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ABSTRACT

In this paper, an integrated system, refueling infrastructure-hydrogen hybrid fuel cell train, is deeply investigated
as an advanced mobility application. The proposed system is analyzed in terms of energy performance and economic
aspects. Detailed numerical modeling is performed, to size and simulate the main components of the hydrogen facility
and fuel cell hybrid train, on a 140-km regional line located in Southern Italy. For the hybrid railways, two 180-kW
fuel cells, in parallel, are used both for passenger and freight locomotives. To size the hydrogen fueling station, 1-day
operations are considered, with a hydrogen consumption of approximately 250 kg. The station resulted to be mainly
composed of a 670 KW-PEM electrolyzer, producing 260 kg of daily hydrogen, stored at 350 bar. A sensitive analysis
is proposed, focusing on the main system parameters, varying the-passenger number and freight weight of +20%.
Promising results are reached, demonstrating the feasibility and benefits of the system, in terms of energy performance,
with a fuel cell efficiency higher than 47% and a facility efficiency over 50%, maintaining high values even in the
most demanding scenarios.

Via the financial analysis, attractive financial indicators have been reached, e.g. levelized cost of hydrogen and total
cost of ownership respectively of about 8 €/kg and 12 €/km, and return on the investment of almost 19%, confirming
the huge potentiality of hydrogen technology applied to heavy-duty transport.

Keywords: Hydrogen Station, Fuel Cell Hybrid Train, Passenger and Freight Transport, Advanced Mobility,
Techno-economic analysis, Numerical Modeling

Highlights
e The hydrogen train shows high-energy performance and reduced hydrogen consumption
The integrated infrastructure operates with an energy efficiency of over 50%
Simulation of daily operation and refueling schedule
Interesting financial results for the analyzed business case
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1. INTRODUCTION

Energy efficiency-related actions could play an important role in achieving climate mitigation goals and sustainable
development targets [1]. Among the United Nations Sustainable Development Goals (SDGs), energy and climate
actions are treated as key targets [2].

In particular, the SDG 13 promotes efforts toward climate actions, in accordance with the Paris Agreement.
Improvements in energy efficiency and sustainable infrastructures are the core of the SDG 7, dealing with the
“promotion of affordable and clean energy” (SDG 7). The SDG 9 targets aim to develop resilient infrastructures and
sustainable industrialization, employing innovation. Nowadays, these actions have been also considered as potential
key factors to tackle the energy issues raised during the COVID-19 emergency [3].

Considering this context, hydrogen treated as an energy vector has a tremendous potentiality in several sectors,
tackling various critical energy challenges [4]. Its applications contribute to decarbonizing different sectors [5],
guaranteeing an effective process with flexibility and high efficiency [6] and serving as long-term energy storage [7].

With particular reference to the mobility sector, hydrogen refueling stations are the key infrastructures related to
hydrogen storage and delivery.

Apostolou and Xydis [8] offered a comprehensive literature review on the hydrogen station's actual state of the art,
including future perspective and expected outcome. In their review, it is outlined the increasing trend of hydrogen
station installations, identifying two main axes to be ensured: development of infrastructures to support the mobility,
and increasing in the spreading of the fuel cell electric vehicles (FCEV). Research actions are indeed needed since
these infrastructures still have critical points. They could be compared to industrial facilities that have to operate with
aggressive conditions of pressure and temperature [9]. The refueling process itself is the most critical operation,
requiring pressurized hydrogen, up to 800 bar, and low temperature, down to -40°C, to guarantee a safe and fast fill
for fuel cell hydrogen vehicles. Mayyas and Mann [10] offered a deep overview of this infrastructure maturity and
market readiness, focusing on their manufacturing competitiveness. As the main result of their analysis, the
components related to the dispensing process (storage tanks, the balance of the plant system related to the compressors,
and dispenser) resulted to be the most important contributors to a station overall cost. In this regard, niche research
actions aimed to investigate the operation of hydrogen compressors [11]. Ligen et al. [12] investigated the performance
of mechanical hydrogen compressors via a series of experimental activities, obtaining a comprehensive set of data
identifying the performance of the compressors as a function of several operating parameters, while Genovese et al.
[13] analyzed the minimum number of buffer tanks needed during a directly pressurized refueling process via booster
compressors, to avoid pulsation-related phenomena.

