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The article is concerned with studying the impact of hydrogen additive on the traditional fuel of a petrol internal
combustion engine (ICE) as part of a hybrid power plant on key indicators of its efficiency and environmental
friendliness. The main attention is paid to the assessment of fuel consumption and CO: emissions within the
NEDC driving cycle.

The paper develops a mathematical model of the internal combustion engine's working process, which takes into
account the addition of hydrogen to the fuel mixture and creates a model for determining the parameters of a
hybrid powertrain in the NEDC cycle modes. The results of the study showed that every 2% addition of hydrogen
to petrol reduces the specific effective fuel consumption by 2.8-3.5%, depending on the speed mode. It was found
that the hybrid system provides effective energy recovery during braking, which contributes to the overall
efficiency of the system.

The study confirms the prospects of using hydrogen as an additive to traditional fuels to improve the environ-
mental friendliness and efficiency of transport, reduce CO: emissions and decarbonise the transport sector. The
developed calculation methodology can be used for further research and implementation of new technologies in
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1. Introduction

Transport is fundamental to the UN's proposed global
strategy for the sustainable development of our civilisation.
It can be argued that none of the 17 areas of this strategy
can be achieved without the use and development of
transport and transport technologies. Such a mission of
transport in the functioning of national economies and soci-
ety requires constant improvement. Today, the main global
trends in transport improvement are related to improving its
performance, reducing the negative impact on the environ-
ment, decarbonisation and green technologies. According to
the National Transport Strategy of Ukraine for the period
up to 2030 [24], global trends in the development of
transport systems show the need for a rapid integration of
transport technologies and regional mobility projects.
Transport is becoming more energy efficient and ‘green’,
safe and friendly to the consumer and the environment.

Transport has become more environmentally friendly,
but the growth in its production and operation means that it
remains among the main artificial sources of noise and
environmental pollution. The problem is the need to elimi-
nate the transport system's dependence on oil without com-
promising efficiency and technical performance.

The White Paper — A Plan for the Development of
a Single European Transport Area — Towards a Competitive
and Resource Efficient Transport System [26], emphasises
that in practice, transport should use less energy, which
should be cleaner, make better use of modern infrastructure
and reduce its negative impact on the environment and key
natural assets such as water, land and ecosystems.

There is a public need to develop tools and implement
systemic measures to reduce the energy dependence of the
transport sector, improve air quality in cities and fulfil in-

ternational commitments on climate change, including
limiting and inventorying greenhouse gas emissions from
road transport [14].

The relevance of this topic corresponds to the world
trends in transport development. It is determined by the
global need to develop and implement new technologies to
comprehensively address the problem of increasing energy
efficiency, using non-traditional fuels and, as a result, re-
ducing air pollution by road transport. In this regard, the
main areas of reducing the negative impact of transport on
the environment include the use of alternative fuels based
on renewable energy sources, for example, based on rape-
seed oil or by adding alcohol [6, 22, 25], or the use of hy-
drogen [2, 21].

Hydrogen energy implies determining the potential for
transforming the global energy system while addressing
important climate change issues.

2. Literature study

Research on decarbonisation in transport, the transition
to hybrids and electric vehicles, the abandonment of inter-
nal combustion engines, and attempts to introduce alterna-
tive fuels, including hydrogen additives to internal combus-
tion engine fuels, are presented in many publications by
scientists around the world. At the same time, researchers
focus on optimising the processes of fuel supply, mixture
formation and combustion.

A comprehensive study [11] assesses the current state of
hydrogen energy and examines its potential for transform-
ing the global energy landscape while addressing important
climate change issues.

The study [3] focuses on optimising the operation strat-
egy of a serial hybrid powertrain, discussing in detail the
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analysis and optimisation of the mixture preparation, sup-
ported by high-speed Schlieren measurements, 3D model-
ling and thermodynamic analysis performed on multi-
cylinder engines.

