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Abstract: The application of hydrogen in heavy-duty vehicles or trains has been suggested as a
promising solution to decarbonize the transportation sector. In this study, a one-dimensional engine
modeling is employed to evaluate the potential of hydrogen as a fuel for railway applications. A
turbocharged diesel engine is simulated as the baseline unit, and the results are validated with
experimental data. The same engine is converted to become compatible with hydrogen through
some modifications in the turbocharger group and the injection and ignition systems to preserve
the performance of the baseline configuration. The findings show that the engine traction power
is reduced from 600 to 400 kW, indicating an inferior performance for the hydrogen-fueled engine.
The energy consumption of the hydrogen-fueled engine on a real train mission profile is almost
two times the diesel version. However, our Life Cycle Assessment analysis with a Well-to-Wheel
system boundary shows a 56% reduction in equivalent CO2 emissions for the engine fueled with
photovoltaic-based green hydrogen. Substituting diesel with low-carbon hydrogen can decrease the
train’s carbon footprint from 4.27 to even less than 2 kg CO2 eq./km, suggesting that moderately
modified engines are a promising solution for decarbonizing non-feasibly electrified railway sections.

Keywords: hydrogen; trains; Life Cycle Assessment; transportation; green hydrogen; carbon footprint

1. Introduction

Hydrogen is becoming a potential solution for decarbonizing energy systems. Accord-
ing to net-zero emission (NZE) scenarios, hydrogen and H2-based fuels will account for
10% of total final energy consumption in 2050 [1]. New applications like hard-to-abate in-
dustries, power generation, and transport will constitute 40% of the H2 demand in 2030 [2].
For vehicles, the application of lithium-ion batteries in electric vehicles can be promising,
specifically for smaller vehicles circulating in countries with lower electricity carbon inten-
sity [3,4]. However, for decarbonizing heavy-duty vehicles or trains, hydrogen can become
a more appropriate solution [5–7]. On the one hand, there has been a growing interest in
introducing fuel cell-based hydrogen trains for use on railway lines that cannot be or are not
conveniently electrified due to geometric constraints or low traffic characterizations [8,9].
On the other hand, many newly built diesel train fleets could benefit from the conversion of
their internal combustion engine (ICE) to become compatible with hydrogen fuel, reducing
their environmental impact with limited costs [10,11].

Hydrogen can be obtained using a wide range of methodologies, of which some of
them can produce hydrogen with low environmental impacts, notably low CO2 equivalent
emissions. In 2022, only less than 1% of the produced hydrogen (less than 9.5 Mt) was
obtained via a low-carbon route; however, the low-carbon H2 production is expected to
reach 450 Mt in 2050 [2]. High Technology Readiness Level (TRL) and the possibility of
scaling up the production made the water electrolysis powered by renewable electricity
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(Green H2) and reforming of fossil fuels coupled with carbon capture, utilization, and
storage (Blue H2) the main routes for low-carbon H2 production. Based on the NZE
scenario defined by the International Energy Agency (IEA), by 2030, 40% of electricity will
be generated by photovoltaic (PV) and wind sources with a subsequent increase to 70%
by 2050 [1]. Therefore, wind and PV electricity will become the main power sources for
electrolysis systems.

Life Cycle Assessment (LCA) can be employed to calculate the environmental impacts
associated with products or services. Similarly, LCA can be applied to compute the carbon
footprint of different H2 production methods. Within an LCA analysis, a Well-to-Wheel
system boundary can be used to compare the environmental performance of various fuels
used for transportation purposes.