Even these critical points, research efforts, industry interest, and governmental actions are strongly supporting the
installations of hydrogen infrastructures, as outlined by Kurtz et al. [14], and the number of stations is rapidly
increasing.

Safety and hydrogen-related risks are already the subject of international research, including unintended hydrogen
releases during a hydrogen station operation [15], its risk assessment [16], or in alternative hydrogen production
methods [17]. Ustolin et al. [18] investigated the potential loss of integrity and reliability of hydrogen infrastructures,
identifying materials and hydrogen equipment as the critical topics and issues that research has to address. Kurtz et al.
[19] offered a comprehensive overview of the open-to-public hydrogen stations, called retail stations, and their
reliability, by analyzing around 180,000 fueling events and thousands of maintenance-related operation events. The
authors identified how around 67% of the overall downtime and maintenance events are related to actions and issues
related to the dispenser and the compressors. Safety issues are mostly related to the station supply chain, if hydrogen
is delivered and supplied in trailers in gaseous or liquid form [20,21]. Gye et al. [22] performed a risk analysis for a
hydrogen station meant to be installed in an urban area, putting in evidence how hydrogen leaks from the dispensing
units and trailers are the main critical ones. A complete database with similar hydrogen associated accidents is offered
by Hydrogen Tool Portal [23].

To lower safety risks, a smart option towards the hydrogen economic system transition is a hydrogen station
configuration characterized by an on-site production via water electrolysis. This station layout can reduce the frequent
need for external trailers, offering reliability and avoiding potential accidents in the supply chain, trailer failures, and
energy inefficiencies throughout the transport.

Hydrogen station configuration with an on-site electrolysis unit could also enable a better logistic, a lower
environmental impact, and a potential match with local renewable energy sources.



Concerning these topics, Gu et al. [24] performed a technical and economic assessment of several production
processes and hydrogen supply pathways, by considering solar energy in different Chinese areas. Among the options,
the authors considered liquid hydrogen, gas trailers, methanol as an energy carrier, and water electrolysis. All of them
were compared to coal-hydrogen production in terms of economics, distance, and carbon taxes. On-site production
via water electrolysis showed itself as the best option in terms of environmental impact, and also in terms of energy
efficiency. Kiaee et al. [25] analyzed the performance of an existing hydrogen station in Norway, focusing on the
operation of an alkaline water electrolyzer, with a working pressure of 1.2 MPa, coupled with two renewable energy
power plants: wind and solar. The authors investigated the response of the electrolyzer to the supplied intermittent
renewable power. Among the analyzed parameters, the stack power the gas impurities were reported, as well as the
operation of the electrolyzer rectifier, providing useful guidelines for the electrolyzer technology installation and
operation. Lee et al. [26] investigated the performance of a PEM electrolyzer operating at high-pressure and the
potential economic benefits related to its installations. A sensitivity analysis was performed, considering variations up
to +30% of the nominal capacity, 700 m®/hr, finding how the electricity price, the equipment cost, and the construction
share the highest rate and contribution to the overall cost. Ismail et al. [27] proposed a mathematical model to analyze
the combination of a solar power plant coupled with a PEM water electrolyzer. The model was implemented in Matlab,
in order to directly couple the photovoltaic panels and the electrolyzer, minimizing the losses and guaranteeing a high
hydrogen production. The integrated system showed a combined efficiency of almost 15%.

Based on the benefits and potentialities of this technology, several authors analyzed the research issues and the
performance of different hydrogen systems and infrastructures based on the process of water electrolysis, both via
numerical simulation and experimental activities, adopting different approaches.

Groppi et al. [28] performed a techno-economic assessment, flanked with an environmental analysis, of a hybrid
energy system, composed also of a 90 kW electrolyzer, serving Favignana Island (Italy) in terms of transportation and
energy storage. The system resulted to have important performance, in terms of economic benefits and technical
operation, as well as good reliability, studied via sensitivity analysis. Mehrjerdi et al. [29] investigated the feasibility
of an integrated hydrogen system for a building, aiming to achieve the performance of a “net-zero energy buildings”.
To face the uncertainty and the seasonality of the renewable sources often considered for these applications, the
authors proposed hydrogen as the system energy storage, produced via water electrolysis in time of energy surplus,
and fed to a fuel cell when power is needed. The system optimal capacity was also investigating, resulting to be about
12 kg of hydrogen, dealing with and facing the intermittency problem, and performing a reliable operation.

