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Abstract The global interest in hydrogen-powered rail vehicles is on the rise due to the pressing need to reduce
greenhouse gas emissions, advancements in technology, and the availability of diverse power sources. While the
early focus was primarily on light rail and regional trains, there is now a growing inclination toward utilizing
hydrogen for heavy-duty haulage and freight trains. Various studies have demonstrated technical feasibility,
with operational and experimental hydrogen-powered rail vehicles in existence. This paper showcases
hydrogen’s technical feasibility as a viable fuel in the rail industry and acknowledges the well-established status
of fuel cell technology, highlighting its clear suitability for generating electrical traction power. Furthermore, the
paper delves into the technical aspects such as the combustion systems, train design modeling and prototype
analysis. It highlights the necessity of on-board energy storage and emphasizes the advantages associated with
energy management and control systems.
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1. Introduction

Rail transportation currently relies on two primary power supply systems: Railway Electrification, utilizing
overhead catenaries or third rails, and on-board diesel engines generating electricity. Railway electrification,
introduced by Siemens in Germany in 1879, is commonly used in urban railways, high-speed trains, and high-
density operations. In contrast, onboard diesel-electric systems, which were initially introduced in the USA
during the 1920s, have emerged as the predominant choice for freight locomotives worldwide. Diesel engines
are preferred for their impressive thermal efficiency, which can reach up to 45%, and the seamlessly integrated
electric drive system effectively transmits this energy to the locomotive's wheels. However, diesel combustion
emits harmful pollutants and greenhouse gases (GHGS), posing environmental challenges. Fortunately, advances
in science and technology have introduced alternative on-board power sources to reduce emissions and promote
cleaner rail transportation, minimizing reliance on fossil fuels. Among these alternatives, hydrogen fuel cells
(FCs) stand out as a clean, zero-emission electrical power source. These systems can be hybridized by
combining them with conventional diesel engines or integrated with energy storage systems (ESS), which may
include batteries, super capacitors, and flywheels. Hydrogen FC-powered rail vehicles have generated
significant interest globally, with countries like China, India, Germany, and the UK actively developing such
vehicles. China marked its entry into hydrogen fuel cell (FC) trains in 2010 with the introduction of its
inaugural hydrogen FC train. Additionally, a tram equipped with a 200 kW proton exchange membrane fuel cell
(PEMFC) has been serving in commercial operations since 2019, achieving an impressive top speed of 70 km/h.
In Germany, a significant milestone was reached in 2017 when the Coradia iLint, the nation's premier hydrogen
FC-powered commuter train, operated successfully. Similarly, the United Kingdom made strides in 2019 with
the launch of its first hydrogen-powered train, known as the "Hydro Flex." An examination of fuel cell (FC) rail
technology reveals promising developments, offering insights into its feasibility and potential benefits such as
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reduced operating costs and improved performance. Recent advancements in this domain have predominantly
concentrated on four key areas: prototype design and evaluation, energy management, feasibility studies,
economic assessments, and environmental impact analysis. The emphasis is on FC-based hybrid locomotives
capable of significantly reducing environmental pollution while maintaining competitive investment costs
compared to diesel-based locomotives. Substituting a traditional diesel locomotive with a hydrogen proton
exchange membrane fuel cell (PEMFC) train using copper-chloride technology has the potential to cut
approximately 3,318 tons of CO2 emissions annually. Furthermore, the effective management of energy through
various control strategies within these locomatives, balancing power requirements between fuel cells (FCs) and
energy storage systems (ESS), demonstrates efficiency and offers solutions to the challenges associated with
clean and sustainable rail transportation. This paper delves into the obstacles faced in achieving environmentally
friendly rail transport and presents viable remedies by exploring the integration of hydrogen FC technologies
and ESS in rail applications.

2. Hydrogen-Powered Rail Traction Prospects and Challenges

Hydrogen has started to find its place in new automobile designs, showcasing its potential in advanced
automotive technologies. Developments in the automotive sector offer valuable insights for applying hydrogen-
powered vehicles in railway applications. Hydrogen can be produced from naphtha, a flammable liquid
hydrocarbon mixture, and then used in a compressed form. Typically, hydrogen-powered vehicles are designed
with fuel cells and electric propulsion systems, although there have been experiments involving hydrogen in
internal combustion engines (ICE).

