reduced NOx.
Moreover, supplementary catalytic treatment further decreased smoke levels with these
alternative fuels. In compression-ignition (CI) engines, selective catalytic reduction (SCR)
systems using urea-based solutions, such as AdBlue [8], are employed to remove NOx
from exhaust gases; however, this approach is costly and requires frequent replenishment.
Reference [9] investigated the use of water-in-oil (W/O) emulsions as fuel for compres-
sion-ignition (CI) engines. The experiments were conducted under controlled operating
conditions, with constant engine speed and load, while measuring in-cylinder pressure,
heat release rate, and exhaust gas composition. Results demonstrated that blending water
into the fuel reduced nitrogen oxide (NOx) emissions by up to 19.6% and decreased smoke
opacity by up to 66.3%. The observed effects are attributed to the micro-explosion phe-
nomenon of water droplets during combustion, which enhances fuel atomization, im-
proves air—fuel mixing, and lowers peak flame temperatures, thereby reducing NOx for-
mation and particulate matter generation. According to the authors, this is because water
lowers combustion temperature by absorbing heat during evaporation and through mi-
cro-explosions caused by the rapid evaporation of water droplets, which simultaneously
reduces NOx emissions and smoke. It is also possible to create an emulsion fuel using
non-biodegradable plastic shopping bags (PGB) [9]. Experiments have confirmed that a
water—oil emulsion made from PGB reduces nitrogen oxide emissions and smoke. The
best exergy efficiency was achieved with an emulsion containing 10% diesel fuel. The
study described in [10] analyzed the exergy performance of a ©S engine powered by bio-
fuel produced from cottonseed oil enriched with titanium oxide and silver nanoparticles.
The results suggest that fuels with added nanoparticles exhibit reduced exergy dissipa-
tion. It should be emphasized that the incorporation of nanoparticles involves significant
material costs. In [11], cerium oxide was used as a diesel fuel additive. Experiments
showed that using this catalyst reduced soot and hydrocarbon emissions by 30% at partial
engine load, while at full load, nitrogen oxide emissions decreased by about 5%. No sig-
nificant differences in fuel consumption were observed at medium and maximum loads.
Article [12] analyzed the effect of alcohol additives (methanol, ethanol, n-butanol, and
their mixtures) on the combustion process. The use of such additives reduced self-ignition
delay and improved combustion efficiency compared to pure diesel fuel. The best results
were achieved for a mixture containing 80% diesel fuel, 10% methanol, and 10% n-butanol
[13,14]. In turn, studies [15,16] described the use of a catalyst in injector nozzles in engines
with direct mechanical fuel injection. The installation of a platinum catalytic reactor on
the non-working part of the injector needle reduced harmful emissions. Paper [16] pre-
sents a method of partial dehydrogenation of diesel fuel to obtain high-quality hydrogen
for vehicle use. The study used a platinum catalyst deposited on a zinc and aluminum
carrier. According to the results of studies [17-19], platinum deposited on a tin and alu-
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minum substrate proved to be an effective catalyst for the dehydrogenation of hydrocar-
bons. Current trends in the development of internal combustion engines focus on mini-
mizing the emission of toxic exhaust components. Studies [20] have proven that adding
ethanol to fuel reduces NOx emissions. The research described in publication [21] pro-
posed using powdered biofuel as an additive the intake air. The analysis showed that it is
possible to use this technology in internal combustion engines without compromising
their durability. A solution aimed at improving the chemical properties of fuel is the use
of hydrogen peroxide as an additive. There are many methods of introducing hydrogen
into the engine combustion chamber. The most common technique is to install an addi-
tional system with a hydrogen cylinder, stored in gaseous or liquid form. In this case,
hydrogen enters the combustion chamber together with air. However, the disadvantages
of this method are high costs and the need to modify the engine design. An alternative
solution is to use a chemical compound that releases hydrogen during combustion—such
as hydrogen peroxide. In the presented work, the authors proposed using hydrogen per-
oxide with a concentration of 30%. This additive was used for 10% in the fuel mixture.
Higher doses may adversely affect the operating parameters of the drive unit and contrib-
ute to faster wear of its components. The purpose of the additive proposed by the authors
is to reduce toxic substances in exhaust gases and fuel consumption [22]. Due to its chem-
ical properties, hydrogen peroxide can change the combustion process of the tested fuels
and reduce the emission of toxins into the atmosphere through exhaust gases. An analysis
of the literature shows that numerous studies are being conducted on the modernization
and use of new fuels. In article [23], the author proposed the use of micro-emulsification
in fuels based on diesel, vegetable oil, and alcohol. The research showed that due to the
water content, the calorific value of all fuels improved with a reduction in nitrogen oxides
and soot, aiming to reduce emissions of carbon dioxide and nitrous oxide, gases that are
responsible for the greenhouse effect. Analysis of the results of studies presented by the
authors of [11,24] showed that it is possible to produce oil from non-biodegradable plastic
bags (PGB). The authors then proposed preparing a water—oil mixture with the addition
of 10% diesel fuel from the oil produced. The tests showed that this type of fuel reduced
soot and nitrogen oxide emissions in exhaust. However, the specific fuel consumption
increased. In addition, the authors did not investigate how the proposed mixture affects
the operation of engine components. Paper [25] published the results of research on the
effect of adding t-butyl peroxide to diesel fuel and biofuel derived from Mahua oil and
palm oil waste. The experiment showed that an engine operating at 100% load had lower
emissions of carbon monoxide, unburned hydrocarbons, and soot by about 4% for diesel
fuel with the additive, but higher emissions of nitrogen oxides by about 1% compared to
biofuel with the additive. The results of the experiment on a single-cylinder, four-stroke
oS engine powered by ON fuel with hydrogen (as the base fuel) and ON fuel with hydro-
gen with the addition of ditertbutyl peroxide (DTBP) are presented in [26]. The 3.50 kW
engine operated at a constant speed of 1500 rpm. The paper compares the self-ignition
delay period for the given mixtures. The tests showed that the ignition delay decreases
with an increase in hydrogen and DTBP in diesel fuel. Research is being conducted on the
use of ethanol as a fuel additive. The results of the experiments are presented in [20,21].
Ethanol lowers the combustion chamber temperature, reducing nitrogen oxide emissions.
In [27], the authors described how the addition of hydrogen to diesel and biofuel affects
combustion in a CI engine. The analysis showed that hydrogen as an additive not only
lowers the temperature in the engine combustion chamber but also changes the physical
and chemical parameters of fuels, especially those of plant origin. The authors of [28] de-
scribed the effect of 10% hydrogen peroxide as an additive at concentrations of 5%, 10%,
and 15% to diesel fuel and Calophyllum Inophyllum methyl ester. The tests showed that
an engine powered by biodiesel with the additive produced lower emissions of carbon
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monoxide and nitrogen oxides. The research presented in paper [29] concerns the use of
30% hydrogen peroxide in biofuel from Jatropha oil. The additive content in the emulsion
was 5%, 10%, and 15%. The authors analyzed engine parameters such as cylinder pres-
sure, ignition delay, ignition duration, heat release, and environmental parameters. The
analysis showed that the engine achieved the best performance with a 15% hydrogen per-
oxide-to-fuel mixture ratio [30,31].