Xu et al. [30] proposed a novel approach to the sizing of a hybrid energy system, based on a data-driven approach
via a multi-criteria and multi-objective optimization. The authors applied the approach to an energy system composed
of wind turbines, solar photovoltaics, and hydrogen technologies, then validated with data coming from an existing
power plant located in China. The adopted algorithm showed a system minimum levelized cost of energy and optimal
energy performance with an electrolyzer size of 54 kW, a fuel cell system installed power of 20 kW, and a hydrogen
storage of 450 m®.

Bhattacharyya et al. [31] analyzed the hydrogen production process coupling alkaline water electrolysis and solar
energy via photovoltaic panels. In particular, the authors estimated the solar irradiance for Mumbai, an Indian location,
calculating the potential energy production and the corresponding hydrogen generation, for each day of the year and
daily sunshine hours. Hydrogen production was also investigated in extreme temperature conditions, by considering
the minimum and the maximum temperature values registered in the chosen site. The electrolyzer size resulted to be
around 60 kW by producing 10 Nm?3/hr at 5 bar and 70 °C, and the economic analysis showed also a payback period
of about 12 years. Fragiacomo and Genovese [32] proposed an innovative hydrogen infrastructure concept for
hydrogen light mobility (FCEVs) and hydrogen injections in the natural gas grid. The infrastructure was investigated
via numerical simulations, with an ad-hoc implemented model, with three different renewable sources: wind, solar,
and geothermal energy. The energy performance of each site was investigated, and an economic and environmental
analysis was performed, too, including also the benefits offered by these technologies in terms of health and quality
of the air.

The presented literature review gives an exhaustive overview of how hydrogen stations are worldwide investigated
by the scientific community, and they are analyzed from several and different points of view.

At the same time and with a marked pace, advanced hydrogen mobility is becoming a reality, increasing in
popularity and showing high efficient performance [33], manly given by ongoing research on innovative layout and
materials for proton exchange membrane fuel cells [34]. Among the several key benefits, the scientific community
recognizes hydrogen technologies as virtually zero-emission vehicles [35], noiseless, more efficient than traditional



vehicles [36], and as a potential resource for the transport sector de-carbonization, above all in railway applications
[37].

Fuel cell-based trains could indeed be a suitable alternative to the Diesel ones; for a specific regional line, as
investigated in [38] over the British route Birmingham Moor Street to Stratford-upon-Avon and return, they can
achieve an efficiency improvement of 20%, a decrease in energy demand of 55%, and a reduction in carbon emissions
of approximately 70 % when compared to Diesel locomotives [38]. Besides, fuel cell technology introduction obtains
positive results also in support of conventional electrified lines, as a secondary propulsion system, especially in case
of electric disruption or discontinuous overhead lines [39]. In line with these topics, a detailed review is proposed by
Siddiqui and Dincer [40] who have classified the main research works according to different areas, such as: prototype
design/analysis, energy management, feasibility, and economic assessment and environmental performance. Among
them, a particular focus is on numerical and experimental model designs and energy management systems, developed
through the implementation of innovative methods and high-performing strategies.