Hydrogen holds promise as a feasible energy carrier for on-board rail traction systems, and there are two
primary reasons supporting this concept. Firstly, hydrogen can be generated from various energy sources, and
the necessary technological components for hydrogen-based systems can be technically integrated into rail
traction systems. Secondly, these power elements can be accommodated within the spatial limitations of a train
while complying with permissible weight restrictions. Interestingly, the well-to-wheel (WTW) efficiency of
hydrogen-powered systems is comparable to that of electric and diesel alternatives, with the added benefit of
lower CO2 emissions compared to diesel systems. Moreover, recent discussions have highlighted the
effectiveness of employing hybrid power systems that combine fuel cells (FC) and lithium-ion batteries (LIB) as
a means to reduce emissions from rail vehicles operating on non-electrified rail lines. These discussions have
tackled numerous challenges, including the considerations associated with implementing hydrogen fuel cells in
passenger services and investigating the utilization of Energy Storage Systems (ESS) within hybrid
configurations. It is anticipated that future technological advancements will play a pivotal role in overcoming
these challenges. Notably, developing a hydrogen fuel cell hybrid system for rail vehicles that seamlessly
integrates with existing train control systems stands out as a key challenge to be resolved. Additionally,
evaluating the safety aspects associated with on-board hydrogen is another critical objective. To enable
commercial services, it is crucial to develop safety evaluation standards and associated regulations for high-
pressure hydrogen containers and hydrogen production facilities.

3. Exploring Hydrogen Fuel Cell Solutions

Hydrogen FCs are considered a primary power source for on-board rail vehicles to reduce reliance on fossil
fuels and minimize greenhouse gas (GHG) emissions. Various FC types can be evaluated as power sources for
rail vehicles, considering factors such as performance, cost, reliability, and durability. High-temperature FCs
have garnered interest due to their avoidance of costly metal catalysts and efficient management of exhaust
thermal energy in cogeneration systems. Fuel cells (FCs) have the capability to produce electricity utilizing
clean hydrogen derived from renewable sources such as solar, wind, hydro, or hydrogen-rich hydrocarbon fuels.
This electricity can be directly employed by a rail vehicle's propulsion system or stored in batteries. FC
technology presents several benefits, including reduced noise, diminished vibration, rapid refueling comparable
to diesel, versatility, compatibility with renewable energy sources, and quiet operation, provided that challenges
related to fuel storage and refilling are addressed. Proton exchange membrane FCs (PEMFCs), operating at
moderate temperatures (around 80 °C), are well-suited for applications like light rail, trams, commuter and
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regional trains, shunt/switch locomotives, and underground mine locomotives. In contrast, solid oxide fuel cells
(SOFCs) hoast higher efficiency but require high operating temperatures (around 1,000 °C). Given the steady
duty cycles of freight or heavy haul locomotives, SOFCs hold promise for these types of rail transportation.
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Figure 1: Generalized Design Scheme of a PEM Fuel Cell

4. Hydrogen Rail Mechanical Considerations

4.1 Fuel cell system

Fuel Cells (FCs) come in various types, all sharing a common structure consisting of three key components: an
anode, a cathode, and an electrolyte. At the anode, the fuel undergoes oxidation with the assistance of a catalyst,
resulting in the production of protons and electrons. These protons migrate from the anode to the cathode
through the electrolyte, while electrons flow from the anode to the cathode via an external circuit, thereby
generating direct current (DC) electricity. At the cathode, protons, electrons, and oxygen engage in a chemical
reaction facilitated by another catalyst, leading to the formation of water, heat, and, depending on the fuel
source, potentially other byproducts. Fuel cells (FCs) can be categorized into two types based on their operating
temperatures: low-temperature FCs like Alkaline Fuel Cells (AFC) and Proton Exchange Membrane Fuel Cells
(PEMFC), and high-temperature FCs like Solid Oxide Fuel Cells (SOFC) and Molten Carbonate Fuel Cells
(MCFC). PEMFC, with their lower operating temperatures and rapid start-up times, are favored for urban light
rail transportation and most automotive applications due to their suitability. High-temperature FCs are
advantageous because they don't rely on expensive metal catalysts as PEMFCs do. Since freight and heavy haul
locomotives typically operate for extended periods, the slightly longer start-up time of high-temperature SOFCs
is not a significant concern, making them a promising choice for such applications.

