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ARTICLE INFO ABSTRACT
Keywords: Non-electrified regional railway lines with typically employed diesel-electric multiple units
Regional railways require alternative propulsion systems to meet increasingly strict emissions regulations. With the

Diesel-electric multiple unit

Hydrogen propulsion systems
Hybridization

Energy management and control strategy
Environmental sustainability

aim to identify an optimal alternative to conventional diesel traction, this paper presents a model-
based assessment of hydrogen-powered propulsion systems with an internal combustion engine or
fuel cells as the prime mover, combined with different energy storage system configurations,
based on lithium-ion batteries and/or double-layer capacitors. The analysis encompasses tech-
nology identification, design, modelling and assessment of alternative powertrains, explicitly
considering case-related constraints imposed by the infrastructure, technical and operational
requirements. Using a regional railway network in the Netherlands as a case, we investigate the
possibilities in converting a conventional benchmark vehicle and provide the railway undertaking
and decision-makers with valuable input for planning of future rolling stock investments. The
results indicate the highest fuel-saving potential for fuel cell-based hybrid propulsion systems
with lithium-ion battery or a hybrid energy storage system that combines both energy storage
system technologies. The two configurations also demonstrate the highest reduction of green-
house gas emissions compared to the benchmark diesel-driven vehicle, by about 25% for
hydrogen produced by steam methane reforming, and about 19% for hydrogen obtained from
electrolysis of water with grey electricity.

1. Introduction

Regional non-electrified railway networks require the identification of alternative traction options to meet strict regulations and
emission reduction targets imposed on the railway sector (Beatrice et al., 2013; UIC and CER, 2012). Hydrogen-based vehicle tech-
nologies are a potentially suitable alternative to typically employed diesel-electric multiple units (DEMU) in regional passenger
transport (Klebsch et al., 2020). Fuel cells (FC) are a dominant technology for onboard power generation in hydrogen-related railway
applications. FCs offer numerous advantages compared to internal combustion engines (ICE), summoned primarily in high efficiency,
quiet and emission-free operations at the point of use, with water vapor and heat as the only products (Sun et al., 2021). However, their
main drawback is the slow dynamic response, which requires vehicle hybridization with an energy storage system (ESS) and
accompanying energy management and control strategy (EMCS), which would cover power fluctuations and allow for the recuperation
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Nomenclature

Abbreviations

AC alternating current
AFC alkaline fuel cell
CO, carbon dioxide

DC direct current

DEMU  diesel-electric multiple unit
DLC double-layer capacitor

EGU engine-generator unit

EMCS energy management and control strategy
ESS energy storage system

FC fuel cell

FCMU  fuel cell multiple unit

FSM finite state machine

GHG greenhouse gasses

GTW Gelenktriebwagen
HESS hybrid energy storage system
HVAC  heating, ventilation and air conditioning

ICE internal combustion engine
IGBT insulated-gate bipolar transistor
LB lithium-ion battery

LHV low heating value

LSC lanthanum strontium cobaltite
LTO lithium titanium oxide

MCFC  molten carbonate fuel cell
NMC nickel manganese cobalt

NOy nitrogen oxides

OB optimization-based

PAFC phosphoric acid fuel cell

PEMFC polymer electrolyte membrane (proton-exchange membrane) fuel cell
PLR part load ratio

SoC state-of-charge

SOFC solid oxide fuel cell

Parameters

CpLc capacitance of the double-layer capacitor [F]|

dy, wheel diameter [m]

g gravitational acceleration [m/s?]

Tag constant gear ratio [ — |

R allowed maximum charging current for the double-layer capacitor [A]
ek allowed maximum discharging current for the double-layer capacitor [A]

Lot allowed maximum continuous charging current of the battery [A]
et allowed maximum continuous discharging current of the battery [A]
pekeh - allowed peak (pulse) charging current of the battery [A]

Pekdeh allowed peak (pulse) discharging current of the battery [A]

Mypax total weight of passengers [kg]

Myare empty vehicle mass [kg]

my, total vehicle mass [kg]

Pauxconst  constant auxiliaries power [W]

Deool cooling power coefficient | — ]

pidee idling power load for the fuel cell [W]

P}?C“’d rated power of the fuel cell [W]

PR optimal level of electrical power from the fuel cell [W]
pidee idling power load for the engine-generator unit [W]
pgx maximum power load for the engine-generator unit [W]
pgin minimum power load for the engine-generator unit [W)]
X optimal level of electrical power from the engine-generator unit [W]
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Dynamic variables

nominal capacity of the battery [As]

internal resistance of the double-layer capacitor [Q]
battery internal resistance during charge [Q]
battery internal resistance during discharge [Q]
Davis equation coefficient (constant term) [N]
Davis equation coefficient (linear term) [N/(m/s) ]

Davis equation coefficient (quadratic term) {N/ (m/ s)z]

time limit for the allowed battery pulse charging current |s]
time limit for the allowed battery pulse discharging current [s]
maximum voltage of the double-layer capacitor [V]

minimum voltage of the double-layer capacitor [V]

maximum battery voltage [V]

minimum battery voltage [V]

maximum velocity [m/s]

simulation (integration) time step [s]

constant efficiency of the gearbox [ — |

rotating mass factor [ — |

maximum state-of-charge for double-layer capacitor [ — |
minimum state-of-charge for double-layer capacitor | — |
energy storage system hysteresis cycle limit for the state-of-charge [ — ]
state-of-charge limit for the energy storage system [ — |
maximum state-of-charge for the energy storage system | — |
minimum state-of-charge for the energy storage system | — ]
maximum battery state-of-charge [ — ]

minimum battery state-of-charge [ — ]

vehicle acceleration [m/s?]

binary indicator for the state-of-charge hysteresis cycle [ — |
tractive/braking effort at the wheel [N]

current of the double-layer capacitor [A]

maximum current of the double-layer capacitor [A]

minimum current of the double-layer capacitor [A]

battery current [A]

maximum battery current [A]

maximum battery charging current defined by the manufacturer [A]
maximum battery discharging current defined by the manufacturer [A]
minimum battery current [A]

instantaneous fuel consumption of fuel cell [kg/s]
instantaneous fuel consumption of internal combustion engine [kg/s]
cumulative fuel consumption of fuel cell [kg]

cumulative fuel consumption internal combustion engine [kg]
total auxiliaries power [W]

total requested power for traction and auxiliaries [W]

power of the double-layer capacitor [W]

maximum power of the double-layer capacitor [W]

minimum power of the double-layer capacitor [W]

electric power of the electric motor [W]

electrical output power of the fuel cell [W]

maximum power of the fuel cell [W]

minimum power of the fuel cell [W]

electrical output power of the generator [W]

mechanical output power of the internal combustion engine [W]
power of the battery [W]

maximum power of the battery [W]

minimum power of the battery [W]

curve resistances [N]

grade resistances [N]
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Ris battery internal resistance [Q]

R, vehicle resistances [N]

s distance travelled [m|

t time (s

ch battery pulse charging time counter [s]

tdeh battery pulse discharging time counter |s]

Tem torque at the mechanical output of the electric motor [Nm]
Ty torque at the wheel [Nm]

UpLc terminal voltage of the double-layer capacitor [V]
UL battery terminal voltage [V]

Uoc battery open circuit voltage [V]

v vehicle velocity [m/s]

y angle of the slope [rad]

Nem efficiency of the electric motor | — |

ke efficiency of the fuel cell [ — ]

e efficiency of the generator [ — ]

opLC state-of-charge of the double-layer capacitor [ — |
oLB battery state-of-charge [ — |

@ curve radius [m]

W specific fuel consumption [kg/Ws]

WEM rotational speed of the electric motor [rad/s]

WICE rotational speed of the internal combustion engine [rad/s]
Oy, rotational speed of the wheel [rad/s]

of braking energy (Siddiqui and Dincer, 2019).

Following rapid technology developments and availability of FC technologies, several fuel cell multiple units (FCMU) have been
introduced in the market by some of the major railway vehicle manufacturers, e.g., Coradia iLint from Alstom (2020), Mireo Plus H
from Siemens (FuelCellWorks, 2020), and Stadler’s Zillertalbahn narrow-gauge FCMU (IRJ, 2019). Furthermore, considering the
service life of railway vehicles, typically spanning over 30 years, it could be advantageous to convert existing vehicles to their
hydrogen-powered counterparts instead of replacing them with new commercially available alternatives. A prominent recent example
for the regional train is UK’s train HydroFLEX, in operation since 2019 (Calvert et al., 2021; Gallucci, 2019).

Although MAN produces hydrogen ICEs for busses (Knorr et al., 1998; MAN, 2020), no commercial railway vehicles are powered by
a hydrogen ICE. However, another major ICE manufacturer Deutz recently announced the introduction of hydrogen ICEs in 2024,
aimed at railway applications (Deutz, 2021). Hydrogen combustion in ICE does not produce greenhouse gas (GHG) emissions; how-
ever, local pollutants such as nitrogen oxides (NOx) are emitted due to high-temperature hydrogen combustion with air. Their main
advantage is that they are based on well-established technology, as they mostly represent modifications of existing ICEs running on
compressed natural gas (Akal et al., 2020), and have a service life three times longer than the FCs (Marin et al., 2010). Based on the
previous experience with other technologies that found their place in railway applications, as a result of spillovers from other modes of
transport such as busses and passenger cars, together with the relatively low price compared to the emerging technology as FCs,
hydrogen ICEs could be considered as a carbon-neutral bridging solution towards totally-emission free railway transport.