Paper [12] discusses the appropriate powertrain topolo-
gies for light commercial vehicles (LCVs) and passenger
cars (PCs) using future hydrogen engines. It analyses the
requirements and challenges for the relevant components as
well as subsystems such as fuel injectors and exhaust gas
treatment and discusses the requirements for exhaust gas
treatment concepts for LCV/PC powertrains using Hz-en-
gines.

In an experimental study [7], ethanol derived from
grape pomace was used in fuels produced by blending it in
increasing ratios (10, 20 and 30 vol%) with oxygen-free
petrol. These ethanol and petrol fuel blends were used to
evaluate the emissions and energy consumption of a motor-
cycle equipped with a large displacement Sl four-stroke
engine.

Study [20] presents a study of the effect of CO, dilution
in a hydrogen-enriched Sl engine on the performance and
combustion characteristics and the hydrogen knock limit of
a spark ignition engine running on hydrogen-petrol mix-
tures. The experiments were conducted on a single-cylinder
Ricardo engine with direct petrol injection and hydrogen
port induction.

Engine studies to study the characteristics of combus-
tion knock were carried out on hydrogen and petrol fuel in
a single-cylinder engine with piston injection and spark
ignition to study the compatible fuel use (CFR) presented in
[10].

The use of hydrogen as a fuel in vehicles and modern
experimental studies in the literature are considered in [1],
and the results of using hydrogen as an additional fuel are
investigated. The impact of hydrogen use on engine per-
formance and exhaust emissions as an additional fuel to
petrol, diesel and liquefied gas internal combustion engines
is explained.

A study [23] examined the impact of hydrogen as an
additional fuel for spark ignition (SI) and compression
ignition (CI) engines on engine performance and gas emis-
sions.

Considering the above studies, it should be noted that
the issue of studying and analyzing the impact of adding
hydrogen to traditional fuels on fuel efficiency and carbon
dioxide emissions during the operation of a hybrid power-
train in the driving cycle is relevant on the path to decar-
bonization of transport.

The aim of the study is to determine the impact of hy-
drogen additive on fuel efficiency and carbon dioxide emis-
sions in a sequential hybrid powertrain based on a gasoline
engine according to the NEDC driving cycle. This will
allow analyzing the results obtained to study changes in
fuel consumption and harmful emissions effects and will
become the basis for solving the problems of decarboniza-
tion in transport, driven by the Sustainable Development
Strategy.

3. Methodology of the calculation research
The New European Driving Cycle (NEDC) is a stand-
ardised laboratory test designed to evaluate fuel consump-

tion, CO: emissions and other vehicle parameters under
conditions as close to ideal as possible. It was used in Eu-
rope for the certification of passenger cars and light com-
mercial vehicles until the introduction of its successor,
WLTP [9]. The NEDC methodology is based on the divi-
sion into two segments: urban and non-urban cycles.

The main objective of NEDC is to provide standardised
conditions for comparing vehicles in the aspects of [9, 17]:
— fuel economy [dm®100 km] or [miles per gallon]

— carbon dioxide emissions [g/km]
— other pollutants such as NOx, HC, and CO.

The tests allow vehicles to be compared against each
other based on a single set of parameters, excluding exter-
nal factors such as weather conditions, driving style, and
road topography.

NEDC consists of two segments: the urban driving cy-
cle UDC = (4 x ECE) and Extra-Urban driving cycle
(EUDC), together they represent the different driving con-
ditions for evaluating vehicle performance:

— distance: 4 km
— average speed: 14 km/h
— top speed: 50 km/h.

Duration: 195 seconds (3 minutes 15 seconds), repeated
4 times.

The cycle consists of four acceleration and deceleration
periods, constant speed and idle periods.

The Extra-Urban Cycle simulates driving conditions on
motorways and country roads:

— distance: 7 km

— average speed: 63 km/h

— top speed: 120 km/h

— duration: 400 seconds (6 minutes 40 seconds).
Driving characteristics:

— 50% of the time at constant speed

— variable speeds, with periods of acceleration and brak-
ing.