The aim of this paper was to investigate whether it is possible to reduce exhaust gas
pollution from modern compression ignition engines by adding hydrogen peroxide to the
fuel. Based on the analysis of the literature [32], it can be concluded that hydrogen pos-
sesses unique properties and constitutes a suitable energy source for both internal com-
bustion engine vehicles and electric vehicles. A review of the literature has shown that
research related to the topic of this paper is being conducted in many areas. However,
there is little work on the use of hydrogen peroxide in fuels. The research on fuel modifi-
cation should also be considered in terms of engine component operation [33,34]. Accord-
ing to the literature [35], most of the proposed fuel additives do not affect the operation
of the fuel supply system or accelerate the wear of the Cl engine. Diesel engines are central
to global transportation and industry, but face persistent challenges related to emissions
(NOx, particulate matter, CO, HC) and the need for improved efficiency. Traditional emis-
sion control strategies (EGR, aftertreatment) have limitations, especially as regulatory
standards tighten. The search for effective, practical fuel additives has led to renewed in-
terest in hydrogen peroxide (H202), an oxygen-rich compound with strong oxidizing
properties. H20: offers the potential to: increase the cetane number, promoting faster and
more complete combustion; enhance in-cylinder oxygen availability, supporting oxida-
tion of fuel and soot; and generate reactive radicals (OH, HOz) that accelerate combustion
chemistry and reduce emissions. These properties make H20: a promising candidate for
improving diesel engine performance and emissions, especially when used in optimized
concentrations and in combination with alternative fuels or advanced combustion modes.

2. Materials and Methods

The test fuel was prepared according to the following procedure. Diesel fuel was
mixed with 12% hydrogen peroxide in a ratio of 10% using a 5% sodium alginate polysac-
charide emulsifier [36]. The emulsifier’s task is to permanently combine two liquids that
do not mix. Diesel fuel is non-polar, while hydrogen peroxide is polar. These liquids form
two separate layers. The emulsifier reduces surface tension, allowing droplets of one
phase to disperse in the other. The first stage of the research was to analyze the cetane
number of the prepared fuel and the standard diesel fuel from which the mixture was
prepared. These tests were performed on a test bench for measuring the cetane number in
fuel (Figure 1). The tested fuel is compared with the reference fuel using a special single-
cylinder reference engine, in which the compression ratio is changed during operation
until a specific self-ignition tendency is achieved, expressed as ignition delay.

The properties of the tested fuels are presented in Table 1.

Table 1. Researched fuel parameters.

Properties RME HME RME + 12%H:0: HME + 12%H-0:>
Density [kg/m?] (288 K) 861-888 870-900 880-905 890-915
Kinematic viscosity [mm?/s] (313 K) 44-55 4.5-6.5 3.5-4.5 3.5-4.8

Calorific value [M]/kg] 36-38 33-35 32-35 30-34

Ignition temperature [K] 170-190 >180 150-170 150-175

Iodine value 90-110 140-170 90-110 140-170

Oxygen content [%] 10-11 11-13 12-15 13-16

https://doi.org/10.3390/en19143269



Energies 2026, 19, 3269

6 of 25

Figure 1. Test bench for measuring the cetane number of diesel.

Engine tests were carried out on a dynamometer using a 4CTI90-1BE6 engine (WSW
Andoria S.A., Andrychow, Poland) with a mechanical fuel supply system. The test bench
is equipped with an AVL eddy current brake (AVL List GmbH, Graz, Austria), an AVL
mass fuel meter (AVL List GmbH, Graz, Austria), a Capelec exhaust gas analyzer (Capelec
SAS, Montpellier, France), and a MAHA smoke meter (MAHA Maschinenbau Halden-
wang GmbH & Co. KG, Haldenwang, Germany) (Figure 2). The measurement error of the
test bench is 2%. Exhaust emission tests were performed in accordance with the Polish
standard PN-EN ISO 8178-1: 2020 [37]. The research conditions are presented in Table 2.

1n o1 3 4 5
/72

10
=
m J

Figure 2. Engine dynamometer with a 4CTI90-1BE6 engine and an AVL brake 1—engine, 2—eddy
current brake, 3—dynamometer, 4—controller, 5—exhaust temperature sensor, 6—MDO smoke
meter, 7—air filter, 8—oil temperature sensor, 9—engine coolant outlet temperature sensor, 10—

electronic gravimetric fuel consumption meter, 11 —fuel tank, 12—Capelec exhaust gas analyzer.