The transition from conventional DEMUs to alternative systems is a complex dynamic decision-making process that involves
various stakeholders and multiple aspects to be considered. It requires in-depth analyses that include identification of available
technology, design, modelling, and assessment of potential alternatives, with respect to the particular case-related constraints imposed
by infrastructure, technical and operational constraints (e.g., track geometry, speed, and axle load limitations, implemented onboard
power control of different power sources, maintaining existing timetables, etc.) (Kapetanovic et al., 2021a). Our current study aims to
support the design of hydrogen-powered propulsion systems by converting conventional DEMUs, and to present the comparative
model-based assessment of different powertrain configurations in terms of overall energy consumption and produced GHG emissions.
This research uses a case of the regional railway network in the Northern Netherlands and passenger services provided by Arriva, the
largest regional railway undertaking in the Netherlands. The results of this research can serve as an essential input for decision-makers
in the planning of future rolling stock investments and trains operations.

The remainder of the paper is organized as follows. A literature review and paper contributions are given in Section 2. Section 3
presents a detailed vehicle simulation model with implemented real-time power-distribution control for identified alternative pro-
pulsion systems. The propulsion systems design and a comparative assessment are provided in Section 4. We conclude this paper with a
final discussion and future research directions in Section 5.

2. Literature review

Considering the main aim of present study, this section reviews the scientific literature on hydrogen-powered railway vehicles,
focusing primarily on a regional passengers’ transport context and the four main interrelated aspects: design, modelling, control, and
assessment of different propulsion systems.
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As noted in the Introduction, FCs are the predominant technology in hydrogen-based propulsion system designs for railway ve-
hicles, which is reflected in extensive literature covering different aspects of their development and deployment. Considering regional
passengers transport, various studies analyzed the available commercial FCMUs and the feasibility of their deployment on regional
railway networks (Klebsch et al., 2019, 2020; Mueller et al., 2020), using mainly general vehicle characteristics published by the
manufacturers (e.g., range, maximum power, etc.), and compared them with the general infrastructure-related requirements for the
railway network in question. Although these studies provide rough estimations of FCMUs feasibility and potential benefits, a
comprehensive investigation on the available FCMUs would require detailed simulation models coupled with infrastructure and
vehicle-specific data, which are often difficult to obtain for the new vehicles. Additionally, field tests and trials (RailTech, 2020)
require significant effort and would be a logical next step after completing detailed studies.

With regard to vehicles conversion/retrofit to their hydrogen-powered counterpart, selecting suitable technology is a crucial step in
the vehicle powertrain design process. There are several types of FCs, differing in start-up time, efficiency, operating temperature,
materials used for their manufacture, costs, etc., with detailed overview and comparison of different FC technologies provided by
Bagotsky et al. (2015), Siddiqui and Dincer (2019), and Sun et al. (2021). In general, the polymer electrolyte membrane (or
proton-exchange membrane) fuel cell (PEMFC) is the most commonly utilized FC technology, due to numerous advantages over other
FC types, reflected in relatively short start-up and shutdown time, and low operating temperature (80 °C). Their main drawbacks are
high cost due to the use of expensive metal catalysts, and the platinum catalyst poisoning effect (Carrette et al., 2001; Sopian and Wan
Daud, 2006; Wang et al., 2011). The alkaline fuel cell (AFC) is another low-temperature FC technology with lower costs than the
PEMFC; however, their sensitivity to CO2 molecules leads to considerable deterioration of its performance (Kordesch et al., 2000).
Phosphoric acid fuel cells (PAFCs) are featured with lower efficiency and higher operating temperature than previous FCs (200 °C),
leading to a reduced platinum catalyst poisoning effect and thus longer lifetime (US Department of Energy, 2021). They are mainly
employed in stationary power and heat generation systems (Chen et al., 2016). Solid oxide fuel cells (SOFCs) are high-temperature FCs
(800-1000 °C), which allows for high power output (up to 2 MW) with high efficiency of 60%, but also causes low performance at
lower temperatures, requires long start-up time, higher costs of materials, and sophisticated design and the assembly (Sun et al., 2021).
Molten carbonate fuel cells (MCFCs) are another high-temperature FCs (600-650 °C), offering high output power (up to 3 MW),
utilized mainly in stationary power generation systems (US Department of Energy, 2021). Considering the applicability to the railway
sector, low-temperature PEMFC fits best to non-permanent demand cycles, and applications like light rail vehicles, commuter and
regional trains, shunt/switch and underground mine locomotives, while high-temperature SOFC has been seen as a promising tech-
nology for freight or heavy haul locomotives, given their long operation time and steady duty cycles (Barbosa, 2019; Sun et al., 2021).

In addition to FCs as the main power source, various ESS technologies have emerged in the transport sector over the last decades,
with batteries, double-layer capacitors (DLCs), and flywheels being the most represented solutions depending on the particular
application and requirements (Vazquez et al., 2010). Due to their high energy-to-weight ratio, no memory effect, low self-discharge
rates, rapid technology development, and commercial availability, lithium-ion batteries (LBs) are the most represented battery and
ESS technology in railway applications (Meinert et al., 2015a). DLCs provide high power density and low energy density, making them
suitable for peak power shaving and maximizing recuperation of braking energy. They are often coupled with LBs in a hybrid energy
storage system (HESS), that combines individual benefits offered by the two technologies (Dittus et al., 2011; Zhang et al., 2019a,
2019b). Flywheels offer fast charging and discharging rates; however, they are featured with various safety issues (Gonzalez-Gil et al.,
2013), high weight and self-discharging rates. Thus, they are not considered in this paper. Detailed characteristics of different ESS
technologies are provided in recent reviews by Bagotsky et al. (2015) and Ghaviha et al. (2017).

Comprehensive and reliable mathematical models are required to assess the behavior of system components and to obtain plausible
results in terms of energy consumption and efficiency. Models of electrochemical power sources, such as FCs, batteries, and DLCs, can
be generally divided into electrochemical models and equivalent electrical circuit models (Zhang et al., 2017). Different dimensions of
electrochemical models use electrochemical equations in modelling and describing the distributed electrochemistry reactions in the
electrodes and electrolytes. Piraino and Fragiacomo (2020) provided a comprehensive model that incorporates each powertrain
component, such as energy sources, power electronics and drivetrain. Although these physics-based models can provide the infor-
mation on the full dynamic behavior of the system, they require detailed information and numerous parameters on the physical system,
which are often difficult to obtain, and employ a set of partial differential equations, which make them too complex for fast simulation
purposes (Ghaviha et al., 2019). On the other hand, different orders of equivalent electrical circuit models use different electrical
components such as capacitors and resistors to obtain a response similar to the behavior of the physical system (see, Krastev and
Tricoli, 2022). They provide high enough accuracy for power management applications, while avoiding unnecessary complexities of
the electrochemical models (Fotouhi et al., 2016).

Since the energy management and control strategy (EMCS) is the main driver of the fuel economy for hybrid vehicles, most of the
railway literature focuses on this particular aspect, i.e., its development for a particular predefined FCMU powertrain configuration.
EMCSs can be generally classified into optimization-based and rule-based strategies, where former are further divided according to the
optimization horizon in global optimization, instantaneous optimization, and real-time optimization (Xu et al., 2015). Dynamic
programming is a powerful method for solving global optimization problems (as demonstrated by Kapetanovic et al., 2021a). Ogawa
et al. (2007) proposed an optimal EMCS based on dynamic programming for a FC/DLC railway vehicle, further used in deriving an
optimal required capacity for a DLC. The main drawbacks hindering real-time application of dynamic programming are that it requires
perfect information on future driving conditions, which is hard to achieve in reality, the long calculation time, and the inability to deal
with variables that include counters (see Section 3.2) due to its nature of propagation backward in time. Therefore, these algorithms
are often used as a benchmark in developing other causal controls. Tao et al. (2021) combined dynamic programming and state
machine control in obtaining optimal power distribution between the FC and DLC for a tram vehicle, demonstrating significant benefits
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in terms of fuel economy, efficiency and durability. Regarding regional railway vehicles, Peng et al. (2020b) used dynamic pro-
gramming in deriving a scalable, causal, adaptive EMCS for an FC/LB powertrain, achieving only 0.01-0.09% increase in fuel con-
sumption compared to the optimal case.

The equivalent consumption minimization and Pontryagin’s minimum principle strategies are suitable for instantaneous optimi-
zation problems. Torreglosa et al. (2011a) presented an equivalent consumption minimization strategy for an FC/battery hybrid tram,
with the results showing significant benefits reflected in fuel savings compared to other causal controls, while at the same time
maintaining the battery state-of-charge (SoC). A similar approach is proposed by W. Zhang et al. (2017) in a case of FC/LB/DLC tram.
This method is also used as the basis in the development of dynamic power factor control for FC/LB locomotive (Hong et al., 2018).
Zhang et al. (2019a, 2019b) proposed a firefly algorithm to optimize the parameters in equivalent consumption minimization strategy
for an FC/LB/DLC tram. Liu et al. (2020) employed Pontryagin’s minimum principle in defining the optimal EMCS and the optimal
braking energy recovery strategy for an FC/DLC tram. Peng et al. (2020a) used the same method as a benchmark in deriving a causal
real-time EMCS for a regional railway vehicle. In general, with the future driving conditions properly estimated, the previous two
methods can be applied to real-time optimization problems. Some papers propose the use of meta-heuristics for power flows control. Li
et al. (2018) employed a genetic algorithm in the case of an FC/LB/DLC low-floor tramcar, with an obtained fuel savings of 15%
compared to the baseline rule-based control.