The component selection for a specific tramway cycle is presented by in [41]; three powertrain configurations are
tested (namely fuel cell-battery, fuel cell-supercapacitor, and battery supercapacitor), analyzing the vehicle
performance and highlighting the satisfying fuel cell behavior, with efficiency around 49%. Not only the energy
sources but also the power electronics devices play a crucial role; Fernandez el at., in their wors [42,43], a single
DC/DC converter and a two DC/DC converter powertrains are tested for a fuel cell-battery tramway; suitable degrees
of hybridization are evaluated and good performance is achieved for two control systems tested: state machine and
cascade control strategies. Among the innovative power-sharing strategies presented, significant importance is on
optimization strategies: Zhang et al. [44] proposed an equivalent consumption minimization strategy, tested on a full-
size prototype, achieving satisfying experimental results, with approximately 1.5 kg H2 for a 2.4 km-journey. These
strategies have a huge impact also on rail operating costs [45]: a Firefly Algorithm Optimization-Based control is
numerically tested, having a daily operating cost of $304.99 per day. The whole powertrain investigation has been
performed by Piraino and Fragiacomo [46], by means of a detailed energy efficiency analysis; energy sources, power
electronics, and drivetrain components are numerically modeled and tested through a multi-method control strategy,
reaching 42.5% overall vehicle efficiency. Among the innovative power-sharing strategies presented, significant
importance is on optimization strategies: Zhang et al. [44] proposed an equivalent consumption minimization strategy,
tested on a full-size prototype, achieving satisfying experimental results, with approximately 1.5 kg H2 for a 2.4 km-
journey. These strategies have a huge impact also on rail operating costs [45]: a Firefly Algorithm Optimization-Based
control is numerically tested, having a daily operating cost of $304.99 per day. Along with performance and economic
aspects, important considerations should be carried out on safety issues. Crucial attention is focused on hydrogen
system locations: Miller et al. [47] and Peng et al. [48] suggest a roof location because of harmless hydrogen
dissipations, in case of a leak, and minimum damage possibilities, in the event of rail incidents. For this hydrogen
system layout, 350 bar tanks, lighter than 700 bar ones, are strongly recommended in order to maintain the vehicle
center of gravity in safety ranges. In addition, especially in railways, 700 bar tank use is not indispensable since
different 350 bar tanks can be located on all the car roof, without incurring space issues and guaranteeing a suitable
hydrogen amount for the required operations.

To support the spreading out of these innovative vehicles, hydrogen stations are needed for the exploitation and the
refueling [49]. Therefore, a research question lays in the interconnection and operation of hydrogen infrastructures
and advanced mobility systems. To the best knowledge of the authors, the integration of a hydrogen refueling station
with hydrogen trains has not been deeply analyzed yet, as previously investigated by the authors [50]. Moreover, a
better understanding and investigations of the involved energy parameters could strongly support the sustainability of
these systems, by producing relevant data analysis that can enable better decisions on their operation. As a matter of
fact, an energy analysis could lead to produce relevant statistics or to enable data-driven decisions. As a strong and
powerful tool, modeling could help to address important global challenges dealing with climate change and clean
energy solutions. The fourth industrial revolution is indeed offering a new role to numerical models and tools, which
can contribute to the deployment of renewable energy and optimized energy applications and uses, leading to
important cost savings.

To address this research gap, and considering also that modeling actions and in-depth assessment are beneficial to
support and sustain hydrogen advanced mobility technologies in their rolling-up and execution, thanks to more
comprehensive energy analysis, the activity presented in this paper aims to give its contribution to the scientific
community by presenting a mathematical model and investigations on the integration of a hydrogen infrastructure
connected to a fuel cell (FC) hybrid train as an advanced mobility application.



In particular, the study of the railway and the hydrogen infrastructure performance are presented, considering results
achieved for passenger and freight trains that operate on a regional track. After the vehicle performance investigation,
a suitable sizing for the hydrogen station is carried out. A dispensing schedule is designed in accordance with the
route features and to the operation of both the trains and the hydrogen station.

The performances of the system are indeed simulated and presented for the applied case-study, which includes the
estimation of the energy demand, the integration of the associated components, sensitivity analysis of the main system
parameters, and a comprehensive financial assessment.

2. NUMERICAL MODELING

The present paper aims to investigate a case study concerning a regional rail line, fueled by a hydrogen
infrastructure. Therefore, two different systems are taken into account, the FC hybrid vehicle and the hydrogen facility;
their models are formalized and numerically implemented by means of dynamic algorithms, which are designed ad-
hoc and validated with real data. The behavior of each main component is investigated in detail and modeled through
thermodynamic, electrochemical, physic, and logic relations.

2.1 Model — Fuel cell hybrid train

A standard regional train with a fuel-cell based propulsion is used in the simulation. Although the main powertrain
components are the core of the vehicle model, preliminary calculations are fundamental to achieve the power and
energy demand of the railway for a specific line. The track morphology, drive cycle speed and vehicle features are
considered the input parameters; therefore, an equation system, based on the Newton law of motion, is needed to
calculate train demands. The preliminary vehicle model is based on the Equation 1, where the tractive force is achieved
as the sum of three terms: the effective mass (Meff) times acceleration (a); the resistive forces (Fres); a term that depends
on the track morphology [51].