The overall test result, e.g. fuel consumption or CO:
emissions, is calculated as a weighted average of the urban
and non-urban cycles. The weighting of the segments de-
pends on the distance travelled:

— urban cycle: ~37%
— non-urban cycle: ~63%.

Test conducted under controlled laboratory conditions at
temperatures between 20°C and 30°C.

Vehicles are tested on a rolling road that simulates aer-
odynamic drag and vehicle weight.

Additional systems such as air conditioning, headlights
and radio are switched off to minimise vibrations.

The cars must be driven at least 3000 km before testing,
which provides a ‘running-in’ period.

NEDC has been criticised for its lack of realism, as it
does not consider real-world driving conditions such as
weather, road gradients, or the use of auxiliary systems.

Fixed acceleration and speed values allow manufactur-
ers to optimise engine settings specifically for this test,
known as ‘cycle work-up’.

Real-world fuel consumption and emissions are often
significantly higher than NEDC.
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Despite these limitations, NEDC has spurred vehicle ef-
ficiency and emissions technology advances. However, its
replacement, the WLTP, offers a more accurate and dynam-
ic test covering longer distances, a wider range of speeds
and additional driving patterns.

The first stage of the computational study is to create
a mathematical model of the petrol engine's operating pro-
cess that takes into account the addition of hydrogen to the
petrol mixture.

The calculation of the working process is based on
a quasi-stationary thermodynamic model of a spark ignition
engine, which allows to set the composition of the fuel
mixture. This mathematical model was developed at the
Department of Engines and Hybrid Power Plants of the
National Technical University ‘Kharkiv Polytechnic Insti-
tute’ and confirmed by the results of experimental studies
on the VAZ-21081 engine [18]. It is used to determine the
parameters of an internal combustion engine as part of
a hybrid power plant with the addition of hydrogen to pet-
rol.

The mathematical model is based on the first law of
thermodynamics, the law of mass conservation, and the
equation of state. The amount of heat energy transferred to
the walls is calculated using the Newton-Richman equation,
where the heat transfer coefficient is determined by the
Voschni formula. The combustion process in the cylinder is
modelled by the Wiebe formula, and the mechanical fric-
tion losses are determined on the basis of empirical depend-
encies on the crankshaft rotation frequency, which were
refined experimentally at the Department of Engines and
Hybrid Power Plants of NTU ‘KhPI’ [16]. The dependen-
cies for establishing and calculating the duration and nature
of combustion used in the mathematical model to determine
the effect of hydrogen additive on the performance of
a petrol engine are described in [13]. The mathematical
model allows varying the composition of the fuel mixture
and studying the effect of hydrogen additive to petrol on
engine performance and carbon dioxide content in exhaust
gases. The percentage of hydrogen additive in the mathe-
matical model can be varied by mass from the main fuel.

An experimental study was conducted at the Depart-
ment of Engines and Hybrid Power Plants of NTU ‘KhPI’
to identify the mathematical model of the automobile en-
gine workflow. As the object of research was used the en-
gine of a passenger car VAZ-21081. The experimental
engine is equipped with a camshaft and a receiver from the
VAZ-21103 engine, a distributed fuel injection system,
a set of sensors for monitoring parameters and an engineer-
ing electronic control unit. In the course of the experimental
study, a number of measures were developed to remove the
indicator diagram.

Figure 1 shows a general view of the experimental stand
with the VAZ-21081 engine.

The tests were carried out under the following condi-
tions:

— ambient temperature 298 K

— atmospheric pressure 0.0978 MPa

— coolant temperature at the engine outlet was 80...90°C
— oil temperature — within 80...100°C.
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Fig. 1. Scheme of the test bench and general view: 1 — engine equipped

with control and measuring devices and devices ensuring its operation; 2 —

diagnostic connector; 3 — gearbox; 4 — loader/electric motor for driving the

crankshaft during scrolling; 5 — pressure sensor in the engine cylinder

AVL; 6 — crankshaft angle sensor; 7 — mark of the VMT; 8 — probe of the

Sauermann Si-Ca 230 gas analyser; 9 — K-Line adapter; 10 — PCI L-Card
783-86 ADC board; 11 — amplifier