Rule-based strategies are based on event-triggered Boolean or fuzzy rules used in online (real-time) control applications, where
rules can be designed according to powertrain characteristics or extracted from optimized algorithms. Garcia et al. (2010) proposed an
adaptive rule-based control for a tram by considering eight states in distributing requested power between the FC and a nickel-metal
hydride cell battery. A similar control based on a state machine for a hybrid FC/LB tram is proposed by Han et al. (2016). A two-mode
multisource coordination EMCS based on self-convergence droop control for a FC/LB/DLC tram is presented by Han et al. (2018). A
power-voltage equilibrium strategy based on droop control for an FC/LB/DLC hybrid was proposed by Zhang et al. (2019a, 2019b).
Peng et al. (2018) used fuzzy logic in developing a sub-optimal control for an FC/LB/DLC tram by incorporating operational un-
certainties, performance degradation and SoC balancing. A fuzzy logic controller for an FC/battery tram based on LB SoC, and FC and
traction load was proposed by Torreglosa et al. (2011b). Although rule-based strategies typically cannot offer a proof of optimality, low
computation cost and storage memory requirement make them especially suitable for the development of causal real-time controllers,
offering at the same time promising benefits in terms of energy consumption reduction (Zhang et al., 2020).

Regarding the powertrain design, several studies reported on a conversion analysis of existing railway vehicles to their hydrogen
counterparts. For instance, Washing and Pulugurtha (2016) presented a simulation-based analysis of energy use and emissions for a
pure FC and a hybrid FC/LB alternative powertrain for a Siemens light rail vehicle operating in North Carolina. Analyses that employ
similar simplified vehicle models are reported for locomotives by Miller et al. (2007) and Peng et al. (2014). Concerning the design of
hydrogen-based regional vehicles, a conceptual design of FCMUs, both non-hybrid and hybrid with an LB, is presented by Hoffrichter
et al. (2016). The authors investigate the feasibility of converting a standard DEMU from Stadler, by incorporating constraints related
to the available weight and volume of the components, as well as the range requirements for the FCMUs. In terms of selection and
sizing of powertrain components, the vehicle design is based on a simulated round trip and corresponding energy demand of a standard
DEMU, with no detailed models that would capture the dynamics of electrochemical power sources (FC and LB), nor active EMCS
implemented. A similar study for the British class 150 regional train is presented by Din and Hillmansen (2018). In contrast to the
previous conceptual designs that focus more on the practical implementability of particular technology, while neglecting detailed
powertrain and ECMS modelling, some papers employed optimization algorithms that consider the relationship between the EMCS in
place and the optimal size of the powertrain components based on selected main criteria and constraints, and focusing mainly on
locomotive applications. Such method based on the Krill herd optimization algorithm is presented by Guo et al. (2020) for a hybrid
FC/LB locomotive. A Particle Swarm Optimization algorithm combined with several rule-based power controls for a hybrid FC/LB
locomotive was presented by Sarma and Ganguly (2020, 2018).

From the literature review it can be noted that an extensive research has been reported on different aspect of hydrogen propulsion
systems deployment in the railway sector, focusing mainly on ECMS development for a particular predefined powertrain configuration.
However, several limitations and scientific lacks were identified among the prior research. Existing studies focus exclusively on FCs
technology, with no reported detailed analyses on hydrogen ICEs, and with only a scarce number of comparative analyses between
alternative powertrain configurations and ESS technologies. As a rare example, Hoffrichter et al. (2012) derived the well-to-wheel
energy efficiencies and CO, emissions for electric, diesel and hydrogen (both pure ICE and pure FC) traction for railway vehicles,
using the low and high heating values of the enthalpy of oxidation of the fuel. The theoretical analysis is based on a desk study using
typical one-lumped efficiency values found in the literature for individual powertrain components. Furthermore, prior design methods
rely mainly on simplified simulation models, neglecting the behavior of individual powertrain components and the influence of the
ECMS. It would be advantageous to integrate these aspects together with other significant drivers and physical/safety limitations in a
comprehensive powertrain layout design. A recent analysis is provided by Fragiacomo and Piraino (2021) for an innovative
vehicle-to-grid FC-based tram application. Regarding the type of vehicle analyzed (market segment), urban railway vehicles (trams)
are a predominant category in the literature, followed by locomotives, with a limited number of papers focusing on regional multiple
unit railway vehicles. Although the main principles in powertrain design apply to different applications, freight locomotives and trams
are characterized with different technical characteristics, stopping patterns, and lower operational speeds, resulting in different energy
and power demand, duty cycles, and related design parameters. For instance, Fragiacomo and Piraino (2019) analyzed the use of
hydrogen-hybrid powertrains including FCs, LBs and/or DLCs in four different contexts in Southern Italian railways, including detailed
powertrain modelling, EMCS, and validation using real-world measurements, with the results indicating a significant impact of case
related characteristics on both powertrain design and performance. One of the main challenges in realizing a comprehensive
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Fig. 1. Schematic representation of alternative propulsion system configurations: (a) standard (non-hybrid); internal combustion engine-based
hybrids with (b) lithium-ion battery, (c) double-layer capacitor, and (d) hybrid energy storage system; fuel cell-based hybrids with (e) lithium-
ion battery, (f) double-layer capacitor, and (g) hybrid energy storage system.
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comparative design and reliable performance assessment is addressing the issues related to detailed data availability and high models
complexity.

Considering the previously discussed main aspects, identified knowledge gaps, and the context of the present analysis, the
following are defined as the contributions of this paper:

(i) A method to support the design of alternative hydrogen-powered propulsion systems for a regional railway vehicle, including
both internal combustion engine and fuel cell system as the prime mover, and various energy storage systems based on lithium-
ion battery and/or double-layer capacitor technologies.

(i) A backward-looking quasi-static simulation model equipped with an achievable real-time energy management and control
strategy applicable to all considered powertrain configurations. It allows for realistic systems performance evaluation, while
requiring only main technology parameters typically published by manufacturers and avoiding issues related to the detailed
data unavailability and/or confidentiality;

(iii) A feasibility study and comparative analysis of fuel economy and greenhouse gas emissions of alternative systems, applied in a
case of a two-coach diesel-electric multiple unit employed on a regional railway network in the Netherlands. The results will
provide the railway undertaking and decision-makers with an essential input for future investments planning.

3. Hydrogen-powered propulsion systems modelling and control

This section presents the approach used in modelling and control of hydrogen-based propulsion systems, which served as a basis for
the overall design analysis. First, alternative propulsion system configurations for a conventional diesel-electric vehicle are introduced,
followed by a detailed description of the simulation model that includes the dynamics of individual main system components, and a
control strategy used in distributing the power flows between different power sources in the system.

3.1. Propulsion system configurations

The propulsion system of a standard DEMU (Fig. 1a) is based on a series topology consisting of an internal combustion engine (ICE)
and two electric machines (Spiryagin et al., 2014). ICE directly connected to an AC electric generator forms an engine-generator unit
(EGU), which is further connected via the rectifier and inverter to an AC electric motor located on the driveshaft. The axle gear
transmits the power from the electric motor shaft to the wheels with a constant gear ratio. Electric motor enables electro-dynamic
braking and its operation as a generator, allowing for recuperation of braking energy. In standard DEMU vehicles, this energy is
completely dissipated at the braking resistor (rheostat), connected to the DC link via a DC/DC converter. We assume total electrifi-
cation of auxiliary systems connected to the existing DC link via a DC/AC inverter. Compared to other systems such as
diesel-mechanical or diesel-hydraulic, the electric transmission system, in this case, allows for fully independent rotational speed of the
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Fig. 2. Structure of the backward-looking simulation model for the alternative hydrogen-based propulsion systems.
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ICE from the wheel and its operation in optimal region for a particular power demand level.

Conversion of standard DEMU to its hydrogen-powered counterpart can be achieved by replacing the prime mover of the system
architecture, i.e., diesel ICE with hydrogen ICE (Fig. 1a—d), or the EGU and corresponding rectifier with FC stack and unidirectional
DC/DC converter (Fig. 1e-g), together with hybridization by adding appropriately sized ESS that would enable recuperation of braking
energy and its later use in powering traction and auxiliary systems. Considering non-steady duty cycles of regional passenger trains,
rapid development, commercial availability and foreseen decrease in the price of PEMFCs, we limit the analysis in this paper to this
particular technology. Three different ESS configurations are considered in this study — LB (Fig. 1b,e), DLC (Fig. 1c,f), and HESS that
combine both LB and DLC technologies (Fig. 1d,g). Active control of each ESS technology is achieved via a corresponding bidirectional
DC/DC converter. Due to the slow dynamic response of FCs, a non-hybrid configuration powered solely by FCs is not considered, as it
would require a significant increase of the FC system size according to the peak power demand and high dissipation of hydrogen
energy. This results in seven powertrain configurations shown in Fig. 1a-g.

Compared to diesel fuel, hydrogen is featured with high flammability, and high complexity requirements to store, transport and
handle (Dincer and Zamfirescu, 2016). In addition to the previous adjustments in the powertrain structure, converting diesel vehicles
to hydrogen-powered counterparts requires replacing conventional fuel tank systems used for standard liquid fuels with an adequate
onboard hydrogen storage system. Several technologies are available for onboard hydrogen storage, including high-pressure cylinders
(typically 350 or 700 bar), metal hydride storage systems, or systems for liquefied hydrogen through cryo-compression at low tem-
peratures (Madovi et al., 2021).