Fir = Mepp oo + Fros + 9.81 M sin(y) Eq. 1

The resistive forces are achieved employing the Davis relation since they can be represented by means of a quadratic
curve of the vehicle speed [51]. A, B and C terms depend on the vehicle characteristics: in detail, the A parameter
takes into account the mechanical resistances, while the B and C terms represent the non-aerodynamic and
aerodynamic drag respectively. Therefore, each parameter of Equation 2, which is useful for calculating the tractive
force, depends on the train mass and, hence, passenger number and freight weight.

Fres = kDav,l + kDav,Zv + kDav,3v2 Eq. 2

The power demand is provided by a hybrid powertrain composed of a fuel cell stack, used as the prime mover, and
a battery pack, capable of providing energy and power variations [41]. Both systems are implemented by means of an
equivalent circuit, composed of a controlled voltage source and a resistance [52,53]. To have a suitable computational
burden with good accuracy, several simplifications have been considered, such as the gas ideal behavior and the supply
manifold neglecting [52].

In the fuel cell model, the input of the controlled voltage source is the Nernst voltage, calculated as Equation 3. The
equivalent resistance is variable, to achieve the real fuel cell voltage as output, considering voltage and auxiliary
losses. A detailed electrochemical model, described by the authors in [52], is implemented ad hoc to calculate the fuel
cell parameter value, such as pressures, exchange current, charge transfer coefficient, hydrogen consumption, and
efficiency.
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Regarding the battery, the voltage source value is achieved as Equation 4, according to the battery operations,
namely, charge and discharge phases. Unlike the fuel cell, the battery equivalent resistance is considered constant. All
the main parameters are obtained employing the discharge characteristics, which are assumed to be the same as the
ones related to the charging phase. In addition, the battery capacity does not depend on the current, and the memory
and self-discharge effects are neglected [53].
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Both the energy sources are controlled in current through DC/DC converters; a unidirectional boost converter is
selected for the fuel cell system, while a bidirectional buck/boost convert is chosen for the battery, to allow charge
and discharge operations. The power electronic devices connect the energy sources to the 750 V load. The power
electronic devices are crucial to managing the power sources; as a matter of fact, a control strategy is implemented to
perform a suitable power-sharing between the energy sources, by imposing its decision through signal for the DC/DC
converter. An Equivalent consumption minimization strategy is designed to control the powertrain. The optimization
algorithm calculates the fuel cell power by using the objective function shown in Equation 5, where crc and Ceq,s (the
equivalent hydrogen consumptions of fuel cell and battery respectively) are correlated through an equivalence factor
(Kecwms), which has crucial importance since it links the fuel cell power calculation with the battery parameters. As a
matter of fact, the equivalence factor takes into account the battery SOC, allowing a suitable fuel cell output according
to the energy stored in the lithium battery. It should be underlined that the fuel cell power rate is controlled by imposing
a limited variation interval, below 1.5 kW/s, to avoid premature damages. Therefore, the output parameters of both
energy sources are evaluated in real-time to select the fuel cell power. In the end, the battery power is achieved by
performing the vehicle power equilibrium, considering the train hydrogen demand and the fuel cell power [52].

WFC = argmin (CFC + kECMS CB,eq) Eq 5

Validation tests have been performed for the whole system, besides the validation of each component, comparing
simulation and real data. All the individual components achieve an adequate accuracy: the proton exchange membrane
fuel cell model shows an error less than 1%, compared to real components, for the efficiency, power, and voltage
trends tested over all the operating range; the lithium battery model is validated by analyzing the discharge capacity
at different C-rates between the model and real component over its SOC operative range, with an error less than 2%.
Once the single component validation is carried out, the whole vehicle model is validated through a comparison
analysis with real data, achieved for a real FC-based vehicle on a test track. Like the validation of single components,
an acceptable accuracy is reached; the error made is around 2.5%, which is a satisfying value for the presented
application [51,52].

2.2 Model — Hydrogen Station

The hydrogen station is considered to be mainly composed of a PEM electrolyzer, a mechanical volumetric
compressor, storage tanks, and a dispenser unit.
To analyze and simulate the performance of the main components, a mathematical model has been developed.

The choice of the PEM electrolyzer technology is driven by the strong progress in the field of PEM Fuel Cell
Systems [54]. In fact, even if the alkaline electrolysis is nowadays the most economically and technically mature, the
PEM technology offers greater current density and quality of hydrogen [55,56].