The VAZ-21083 engine is controlled by the ECU based
on Janus 7.2, which is functionally similar to the Bosch
M7.9.7. The engineering unit is controlled by the J5 On-
Line Tuner software, which allows the air excess ratio,
engine crankshaft speed, hourly air flow rate and ignition
timing angle to be determined. Mass fuel consumption was
determined by the weight method. A chromium-aluminium
thermocouple and a galvanometer were used to determine
the exhaust gas temperature. A K-Line adapter cable is used
to connect to the engineering unit.

The automated engine display complex consists of an
AVL GM11D engine cylinder pressure sensor, a crankshaft
rotation angle sensor, an amplifier unit, a PCI L-Card 783-
86 ADC board, Powergraph 3.3.9 Pro software, and En-
gineAnalysisPro v1.0 software. The engine cylinder pres-
sure sensor is a piezoelectric quartz sensor manufactured by
AVL (Austria). In addition, a signal amplifier was installed
specifically for this sensor, and it was calibrated. An elec-
tric balancing machine loads the engine.

A Sauermann Si-Ca 230 gas analyser was used to take
exhaust gas samples to measure the concentration of carbon
dioxide (CO,).

At the second stage of the study, a mathematical model
was created to determine the parameters of a hybrid power
plant in the modes of the NEDC test cycle with the addition
of hydrogen to traditional fuel.
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It is advisable to evaluate the efficiency of a hybrid power-
train in the full range of operating modes. To calculate the
operational parameters of a vehicle, test cycles can be used to
determine the speed of the vehicle as a function of time. In this
paper, the European driving cycle NEDC is used. A mathemat-
ical model for determining the parameters of a hybrid power-
train with the addition of hydrogen to traditional fuel has
been created, describing the speed of a car at different stages
of the cycle by linear empirical time dependencies [15].

To simulate the movement of a car within the NEDC
cycle, a time scale is created, discretised in 1 — 1-second
increments over the entire cycle interval. The speed profile
is calculated based on the standard time coordinates ti and
the speed values v; at each cycle stage. Formula (1) for
calculating the vehicle speed at each stage:

vi(t-ti—1)
V(O = { (1)
Vi
i <t<t
t= ﬁ

The electric motor is powered by a battery and/or a gen-
erator driven by an internal combustion engine. Its rotation-
al speed depends on the vehicle speed and is calculated
using the following formula (2):

V-up (2)

n =
em 03771t

where: v — vehicle speed [km/h], up — gear ratio of the final
drive, ryq — static wheel radius [m].

The power consumed from the battery to operate the
electric motor is calculated by the formula (3):

Ny

Neb - Nem (3)
where: Ny — total power required to drive the vehicle with
the specified cycle parameters [kKW], n.m — efficiency of the
traction electric motor.

The acceleration of the vehicle at each second of the test
cycle is calculated as the difference (4) between the current
speed and the speed at the previous time point:

a(t) =
The total power Ny is calculated by the equation (5):

_ v
" 3600MTR

v(t+1)-v(t)
3.6

(4)

Ny

Ky F-V?2 2
[ 4 m-9.81- Wy +m-a-(1.05+005-uj| (5)
where: v — is the vehicle speed [km/h], nrr — transmission
efficiency, k, — flow coefficient, F — area of frontal re-
sistance [m?], m — vehicle mass [kg], yq — coefficient of
total road resistance, a — vehicle acceleration [m/s?], up — is
the gear ratio of the final drive.

The current capacity of the battery varies according to
the following dependence (6):

1
3600

(6)

where: C,;,_; — battery capacity in the previous calculation
step [kKWh].

Cpi = Cpi—1 — Ngp

The operating modes of the internal combustion engine
depend on the state of the battery. When the battery is fully
charged, the ICE is switched off [19]. If the battery charge
level falls below the minimum allowable capacity Cy, min, the
ICE switches to the external speed characteristic mode with
the lowest specific fuel consumption ge min. The power of
the engine in this mode can be calculated based on the
modelling of its operating process.