Table 2. Research conditions.

Measurement Equipment Measurement Error Operating Conditions

4CTI90-1BES6 engine Not applicable Temperature: 295,15 K
AVL eddy current brake 2% Atmospheric pressure: 99 kPa
AVL fuel mass meter 2% P P '

Relative humidity: 31%
Capelec exhaust gas analyser 5% clative humidity: 31%

https://doi.org/10.3390/en19143269
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MAHA smoke meter 5% Fuels: Diesel, Diesel and 10% mix-
ture of sodium ascorbate with a 12%

Matl £ R2024 licabl
atlab software R2024b Not applicable hydrogen peroxide solution

The specific fuel consumption was calculated based on the external characteristics of
the engine using the following equation [1]:
3600-G
ge=—%— (1)
The following fuels were used for the tests: standard diesel fuel with 12% hydrogen
peroxide added to the fuel in a proportion of 10%. The cetane number of the tested fuels
was measured on an IDT-69 engine test bench in accordance with PN-EN ISO 5165 2021-
02 [38]. Based on the cetane number, the activation energy of the fuels and the self-ignition
delay period were calculated. Formula (2) shows the relationship for calculating the acti-
vation energy [2]:

_ 618.840
¢ LC+25

2

LC—cetane number of the fuel.
The self-ignition delay period of the tested fuels was calculated using Equation (3)
[2,3]:

1 1 21.2
7, = (0.36 + 0.22 - ¢,) - exp[Ea(E — m) . (m)o.&] 3)

cm— piston speed,

Ea—activation energy value,

R—individual gas constant of the combustible mixture,

T—temperature in the combustion chamber,

P—pressure in the combustion chamber.

During engine tests, the following engine parameters were measured: power, torque,
specific fuel consumption, emissions of nitrogen oxides, hydrocarbons, particulate matter,
and carbon dioxide in the exhaust gases.

The purpose of adding hydrogen to fuel is to reduce toxic substances in exhaust gases
such as nitrogen oxides, hydrocarbons, and soot. Simplified relationships (4-7) illustrate
the mechanism by which the above toxic substances are reduced.

Equation (4) shows the mechanism of nitrogen oxide reduction [2]:

2NO + 3H,0, - 2N, + 3H,0 + 0, (4)
Equation (5) shows the mechanism of nitrogen dioxide reduction:
2NO; + 2H,0, - N, + 2H,0 + 20, ®)
Equation (6) shows the general mechanism of hydrocarbon oxidation:
C,H,, + H,0, > C,H,,OH + H,0 (6)
Equation (7) shows the general mechanism of solid particle oxidation:
C + H,0, -» CO, + H,0 )

The results of laboratory tests and calculations are presented in Figures 3 and 4.
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Figure 3. Calculated energy activation value 1. standard fuel, 2 modified fuel.

Figure 4. Calculated ignition delays for researched fuels 1. modified fuel, 2 standard fuel.
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The initiator of a chemical reaction is activation energy (E.). It is an energy barrier
that reacting molecules must overcome for substrates to be converted into products. The
activation energy value determines the rate of the chemical reaction. The higher the acti-
vation energy, the slower the reactions occur due to the high energy barrier to carry out a
given reaction. Factors that accelerate chemical reactions are temperature and catalyst.
The activation energy value was calculated from Equation (2).

The self-ignition delay period is the time from the injection of fuel into the combus-
tion chamber to the appearance of the first self-ignition points of the mixture. During this
phase, the fuel evaporates and mixes with the air. The shorter this moment, the faster and
more efficient the combustion process is, with lower emissions. The self-ignition delay is
calculated using Formula (3) [2].

Fuel properties were adopted based on literature data concerning diesel fuel, fatty
acid methyl esters, and fuel blends containing hydrogen peroxide.

The digital twin model was based on the assumption that degradation of the fuel
injection apparatus is a multifactorial process resulting from the simultaneous interaction
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of oxidation and corrosion processes, reduced lubricity, changes in fuel viscosity, cavita-
tion phenomena, pressure-induced loads, thermal degradation, and deposit formation.

To reproduce the nonlinear character of degradation phenomena, exponential tem-
perature-acceleration functions and saturation functions describing damage accumula-
tion during engine operation were applied. The model considered the effect of fuel tem-
perature at three levels, namely, 30 °C, 50 °C, and 70 °C, adopted as representative oper-
ating scenarios corresponding to low, moderate, and elevated fuel temperatures within
the Common Rail system.

An original Wear Risk Index (WRI), ranging from 0 to 1, was introduced to evaluate
the relative degradation tendency. WRI does not represent a direct measure of the actual
wear of fuel injection components, but rather an expert-based comparative parameter en-
abling assessment of the potential impact of the analyzed fuels on the degradation risk of
the injection system.

Simulations were conducted for engine operating times ranging from 0 to 100 h un-
der constant injection pressure conditions characteristic of modern Common Rail systems.
The modeling results were presented in the form of WRI variation curves as a function of
engine operating time for different fuel variants and fuel temperatures.

3. Results

The results of laboratory tests and calculations are presented in Figures 5-10.
The specific fuel consumption was calculated using Equation (1). To determine this
value, engine power and instantaneous fuel consumption are required.

| ‘I-I-I-"I

1000 1300 1600 1900 2200 2500 2800 3100 3400 3700 4000

n [rpm]
Standard fuel Oxygen peroxide fuel

Figure 5. Engine-specific fuel consumption.