The hydrogen station production is modeled via a multi-physics and dynamic approach [57], involving investigations
on the electrolyzer stack within four main domains: electrochemical, thermodynamic, thermal, and fluid-dynamic.
The most important tracked parameters are temperature and pressure levels. The subsequent fundamental assumptions
were considered with reference to the modeling phase of the PEM water electrolysis system:



e The polarization curve of the electrolytic stack can operate with a variable voltage, depending on the
electrolytic cell current, the electrolyzer temperature, and geometrical properties of the electrolytic cells;

e Pressure drops are not considered, as well as no high-stress operation for the electrolyzer, wherein issues
consisting of cross-permeation phenomena and corrosion take region more often;

e The temperature is considered to be uniformly distributed within the electrolyzer stack (temperature gradients
between the internal components of the electrolysis unit are neglected), but variable as a function of voltage,
power, and external conditions;

e Each cell presents an equal thermal nature and operation;

e The stack model is based totally on cells with the equal electric behavior linked in series. Consequently, the
overall stack operating voltage may be obtained, multiplying the cell voltage by considering the overall
number of the electrolytic cells connected in series.

Thermal behavior is based on a lumped thermal capacitance technique, proposed in [58], neglecting the Joule effect,
and by considering the external temperature set to the ambient value. Electrolyzer temperature is indeed considered
as a lumped value for the whole system, and the temperature trend can be found by solving the first-order differential
equation shown in Equation 6.

dTel 1 Tel _ (Ta + Rel,t(Qel,cool - Nel,cell(Uel,cell - Eel,tn)lel)) -0 ECI. 6
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Pressure levels inside the anodic and cathodic chambers are depending on the gas flows (oxygen and hydrogen).

Inside the anodic and cathodic chambers, hydrogen ideal gas law is used, while at higher pressure, for the
hydrogen storage, hydrogen real gas equation has been adopted [59]. Temperature and pressure affect the electrolytic
cell voltage, as shown in Equation 7: activation phenomena, ohmic resistance, and mass transfer generate certain levels
of over-voltages, added to the reversible voltage, calculated at the operating electrolyzer temperature.
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The electrolyzer stack power is indeed dependent on the operating current, the cell voltage, and the number of
cells, as shown in Equation 8, experimentally validated in the authors’ previous work [57]. The electrolyzer operates
according to the hydrogen station needs: if the hydrogen production is needed, the electrolyzer will work at full power,
otherwise it operates in standby mode, with a power consumption considered as a certain percentage of the electrolyzer
nominal power, set to 10%.

Neicet Uercen Tei Moy, >0 Eq. 8
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The set-points chosen for the hydrogen production starting conditions are based on the hydrogen storage tank pressure
levels. In particular, if the tanks are already full (e.g. they have reached the maximum pressure levels), the production
stops, as shown in Equation 9. When the tanks need to be filled, the hydrogen production is mainly as a function of
the operating current with a third-degree polynomial expression (deriving from the application of the Faraday
efficiency) and the number of cells.
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The ancillary power needed for the electrolyzer auxiliary equipment is modeled with a semi-empirical trend, as a
decreasing exponential function of electrolyzer stack power, shown in Equation 10.

Wel,anc = kanc Wel,stack_b Eq 10

The electrolyzer model has been already validated [57], showing a good match with the experimental data. As an
instance, the electrolyzer power consumption (Equation 8) has shown a root-mean-square error (RMSE) value of
0.0744 kW and an RMSE Percentage (RMSEP) of 0.0159 in the range between 18 A and 135 A, and the hydrogen
production flow rate (Equation 9) an RMSE of about 0.022 Nm?®/h and an RMSEP of about 0.1372 in the same range.
Similar results have been obtained for the ancillary power consumption (Equation 10), polarization curve (Equation
6), voltage efficiency, and system efficiency, in the same operating range.