4.2 Energy Storage System and Battery Selection

In most cases, a hybrid system is developed, which combines a Fuel Cell (FC) with an Energy Storage System
(ESS). This hybrid setup requires a control algorithm to efficiently manage power output and ESS charging. The
choice of batteries plays a pivotal role in ESS design, and commonly utilized options include lead-acid, lithium-
ion (Li), nickel-cadmium (NiCad), and nickel-metal hydride (NiMH) batteries. Cost and reliability are the two
key factors in battery selection. Lead-acid batteries are often chosen for their reliability and economic benefits,
offering various commercial models to meet high-power and energy demands.

The design process for a hydrogen Fuel Cell (FC)-powered hybrid rail vehicle typically entails mathematical
modeling, theoretical calculations, and simulations. As an example, the tractive effort delivered by a diesel
locomotive during a predefined drive cycle serves as the basis for designing a hybrid energy system powered by
hydrogen Fuel Cells (FCs) for rail applications in India. The advanced vehicle simulator (ADVISOR) simulation
package aided modeling and performance analysis. Due to the PEMFC's slow response to sudden load
fluctuations, hybridization with an ESS (typically a battery) becomes necessary.
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In this integrated system, the Proton Exchange Membrane Fuel Cell (PEMFC) provides a consistent electrical
power supply, while the batteries play a crucial role in supporting rapid locomotive system dynamics for tasks
such as traction and dynamic braking. Component rating requirements are determined to ensure the hybrid
energy system meets the power demands of the diesel locomotive while maintaining battery state of charge
within acceptable limits.

Large-scale rail vehicle applications face a significant challenge related to the slow response of Proton
Exchange Membrane Fuel Cells (PEMFCs) to dynamic load changes. Rapid fluctuations in load can lead to
issues such as fuel starvation, bleeding, and membrane drying, which can have detrimental effects on the service
life and efficiency of PEMFCs. Therefore, the integration of a hybrid energy system is crucial for rail vehicle
power systems in these scenarios. This hybrid system combines the hydrogen Fuel Cell (FC) as the primary
power source with batteries, super capacitors, and flywheels serving as an Energy Storage System (ESS).
Extensive research has been conducted on hydrogen FC-powered hybrid rail vehicle systems, with a particular
focus on developing energy management and control strategies (EMCS). These strategies are responsible for
optimizing the allocation of energy between the FC and ESS to maximize overall performance and
responsiveness in large-scale rail applications.

4.3 Hybrid Locomotive System Designing

The utilization of hydrogen as a direct fuel presents significant challenges, primarily attributable to its high
flammability and the complex considerations involved in its storage, transportation, and handling. Nevertheless,
hydrogen, when used in a lean mixture with a low air-to-fuel ratio, can be economically employed in direct
combustion engines to enhance exhaust emissions. However, this approach can lead to increased NOx emissions
due to reduced air-fuel mixing time. To address these issues effectively, the design of an entirely new engine
system is often necessary, as retrofitting existing engines may not suffice. A dynamic hybrid energy system,
which combines a Solid Oxide Fuel Cell and a gas turbine (SOFC-GT), was put forth as a potential solution for
long-haul freight locomotives.

This groundbreaking system was assessed for its practicality when fueled by three different sources: diesel fuel,
natural gas, and hydrogen. The results indicate that the system can function effectively with these fuels,
delivering efficient performance and acceptable responses to dynamic changes. The SOFC-GT hybrid
configuration presents numerous synergistic advantages, potentially achieving efficiencies exceeding 60%,
while producing zero emissions and minimal noise. The viability of implementing the SOFC-GT hybrid energy
system in freight locomotives underwent further scrutiny. The spatial requirements of the SOFC-GT system
closely resemble those of current diesel engines. A mathematical model was utilized to simulate the system's
performance, encompassing kinematics and power fluctuations along a representative route. Simulations
involving an SOFC-GT hybrid system in a locomotive were detailed. This system featured a 2.8 MW SOFC and
a 500-kW GT, designed for transporting a 480-ton freight with a 120-ton locomotive along a specific route,
maintaining an average speed of 45 mph (72 km/h). The model considered track grades to evaluate variations in
power demand. The incorporation of lithium-ion battery (LIB) storage into the model enhanced the net system
efficiency and ensured seamless operation on the highly dynamic route. Power requirements were met without
significant disruptions to locomotive speed.