Nitrogen oxides (NOx) are inorganic chemical compounds consisting of nitrogen and
oxygen atoms. They are formed during combustion at high temperatures and in the pres-
ence of excess air. These compounds are harmful to health —they are toxic, weakening the
immune system in the lungs, which increases susceptibility to respiratory infections.
Long-term exposure to NOx is associated with an increased risk of respiratory diseases.
Nitrogen oxide emissions can be reduced by decreasing the excess air ratio, reducing the
amount of heat emitted, lowering the temperature in the combustion chamber, and using
appropriate fuel additives. In addition, catalytic converters are often used in exhaust sys-
tems to effectively reduce the NOx content in exhaust gases.
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1000 1300 1600 1900 2200 2500 2800 3100 3400 3700 4000

o

n [rpm]
W Standard fuel Oxygen peroxide fuel

Figure 6. Nitrogen oxides emission into fumes.

Hydrocarbons (HCs) are chemical compounds consisting of carbon and hydrogen
atoms. They are mainly produced because of incomplete or partial fuel combustion, as
well as the decomposition of hydrocarbon compounds in chain reactions occurring during
the combustion of fuel fractions. Their emission occurs particularly near the walls of the
combustion chamber, where too low a temperature limits the formation of soot. Prolonged
exposure to hydrocarbons can lead to serious health problems such as cancer, a weakened
immune system, kidney and liver damage, and the development of cataracts.

= onhhbh

1000 1300 1600 1900 2200 2500 2800 3100 3400 3700 4000

n [rpm]
M Standard fuel Oxygen peroxide fuel

Figure 7. Hydrocarbon emission concentration in fumes.

Carbon dioxide is a gas that is not toxic to living organisms. However, excessive at-
mospheric concentrations trap heat radiation, contributing to the greenhouse effect. For
this reason, it is important to take measures to reduce emissions of this compound into
the environment.

https://doi.org/10.3390/en19143269
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800
700
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1000 1300 1600 1900 2200 2500 2800 3100 3400 3700 4000

CO, [g/kWh]
o & & S & &

n [rpm]
W Standard fuel Oxygen peroxide fuel

Figure 8. Carbon dioxide emission into fumes.

Soot, or particulate matter (PM), is a harmful airborne particle produced by incom-
plete fuel combustion. The level of exhaust smoke is most often assessed in compression-
ignition (CI) engines. The main cause of particulate matter emissions is improper fuel at-
omization, which negatively affects its evaporation. Soot formation occurs mainly in areas
of the combustion chamber where oxygen access is limited. Soot particles can enter the
alveoli and then the bloodstream, causing respiratory and circulatory diseases. In addi-
tion, soot contains aromatic hydrocarbons, which increase the risk of cancer.

1000 1300 1600 1900 2200 2500 2800 3100 3400 3700 4000

n [rpm]
M Standard fuel Oxygen peroxide fuel

Figure 9. Solid particles concentration in fumes.

An important parameter for analyzing the processes occurring in the cylinder is the
heat of combustion (Figure 10). It determines how fuel additives or the chemical proper-
ties of the fuel affect the pressure and temperature in the combustion chamber.

Modeling of the combustion process of diesel fuel and a mixture of diesel fuel with
hydrogen peroxide was carried out in the Matlab environment. The simulation results are
shown in Figures 11 and 12.
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4000
3500
3000

— 2500

= 2000

T 1500
1000

500

1.5 2 25 3 3.5 4 4.5 5
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W Standard fuel Oxygen peroxide fuel

Figure 10. Heat release characteristics as a function of torque.

Temperature [K]

N
b

In-cylinder pressure

Pressure [bar]
—_

0 1 1 1 1 1
-200 -150 -100 -50 0 50 100 150 200
Crank angle [°CA]
B In-cylinder temperature
5000
0 T T T I 1 1 1 |
-200 -150 -100 -50 0 50 100 150 200

Crank angle [°CA]

Figure 11. (A) Predicted global pressure in the cylinder. (B) Predicted global temperature in the

cylinder. Black line—standard fuel, red line—oxygen peroxide fuel.

% 10° A Heat release rate
<
Y5
=
a4
o
E 0 L 1 1 L 1 1 |
-200 -150 -100 -50 0 50 100 150 200
Crank angle [°CA]
] B Mass fraction burned
g 0.5
=
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-200 -150 -100 -50 0 50 100 150 200

Crank angle [°CA]

Figure 12. (A) Predicted global heat release rate. (B) Predicted global mass fraction burned. Black

line—standard fuel, red line—oxygen peroxide fuel.
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Due to the lack of long-term experimental data concerning the durability of the Com-
mon Rail injection system supplied with a diesel fuel-hydrogen peroxide blend, a nonlin-
ear digital twin model was developed (Figures 13-15).

The purpose of the developed model was not to directly determine the actual geo-
metrical or mass wear of injection system components, but rather to evaluate the relative
degradation tendency of the system operating under chemically aggressive fuel condi-
tions.

Nonlinear digital twin prediction, T, =30 °C

1 1 T T 1
— —ON +12% H,0,
oz 0.8 H—B100 .
g — B100 + 12% H,0,
X
) i .
3 0.6
=
L]
.—‘\42 0.4 .
7
—~
§ 0.2
0 / ! 1

0 20 40 60 80 100
Engine operation time [h]

Figure 13. Nonlinear digital twin prediction model of injection system wear for selected fuels at a

fuel temperature of 30 °C.

Nonlinear digital twin prediction, Ty, =50 °C

1 T T T T
— —ON +12% H,0,
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Figure 14. Nonlinear digital twin prediction model of injection system wear for selected fuels at a

fuel temperature of 50 °C.

The model was developed for three fuel-temperature operating scenarios within the
fuel supply system:

° 30 °C—low/moderate fuel-temperature conditions, corresponding, for example, to
engine start-up or mild operating conditions;

e 50 °C—a typical fuel temperature during stabilized engine operation;

e 70°C—elevated fuel temperature conditions, which may occur during prolonged en-
gine operation, fuel recirculation, and heating of the Common Rail system.
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These temperatures were not selected arbitrarily but were chosen based on fuel-flow
modelling in the injector nozzle reported in the literature [1].