When the engine is running, its second fuel consump-
tion is calculated using the formula (7):

Nen(t)-ge
Ge(D) = =50 (7)
where: g. — specific fuel consumption at the operating speed
of the engine [g/kwWh].

The fuel consumption of the engine based on the results
of the car's movement on the NEDC cycle is determined by
the formula (8):

100 [t
Ge/100km = ﬁfou Ge(t) - At 8

where: S — the distance travelled by the vehicle during the
NEDC cycle test [km], py — fuel density [kg/m?], At — time
calculation step [s], t, — duration of the test cycle [s].

If the power of the traction electric motor is lower than
the power of the internal combustion engine, the proportion
of the internal combustion engine power used to charge the
battery is determined by the formula (9):

Ne Ny
Nep =——— 9
eb ng Nem ( )
where: ng — efficiency of the current generator.
The current value of the battery capacity varies accord-
ing to the dependency:

1

eb 3600

Energy is recovered during braking. In this case, the
traction electric motor functions as a generator. The power
used to charge the battery calculated by the formula (11):

Ne  Ng

Cpi = Cpi—1 + N (10)

11
Ng Nem g ( )
where: nem ¢ — efficiency of a traction electric motor when
operating in generator mode.
The volume fraction of CO, in the combustion products
was determined by the formula (12):

1 ’
rCo, = 1z ¢/M pr.c. (12)

where: My, — amount of combustion products per 1 kg of
fuel [kmol].

To calculate CO, emissions, we used a relationship (13)
that takes into account the share of hydrogen in the fuel
mixture:

ECOZ ® =Gt - (1— LIJHZ) " Mco, gasoline

where: iy, — volume of hydrogen in the fuel mixture [%],
Mco, gasoline — Carbon dioxide content during the combus-
tion of 1 litre of gasoline [kg].

The calculation of the NEDC driving cycle based on the
above model is implemented in the MATLAB software

(13)
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environment. The initial data for the calculation are shown
in Table 1.

Table 1. Initial data for the calculation

Parameters Value
Vehicle weight m, kg 1600
Static wheel radius rg, m 0.2794
Vehicle height By, m 1.445
Vehicle width H,, m 1.725
Vehicle frontal area filling factor o 0.78
Nominal effective power of the electric motor Ng,, KW 38
Rated speed of the traction electric motor neg,, min* 1200
Maximum traction electric motor speed Neg max, Min " 5600
Transmission efficiency 0 0.9
Total gear ratio from electric motor to vehicle wheels ug 4.13

It is accepted that the specified parameters of the trac-
tion electric motor should provide the traditional high
enough vehicle dynamics indicators, which are character-
ised by the comfort of driving in urban conditions.

4. Research results

4.1. Research on the effect of hydrogen additive
on the efficiency of internal combustion engines
Figure 2 shows a comparison of the effective power
(Ne) and specific effective fuel consumption (g.) at the
external speed characteristic modes. The effect of hydrogen
addition on CO, emissions is shown in Fig. 3.

Ne, kW ge, g/kWh
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Fig. 2. Comparative characteristics of effective power and specific fuel
consumption at external speed characteristic modes

Analysing Fig. 2 shows that the addition of hydrogen
contributes to a significant reduction in specific effective
fuel consumption. This is due to an increase in the efficien-
cy of the combustion process in the engine cylinders. Hy-
drogen has a higher specific heating value of fuel and its
combustion rate, a wide range of flammability, which al-
lows for a more complete and rapid combustion of the fuel-
air mixture. This results in higher thermal efficiency, which
leads to a reduction in the amount of fuel consumed per unit
of specific power.