3.2. Simulation model

The dynamics of alternative system architectures are modeled using a backward-looking quasi-static simulation approach
(Kapetanovic et al., 2021a; Leska et al., 2017; Prohl, 2017a). The simulation model is developed with the MATLAB/Simulink tool and
OPEUS Simulink toolbox (Prohl, 2017b). We extend the Simulink toolbox and the model presented by Kapetanovic et al. (2021b) with
the FC module and corresponding EMCSs for each alternative system. The simulation model structure (Fig. 2) reflects the physical
system architectures from Fig. 1, with the individual blocks representing components of the model for the hybrid system. Simulation of
different configurations is achieved by disconnecting components not included in the respective system. Corresponding to the
backward simulation approach, the inputs of the simulation model are the vehicle velocity and track geometry profiles. The
energy-optimized velocity profile is pre-calculated using the bi-section algorithm (Leska et al., 2013), that considers optimal switching
points between the acceleration, cruising, coasting and braking phases, while complying with the scheduled running times, track speed
limitations, vehicle weight and maximum tractive/braking effort characteristics. A constant passenger load is assumed in determining
the vehicle weight. The main output is given by a cumulative fuel consumption during the trip. The arrows indicate the numerical
evaluation order of the model components, opposed to the direction of the physical power flow. The power converters in regional
railway vehicles are featured with high efficiency, typically above 98% (Giro Batalla and Feenstra, 2012) compared to the main
components such as traction motors with efficiencies as low as 70% during low load/low speed operation (Prohl, 2017b). Thus,
following the approach of W. Zhang et al. (2017), only energy losses related to the main powertrain components are considered, with
efficiencies of power converters assumed approximately 100%. Nevertheless, converters are considered for the power flows control
according to the proposed EMCS (see Section 3.3). A braking resistor is used only for assessing the balance of power flows in the system.
The description of the model components is provided in the remainder of this section.

3.2.1. Traction load

Traction load represents the electrical power required by the electric traction motors at the DC link. According to the backward-
looking approach, it is fully described by the velocity and track geometry profiles, and the power losses due to inefficiencies of the
components along the traction chain, namely of the gearbox and of the electric motor. With the given velocity and track geometry
profiles as input signals, longitudinal vehicle dynamics are described by the tractive or braking effort at the wheel F,, [N], expressed as

Fy((t)) =my-at) + Re(v(t)) + Re(r(s(t) ) ) + Re(o(s(1) ) ) @
with
R.(v(t)) = ro + 11 -v(t) + ry - v(1)? 2
Ry(y(s(t))) = my-g-sin(y(s(t))) 3
m, .ﬁ if (s(1) )(300 m
Rep(s(1))) = v @
m, m if g(s(t)) > 300 m,

t
where t[s] is the time; v[m/s] is the vehicle velocity; s = / v(r)dr[m)] is the distance travelled; a = dv/dt[m/s?] is the acceleration; m, [kg]
0
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is the total mass of the vehicle which takes into account the rotary inertia of the powertrain and the passengers weight, i.e. m, = (1 +
A) - Myare + Mpax, With 1 denoting the dimensionless rotating mass factor, m,. [kg] the vehicle tare weight, and my, [kg] the total weight of
passengers; the vehicle resistances R,[N] include roll resistance and air resistance, modeled as a quadratic function of the vehicle

velocity using the Davis equation (Davis, 1926), with vehicle-specific coefficients ro [N], r1[N/(m/s)] and r, {N/(m/ s)z] 5 Rg[N] is the

grade resistance, with g = 9.81[m/s?] representing the gravitational acceleration, and y[rad] the angle of the slope (Briinger and
Dahlhaus, 2014); curve resistance R.[N] is calculated using Roeckl’s formula (Huerlimann and Nash, 2003), with ¢[m| denoting the
curve radius. With the given tractive/braking effort at the wheel, traction load is computed according to the numerical evaluation
order of the model components shown in Fig. 2, using the following equations (Leska et al., 2017; Prohl, 2017b):

Tuo) = Fuv(0) -5 ®)
ou(t) = 2.20 ()
L0 >0
tag : r]ag
Tem(t) = Y (7)
LA/ T,(t) <0
lag
wen(t) = 0 (1) - ing 8

Tem (1) - WM (1) ;
Pe(t) = { Ne (T (1), wesa(®) F Taelt) 20 ©
Tem(t) - @em (1) - em (Tem (1), @em (1)) i Ten(f) <0,

where d,,[m] denotes the diameter of the powered wheel; T,,[Nm] is the torque at the wheel; w[rad/s| is the rotational speed of the
wheel; i,, is the constant gear ratio; 7,, is the efficiency of the gearbox, assumed to be constant; Trm [Nm] is the torque at the mechanical
input of the axle gear provided by the electric motor; wgm[rad/s] is the rotational speed of the electric motor; 17y = fiem (Tem, @em) is the
efficiency of electric motor, determined by a linear 2D-interpolation in the efficiency map; and Pgy[W] is the resulting electric power of
the traction motor.

3.2.2. Auxiliary load

In addition to the power required for traction, passenger trains are equipped with auxiliary consumers linked to the propulsion
system operation or passengers’ comfort. Auxiliary onboard systems include compressors, cooling equipment, heating, ventilation and
air conditioning (HVAC), lighting, etc. We model the total auxiliaries power P,,x [W] as the sum of the constant term Py const[W],
representing constant consumers such as lighting and HVAC systems, and the variable term which accounts for the cooling power
(Kapetanovic et al., 2021b), i.e.

Paux(t) = Paux.consl + Peool * IPEM(t)|7 (10)
where coefficient p .. represents the proportion of the total traction power required for cooling the main traction components.

3.2.3. Engine-generator unit
With the given requested electrical power from the EGU, Pg[W], the mechanical output power of the ICE P;cg[W] is computed by
Pg

Picg =—, an
Mg

with the efficiency g = fo(Tg, wice) determined by a linear 2D-interpolation in the efficiency map of the generator. The cumulative
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Fig. 3. (a) Efficiency function curve of a fuel cell; equivalent electrical circuits for (b) lithium-ion battery, and (c) double-layer capacitor.
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fuel consumption of the ICE, Micg[kg|, from the time instant O to t, follows from

t t

Micg(t) = /mlCE(T)dT = /PlcE(T) () - dr, (12)

0 0

with the specific fuel consumption y = f(Pjcg, wice) kg/Ws] computed using a 2D-linear interpolation of the static engine map (Fig. 5¢),
based on the instantaneous requested power and the optimal EGU rotational speed wicg[rad/s] pre-calculated using the Nelder-Mead
simplex method for different possible levels of requested power (Leska et al., 2012).

3.2.4. Fuel cell

A simplified model of a PEMFC is developed to assess hydrogen consumption, while including FC’s dynamics and efficiency. With
the given requested power from FC, Prc(t), cumulative hydrogen consumption at time instant ¢ is calculated by (Sarma and Ganguly,
2018):

t

B L Prc(t)
)= [metohte = [ pr e R 42

0 0

where 7jgc = frc(PLR(t) ) is the FC efficiency, determined using an approximated function of the normalized FC electrical output power
by the rated FC power P{;‘éﬂd [W], referred to as part-load ratio (PLR), i.e., PLR = Ppc /P’F"‘éed (Maleki and Rosen, 2017):

02716 if (PLR){0.05

0.9033 - (PLR(1) )* — 2.996 - (PLR(r) )*
Nec(PLR(1) ) = 3 . a4
+3.6503 - (PLR(¢) )* —2.0704 - (PLR(r))*  if (PLR) > 0.05.
+0.4623 -(PLR(7) ) + 0.3747

The FC efficiency curve (14) is depicted in Fig. 3a. The slow dynamic response of the PEMFC auxiliary components imposes the
limitation on the rate of change of PEMFC output power Prc (Barbir, 2013). Based on the premise that the PEMFC requires 30 s from a
start-up to reaching 90% of its rated power (Pesaran et al., 2005), the limitation of the rate of change of PEMFC output power is defined
by the following constraint

’dPFC

W
<0.03- Pt {:} (15)

Thus, the maximum and the minimum possible FC power at time instant ¢, Pr2*(t) and Pp? (t), result from the power load of the FC in
the previous time instant, Prc(t — At), and the constraint (15).

3.2.5. Lithium-ion battery

A lithium-ion battery (LB) model is implemented for the equivalent electrical circuit shown in Fig. 3b. It consists of an open circuit
voltage source Ugc[V], which depends on the battery state-of-charge (SoC), in series with a constant internal resistance Ry [Q], which
represents ohmic losses and depends on the direction of the ESS current I, 3[A] (i.e., whether the battery is being charged or dis-
charged). With the given power provided from the battery P, 5[W], the battery current and terminal voltage U; [V] are determined by
(Prohl and Aschemann, 2019):

Uoc(ows(t)) — \/UOC(GLB(I) )" —4-Pig(t) - Rus (s (1))
Iig(r) = 2-Rip(Is (1)) -

Urs(t) = Uoc(ous(t) ) — Rug (I (f) ) - Ius(t) - a7)
With the initial SoC 615(0), and nominal battery capacity Qs[As], the battery SoC at time instant t results from

t

o1s(t) = 615(0) — é' /ILB(T)dT. (18)

0

The maximum (discharging) power P"*[W] and minimum (charging) power PM"[W] are limited by the maximum and minimum
current, I"*[A] and I™[A], while keeping the limits of the SoC 615 € [of3", 67%*], battery voltage Uy € [URir, Urs], and allowed short
peak values (Kapetanovic et al., 2021b):

Pl (1) = (Uoc(ows (1)) = Rig - 15" (1) ) - g™ (1) (19)

P (1) = (Uoc(ous (1)) = Rl - I (1) ) - Iy (1) (20)
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with
__ g/min 1) — min ) | '
IS;X (l‘) _ mm{ Uoc (O-LB1§2}? ULB . (GLB( ) AULB ) QLB7 IE};‘X'dCh (l‘) } (21)
LB 1
. ) { __ ymax 1) — omax ).
() = max{ UO(,(O'LB(gl) Uy : (o8 (r) — o7 ) QLB7 maxh ) }, (22)
Rt At

where At[s] is the simulation (integration) time step, and I"3*“"[A] and I"2"[A] are the maximum discharging and charging current,

defined by the maximum permitted continuous values (I;%"*"[A], IF%"*"[A]) or the pulse values (Ii‘jfk‘d‘:h [A], Ikt A] ) allowed for the

limited time (¢3h, [s], t%,, [s]) and controlled by the corresponding time counters (t3:F, th), i.e.