The current model does not represent the actual physical wear of the injector but
rather a relative degradation risk index (WRI). WRI may be interpreted as follows:

e  WRI < 0.30—low degradation risk,

e 0.30 < WRI < 0.60—moderate degradation risk,
WRI > 0.60—high potential degradation risk.

Nonlinear digital twin prediction, T, =70 °C

1 1 1 1 T
l-l—ﬂ _ON
— —ON +12% H,0,
E 0.8 f—B100 .
g — B100 + 12% H,0,
@ 0.6F :
k=
fé 04r .
~
S 0.2} .
=

O L L 1 1

0 20 40 60 80 100

Engine operation time [h]

Figure 15. Nonlinear digital twin prediction model of injection system wear for selected fuels at a

fuel temperature of 70 °C.

4. Discussion

Diesel engines remain pivotal in transportation, power generation, and industrial ap-
plications due to their high thermal efficiency and durability. However, their operation is
closely linked to the formation of regulated pollutants, such as nitrogen oxides (NOx) and
particulate matter (soot), which are governed by the underlying combustion kinetics. Un-
derstanding and modeling the kinetic processes of diesel combustion is thus essential for
improving engine efficiency, meeting stringent emission standards, and enabling the
adoption of alternative fuels and advanced combustion strategies [39,40]. Diesel combus-
tion involves a complex network of chemical reactions, spanning from low-temperature
oxidation to high-temperature pyrolysis and soot formation. During the combustion pro-
cess of a fuel-air mixture, numerous physicochemical phenomena occur [41]:

e ignition delay and two-stage ignition phenomena,
¢  high- and low-temperature reactivity,

e  soot precursor (PAH, acetylene) formation,

¢ NOx and other pollutant pathways.

For the theoretical analysis of the combustion process, a single-zone zero-dimen-
sional thermodynamic model of a CI engine was employed to analyze the combustion of
two fuels: conventional diesel fuel and diesel fuel with the addition of 10% of a 12% hy-
drogen peroxide solution. The model accounts for the effect of additional oxygen intro-
duced through the decomposition of H20z, using a three-stage Wiebe function and a mod-
ified Arrhenius correlation for autoignition delay. Both the three-stage Wiebe function
and the modified Arrhenius correlation serve as essential tools for modeling autoignition
delay in combustion. The Wiebe function excels at detailing combustion progress (i.e., the

https://doi.org/10.3390/en19143269



Energies 2026, 19, 3269

15 of 25

evolution of mass fraction burned and heat release rate) across distinct combustion
phases, while the modified Arrhenius correlation provides a robust framework to capture
temperature-dependent kinetic behaviors, especially under variable operating pressures
and in regimes exhibiting negative temperature coefficient behavior. Although they ad-
dress different aspects, one being more empirical and the other more kinetic-based, their
integration in unified frameworks offers complementary strengths for enhanced predic-
tive accuracy under a wide range of operating conditions [42].

Hydrogen peroxide is a compound that indirectly governs the course of autoignition
and the transition between low-temperature and high-temperature oxidation regimes
during the combustion process in a CI engine. Its significance primarily arises from its
involvement in chain-branching and chain-propagation reactions, leading to the for-
mation of highly reactive OH- and HO:- radicals.

Hydrogen peroxide influences the diesel engine combustion process by enhancing
combustion efficiency, reducing ignition delay, and promoting radical formation, which
assists in fuel oxidation and soot reduction. When optimally dosed (typically between 5%
and 15% by volume), H2O: improves brake thermal efficiency and reduces emissions (CO,
HC, particulate matter, and NOx), but excessive concentrations may cause higher com-
bustion temperatures and increased NOx emissions. Its effectiveness is rooted in both
chemical and physical mechanisms, including enhanced atomization and micro-explo-
sions in emulsified fuels.

The combustion characteristics of hydrogen peroxide in diesel engines affects igni-
tion delay and flame in the following ways [28,32,43]:

¢ Hx0O:addition consistently shortens ignition delay in diesel combustion, primarily by
increasing the cetane number and promoting early radical formation (notably OH).
This effect is most pronounced at low to moderate concentrations (5-10% by volume),
with diminishing returns or even adverse effects (e.g., slowed heat release) at higher
concentrations.

e  Enhanced laminar flame speed and more complete combustion are observed with
H:0;, attributed to increased radical pool and improved fuel-air mixing. However,
excessive H20O2 can destabilize the flame or lead to abnormal combustion.

e  Theignition-promoting effect of H>O2 is robust, but optimal dosing is critical to avoid
negative impacts on combustion stability.

The ignition delay was calculated based on the Arrhenius equation extended by the
oxygen availability factor OA. This factor determines the extent to which oxygen limits
the rate of the chemical reaction (8) [44]:

Ea \ (Pret P 4
Tp = Agexp (Fm) (E) 0A Foa (8)
where:

A, —constant,

E, —activation energy,

Trefs Pros —kinetic values at TDC,

n, —pressure exponent,

ko4 —additional oxygen influence exponent,

0OA—oxygen availability index.

The oxygen availability (OA) index was introduced to quantitatively determine the
relative availability of the oxidizer in the combustion chamber in relation to the stoichio-
metric oxygen requirement resulting from the fuel dose. This parameter describes the ex-
tent to which the fuel-air mixture is oxygen-lean or oxygen-rich, and allows for the influ-
ence of oxygen additives such as hydrogen peroxide (H202) (9) [44]:
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Mo, powietrzetM0, H, 0,
0A = b

©)

mQ, stoich

where:

® My, powietrze — the mass of oxygen contained in the intake air (a mass fraction of 21%
oxygen is usually assumed),

* My, u,0, —additional mass of oxygen released because of the exothermic decomposi-
tion of hydrogen peroxide according to the reaction

H,0; - H,0 +0, (10)

® My, soich— the theoretical (stoichiometric) amount of oxygen required for the com-
plete combustion of the mass of injected fuel with a known stoichiometric AFRs:.