This work aims to evaluate the potential of hydrogen-fueled internal combustion
engines for railway applications, featuring an LCA analysis to investigate the carbon
footprint of these trains. Particularly, the study focuses on Diesel Multiple Units (DMUs)
with electric traction motors, which are already in operation on non-electrified lines in
several European countries. The diesel engine configuration is considered as a baseline.
Numerical one-dimensional simulations using the Gasdyn code 2022 [12–16] are employed
to estimate the fuel consumption of diesel or hydrogen-fueled railway vehicles on a real
train mission profile. The simulation results for the diesel engine are validated with
experimental data on power and fuel consumption in the operating points relevant to the
train operation. The diesel engine unit is moderately converted to become compatible with
hydrogen. The modifications are limited to the replacement of the combustion and injection
systems and the turbocharger group to restrict the cost burdens. Finally, the climate profile
of the baseline diesel train and the hydrogen-fueled train are analyzed.

2. Materials and Methods

In this section, the performance of the original diesel engine train is defined in
Section 2.1. The methodology adopted for the conversion of diesel-based engines to
hydrogen-fueled is explained in Section 2.2. The application of Life Cycle Assessment with
the Well-to-Wheel system boundary is described in Section 2.3.

2.1. Performance of the Original Railway Vehicle

The investigated configuration consists of a single-decker articulated railway vehicle
(also known as DMU—Diesel Multiple Unit) equipped with two identical diesel engines.
Tables 1 and 2 summarize the main technical data of the vehicle and engine, respectively.

Table 1. Main characteristics of the railway vehicle under investigation.

Parameter Description

Diesel engine rated power [kW] 2 × 365
Vehicle mass [kg] 68,000

Vehicle maximum speed [km/h] 140
Maximum power at wheels [kW] 600

Starting tractive force [kN] 80
Maximum acceleration [m/s2] 1.0

Table 2. Main characteristics of the diesel engine.

Parameter Description

Engine arrangement [-] 6 in line
Bore [cm] 12.8

Stroke [cm] 16.6
Total displacement [cm3] 12,816

Compression ratio [-] 18:1
Emission compliance Tier IIIA
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The schematic of the diesel–electric arrangement of the studied DMU is shown in
Figure 1. The DMU under study has a diesel–electric arrangement. The power generated
by the internal combustion engine is transferred to the wheels by decoupling the torque
and speed parameters. In particular, the ICE can deliver constant power while the rotation
speed and the delivered torque are kept constant, even as the torque and speed produced
by the electric motors connected to the wheels vary.
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Figure 1. Diesel–electric arrangement for a DMU.

Figure 2 summarizes the performance of the railway vehicle operating with a diesel
engine in terms of both maximum tractive force and the corresponding power at wheels as
a function of the vehicle velocity. The maximum power supplied by two engines is higher
than the one required by the wheels, where the difference is available for the onboard
systems (electronic converters, interior lighting, air conditioning, etc.).
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when diesel thermal units work on the train.

Given the required engine constant power (P), the corresponding load (L), the duration
for which the engine is switched on (t), and the revolution speed (n) at which power is
delivered, it is possible to compute the fuel consumption for a specific mission profile using
Equation (1):

m f uel = P(n, L) · BSFC(n, L) · tswitched on (1)

where BSFC is the brake-specific fuel consumption for the corresponding operating point.
One-dimensional numerical simulations are used to estimate BSFC. The Gasdyn code
is employed in this work to simulate the investigated engine operating with diesel and
hydrogen fuels. Gasdyn is a one-dimensional thermo-fluid dynamic model continuously
developed and enhanced by the researchers at Politecnico di Milano. The main features
of the numerical code are described in previous works [10–14]. The model is developed
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for the simulation of internal combustion engines coupled with their complete intake and
exhaust systems, allowing for a detailed analysis of the fluid dynamic and thermal and
chemical behaviors of the entire engine system. The Gasdyn code uses a set of different
numerical solvers, including symmetric TVD finite difference techniques with second-order
accuracy as described in [17]. Following a characteristic-based approach to the calculation
of Riemann variables [18], boundary conditions and intra-pipe connections are developed
for the representation of components such as turbochargers, multi-pipe junctions, abrupt
area changes, inlet and outlet, etc. [18].