IE%ak,dch if tdch(t) < tdch

C k
I[Ijl};ix.dch ([) _ cnt peal (23)
cont,dch . .dch dch
Iis if fop (1) 2> fca
maxch R 10 (1) <t
ILB ‘ (Z) = cont,ch :r ch ch (24)
g™ if () > Tpeak

3.2.6. Double-layer capacitor

A double-layer capacitor (DLC) model is based on the equivalent circuit shown in Fig. 3c. The circuit is comprised of an internal
resistance Rpc [Q] in series with a capacitance Cpyc [F]. Due to the linear relationship between the voltage and SoC of DLC (Li et al.,
2019), terminal voltage and current at time instant t can be determined by

Uprc(0pe(t) ) = ooe () - (Upie — Upie) + Upies (25)

UpLc(opLe(t)) — \/UDLC(UDLC(I) Y —4-Poic(r) - Rore
2 RpLc

Inic(t) = (26)

where UBin. [V] and USY [V] are the minimum and maximum voltage of DLC, respectively. With the initial SoC oprc(0), and using (25)
and (26) the resulting SoC follows from

1

1
opLe(f) = opLc(0) — m'/hw(f)d’- @7
2 DLC DLC

The maximum (discharging) and minimum (charging) power of the DLC is limited by the current of the DLC. Either the maximum
current is reached in order to keep the voltage constrains Upic € [Um., Un], or the maximum charging/discharging permitted

current defined by the manufacturer (IR [A], IR [A]) is reached (Kapetanovic et al., 2021b):
Ppie(t) = Upie(ovie (1)) - I (1) (28)
Ppie(t) = Upie(opie(r)) - Ipe(r) 29
Boost

TS

Pure ESS T Load level increase

Pure FC / EGU Recuperation

Fig. 4. Power control based on a finite state machine, with indicated five states and corresponding transition triggers.
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with
U 1) - Umn)-C
fz) = min{ (OO0} 2 OB ) Cone | 30)
. U 1)) —Uj% ) -G ax
i) = man (Tl 2 LB ) e ], (31)

3.3. Energy management and control strategy

The aim of the EMCS implemented in the control unit (see Fig. 2) is to distribute total instantaneous demanded power for traction
and auxiliaries Pgem (t) = Pem(t) + Paux (t) between different power sources in the system, while complying with the following main
requirements:

(i) Improving fuel economy by maximizing regenerative braking energy and its later use in powering traction and auxiliary
systems;
(ii) Increasing overall efficiency of the prime mover (ICE or FC) by avoiding low load operation;
(iii) Supporting the prime mover by an ESS during high power demand phases (acceleration);
(iv) Prolonging the LB life by giving priority to the DLC during charge/discharge processes for the HESS configurations.

To fulfil previous requirements, a real-time control based on a finite state machine (FSM) is proposed, allowing for realistic and
achievable estimations of potential fuel savings for different configurations. FSM controls can be easily programmed in micro-
controllers (Li et al., 2016), used for dispatching different power sources in the system by controlling their unidirectional or bidi-
rectional converters, thus providing effective and implementable management of complex systems such as hybrid railway vehicles
(Hanetal., 2017; Yan et al., 2019). A five-state control is proposed (Fig. 4), with states S1-S5 representing typical operation modes of a
hybrid system (Kapetanovic et al., 2021b), and with the corresponding triggers (conditions) T1-T5 covering all theoretically possible
transitions between states, irrespective of the degree of hybridization, i.e., relative rated power ratio between the prime mover and the
ESS. To define the operation modes for different states, an optimal level of electrical power from each prime mover is introduced,
corresponding to its optimal efficiency region. These reference values are denoted by P [W] and Ppr-[W], for EGU and FC, respectively.
Excessive ESS charge from the prime mover and the dissipation of braking energy is avoided by introducing additional SoC reference
values for each ESS € (LB,DLC), denoted as o}% € (ot 612%). To avoid frequent switches between ESS charging and discharging

operation modes that might cause its damage and degradation, a hysteresis cycle for the SoC, s € (omin olim), is implemented by
introducing a dynamic binary indicator Flag(t) € {0, 1}, with Flag(0) = 0.

For the sake of brevity, the power distribution and the triggers for transitions between different states are further presented only for
the FCMU with HESS, as the most complex case. Analogously, the power distribution strategy for the remaining hybrid configurations
represents a simplified case of the control (32)-(41). Single-technology ESS configurations are controlled by excluding parameters and
terms related to the ESS technology not included in the observed system. For ICE-based configurations, all terms related to the FC
system are replaced with the EGU-related equivalent, i.e., Ps(t), PX",Pid = 0,PR" = 0,P1™ = const.

Under the Pure FC state (S1), total demanded power Py (t) is provided by FC system, and the ESS converters are switched off.
Depending on the requested power level, FC output power limits, and ESS SoC and maximum power, this state is active under con-
ditions defined by

PREE) < Paen(1) < PR(0)
T1: A(Paem(t) =Ppe V (Paem(f) > PR Aopre(t) = opyc Aows(t) = o) (32)
V (Paem(t) < PR& A Paem (1) > (PR (1) + PIR¥ (1)) Aopic(t) > opric Aows(t) > o1y )
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Fig. 5. (a) Maximum tractive and braking effort; (b) reconstructed efficiency map of an electric motor; and (c) specific fuel consumption map of an
internal combustion engine for the Stadler GTW 2/6 multiple-unit vehicle.
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PFC(’) = Pdsm([)
Ppic(t) =0
DLC( ) (33)
Pis(t)=0
Flag(t) = Flag(t — Ar).
In the Pure ESS state (S2), the ESS provides the total requested power, with FC switched to idle. The corresponding conditions and
power flows are defined by

T2: (0 < Paen(r) < (PRE(1) + PRSX(1)) ) A (Flag(t — At) = 0V (Flag(t — At) = 1 A (opre(r) > ope Aows() > o)) (34)

Prc(t) = de{P?&n P}fée }

5. ) Porclt) = min{ P (1), Paen (1) } (35)
Pig(f) = Poem(?) — Porc(t)
Flag(t) = 0.

In the Boost state (S3), ESS provides support for the FC by providing a portion of high requested power that exceeds its maximum
disposable power, i.e.
((Pdem( ) < Pg%‘ /\Pdem(t) > Panéx(t)) \/Pdem( ) > P:rél)
T3 APuen(t) > (Pic(r) + PIE'(1) ) A (0o1c(t) > ot V ous(r) > o' ) (36)
A(Flag(t — At) = 0V (Flag(t — At) = 1 Aopie(t) > ope Aows(t) > o))

Prc(t) = min{max{ (Paen(r) — Piic(1) — PI5*(1) ) PRc' (1), Pre }, Pre*(0) }

53 - Porc(t) = min{ (Paem (f) — Prc (1)), PR (0) } @7)
Prp(t) = Paem(t) — Prc(t) — Porc(?)
Flag(t) = 0.

Under the Load level increase state (S4), featured with low power demand, the FC provides the excess power which is used for
recharging the ESS, defined by
(Paem (1) < P& A Paen(1) < PEE(1) A Paen (1) > (Ppie(r) + PR (1)) A (0pie (1) < o V ous(r) < o7 ) )
T4: V(0 < Paem(1) < PR¢ A Paem(1) < PEE (1) A Paem (1) < (PR (1) + P (1)) (38)
AFlag(t — At) = 1 A (ope(f) < oV o1 (1) < or )

Prc(t) = min{max{ PR (1), Pies }, PR }
max{ (Paem (f) — Prc(t) ), PRic(t) } if (Paem () > (PRIC(1) 4+ PP (1) ) A opLe(t) < opic )
V (Paem (1) < (PRIe(t) + PIa¥(1) ) A Flag(t — At) = 1 Aopie(t) < opye )
Ppic(t) =
0 if (Paem(r) > (PRIC(0) + PR (1) ) Aopic(r) > o)
V(Paem(t) < (PRE(1) + P (1) ) A Flag(t — At) = 1 A opic(r) > e )
Sa (39)
max{ (Poem (1) = Prc (1) = Porc(t) ), Pl (1) b if (Paem (1) > (PR (1) + PIRY(1) ) Aois(r) < off )
Pty = 4 V(Pan(0) < (PBE) + PIR(0)) A Plag(s = A1) = 1 houn(0) < o3
TN 0 i (Pan(0) > (PR + PRSN0)) Aoia(n) > ol )
V(Paen(t) < (PRE(1) + PRaX(1) ) A Flag(t — Ar) = 1 Aows (1) > o7%")
Flag(t) = 1.

The Recuperation state (S5) is active during braking, with the negative power values at the DC link used for recharging the ESS. The
power distributed to the ESS is limited with its maximum charging power, with the excess power dissipated at the braking rheostat, and
FC switched to idle and corresponding DC/DC converter switched off, i.e.

T5 : Paem(t) <0 (40)
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PDLC(Z) = maX{Pgrc(t)anem(t) }
Pug(t) = max{P{}' (1), (Paem (1) — Porc(r)) }
Prc(t) = max{P?é“ (1), PiFdée }

Flag(t) = Flag(t — At).

(41)

4. Design and analysis of alternative propulsion systems

This section presents conceptual design and comparative assessment of the seven propulsion system configurations shown in Fig. 1.
The systems design comprises sizing of individual components for a benchmark standard DEMU vehicle employed on a selected
benchmark route, based on estimated duty cycle coupled with the additional design criteria reflecting main physical and operation
constraints. Alternative configurations are then compared in terms of fuel consumption and produced GHG emissions.