Values of ‘0A > 1’ indicate increased oxygen availability relative to stoichiometric
conditions, which promotes a reduction in ignition delay, more intense premixed com-
bustion, and a faster progression of the high heat release phase. Conversely, values of
‘0A < 1’ indicate an oxygen deficiency, which promotes a longer ignition delay, a weaker
premix phase, a prolonged diffusion combustion phase, and increased soot emissions.

The use of the OA index allows the influence of hydrogen peroxide to be considered
both through increased oxygen availability and the thermal effect resulting from its exo-
thermic decomposition. This parameter is particularly useful in simplified zero-dimen-
sional models, where it allows the changes in mixture reactivity following the introduc-
tion of oxygen additives to be modeled without the need for complex kinetic models.

Combustion in the model was modeled using the sum of three Wiebe functions, de-
scribing respectively:

e  the premixed burn phase,

e the mixing-controlled phase (mixing-controlled/diffusion burn),
e thelate burn phase.

Each of the three stages is described by a classical Wiebe function.

The total mass fraction burned (MFB) is expressed as the weighted sum of the three
Wiebe functions (11) [45]:

MFB(0) = E;M,(6) + E;M;(0) + E3M3(0) (11)

where E;, E,, E; denote the energy contributions corresponding to the premix phase, the
mixing-controlled phase and the late burn phase, respectively.
The Wiebe function for the stagei takes the form (12) [46]:

M) = 1 - exp [ (24)™"] (12)
where:

a; —shape factor,

m; —the Wiebe exponent,

AB; —duration of the combustion stage,

SOC;—start of the combustion stage.

The derivative of the Wiebe function describes the combustion rate, and when mul-
tiplied by the total reaction energy, it determines the heat release rate (HRR) (13) and (14)
[45]:

dM;  aj(mj+1) (6-50C;\™i 6-soc;\™it1
i— i(m; )( l) exp|—a; ( l) (13)
a0 A8; A8; A8;
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am
HRR(8) = Quorar (Ey 5 +E-

6, 22 (14)
where Qoa considers the combustion energy of diesel fuel and the energy released dur-
ing the exothermic decomposition of H20x.

The start of combustion (SOC) was defined as the sum of the start of fuel injection
(SOI) and the ignition delay (ID). The characteristic combustion angles were determined
in accordance with the standard MFB definition:

MFB(CA10)=0.1,

MFB(CA50) = 0.5,

MFB(CA90) =0.9.

The CA50 parameter serves as the main measure of combustion phasing, whilst CA10
and CA90 indicate the start and end of the main combustion phase, respectively.

The decomposition of H20: generates additional heat of approximately 95-100
kJ/mol, which increases the reaction rate in the initial combustion phase and enhances the
Wiebe derivative (i—lg) in the premixed region [47].

This has been considered in the model by:

e  increasing the proportion of energy in the premix phase,

e  shortening its duration,

e increasing the shape factor a;, which corresponds to a more rapid, intense phase of
volumetric combustion.

Wiebe’s three-stage model, supported by the OA relationship that modifies the igni-
tion delay, provides a compromise between computational complexity and the accuracy
of representing combustion trends in compression-ignition engines. This model captures
the key characteristics of the combustion process and enables the analysis of the effect of
H20:2 addition on combustion dynamics without the need for advanced chemical kinetics.

An analysis of the test results shows that nitrogen oxide emissions were lower for the
modified fuel across the entire speed range, whilst the modeled heat release rate was
higher. The difference stems from the fact that H2Ozincreases the amount of water, whilst
the simplified model does not account for the increased water content in the engine com-
bustion chamber. During the combustion process, the medium within the engine’s work-
ing space is not homogeneous. There are areas with higher and lower temperatures. The
overall higher HRR does not imply a higher global temperature in the engine chamber;
consequently, the NOxcontent has decreased, which is typical for fuels mixed with water
vapor. At minimum engine loads, the combustion temperature is low. Under such engine
operating conditions, unfavorable conditions prevail in the cylinder working space:

e  fuel atomization is poorer,

e fuel evaporation is slower,

e formation of the combustible mixture is poorer,

e HO molecules increase the cooling of the fuel stream,
e  fuel-rich zones are formed.

Such an environment promotes the formation of soot during combustion. Therefore,
when analyzing the characteristics of soot emissions during tests at minimum engine
speeds, they are higher for the modified fuel. Only when the engine begins to operate at
medium and maximum loads does the soot content decrease compared to standard fuel.
This is because:

e the combustion temperature rises,
e  mixing is more intense,
° soot oxidation is more effective,
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e the decomposition products of hydrogen peroxide oxidize soot more rapidly.

Soot undergoes oxidation at higher temperatures and with a higher oxygen content.
At low engine loads, there is a shortage of oxygen and a lower temperature. The observed
effects of the research are the result of the simultaneous interaction of chemical mecha-
nisms (oxygen release, radical generation) and physical mechanisms characteristic of
emulsion fuels (microexplosions, charge cooling). The reduction in emissions cannot be
attributed solely to the chemical effects of hydrogen peroxide. The presence of about 8.8%
water in the fuel mixture introduces a significant thermal effect, consisting in lowering the
combustion temperature due to the high heat of water evaporation.

Hydrogen peroxide has strong oxidizing properties, which can affect the durability
of fuel supply system components, especially in common rail systems. Possible hazards
include corrosion, cavitation and deterioration of the lubricating properties of the fuel. No
negative effects were observed in these studies in the short service life; however, the long-
term effects require further durability studies.