For compression ignition combustion, the model is designed to handle modern multi-
pulse injection systems. Within the model, the combustion chamber is subdivided into
three zones: fresh charge (air + residual gas), fuel (already vaporized), and burned gas.
Pressure is assumed to be constant in the entire combustion chamber, directly ensuring
the fulfillment of momentum conservation. Therefore, the solution of the mass and energy
equations applied to the burned, unburned, and fuel zones allows for the computation of
the pressure and temperature of the three zones. Each discrete injection event during the
engine cycle is defined as a pulse, where up to 4 pulses can be considered. The burning
rate of a single pulse is expressed as the sum of two stages, one describing the premixed
phase and the other describing the diffusive phase. The rate of the burned mass fraction is
calculated using the Wiebe equation, applied to the premixed and diffusive combustion
processes. Distinct Wiebe coefficients are employed for each pulse (pre1, pre2, main, and
post pulses) [19]. The entire engine layout is modeled, including the turbocharger, with
a suitable model to predict the in-cylinder pressure development typical of compression
ignition combustion.

Regarding the spark ignition combustion of the hydrogen-fueled engine, a two-zone,
quasi-dimensional combustion model is used to predict the in-cylinder pressure develop-
ment. The Zimont model [20] is employed to compute the fully developed turbulent flame
speed, enabling the [20] evaluation of thermodynamic and chemical gas properties inside
the combustion chamber [14,16]. In both combustion models, the heat transfer coefficient
between the gas inside the cylinder and cylinder walls is calculated using the Woschni
correlation [21].

Figure 3 compares the measured and predicted power and BSFC of the diesel engine
configuration at full-load conditions. The operating point of the mounted thermal engine on
DMU is specified at 1500 rpm. The predicted and estimated values are in good agreement.
This alignment suggests that the proposed numerical approach can be used for a realistic
estimation of diesel fuel consumption across different mission profiles.
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2.2. Engine Conversion to Hydrogen Fuel

The diesel engine unit is modified to become compatible with hydrogen fuel. The
validated diesel engine model described in Section 2.1 is used for further simulations of
the modified engine. To minimize the conversion costs, using consolidated components,
the compression-ignition combustion system is replaced with the spark ignition, where
hydrogen is delivered in the intake system via port-fuel injection (PFI). A different tur-
bocharger is adopted due to the different air and exhaust mass flow rates. The hydrogen
engine operates at the stoichiometric air/fuel ratio (λ = 1) to reach the maximum power at
full load. Maximum allowed cylinder (during the combustion phase) and boost pressures
are kept similar to the diesel configuration to avoid the increase in mechanical and thermal
stresses. Table 3 summarizes the main modifications required to convert the diesel engine
to operate with hydrogen fuel.

Table 3. Main modifications of the engine to be adequate for H2 fueling.

Parameter Diesel Engine Hydrogen Engine

Fuel injection system Direct injection Port injection
Ignition system Compression ignition Spark ignition

Compression ratio [-] 18:1 12:1

Air metering Turbocharger (turbine
diameter: 89.5 mm)

Turbocharger (turbine
diameter: 70 mm)

Relative air/fuel ratio (λ) at
rated power 1.5 1.0

2.3. Well-to-Wheel Analysis

The process-based Life Cycle Assessment (LCA) method is one of the most analytical
methods for evaluating the environmental profile of products (goods and services). LCA is
regulated according to the principles defined in ISO 14040 and 14044 [22,23]. According to
the application of LCA, different system boundaries can be considered. In transportation
applications, a Well-to-Wheel (WTW) analysis is a common system boundary. Within
the WTW analysis, the life cycle of a fuel is considered from its production up to its
conversion into power at wheels. In this type of analysis, the impacts generated by the
manufacturing of the transportation means (vehicle) are not included. In this study, only
small modifications are applied to the engine; therefore, the diesel and H2 trains are almost
similar. In this case, a comparison based on WTW analysis becomes more relevant. The
WTW emission of diesel used for transportation purposes in Europe is 89 g CO2 eq./MJ
diesel, and the low heating value (LHV) is 43.2 MJ/kg diesel [24].