The results highlight the potential for developing a prototype of this system, offering promising prospects for the
future of rail freight transportation. From both a technical perspective and a comprehensive analysis, it was
concluded that SOFC-based hybrid locomotives could effectively replace conventional diesel locomotives.

5. Mathematical Modeling in Hybrid Rail Vehicles

Mathematical modeling and advanced simulations play a crucial role in gaining precise insights into the design
and optimization of hydrogen fuel cell (FC) powered hybrid rail vehicles. The primary objective of these
simulations is to utilize a well-established train model and appropriate simulation methods to thoroughly assess
the performance of a hydrogen FC-powered hybrid train system. This comprehensive system includes various
key components such as traction motors, hydrogen FC, energy storage systems (ESS), and more. The numerical
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models are constructed by incorporating electrochemical, logical, and physical equations, which define five
distinct subsystems based on their specific roles within the system:

Power Demand Modeling: This subsystem focuses on determining the power requirements of the rail vehicle.
It takes into account various factors including traction force, vehicle speed, track topography, and speed limits to
accurately calculate the power needed for optimal operation.

Energy Source Modeling: In this subsystem, the essential components required to supply power and energy to
the vehicle are identified. This includes modeling the hydrogen fuel cell and the various energy storage systems
(ESS) such as batteries, super capacitors, and flywheels.

Power Electronic Device Modeling: This part of the system incorporates DC/DC converters responsible for
linking energy sources to the DC bus, as well as DC/AC inverters that are used to convert DC power from the
energy sources into AC power for the rail vehicle's operation.

Driving Elements: Here, the electric motor and gearbox are accounted for. These components facilitate the
transmission and conversion of mechanical power between the motor and the wheel set, ensuring efficient and
effective power delivery.

Energy Management and Control System (EMCS): The EMCS subsystem plays a critical role in the overall
system. It is responsible for optimally controlling all the components within the system. This includes ensuring
seamless collaboration between the energy sources and precise power allocation to meet the operational needs of
the rail vehicle.

5.1 Hydrogen FC Mathematical Modeling
The hydrogen fuel cell (FC) model, developed based on an electrochemical framework, encompasses several
simplifications to facilitate analysis. These simplifications are as follows:
Ideal Gases: The model assumes that the gases involved, namely hydrogen and air, behave as ideal gases. In
reality, gases can deviate from ideal behavior under certain conditions, but this simplification is often made for
ease of calculation.
Hydrogen and Air Feeding: The fuel cell is supplied with hydrogen as the fuel and air as the oxidizer. This is a
common setup for many fuel cell systems, and it simplifies the modeling process.
Ideal Humidifier and Air Cooler: The model assumes that the components responsible for managing the
humidity and temperature of the incoming air, such as the humidifier and air cooler, operate ideally. In practice,
these components may have limitations and inefficiencies, but for modeling purposes, they are treated as ideal.
The hydrogen FC output voltage can be expressed by -
Vstack= NcVceLL = Nc(En — Vact— Vcone — Vorm)

e Vsrtackis the stack voltage

e  Ncis the number of FCs

e  VceLLis the cell voltage

e Enisthe Nernst voltage

e Vact isthe activation overvoltage

e Vonwm is the Ohmic overvoltage

e Vconc is the concentration over voltage (V)

When the output power of FC is P (MJ), the efficiency and hydrogen consumption can be expressed as

Erc= ﬁ

In this context, EFC represents the efficiency of the fuel cell, m denotes the quantity of hydrogen consumed
measured in kilograms (kg), and H signifies the low calorific heat value of hydrogen expressed in mega joules
per kilogram (MJ/kg). The fuel cell's efficiency is intricately linked to its part load ratio (PLR), which is

determined by the ratio of electrical output to the maximum power rating of the fuel cell.