The model calculates the relative wear-risk index of the fuel injection system, denoted
as (15) [48-50]:

WRI € [0,1] (15)

where WRI = 0 indicates a very low degradation risk, while WRI = 1represents a very
high degradation risk. The index does not represent the percentage wear of the injector
but rather the relative degradation risk resulting from fuel properties, fuel temperature
and operating time. The model consists of several nonlinear degradation sub-models (16):

WRI = f(Roxt Rlub: RviSJ Rcaw Rpt RT: Rdep: Rfuel) (16)

where:

e R, represents oxidation and corrosion risk,

e Ry, represents lubricity deterioration risk,

e R, represents viscosity-related degradation risk,

® Ry, represents cavitation risk,

e R, represents high-pressure-related degradation risk,

® Ry represents thermal degradation risk,

®  Ryp represents deposit formation risk,

®  Rpye represents the degradation associated with the overall change in fuel proper-
ties.

For each fuel, relative property values were calculated with respect to conventional
diesel fuel [50]:

by =2y (17)
v

k= (18)
_ Q@

Fo =4~ (19)
Tz

Fr, = (20)
0

Fo = Ore; (21)
F = 1

= (22)

where:
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e p—fuel density,

e  v—kinematic viscosity,

° Q — calorific value,

e T,—ignition temperature,

e  O—oxygen content,

e [—iodine value,

e  the subscript ON denotes the reference value for diesel fuel.

The influence of fuel temperature was described using an exponential function:

Ar = exp (—Tf Tref ) (23)

Ty
where:
e  T;—fuel temperature,
o Tref = 40 °C—reference temperature,
e T, = 25°C—temperature sensitivity is coefficient.

This means that an increase in fuel temperature does not increase degradation risk
linearly but exponentially. Therefore, at 70 °C, the model predicts a significantly higher

degradation risk than at 30 °C.
The effect of operating time was described using a saturation function (24):

A, =1—exp [—3( ‘ )1'35] (24)

tref
where:

e t—engine operating time,
®  t.r = 100 h—reference operating time.

This function indicates that degradation risk increases rapidly during the initial pe-
riod and then gradually approaches saturation.
The oxidation and corrosion risk was expressed by the following Equation (25):

Rox = Fpx (1+0.08H"**) A A, (25)

where:

F,x—fuel oxidation susceptibility,
e  H—H:02 concentration in the fuel [%],

Ar—temperature influence,
e  A,—time influence.

The oxidation susceptibility coefficient F,, was calculated as follows (26):
14
F,, = 0.15 + 0.35F}? 4+ 0.35 (%) +0.20F (26)

This means that the oxidation risk increases with oxygen content, H20: concentra-
tion, iodine value, fuel temperature, and operating time.
The lubricity deterioration risk was calculated using Equation (27):

R, = (== —1)" 4,(1+0.015¢085 27
lub r(1+0.015¢t°°°) (27)

Flup

The relative lubricity coefficient was calculated from Equation (28):
Fip = 1.00 + 0.12(F, — 1) — 0.25 (%) (28)

If Fu» decreases, the risk of lubricity deterioration increases. The addition of H20O:
reduces relative lubricity, while the higher viscosity of B100 partially improves it.
The viscosity-related degradation risk was calculated from Equation (29):
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Ryis =I F, — 1125 (1+0.006t)[1 + 0.01max(T; — Ty, 0)] (29)

The model assumes that both excessively low and excessively high viscosity relative
to diesel fuel may deteriorate injector operating conditions.
The cavitation risk was calculated using Equation (30):

- 1,7
Reay = Feqw (;’i) (1+0.035H)[1 + 0.012max(T; — Tyef, 0)]A, (30)
ref
The cavitation susceptibility coefficient Fcav was calculated using Equation (31):

H 1,3
Foaw = 030+ 0.25 | F, — 11*240.30 (1) " + 0.15F, (31)

The cavitation risk increases with injection pressure, H202 concentration, viscosity
deviation from diesel fuel, fuel density, and fuel temperature.
The pressure fatigue risk was calculated using Equation (32):

2
Dinj
Rp - (prej‘) At (32)

where:
®  pinj—injection pressure,
®  pres = 160 MPa—reference pressure.

The higher the injection pressure, the greater the mechanical loading risk of injector
components.
Equation (33) describes thermal degradation risk:

Ry = (X)" 4, (33)

The thermal degradation risk increases nonlinearly with increasing fuel temperature
[51].
The deposit formation risk was described by Equation (34):

t
Raep = Faep |1 — eXp(_Z;Z(E)Lls] [1 +0.0Imax(Ty — Trey, 0)] (34)

The deposit formation coefficient Fg,, was calculated using Equation (35):
Fgep = 0.25 + 0.35F"*° + 0.20F, + 0.10 | , — 1 | (35)

The deposit formation risk increases with iodine value, oxygen content, viscosity de-
viation from the reference fuel, fuel temperature, and operating time.

The degradation risk resulting from the overall change in fuel properties was de-
scribed by Equation (36):

Rfuel = FfuelATAt (36)
The coefficient describing fuel-property-related degradation risk was calculated us-
ing Equation (37):
Fryer =030 | F, =124+ 0.30 | F, — 1 24 0.20 | 1 = Fy [**40.20 | 1 — Fy, |12 (37)

This term describes the overall deviation of a given fuel from the physicochemical
properties of conventional diesel fuel.

The total raw degradation-risk index was calculated as a weighted sum of all degra-
dation mechanisms (38):

Rraw = WoxRox + Wluleub + insRvis + Wcachav + WpRp + WTRT + Wdedeep + quelRfuel (38)
The following weighting coefficients were assumed:
e w,, =025
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e wyp = 0.18,

e  w,, =012,

Wy = 0.14,
e w,=0.08,

e w;=0.08,

* Wy =010,
e Wrye = 0.05.