In the literature, several studies using the LCA methodology calculated the Global
Warming Potential (GWP) or the so-called carbon footprint of green H2. The GWP values
for PV-based H2 via electrolysis can vary from 2.1 to 9.37 kg CO2 eq./kg H2 as a function
of location, PV panel efficiency, and the database used [25]. The H2 obtained through wind-
powered electrolysis shows a lower carbon footprint compared to PV-based H2 with a
mean value equal to 1.29 kg CO2 eq./kg H2 [26]. Kolahchian et al. [25] estimated the carbon
footprint of the production of PV-based H2, taking into account the advancement of the PV
industry and the current supply chain of PV panels in the Italian context. They compared
their updated GWP values with the default values from the ecoinvent database [27,28].
They concluded that the ecoinvent database could not represent the carbon footprint of the
production of green H2 when state-of-the-art PV modules power the electrolysis system.
Based on the real PV electricity production equivalent hours, calculated using the data
from the Italian electricity transmission operator (Terna) [29], the GWP of the production
of PV-based H2 is 2.15 kg CO2 eq./kg H2. The annual potential of renewable electricity
generation (PV, onshore and offshore wind, hydro, and geothermal) is around 715 TWh in
Italy, where the majority, 50%, can be generated by PV systems [30]. Therefore, the choice of
using PV-based H2 can be justified. Also, blue hydrogen can play an important role during
the transition period to a fully green H2 market. The carbon footprint of blue H2 for 1.85%
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methane leakage and 90% carbon capture efficiency is around 3.5 kg CO2 eq./kg H2 (this
value is calculated by averaging the results in Romano et al. [31]). Analyzing the impact of
the origin of blue H2 on the final GWP value of the train trip, a sensitivity analysis of the
methane leakage rate in the gas supply chain is carried out.

Hydrogen should be compressed to increase its volume-based energy density, leading
to a reduction in the storage size. The high-pressure storage for mobility applications
offers pressures equal to 350 or 700 bars. In this work, hydrogen storage is assumed to
be at 700 bars. Therefore, the produced hydrogen is compressed to pressures higher than
the storage pressure, e.g., 800 bars. The energy requirement of the hydrogen multi-stage
compression for reaching 800 bars is around 12% of hydrogen high-heating value (HHV),
which means an additional power consumption equal to 4.7 kWh electricity/kg H2 is
needed [32,33]. Some studies reported an H2 compression power consumption rate of less
than 2 kWh/kg H2 [34,35]. A manufacturer offers compressors with a power consumption
of 2.7 kWh/kg H2 for output pressures of up to 1000 bars [36]. In this work, the H2
compression power requirement is assumed to be equal to 4 kWh/kg H2 as an average
value among the literature and manufacturer data. The Italian grid electricity with a carbon
intensity of 0.371 kg CO2 eq./kWh is considered for powering the compressors [37]. Also,
for green H2, the compression process powered by PV electricity is considered. The carbon
footprint of PV electricity is extracted directly from the ecoinvent 3.5 database (cut-off
method) using the default value for Italy (570 kWp open ground installation, multi-Si).
Table 4 reports a summary of values considered within the Well-to-Wheel analysis.

Table 4. A summary of values considered in Well-to-Wheel analysis.

Parameter Description

GWP of green H2 [kg CO2 eq./kg H2] 2.15
GWP of blue H2 [kg CO2 eq./kg H2] 3.5

GWP of diesel [kg CO2 eq./kg Diesel] 3.85
GWP of Italian grid electricity [kg CO2 eq./kWh] 0.371
GWP of PV electricity for Italy [kg CO2 eq./kWh] 0.073

Storage pressure [bar] 700
Compressor power consumption [kWh/kg H2] 4

3. Results and Discussion

The performance of the modified diesel engine fueled with hydrogen is analyzed and
compared to the baseline diesel engine in Section 3.1. The consumption of both the baseline
and modified diesel engine using the journey simulation is reported in Section 3.2. The
results of the Well-to-Wheel analysis are presented in Section 3.3.