15
S
~ 14
8 *
e —— S .
13 - —
l\’\:.
12 "
\X'
11 = ~ _ -
e
10 -
9
8 T ‘ .
2610 3610 4610 5610
oy=0% .y =2% n, min-1
v =4% “y=6%
= 8% v =10%

Fig. 3. Effect of hydrogen additive on the CO, concentration in the gas
mixture at the modes of the external speed characteristic of the VAZ-
21081 engine

It is also important to note that the addition of hydrogen
has a positive effect on the environmental performance of
the engine, reducing the amount of harmful substances
emitted, which can also indirectly affect the reduction of
specific effective fuel consumption.

It has been determined that each 2% hydrogen additive
to petrol by weight reduces specific effective fuel consump-
tion by 2.8-3.5%, depending on the speed regime.

The comparative characteristics of emissions in Fig. 3
shows a significant positive effect of hydrogen addition on
CO, emissions from the exhaust gases of the VAZ-21081
engine. It was found that with the addition of hydrogen y =
= 10% by weight of fuel, the volume fraction of CO, con-
centration in the exhaust gas decreases to 30% in each of
the modes of the external speed characteristic. This effect
of hydrogen addition can be explained by its physicochemi-
cal properties since hydrogen ignites within 2 ms of spark-
ing, and because it is under high temperature and pressure,
it begins to split into atomic hydrogen. Atomic hydrogen is
very reactive and causes a rapid chain reaction that spreads
almost instantly throughout the combustion chamber. The
almost simultaneous ignition of hydrogen initiates the sim-
ultaneous ignition of the main fuel.

Combustion using hydrogen additives has significant
advantages over conventional combustion and is considered
one of the most promising methods for decarbonising inter-
nal combustion engines in transport.

Firstly, hydrogen promotes more complete combustion
of petrol, which reduces the amount of unburned hydrocar-
bons and reduces the formation of harmful substances.

Secondly, hydrogen dilutes the fuel mixture, reducing
the carbon concentration and, consequently, the amount of
CO: produced [4, 8]. However, the addition of hydrogen to
petrol does not completely eliminate CO: emissions, as
petrol still contains carbon.

4.2. Results of calculating the parameters of a hybrid
power plant on the NEDC test cycle modes
The results of calculating the parameters of the engine
and vehicle in the NEDC test cycle modes with the recom-
mended parameters of the hybrid powertrain elements are
shown in Fig. 4.
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g. 4. Results of calculating the parameters of a hybrid car on the NEDC
test cycle modes

Analysis of the results shows that braking energy is
a reserve for increasing the fuel efficiency of the engine
when using the recovery of this energy. The graph of the
current battery capacity shows how the charge changes
during the test cycle. The battery discharge time from 90%
Cp max t0 40% C,, max lasts 560 s. When reaching 40% of the
battery capacity, the charging process begins, which lasts
176 seconds. When switching to the Extra-Urban cycle
mode, a significant decrease in capacity is observed, this is
explained by the joint operation of the internal combustion
engine and the electric motor during intensive acceleration.

4.3. Calculation of fuel consumption and CO, emissions
according to the NEDC cycle

Adding hydrogen to the fuel mixture leads to a signifi-
cant reduction in petrol consumption due to the high calo-
rific value of hydrogen and its efficient use in the combus-
tion process. Hydrogen has a higher specific heat of com-
bustion (about 120 MJ/kg) compared to petrol (about 44
MJ/kg), which allows for the use of less fuel to produce the
same power.

Figure 5 illustrates the effect of hydrogen additive on
fuel consumption in a hybrid drive. Based on the calcula-
tion of fuel consumption with increasing hydrogen content
in the fuel, it can be seen that already at 5% hydrogen addi-
tion, fuel consumption per 100 km is reduced by 5.3%
compared to pure petrol. At a 10% hydrogen concentration,
fuel consumption is reduced by 11.1%.

The graph shows that the reduction in fuel consumption
is linear up to a certain level of hydrogen addition. This
shows that hydrogen at low concentrations significantly
improves fuel efficiency, especially at partial engine load.