The sum of all weighting coefficients equals: Yw; = 1
The final degradation-risk index was calculated using the saturation function (39):

WRI =1 — exp(—Ryqu) (39)
Therefore:
0<WRI<1

The WRI values were interpreted as follows:

e  WRI < 0.30—low degradation risk,
e 0.30 < WRI < 0.60—moderate degradation risk,
e  WRI = 0.60—high degradation risk.

The cavitation susceptibility coefficient [52] was introduced as an expert-defined
nonlinear parameter describing the relative tendency of the fuel to intensify cavitation-
related degradation processes inside the injector nozzle. The equation considers viscosity
deviation, hydrogen peroxide concentration, and fuel density relative to conventional die-
sel fuel. The model does not directly calculate cavitation number or multiphase flow pa-
rameters but instead provides a simplified comparative approximation of cavitation-re-
lated degradation tendency.

5. Conclusions

An analysis of the test results shows that using hydrogen peroxide as a fuel additive
in a compression ignition engine mainly affects the emission of nitrogen oxides, hydro-
carbons, and carbon dioxide. When analyzing the environmental characteristics of engine
operation, hydrogen peroxide slightly increases the soot content in the exhaust gases. Soot
is crystallized carbon that forms at low temperatures. Analysis of the measurement results
indicates that adding hydrogen peroxide increases particulate emissions in the minimum
and medium range of engine operations. This means that the oxidizing effect of hydrogen
peroxide does not compensate for the deterioration of the fuel atomization process and
local oxygen shortages under these conditions. Only at higher loads, where the combus-
tion temperature and mixing intensity are higher, is an improvement in the soot oxidation
process observed. Laboratory tests have shown that the use of a 10% additive of a 12%
hydrogen peroxide solution increased the cetane number of the fuel from approximately
50.0 to 52.0. The increase in the cetane number reduced the activation energy of the com-
bustion reaction and shortened the self-ignition delay period, which contributed to a more
stable combustion process in a compression ignition engine. The tests carried out on an
engine dynamometer showed a significant impact of the hydrogen peroxide additive on
the ecological parameters of engine operation. A reduction in nitrogen oxide (NOx) and
unburned hydrocarbon (HC) emissions was observed across a wide range of engine
crankshaft speeds. This effect can be explained by the presence of additional oxygen and
hydrogen in the fuel, which intensifies oxidation reactions and lowers local combustion
temperatures, promoting NOx reduction. At the same time, the test results showed a
slight increase in particulate matter (soot) emissions, which may be due to changes in the
diffusion combustion and afterburning phases, as well as modifications to the fuel atomi-
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zation conditions in the combustion chamber. Carbon dioxide emissions did not change
significantly, indicating that the addition of hydrogen peroxide does not worsen the CO2
emissions balance or the energy efficiency of the engine. It should be emphasized that the
proposed solution does not require any interference with the engine design or the use of
costly external hydrogen supply systems, which is a significant advantage for practical
application. Further research should focus on long-term engine operation and the impact
of the additive on the durability of fuel system components and the combustion chamber.
The next stage of research into the possibility of reducing the content of solid particles in
exhaust gases will involve the use of modified fuel injectors for an engine running on the
presented fuel additive. It should be emphasized that in this paper no studies of the long-
term storage stability of the prepared fuel emulsion have been carried out, which is a lim-
itation of the work. Hydrogen peroxide is a thermodynamically unstable compound and
can decompose slowly according to the reaction: H202 — H2O + 1/202. This process can
be catalyzed by the presence of metal ions and organic compounds, which can lead to an
increase in pressure in the fuel system and fuel degradation. Additionally, the presence
of sodium alginate as an emulsifier may affect the stability of the system. Therefore, future
research should include analysis of fuel stability, including changes in chemical composi-
tion, phase separation and changes in storage pressure.

The performed modeling using a nonlinear digital twin demonstrated a significant
influence of fuel type, hydrogen peroxide addition, and fuel temperature on the predicted
degradation tendency of the Common Rail injection system. The lowest values of the Wear
Risk Index (WRI) were obtained for conventional diesel fuel, confirming its highest oper-
ational stability among the analyzed fuels. The addition of 12% H202 to diesel fuel in-
creased the predicted degradation risk of the injection system, mainly due to the increased
oxidation activity of the fuel, deterioration of lubricating properties, and increased sus-
ceptibility to cavitation phenomena.

The B100 fuel exhibited a higher predicted degradation tendency than conventional
diesel fuel, which may result from the higher oxygen content, higher viscosity, and higher
iodine value of fatty acid methyl esters. The highest WRI values were obtained for the
B100 + 12% H:02 blend. The model indicates that the simultaneous presence of methyl
esters and hydrogen peroxide may lead to a synergistic increase in degradation-related
processes such as oxidation, deposit formation, lubricity deterioration, cavitation intensi-
fication, and thermal degradation of injection system components.

Increasing fuel temperature from 30 °C to 70 °C significantly increased the predicted
degradation risk for all analyzed fuels. The modeling results indicate that fuel tempera-
ture may be one of the key parameters affecting the durability of modern Common Rail
systems. The applied nonlinear model enabled the inclusion of the progressive character
of injector degradation. The model demonstrated that the increase in degradation risk is
not linear but accelerates with increasing fuel temperature, operating time, and H>O2 con-
centration.

The developed digital twin does not represent a direct model of the actual physical
wear of injection system components. The WRI should be interpreted as a relative degra-
dation tendency indicator enabling a comparative assessment of the potential influence of
different fuels on injection system durability. The obtained results indicate that the appli-
cation of fuels containing H2O: may require additional investigations concerning fuel
chemical stability, material compatibility, seal durability, corrosion resistance of injection
system components, and long-term operation of injectors and high-pressure pumps.

The developed model may serve as a preliminary engineering tool for assessing the
relative degradation risk of injection systems operating with alternative and oxygenated
fuels; however, its full validation requires long-term experimental investigations and cal-
ibration of the model based on real measurements of Common Rail component wear.
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