3.1. Performance of Modified Diesel Engine (Hydrogen-Fueled Engine)

The predicted performance of the modified diesel engine (hydrogen-fueled engine) is
illustrated in Figure 4. According to the simulation results, the estimated performance of
the hydrogen-fueled engine is sufficient to operate the railway vehicle, despite delivering
a reduced amount of power compared to the original diesel engine. The performance
reduction of the hydrogen-fueled engine is related to several factors:

• Reduced volumetric efficiency due to hydrogen PFI injection. The higher specific
volume of hydrogen reduces the amount of air that can be trapped inside the cylinder,
resulting in a reduction in the engine power compared to the diesel configuration.

• Lower compression ratio during engine operation to reduce knock risks. This factor
clearly affects the efficiency and the maximum achievable power.

• Limited boost pressure. The reduced airflow rate restricts the increase in the boost
pressure to achieve the same power as the original engine.
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Figure 4. Comparison between the predicted effective power of the diesel and hydrogen engines at
full-load operating points (the operating point of the thermal engine mounted on DMU is specified).

A more sophisticated and expensive upgrade, like the use of a direct high-pressure
injection fuel system, is needed to achieve the previous level of power, leading to a rise
in the total transformation costs [38,39]. Figure 5 shows the comparison between the fuel
consumption of hydrogen and diesel engines as a function of engine rotational speed at
full-load operating points. The mass-based hydrogen consumption is significantly lower
than the diesel consumption. The notable difference between the two fuels is caused by the
higher LHV of the hydrogen fuel compared to diesel fuel.
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Figure 5. Comparison between predicted fuel consumption of hydrogen and diesel engines at
full-load operating points.

Similar modifications applied to diesel engines to become compatible with natural gas
are needed to obtain the hydrogen-fueled engine. However, the use of hydrogen entails
higher costs for the injection system, as it must guarantee higher safety standards to avoid
leaks and fires. According to the literature, the cost of the conversion of a diesel engine to
become compatible with natural gas is in the range of EUR 8000 to EUR 12,000 for each
engine [40]. The estimated cost includes the following stages:

• Engine disassembly;
• Revision and eventual replacement of some components;
• Replacement of pistons to reduce the compression ratio;
• Modification of the cylinder head to place the spark plugs;
• Installation of the phase sensor on the camshaft;
• Engine assembly;
• Installation of throttle valve for load control, ignition system, port-fuel injection system;
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• Replacement of the turbocharger unit;
• New engine calibration.

Further costs are necessary for changing the after-treatment system required to re-
duce NOx emissions, updating the onboard safety systems, and installing high-pressure
hydrogen tanks. The cost of a high-pressure hydrogen tank for storage at 700 bars is about
15 EUR/kWh (referred to the H2 LHV) [41].

3.2. Train Round-Trip Consumption

Several simulations of a typical mission profile of the railway vehicle under investiga-
tion are conducted for both the diesel engine and hydrogen-fueled engine configurations.
The altitude profile of the railway line under investigation, as a function of the distance
from its departure station up to the arrival destination, is shown in Figure 6. The red
vertical lines denote the intermediate stops.
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Figure 6. The altitude profile of the railway line under investigation (intermediate stops are denoted
by red vertical lines).

In the baseline scenario, when the engine works with diesel, the simultaneous con-
tribution of two onboard thermal engines can satisfy the 600 kW power request for the
traction of the articulated railway vehicle. Meanwhile, the torque and speed of the electric
motors are managed by inverters. This setup allows for the torque and rotational speed of
the thermal unit to remain independent of the electric traction motor’s performance. For the
baseline diesel engine, according to Figure 2, the starting tractive force and the train base
speed are 80 kN and 27 km/h, respectively. Using Equation (1), the mean fuel consumption
for the railway vehicle traveling along the line under investigation is 1.11 kg/km, resulting
in a round-trip diesel consumption equal to 127 kg.