Reducing CO: emissions is one of the key effects of
adding hydrogen to the petrol fuel mixture. Hydrogen does

not contain carbon, which means that it does not produce
CO: when burned. Thus, the more hydrogen is added to the
fuel, the less carbon dioxide is released into the atmosphere.
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Fig. 5. Effect of hydrogen additive on petrol consumption

According to the calculations presented in Fig. 6, with
a 10% hydrogen addition, CO: emissions are reduced by
22.1% compared to using pure petrol. This is a significant
reduction, especially for hybrid systems, which already
demonstrate low emissions due to the efficient use of bat-
tery power.

13,8

Emission CO2 (kg/100 km)
- - K’ - - - -
oo w

0 2 4 6 8 10
Y

Fig. 6. Impact of hydrogen addition on CO, emissions

The graph confirms the theoretical assumptions that
CO: emissions decrease with increasing hydrogen content.
It is important to note that even with small hydrogen frac-
tions, CO2 emissions are reduced at a significant rate.

5. Conclusions

Based on NEDC's driving cycle model using a hybrid
powertrain running on petrol and hydrogen, the following
conclusions can be drawn about the impact of hydrogen on
key indicators:

Reduced fuel consumption: the addition of hydrogen to
the fuel mixture reduces petrol consumption, as hydrogen
has a high specific heat of combustion and increases the
overall efficiency of the internal combustion engine. Add-
ing 2% hydrogen to petrol reduces fuel consumption by
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about 2.8% to 3.5%, depending on the speed. By increasing
the proportion of hydrogen in the fuel mixture to 10%,
petrol consumption decreases from 5.89 dm%100 km to 5.3
dm®/100 km, which corresponds to a reduction of 0.59
dm?®/100 km or 10%. This effect is particularly noticeable in
areas with low to medium engine load, where the hybrid
system uses mainly energy recovery and optimised fuel
combustion.

The corresponding hydrogen consumption with 10%
hydrogen is approximately 0.16 kg/100 km. This demon-
strates the feasibility of using small amounts of hydrogen to
achieve significant reductions in petrol consumption.

Decarbonisation: As hydrogen does not contain carbon,
its addition reduces the amount of CO: produced during the
combustion of the fuel mixture. CO: emissions per 100 km
decrease in proportion to the increase in hydrogen content
in the fuel. Adding 2% hydrogen leads to a 5% reduction in
CO: emissions. An increase in the hydrogen content to 10%
reduces CO: emissions from 13.6 kg/100 km to 12.2 kg/100
km, which corresponds to a decrease of 1.4 kg/100 km or
10.3%. This effect confirms the feasibility of using hydro-
gen to improve the environmental performance of hybrid
powertrains on the way to decarbonising transport.

Stabilisation of engine operation at low loads: Hydrogen
has a positive effect on engine stability at idle and low
loads. This is due to its high flammability, which improves

combustion at low temperatures, which is especially im-
portant for hybrid systems where the engine often runs at
partial load. As a result, efficiency is increased and incom-
plete combustion is reduced.

The need to optimise the fuel mixture: Despite the posi-
tive impact of hydrogen on emissions and fuel economy,
too high a concentration of hydrogen may require changes
to the engine settings. This is due to the higher combustion
rate of hydrogen and its effect on the temperature of the
internal combustion engine. For stable operation of the
hybrid system, it is recommended to maintain an optimal
balance of hydrogen and petrol in the mixture, which is also
taken into account in the calculations.

Thus, the addition of hydrogen to the fuel mixture sig-
nificantly improves both the economic and environmental
performance of the hybrid powertrain within the NEDC
driving cycle. The use of hydrogen can achieve significant
reductions in CO: emissions and improve fuel efficiency,
making this approach promising for the further develop-
ment of low-carbon vehicles in accordance with modern
European requirements.

The NEDC driving cycle calculation methodology de-
scribed in this study allows the modelling of a hybrid
powertrain with different percentages of hydrogen in the
fuel. This model makes it possible to evaluate the efficiency
of the powertrain as well as its environmental performance.

Nomenclature

Cl compression ignition
ICE internal combustion engine
LCV  light commercial vehicle

NEDC New European Driving Cycle
PC passenger car
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