4.1. Benchmark vehicle selection

A two-coach version DEMU from the series Gelenktriebwagen (GTW 2/6), currently utilized in the Northern lines (Stadler, 2005), is
selected as the benchmark vehicle for this study. GTW is a series of single-decker articulated DEMU regional trains manufactured by
Stadler, with hundreds of vehicles in several configurations employed on regional railway lines across Europe and the United States
(Stadler, 2021). This is reflected in their high representation in the literature as a reference vehicle on various analyses (Hoffrichter
et al., 2016; Kapetanovic et al., 2021a, 2021b). Required main input parameters for the selected benchmark vehicle are provided in
Table 1. The maximum tractive effort curve, used for pre-calculating the velocity profile as the main simulation input, is shown in
Fig. 5a, with negative values assumed for braking. The efficiency map of an electric motor (Fig. 5b) is reconstructed from the
normalized efficiency maps provided by Paukert (2011) and Prohl (2017b). The same sources are used in reconstructing the efficiency
map of a generator and the specific consumption map of a diesel ICE (Fig. 5¢), where similarly sized ICE is scaled to the one found in
GTW 2/6 DEMU using Willan’s lines technique (Pourabdollah et al., 2013). With the premise of maintaining the power characteristics
(i.e., ICE output power), the specific consumption map of a hydrogen ICE is reconstructed by linearly scaling the specific consumption
map of a diesel ICE using the following relation: Whydrogen (PicE; ®1cE) = Wpiesel (Pice; @icE) - LHVpiesel /LHViygrogen, Where LHVpieqel =
43.1{MJ/kg] and LHViygrogen = 120[MJ/kg] are the low heating values for diesel and hydrogen, respectively (JRC, 2020a).

Table 1

Characteristics and simulation parameters for the standard GTW 2/6 diesel-electric multiple unit.”.
Parameter Unit Value
Vehicle tare weight” t 70.4
Rotating mass factor®’ - 0.05
Total passengers weight” t 7
Davis equation coefficient (constant term)”’ N 1001
Davis equation coefficient (linear term)® N/(km/h) 22.3
Davis equation coefficient (quadratic term)® N/(km/h)? 0.1
Powered wheel diameter®’ m 0.86
Axle gear ratio” - 1.7218
Axle gear efficiency® - 0.97
Maximum velocity® km/h 140
Maximum acceleration® m/s? 1.05
Maximum deceleration®’ m/s? -1
Maximum (starting) tractive effort” kN 80
Maximum power at the wheel® kw 600
Rated power of an electric motor” kW 2 x 400
Rated power of an internal combustion engine”’ kw 2 x 390
Constant auxiliaries power’ kw 50
Cooling power coefficient” - 0.01

Note/Source.

3 Vehicle parameters also reported by Kapetanovi¢ et al. (2021b).

® Giro Batalla and Feenstra (2012).

9 Personal communication with Arriva employees.

D Assumed values.

9 Stadler (2005).

9 Determined from the ratio between the maximum rotational speed of the GTW’s electric motor given by Giro
Batalla and Feenstra (2012) and the maximum rotational speed of the wheel corresponding to the maximum vehicle
speed.

8 Adopted from Prohl (2017b).
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Fig. 6. Railway line Leeuwarden — Groningen: (a) track height compared to Normal Amsterdam Level; (b) position and dimeter of track curves; (c)
maximum allowed speed; and (d) train departure times for the two opposite directions.

4.2. Benchmark route selection

The railway line that connects the cities Leeuwarden and Groningen is selected for the train simulations. This 54.051 km long line
with seven intermediate stops is the main line in the observed regional network, with the highest utilization level. Due to the difference
in line resistances (see Fig. 6a and b) and maximum speed limits for the two opposite directions (Fig. 6¢), the vehicle round trip is
analyzed, based on the actual periodic timetable and vehicle circulation plan (Fig. 6d). A dwell time of 30 s is assumed at intermediate
stops, based on empirical observations, while layover times at the terminal stops are 11 min in Leeuwarden and 12 min in Groningen.
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Fig. 7. Reconstructed open circuit voltage function for a lithium-ion battery module.
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Table 2
Parameters of different propulsion system components.

Parameter Unit Value

Fuel cell module™

Rated power kw 70

Idle power kw 8
Volume m® 0.61362
Weight kg 250

b,c)

Lithium-ion battery module
Nominal capacity Ah 45
Minimum/maximum continuous current A -160/160
Minimum/maximum pulse current A —350/350
Allowed time for pulse current s 10
Minimum/maximum voltage \4 18/32.4

Q
%

Internal resistance charge/discharge 0.006/0.006
Minimum,/maximum state-of-charge®’ 10/90

Energy content kWh 1.24

Useable energy content®’ kWh 0.922
Minimum/maximum power at mean state-of-charge” kw —4.130/4.437
Volume m? 0.00857
Weight kg 15

b,g)

Double-layer capacitor module

Rated capacitance F 63
Minimum/maximum continuous current A —240/240
Minimum/maximum voltage \ 12.5/125
Internal resistance Q 0.018
Energy content kWh 0.14
Minimum,/maximum power at mean state-of-charge”’ kw —16.5/16.5
Volume m? 0.00546
Weight kg 61
Hydrogen storage”
Storage capacity kg 7.8
Volume m? 0.418
Tank weight kg 141
Note/Source.

@) Extracted/calculated from specifications and data sheets from Ballard (2021).

% Also reported by Kapetanovié et al. (2021b).

9 Extracted/calculated values from specifications and data sheets from Toshiba (2021) unless otherwise indicated.
D Adopted values for simulation purposes.

) Based on allowed SoC range.

D Calculated for continuous values using (19)-(22).

8 Extracted/calculated values from specifications and data sheets from Maxwell (2021) unless otherwise indicated.
M Calculated using (28)-(31).

D Extracted/calculated from specifications and data sheets from Luxfer (2020b).

4.3. Technology selection

The design approach described in Section 3.1 is conducted using the following assumptions and selected technology. Due to the
unavailability of data for a hydrogen ICE, we assume the possibility of converting the existing diesel ICE, or replacing it with hydrogen
ICE with identical characteristics in terms of rated power, weight and dimensions. Commercially available technology for LBs, DLCs,
FCs and hydrogen storage are considered, thus allowing for realistic estimations. Existing modules are then combined in series/parallel
in order to meet the power and energy requirements. FC module FCmove™-HD from Ballard is considered as the replacement tech-
nology for EGU. This Ballard’s latest platform for heavy-duty power modules based on the FCgen®-LCS stack offers benefits reflected in
lower life cycle costs, simplified system integration and high performance (Ballard, 2021). SCiB™ module, type 1-23, of Japanese
manufacturer Toshiba, is selected as the LB technology. The module contains 24 Li-ion cells, arranged in 2 parallel branches with 12
cells in series. The cells are based on lithium nickel manganese cobalt oxide (NMC) chemistry with a lithium titanium oxide (LTO)
anode, and offer a good compromise between energy density, power density and achievable lifetime (Takami et al., 2013; Toshiba,
2021). Due to the unavailability of the open-circuit voltage characteristic as a function of SoC, data from (SAFT and UNEW, 2017) is
adopted and scaled according to voltage limits for the SCiB™ module (Fig. 7). The BMOD0063 module from the manufacturer Maxwell
Technologies is selected as DLC technology. It contains 48 cells, with 6 parallel series of 8 cells each. This commercially available
module is especially suited for heavy-duty transport applications, such as trains and busses (Maxwell, 2021; Schmid et al., 2017).
Luxfer G-Stor™ H2 are the type 3 cylinders for the storage of compressed hydrogen with demonstrated applications in railway vehicles
(Luxfer, 2020a). We consider the model W322H35 with 350 bar of pressure since it offers high storage capacity and relatively low
weight (Luxfer, 2020b). Detailed characteristics of the selected propulsion system components are given in Table 2.
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Fig. 8. Simulation results for a benchmark diesel-electric multiple unit: (a) velocity profile; (b) power profiles at the DC link; (d) cumulative energy
consumption at the DC link and cumulative consumption of diesel.

Table 3
Summary of round trip duty cycle characteristics (DC link) for the benchmark diesel-electric multiple unit.
Event Average power [kW] Peak power [kW] Duration [s] Cumulative energy [kWh]
Round trip (Engine-generator unit) 149.1 741.5 7200 298.3
Round trip (DC link) 116.8 741.5 7200 233.7
Acceleration 657.3 741.5 1060 193.1
Gradeability 191.7 363.9 678 36.1
Braking —456.2 —526.0 510 —64.6
7489.5
s < 82 -} Additional allowed weight f S i f S JT_toé
B8 L] Diesel fuel — ‘ \ : tui:\\—\km
_:En 4052 Dicsel fuel tank ECB BD m DDDDD DDDDD @m DB H;;
é) Engine-generator units i = b i - =
0 - 4.5m

Available weight for propulsion system and fuel storage Available space for propulsion system and fuel storage

Fig. 9. Graphical representation of a Stadler GTW 2/6 diesel-electric multiple unit with space and weight limitations for propulsion system and
hydrofen fuel storage.

4.4. Powertrain components sizing for alternative system configurations

The first step in designing alternative configurations is to define the benchmark criteria in sizing powertrain components. In order
to derive power and energy requirements for the new systems, simulation of the round trip for the benchmark DEMU is performed by
evaluating the simulation model from Fig. 2, with the total demanded power provided solely by EGU. Fig. 8 shows the speed profile as
the main simulation input, power profiles at the wheel and the DC link, and cumulative energy and fuel consumption during the trip,
with an estimated total diesel consumption of 87.78 kg. Overall results in terms of average and peak power, and cumulative energy
demand, are summarized in Table 3. As can be noted, the braking energy and the difference between the average and peak power
values indicate significant potential for hybridization.