As stated in Section 3.1, the hydrogen-fueled engine performs inferiorly compared
to the original diesel unit, resulting in a power loss of about 100 kW. Figure 7 shows the
new mechanical characteristics of the rail vehicle with hydrogen engines. Due to the lower
performance of the hydrogen-fueled engine, the same railway vehicle has only 400 kW
available for traction power instead of the original 600 kW.

Figure 8 compares the mechanical characteristics of a DMU in diesel and hydrogen
configurations. For both the diesel and hydrogen versions, the motor drive can deliver
the maximum starting tractive force. In the hydrogen version, having less power, the
tractive force decreases at a lower speed, but for a suburban DMU, this did not prove to
be a very penalizing factor. Figure 8 also illustrates that during the acceleration phase, the
ICE operates for a large part of its characteristic curve at a constant power at the optimal
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operating point as the torque and speed parameters at the wheels are controlled by the
electric motor drives.
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Figure 7. Tractive force (mechanical characteristic) and wheel power as a function of train speed
when hydrogen thermal units work on the train.
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Despite the reduced power of the hydrogen-fueled engine, the electric traction motors
can still provide the maximum starting torque. Therefore, according to the simulation of
the investigated suburban railway line equipped with the hydrogen-fueled engine, the
traveling time does not increase substantially compared to the diesel engine scenario. The
trip duration of the hydrogen train is predicted to be 5 min longer than the 100 min total
travel time of the diesel version. The low permissible speeds and the proximity between
the stops grant the limited time increase while, in the case of railway lines characterized
by higher speeds and heavier rolling stokes like freight trains, performance problems
might arise.

Based on the obtained mechanical characteristics curves of the hydrogen-fueled engine
and assuming a similar onboard ancillary power requirement to the diesel train version, the
performance of the hydrogen train along the same mission profile is predicted. The specific
fuel consumption of the hydrogen engine for the operating point under consideration
is equal to 90 g H2/kWh. The simulation of the round trip of the train journey results
in an overall hydrogen consumption of 87.7 kg, showing a 30% lower mass-based fuel
consumption compared to the diesel version. Based on the LHV of the diesel and hydrogen,
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the energy content of the diesel consumed during a round trip is around 1500 kWh, which
almost doubles and reaches around 2900 kWh for the hydrogen-fueled engine. This
apparently high value of total hydrogen consumption compared to the diesel case (in
terms of energy content) is due to the considerable difference in maximum power (about
200 kW lower for hydrogen-fueled engine), imposing the hydrogen version to run at the
maximum power for a longer time in order to guarantee a nearly identical total trip time of
the investigated mission profile.

3.3. Carbon Footprint

The carbon footprint of the train fueled with diesel, green, or blue H2 is plotted in
Figure 9. When diesel is used as the train’s fuel, the WTW analysis shows a GWP value
equal to 4.27 kg CO2 eq./km. Green H2 produced and compressed via PV electricity reduces
the carbon footprint to 1.87 kg CO2 eq./km, equivalent to a 56% decrease compared to
the diesel train. Compressing the PV-based H2 with the Italian grid electricity increases
the GWP value to 2.79 kg CO2 eq./km, corresponding to a 35% reduction compared to
the conventional diesel train or a 48% increase with respect to the PV-based compression
scenario. The latter point emphasizes the considerable GWP impact generated at the
H2 compression stage using the grid electricity. According to the assumptions made for
blue H2 in this work, the carbon mitigation in this scenario is minimized compared to
the diesel-based train. The equivalent carbon emission of the train fueled with blue H2
is almost 3.8 kg CO2 eq. for each kilometer (only 11% less than the diesel-based train).
The blue H2 produced under a gas supply chain with a lower methane leakage like 0.2%
(GWP = 1.7 kg CO2 eq./kg H2) can further reduce the train’s carbon footprint to 2.44 kg
CO2 eq./km (43% lower than diesel), which even overperforms the green H2 compressed
by the Italian grid electricity. However, if blue H2 is produced under the 3.5% methane
leakage rate (GWP = 5.35 kg CO2 eq./kg H2), the advantage of a lower GWP associated
with using hydrogen disappears, and the train emits 5.2 kg CO2 eq./km (22% higher than
diesel). The sensitivity analysis on the methane leakage rate for blue H2 is depicted with
an orange dashed rectangle.
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Figure 10 shows the GWP impact of the round trip of the train fueled with diesel or
hydrogen. On each round trip, the conventional train results in a carbon footprint equal
to 488 kg CO2 eq. Utilizing hydrogen instead of diesel can bring a considerable amount
of avoided emission, specifically in the case of the green H2 powered and compressed
via PV electricity. Compared to the diesel train, by using PV-based H2, almost 274 or
170 kg CO2 eq. is avoided for the PV or grid-compressed H2, respectively. The average
scenario for blue H2 can result in a reduction of 52 kg CO2 eq. for each train round trip.
These reductions in equivalent CO2 emissions suggest that carbon mitigation ranging from
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56 to 11% can be obtained if diesel is substituted with hydrogen in a moderately modified
diesel engine. Despite a considerable increase in the energy consumption of the hydrogen-
fueled engine on a real train mission profile, the obtained reductions in equivalent CO2
are promising, suggesting that moderately modified engines are viable candidates for
decarbonizing railway sections that are not feasibly electrified.
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4. Conclusions