5.2 ESS Modeling
An Energy Storage System (ESS) relies heavily on its primary component, the battery, to augment the hydrogen
fuel cell's capacity in delivering adequate power to variable loads. The state of charge (SC) of the battery holds

significant importance as it serves as a critical parameter that informs the Energy Management and Control
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System (EMCS). Accurate tracking of the SC is essential for the development of an effective EMCS and
enhancing the overall system efficiency. Modeling the battery involves

V =VocSc - ScR % |
Sc(t+1) = Se(t) - (J " idt) 1 Q

e Vand | are the terminal voltage and current
e Scis the state of charge

e Voc is the equivalent open-circuit voltage

e Risinternal resistance

e tisthe current instant (s)

e Q isthe maximum capacity

5.3 Power Demand Modeling
The power Prr at the rail from the FC is given by
Prr= (Prc — Paux/mac2) nocinacinm

e  Prcis the power output of FC (kW)

e Paux is the constant power (kW) required for auxiliaries supplied through the inverter with an

efficiency nacz

e mpct is the efficiency of the unidirectional DC/DC converter for FC

o mac is the efficiency of the DC/AC inverter

o m isthe efficiency of the traction motor
If the traction force Fr (kN) applied on the driving wheelset is positive, the power at the rail Per from the FC is
given the above equation. If the traction power needed Pt (kW) exceeds the power Prr available from the FC,
additional power at the rail Pessr must be supplied by the ESS as follows:
Pessr= Pt — Prr = F1 X V - (Prc — Paux/macz) nocimacinm
where v is the running speed (m/s). This additional power at the rail is related to the ESS power Pessr(kW)
through the equation:
Pessr= nocanacimmPess
Here noc: is the efficiency of the bidirectional DC/DC converter. The power drawn from the ESS is given by
Pess = (Ft % v)/ nocanacimm - (Prc — Paux/macz) nocy/ noc:
If Fr is positive and the traction power at the rail Pt (kW) is less than the power Prr (kW) available from the
FC, part of the FC output may be used for traction and part for recharging the ESS. Losses that arise in the ESS
are accounted for through the factor ness which, the efficiency representing the percentage of charging power
converted into usable stored energy. The useful power for ESS charging (provided it is less than the specified
maximum Pessmax (KW) is then given by
Pess= [(Prc— Paux/ nac2) nocimacimm - Fr X v] nocanacinm ness

During coasting, no power is drawn by the traction motors, and the power from the FC is used for ESS charging,
giving

Pess = (Prc— Paux/mac2)nocinocaness

In the context of regenerative braking, the charging power directed to the Energy Storage System (ESS) is
restricted to the maximum output capacity of the traction motor when operating in generator mode.
Additionally, the power supplied to the ESS cannot exceed the maximum power handling capacity of the ESS,
denoted as PESS. Within these constraints, the effective power delivered to the input of the ESS during
regenerative braking can be calculated as follows:

Pess = (FT X v) nocanacimm ness < Pessmax

Regenerative braking is used in the simulation model until the train speed drops to the threshold value vin(m/s)
at which braking effort limiting occurs.
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6. Prototype design and analyses

A comprehensive analysis of the energy system within an on-board hydrogen fuel cell (FC)-powered hybrid rail
vehicle was conducted, with a focus on real-world drive cycles. The system was meticulously sized and
optimized for peak performance, utilizing readily available components from the market. These studies
underscored the potential of hydrogen as a viable energy carrier for rail applications. Across the globe, various
prototypes have been developed and subjected to initial testing in this evolving field. As an example, in 2012, a
team from the University of Birmingham engineered a prototype locomotive at a 1:5 scale compared to a full-
sized version. This scaled locomotive was equipped with a 1.1 kW hydrogen proton exchange membrane fuel
cell (PEMFC) that supplied electricity to the traction motors while also charging on-board lead-acid batteries.
The locomotive operated on a 10.25-inch (260.35 mm) gauge track, with tests conducted at speeds ranging from
2 to 10 km/h. This prototype, known as "Hydrogen Pioneer,” marked the UK's first hydrogen FC-powered
locomotive and validated the concept of a hydrogen FC-powered hybrid locomotive. The tests provided valuable
data on the power plant's efficiency, vehicle performance, and hybrid system performance. The power plant's
overall duty cycle efficiency ranged from 28% to 40%. During acceleration, the battery pack supplied the peak
power demand, while the FC stack provided the average power throughout the duty cycle. These findings
indicated the feasibility of applying the traction system to full-scale locomotives.
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Figure 2: Drive Train of a Model Hydrogen Rail System