To prevent compromising the current timetable, power sources in place, both prime movers and ESSs, should be able to provide the
same power and energy required for traction and auxiliaries, and at the same time to allow for the recuperation of the available braking
energy. However, the maximum size for the components is conditioned by the maximum allowed weight to satisfy the axle load
limitations and the maximum available volumetric space. According to the difference between alternative systems configurations
described in Section 3.1, additional weight and volumetric space become available after removing the diesel EGUs and diesel fuel tank.
Furthermore, the main criteria influencing fuel storage sizing is maintaining the vehicle range and current timetable, in this case,
reflected in operation without refueling during one day, i.e. nine round trips. Fig. 9 shows the graphical representation of a Stadler
GTW 2/6 DEMU with indicated space and weight limitations for the propulsion system and hydrogen fuel storage, generated based on
the information from Giro Batalla and Feenstra (2012), Hoffrichter et al. (2016), Stadler (2005), and personal communication with
Arriva. The derived benchmark criteria are summarized in Table 4.
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Table 4
Benchmark criteria in sizing powertrain components.
Parameter Value Unit
Energy demand
Energy at DC link for 9 round trips (without regenerative braking) 2684.7 kwh
Energy at DC link for 9 round trips (with regenerative braking) 2103.3 kWh
Average energy during single acceleration 10.7 kWh
Average energy during single braking -3.6 kwWh
Mass
Engine-generator units” 4052 kg
Diesel fuel tank empty mass”’ 600 kg
Diesel fuel (1500 L)* 1237.5 kg
Additional allowed mass (considering total mass limit of 72)"’ 1600 kg
Total allowed mass 7489.5 kg
Volume
Engine-generator units” 5 m?
Diesel fuel tank 1.5 m®
Additional space available at the roof" 8.28 m®
Total available space 14.78 m>
Note/Source.

® Giro Batalla and Feenstra (2012).

Y Approximate values based on personal communication with Arriva employees.

9 Calculated from the fuel tank capacity provided by Giro Batalla and Feenstra (2012), and diesel fuel density of 0.825 kg/L
(Prohl, 2017b).

D Adopted for GTW 2/6 from Hoffrichter et al. (2016).

Due to unavailability of the data related to the safety requirements for different powertrain components, and technical specifi-
cations and dimensions of corresponding power converters, safety distances and weight and volumetric space requirements for power
electronics devices are not accounted. Since the considered commercial FC, LB and DLC modules already have integrated main
auxiliary components (e.g. cooling, monitoring, and cell voltage management), the weight and volumetric space required for auxiliary
systems are omitted in the analysis. Nevertheless, we assume that the requirements for both safety distances and any additional
auxiliary components can be compensated with the additional available space under the floor (Schmid et al., 2017) and/or by reducing
the passenger capacity and utilizing part of the passenger compartments, as applied in the UK’s HydroFLEX regional train (Calvert
etal., 2021). Furthermore, we assume that required power electronics devices can be integrated into the existing insulated-gate bipolar
transistor (IGBT) converter (ABB, 2018) and/or by utilizing the previously discussed additional space. Regarding traction motors,
maintaining the two existing traction motors is considered for all powertrain configurations, without changes in their number or
characteristics.

Coupling previously defined benchmark criteria with the parameters for different technologies allows for determining the size of
each of the components for alternative system configurations. Sizing is realized in the following order: (1) prime mover (EGU or FC),
(2) ESS, and (3) hydrogen storage system. Regarding the ICE-based configurations, we assume identical number and characteristics of
the EGUs to those found in the standard vehicle. For FC-based configurations, the number of FC modules is defined to satisfy gra-
deability power, following the recommendation of Garcia et al. (2010). Criteria in dimensioning ESS systems for ICE-based config-
urations include the peak braking power and average energy for braking. For FC-based alternatives, peak power and average energy
values for both braking and acceleration are considered, to account for slow dynamics of an FC system and ensure maintaining tractive
characteristics of a vehicle. ESS size is thus determined as the minimum number of modules required to satisfy all of the previously
defined criteria. For HESS configurations, LB is sized according to the average power and energy level, while DLC covers the remaining
peak power.

Finally, the size of the hydrogen storage system is determined using the following approach. First, the initial number of hydrogen

Table 5

Characteristics of alternative system configurations complying with the maximum range requirement.
Component Number of components per configuration

1 2 3 4 5 6 7

Engine-generator unit 2 2 2 2 - - -
Fuel cell module - - - - 6 6 6
Lithium-ion battery module - 128 - 111 157 - 149
Double-layer capacitor module - - 32 5 - 77 6
Hydrogen fuel cylinder 37 27 29 27 23 25 23
Total mass required [kg] 9557.6 9989.6 10,319.2 10,039.6 7277.4 9917.0 7523.4
Mass constraint met No No No No Yes No No
Total volume required [m?] 20.47 17.38 17.30 17.26 14.64 14.55 14.61
Volume constraint met No No No No Yes Yes Yes
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cylinders is derived from the energy required at the DC link for nine round trips (Table 4), divided by the efficiency of the prime mover.
For the EGU, an efficiency of 28.4% is determined from the ratio of the energy content of the total diesel fuel consumed and cumulative
electrical energy provided by the EGU (Table 3), while for the FC the value of 37.8% is adopted as the average efficiency for the
operation range between idling and rated FC power (Eq. (14) and Table 2), giving an initial size of 37, 29 and 22 cylinders for standard
(non-hybrid), ICE-based hybrid and FC-based hybrid system, respectively. Due to the difference in vehicle weight, and the influence of
the EMCS on the final fuel consumption, the final number of cylinders for each propulsion system is determined using an alternating
coordination algorithm (Silvas et al., 2016) as follows. Using the initial hydrogen storage system size and the model described in
Section 3, hydrogen consumption is evaluated and required number of cylinders for nine round trips is recalculated. In the case of an
adjusted number of cylinders, the procedure is repeated until the hydrogen consumption and corresponding required vehicle range
have converged.

A summary of obtained alternative system configurations is given in Table 5. As noted, only FCMU with LB satisfies both mass and
volume constraints, while the remaining two FC-based configurations exceed only mass limit. Both limits are exceeded for all four ICE-
based configurations. Nevertheless, assuming the possibility of increasing axle-load limitation by, e.g., replacing the existing with
higher-load axles and/or redistributing the components and vehicle center of gravity, they are further evaluated in terms of potential
fuel savings and reduction of GHG emissions. In case the latter solution is not viable, results are further derived for reduced vehicle
range scenarios.

4.5. Comparative assessment

4.5.1. Vehicle configurations complying with the maximum range requirement

Previously defined alternative configurations are assessed in terms of hydrogen consumption using the presented model and
corresponding parameters for each scenario. Fig. 10 shows the simulation results for the FCMU equipped with a HESS, as the most
complex case. Results include vehicle speed profile, power profiles from different components in the system, ESS SoC, and cumulative
fuel consumption during the trip. An example of a selected track segment between the two consecutive stops Buitenpost and Grijpskerk
shows the system dynamics and power distribution between present sources according to ECMS-defined states. The slow dynamics
feature of the FC system is emphasized during the acceleration and braking phases. For the sake of brevity, detailed simulation results
for all scenarios are given in Fig. 11, with the estimated hydrogen consumption summarized in Table 6.

As expected, results indicate the highest fuel consumption for non-hybrid configuration with ICE as the prime mover, due to
dissipation of braking energy and total demanded power provided solely by EGU. FCMU with LB demonstrated the highest fuel-saving
potential, with consumption reduced by 37.9% compared to the standard vehicle. A very similar performance is reached by FCMU
equipped with HESS. Although this configuration did not satisfy the mass constraint, the excess of ~34 kg, in this case, can be
considered negligible. Despite the limitation of the FC system in terms of slow dynamic response, the overall results indicate signif-
icantly better performance of FCMUs compared to the ICE-powered vehicles, mainly due to the higher efficiency of FC systems
compared to the EGUs. Regarding hybrid configurations, vehicles equipped with LB demonstrated the highest potential benefits,
followed by the HESS, while configuration hybridized solely with the DLC demonstrated higher fuel consumption for both ICE and FC-
based vehicles.

4.5.2. Vehicle configurations complying with weight and volumetric space constraints

In case that defined vehicle weight and volumetric space constraints cannot be relaxed, we further adjust the vehicle configurations
by reducing the size of the hydrogen storage system, while maintaining the previously defined propulsion system components. The
adjusted hydrogen storage system size is determined as the maximum number of cylinders that satisfies both vehicle mass and
volumetric space constraints. Since this leads to reduced vehicle range, we assume an efficient refueling system in place, that would
prevent compromising the current timetable and vehicle circulation plan.
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Fig. 10. Simulation results for a fuel cell multiple unit vehicle equipped with a hybrid energy storage system.
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Fig. 11. Simulation results for alternative propulsion systems complying with the maximum range requirement: (a) standard (non-hybrid); internal
combustion engine-based hybrids with (b) lithium-ion battery, (c) double-layer capacitor, and (d) hybrid energy storage system; fuel cell-based
hybrids with (e) lithium-ion battery, (f) double-layer capacitor, and (g) hybrid energy storage system.

Table 6

Estimated hydrogen consumption per round trip for alternative system configurations complying with the maximum range requirement.