This paper demonstrates the potential of converting the internal combustion engines
of a diesel–electric self-propelled train from diesel power to hydrogen power. A real single-
decker articulated railway vehicle (Diesel Multiple Unit) currently operating on several
non-electrified European railway lines is considered. This train is characterized by two or
more diesel generator sets supplying power to the electric traction motors and onboard
auxiliary services. The diesel engine is moderately modified to restrict the costs arising. A
spark ignition system with hydrogen delivery in the intake system via port-fuel injection
is utilized instead of the compression ignition combustion system. The turbocharger is
replaced to handle different air and exhaust mass flow rates of the hydrogen-fueled engine.
The baseline diesel engine is simulated using the Gasdyn code, and the model is validated
through the measured performance values. The hydrogen-fueled engine is analyzed using
the modified numerical model for spark ignition engines. Life Cycle Assessment analysis
with a Well-to-Wheel system boundary is applied to evaluate the carbon footprint of the
hydrogen train using both green and blue hydrogen. The main findings of this work are
summarized in the following points:

• Switching the fuel from diesel to hydrogen causes a reduction in the power generated
by the internal combustion engines while the electric traction motors still provide the
maximum starting torque. The traction power of 600 kW for the original diesel engine
is reduced to 400 kW for the modified engine working with hydrogen.

• In the case of the studied real railway line for suburban services, travel duration
slightly increases from the initial 100 to 105 min for the hydrogen version. The low
permissible speeds and the proximity between stops help to limit the time increase.
However, for lines characterized by higher speeds and heavier rolling stokes, such as
freight trains, performance problems might arise.

• The fuel consumption changes from 127 kg of diesel to 87.7 kg of hydrogen for the
round trip of the mission profile. The considerable increase in the energy content of
the requested fuel for the hydrogen engine is rooted in the engine’s lower maximum
power, forcing the hydrogen engine to run at the maximum power for a longer period
to achieve nearly the same journey time as the baseline diesel engine.

• The Life Cycle Assessment analysis under a Well-to-Wheel system boundary shows
that the carbon footprint of the studied train can significantly drop by utilizing low-
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carbon hydrogen. Photovoltaic-based green hydrogen can reduce the equivalent CO2
emissions by up to 56% compared to the conventional diesel train. Considering the
optimistic methane leakage rate and the carbon capture efficiency for blue hydrogen
production, the carbon footprint can decrease by up to 43% with respect to the baseline
diesel train.

Evidencing the promising Global Warming Potential values by using low-carbon
hydrogen in trains, the moderately modified engines can become a favorable candidate for
decarbonizing non-feasibly or conveniently electrified railway sections.
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