The conceptual hydrogen rail powertrain was structured into three distinct subsystems: the fuel cell (FC),
battery, and hydrogen storage systems. The evaluation process followed a backward design approach, which
involved assessing power demand through a "route simulation data" method. This approach allowed for the
conceptual sizing of powertrain components based on the determined duty cycle. Another noteworthy prototype
in this field was a hydrogen FC-powered hybrid shunting locomotive designed for urban and military-base rail
applications. This locomotive had a weight of 130 tons and could generate a maximum power output of 1.5 MW
from its proton exchange membrane fuel cell (PEMFC) prime mover and auxiliary traction battery. Compressed
hydrogen fuel was stored in carbon fiber composite tanks positioned on the roofline, with a maximum pressure
of 35 MPa. The power plant exhibited a mean thermodynamic efficiency of 51%. In 2010, this locomotive
successfully completed yard-switching (shunting) operations, with on-board hydrogen storage sufficient for an
11-hour operational shift. The results confirmed the technical feasibility of employing hydrogen FC technology
in demanding and heavy rail environments, receiving positive feedback from operators and workers. However,
scaling up hydrogen FC-powered hybrid rail vehicles to full locomotives introduces a range of technical
challenges not encountered during the development of smaller prototype rail vehicles. Factors such as weight
distribution, center of gravity management, packaging considerations, and safety become critical aspects of the
design process. The demanding operational conditions, including exposure to shock loads within the train,
necessitate the implementation of robust component suspension and coupler systems capable of absorbing high
energy. Challenges related to power system layout, hydrogen storage, heat management, thermal shielding,
shock load tolerance, and safety protocols become prominent when transitioning to full-scale locomotives.

& D
f@? Journal of Scientific and Engineering Research

166



Chatterjee A Journal of Scientific and Engineering Research, 2023, 10(9):160-169

7. Energy management and control systems

Energy management and control systems (EMCSs) play a crucial role in hydrogen fuel cell (FC)-powered
hybrid rail vehicle systems. They are instrumental in optimizing the utilization of energy sources and enhancing
overall efficiency. EMCSs extend component lifetimes and optimize overall system performance. Two primary
control strategies are employed: optimization-based and rule-based. Rule-based strategies excel in real-time
control applications, leveraging rules derived from powertrain characteristics or optimized algorithms like
dynamic programming (DP) and fuzzy logic (FL). Optimization-based strategies, extensively studied,
encompass global optimizations (GO), instantaneous optimizations (10), and real-time optimizations (RO),
offering diverse approaches for managing energy flow and enhancing system performance.

8. Conclusion

Extensive studies, theoretical and practical, have identified solutions for achieving cleaner rail transportation.
Among these, hydrogen-powered propulsion stands out as a promising solution. Many conceptual designs and
simulations have focused on light rail hydrogen-powered vehicles. The next generation of hydrogen fuel cell
(FC) hybrid rail vehicles is expected to primarily fall into two categories: Solid Oxide Fuel Cells (SOFC) or
Proton Exchange Membrane Fuel Cells (PEMFC). PEMFC systems seem particularly suitable for light rail
applications due to their operational benefits, including lower working temperatures, higher overall efficiency,
and rapid start-up times. On the other hand, SOFCs, known for their superior efficiency, may find a more
suitable niche in rail freight and heavy haul transportation.

One prevalent challenge in the integration of FCs across various applications has been their relatively slow
dynamic response. In instances where the dynamic demands of the system exceed the FC's capabilities, a
pragmatic solution has emerged in the form of pairing hydrogen FCs with Energy Storage Systems (ESS). This
strategic combination effectively manages power fluctuations, offering a viable remedy. Analysis suggests that
the integration of PEMFC or SOFC with ESS can outperform stand-alone PEMFC or SOFC systems,
particularly when it comes to addressing dynamic power demands.

The importance of energy management and control systems is paramount when considering hydrogen FC hybrid
rail vehicles. There are numerous strategies developed to optimize the management of energy flow within these
systems. The incorporation of hybrid FC and ESS configurations not only improves energy efficiency but also
plays a significant role in reducing exhaust emissions, aligning with the overarching objective of achieving
cleaner and more sustainable rail transportation.
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