Configuration

Prime mover

Energy storage system

Hydrogen consumption [kg]

NO U W+

Internal combustion engine
Internal combustion engine
Internal combustion engine
Internal combustion engine
Fuel cell
Fuel cell
Fuel cell

Lithium-ion battery
Double-layer capacitor
Hybrid energy storage system
Lithium-ion battery
Double-layer capacitor
Hybrid energy storage system

31.87
22.85
24.95
23.28
19.80
21.02
19.83
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Table 7
Characteristics and estimated hydrogen consumption for alternative system configurations complying with weight and volumetric space constraints.
Configuration
1 2 3 4 5 6 7
Number of hydrogen fuel cylinders 23 10 9 9 23 8 22
Hydrogen consumption per trip [kg] 31.06 22.13 24.01 22.67 19.80 20.32 19.78
Fuel savings compared to the full range [%] 2.54 3.15 3.77 2.62 0.00 3.33 0.25
Vehicle range (number of round trips) 5 3 2 3 9 3 8

Characteristics and estimated hydrogen consumption for adjusted vehicle configurations are summarized in Table 7. Due to
reduced vehicle weight, affecting the acceleration and braking performance, additional fuel savings are obtained. Compared to the
previous scenario, these savings range between 0.25% for FCMU with HESS up to 3.77% for ICE-based hybrid with DLC. At the same
time, vehicle range is reduced to 2 up to 8 round trips, depending on the configuration. Again, FCMU with LB and HESS demonstrated
the highest fuel economy, with a slightly lower consumption of HESS-equipped vehicle in this case (0.1%).

4.5.3. Preliminary validation of energy use

Available historical data on actual fuel consumption provided by the railway undertaking for the Dutch Northern lines shows an
average annual consumption of diesel per vehicle-distance travelled of 0.94 1/km and 0.95 1/km, in 2019 and 2020, respectively. This
is a 3-4% lower diesel consumption compared to our estimations for a standard diesel-electric vehicle, i.e., a total consumption of
87.78 kg (106.4 1) for a round trip, giving an average consumption of 0.98 1/km. This difference can be attributed to various factors,
including the variation in duty cycles linked to different lines in the network, passengers load and auxiliary systems consumption over
different seasons and time of the day. In addition, our estimations are based on the assumption that all auxiliary systems are active
during layover times, while in reality this is not always the case.

Furthermore, the onboard system used for train drivers training that registers fuel consumption during each trip (excluding the
layover time) showed an average diesel fuel consumption for GTW 2/6 DEMUs in a range 0.66-0.86 1/km and 0.70-0.92 1/km for the
Leeuwarden-Groningen and Groningen-Leeuwarden directions, respectively. With the layover time omitted, our estimations are within
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Fig. 12. Estimated greenhouse gas (GHG) emissions and relative GHG emissions change compared to the standard diesel vehicle.
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the given range for both directions, i.e., 36.86 kg (0.83 1/km) for the Leeuwarden-Groningen trip, and 40.65 kg (0.91 1/km) for the
Groningen-Leeuwarden trip.

In addition, although there are numerous factors affecting the estimates, including the observed technology, size, and operation
context, the model estimations are compared to the scientific findings in the literature that considers similar use cases, i.e., regional
railway transport and multiple-unit vehicles. Our estimations on fuel consumption for a standard DEMU, and relative savings for ICE-
based hybrid powertrains compared to the standard vehicle, are close or within the range of the estimations in scientific studies that
considered various geographical contexts, technologies and test conditions, c. f., Lanneluc et al. (2017); Leska et al. (2017); Meinert
etal. (2015b); Poline et al. (2019); Schmid et al. (2017). Regarding FC-based systems, it can be noted that our estimations on hydrogen
consumption of 0.37-0.39 kg/km, depending on the ESS configuration, are similar to, or within the range of the estimations found in
studies on regional hybrid trains, c. f., Din and Hillmansen (2018); Hoffrichter et al. (2016); Peng et al. (2020a).

4.5.4. Greenhouse gas emissions

Although hydrogen as fuel leads to zero direct GHG emissions, its overall environmental impact heavily depends on its production
pathway. Therefore, it is important to adopt the so-called “well-to-wheel” approach, where the emissions from upstream processes
related to hydrogen production are accounted. This allows for a plausible and fair comparison of GHG emissions linked to the
alternative hydrogen-based scenarios and the benchmark diesel-driven vehicle. To assess the influence of hydrogen production, we
include two common hydrogen production pathways — steam methane reforming (SMR) and electrolysis of water. Corresponding
emission factors are derived from the latest JEC report (JRC, 2020b), and represent the amount of GHG emissions expressed in ki-
lograms of CO,-equivalents per kilogram of fuel expended (kgCOze/kg). Considered production of hydrogen from SMR includes typical
EU natural gas supply transported to EU by pipeline (1900 km), distributed inside the EU (500 km) through high-pressure trunk lines
and a low-pressure grid, small scale reforming at a retail site, and hydrogen compression to 88 MPa, with a corresponding emission
factor of 13.128 kgCOze/kg. The electrolysis scenario considers hydrogen produced from a central electrolysis with medium voltage
electricity, hydrogen transport by pipeline and compression to 88 MPa. To account for future trends, the electricity used is based on
predicted EU-mix electricity supply relevant for 2030, resulting in a hydrogen emission factor of 14.208 kgCO»e/kg. Electrolysis using
electricity produced solely from renewables, e.g., wind energy, is not considered, as it would practically lead to net-zero emissions for
all scenarios. Furthermore, it is expected that such a production process leads to a significantly higher price of hydrogen compared to
the SMR, with a current hydrogen price of 2 Euros per kilogram (Klebsch et al., 2019). The baseline scenario considers diesel fuel
produced from crude oil from typical EU supply transported by sea, refined in EU (marginal production), with typical EU distribution
and retail, resulting in a well-to-wheel emission factor of 3.970 kgCO2e/kg.

Overall GHG emissions for the two production scenarios are obtained by multiplying the estimated hydrogen consumption given in
Tables 6 and 7 with corresponding emission factors. The results are then compared to the baseline estimate for a diesel-driven vehicle
in terms of relative change in GHG emissions (Fig. 12). As noted, conversion to a standard hydrogen ICE-based configuration would
potentially lead to a significant increase of GHG emissions compared to diesel baseline (~17-30%). Another configuration that showed
an increase of 1.72% compared to the baseline is the maximum range of ICE-based hybrid with DLC. A reduction of GHG emissions is
achieved in all remaining scenarios, with the highest savings reached by FCMU with LB or HESS, as the most fuel-efficient
configurations.

5. Conclusions

This paper presented a comparative assessment of hydrogen-powered propulsion systems with an internal combustion engine or
fuel cells as the prime mover, hybridized with different energy storage system configurations, based on lithium-ion batteries and
double-layer capacitors. The analysis encompassed the technology identification, design, modelling and assessment of alternative
powertrains, with respect to the particular case-related constraints imposed by the infrastructure, technical and operational re-
quirements. Focusing on the regional railways in the Northern Netherlands, we investigated the possibilities of converting a con-
ventional benchmark vehicle used in current operations, and provided a simulation-based assessment in terms of overall hydrogen
consumption.

According to the results, the highest fuel-saving potential was found for the fuel cell-based hybrid propulsion systems with lithium-
ion battery or a hybrid energy storage system, that combines both energy storage system technologies, while at the same time
complying with the volumetric space and weight limitations. Additionally, the previous two configurations demonstrated the highest
greenhouse gas emissions reduction compared to the benchmark diesel-driven vehicle, i.e., between 25.3 and 25.5% for hydrogen
produced by steam methane reforming, and between 19.2 and 19.4%, if hydrogen obtained through electrolysis of water is used.

Overall, our results indicate promising potential benefits from adopting hydrogen-based technology and provide decision-makers
with valuable input in defining a roadmap for the railway transport development in the northern Netherlands. Future research efforts
will include the application of the proposed method to the remaining lines and rolling stock in the network while addressing limi-
tations of the present study resulting primarily from a wide range of data sources used and a degree of variability in parameters and
assumptions adopted. Regarding the variability of parameters, one of the main challenges in practical implementation is the
consideration of real-life phenomena such as fuel cell deterioration and battery degradation due to aging, which can affect the system’s
performance. Another system engineering challenge is incorporating safety requirements and vehicle/components geometrics, which
require more detailed analyses including, for instance, developing detailed 3D CAD models.

The presented research is part of a wider-scope project realized in collaboration with Arriva, aiming to investigate the overall
environemental impacts from novel technology adoption and possibilities to reduce the carbon footprint from trains operation. In this
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context, extensions of the present research will include further investigation of alternative fuels and upstream processes related to their
production through a detailed well-to-wheel analysis. The environmental impacts of technology production and vehicle retrofit will be
evaluated by a life cycle assessment approach, as introduced by Jones et al. (2017). Furthermore, a comprehensive life cycle costs
analysis, based on Zhang et al. (2016) will be realized to assess the fixed investment costs for both onboard hydrogen technologies and
stationary infrastructure required for refueling. As shown by Logan et al. (2020), railways should also be observed in a wider transport
system context. Therefore, future research could consider network-wide operational measures (Dunbar et al., 2017), or policy in-
terventions with the potential to increase the modal shift from individual road transport to rail.

The methodology provided in this paper offers numerous possibilities for other railway market segments. The high level of gen-
erality and ability to capture main technology, infrastructure and operation characteristics allow for its application in urban and
freight rail transport, as well as in different contexts of regional railway transport, where, for instance, different vehicle features, speed
limits and/or track geometry profiles determine corresponding duty cycles and the final outcomes of the analysis. Thus, our findings
provide decision-makers with a valuable tool in assessing future investments planning, including the identification of suitable pow-
ertrain technology and potential benefits in terms of fuel economy and reduction of emissions.
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