Besides the electrolyzer unit, the other main important energy demand belongs to the hydrogen compressor. The
compression process has been simulated by considering a dynamic process via a polytropic transformation [60], with
a double stage. The amount of work for each stage is expressed in Equation 11, as a function of the compressor mass
flow rate, the inlet temperature (considered the hydrogen gas temperature coming from the electrolyzer), and the
pressure ratio between the considered stage compressor inlet and the stage pressure outlet.

m—1
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. g lel out Eq. 11

Wel,c = mel,HZ'E n <pcou_> -1 q
m c,in

At the first stage, the compressor inlet is considered to have the same pressure as the electrolyzer cathodic chamber,
while the pressure outlet is derived from the double stage optimization [61]. The hydrogen compressor mass flow rate
is thus dependent on the hydrogen cathodic chamber pressure, as shown in Equation 12. If the cathode pressure is
lower than the operating working pressure of the electrolytic unit, the chamber needs to be pressurized and the
compressor is considered to be shut down. When the electrolyzer is indeed operating at the nominal pressure, the
compressor starts its operation, and its mass flow rate is as a linear function of the compressor pressure inlet, validated
with data retrieved from a real compressor flowchart [62].
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An intercooler is also taken into account between the two compressor stages, with a coefficient of performance, CoP,
equal to 1.5. The second stage of the hydrogen compressor delivers hydrogen to the storage tanks. Their operation and
pressure have been modeled employing the mass conservation law and a previously proposed switching procedure
[63]. For the dispensing line, the refueling process adds an overall value of 1.6 kWh/kg [64,65], with the assumption
of no pre-cooling required for the 350 bar fill [66].

The discharging procedure is controlled with the intention to decrease energy consumption. The refueling process
is frequently associated with an instantaneous refueling by operating the piston compressors. The energy demand of
these components depends on the ratio between the pressure inside the storage tanks and the pressure inside the vehicle
tank. As investigated by [62], consolidating the suction pressure can lessen power consumption. For these reasons,
the storage discharging process has been assigned to the tank that, in the considered instant of time, has the very
highest level of pressure.

2.3 Economic analysis

The economic investigation is based on two different analyses: a static analysis, via the application of the Levelized
Cost of Hydrogen (LCOH) and Total Cost of Ownership (TCO) methods, and dynamic analysis, via the investigation
of the pay-back period (PBP), the return-on-investment (ROI), and the net present value (NPV).



The static analysis aims to analyze the current technology costs with other studies and reports of the scientific
literature, assessing the feasibility of the business case also in comparison with other technologies. The dynamic
analysis will assess the economic benefits and the financial indicators over the whole lifetime of the proposed energy
system.

For both analyses, the capital expenditure (CAPEX), operational expenditures (OPEX), and each component lifetime

are needed. They have been retrieved from the most recent literature and state-of-the-art analysis and reported in Table
1. Each component cost is a function of a specific parameter: the electrolyzer system is dependent on the installed
electric size, as well as the storage compressor. The water purification system is a function of the processed water
flow rate, while the hydrogen storage depends on the daily storage capacity.

Table 1 — Capital Expenditure, Operational Expenditure and Lifetime for each component of the Energy System

Equipment CAPEX [k€] OPEX [%0] Lifetime [yr]
PEM Electrolyzer [67] 1.2/kw 4 % of CAPEX 20
WPS 1.2/m3/day 1% of CAPEX 20
H, Storage Compressor [68] 40.035 - kw6038 2% of CAPEX 15
H, Storage Bank [69] 470 /kg H2 8% of CAPEX 30
Dispensing Unit Dispenser [70] 91.810/unit 1.1% of CAPEX 10
Fuel Cell Hybrid Train [71] 5000 0.72 c€/km 15

Besides CAPEX and OPEX considered in Table 1 above, other costs have been considered. The costs for civil works
will account for an overall cost of 80 k€, and the station operation will also need several permits, accounting for 15
k€. The hydrogen train, according to Roland Berger and Fuel Cell and Hydrogen Joint Undertaking Report [71], needs
four operators for its operation, with an average labor cost of 32 k€ per year per each operator.

Among other operational costs, water purchase and energy supply need to be taken into account. Regarding the water
purchase and supply, costs have been set according to the tariffs belonging to an Italian Water Management
Company[72]. For the electricity costs, the electrical energy has been considered to be supplied by the national grid,
in accordance with the Italian market scenario in terms of fees and tariffs, with reference to 2019 [73,74], by including
also the costs for distribution and transmission [75].

The LCOH method [76] has been applied to set a profitable price for the produced hydrogen. As shown in Equation
13, it is calculated as the sum of the station CAPEX, scaled, and annualized through the Capital Recovery Factor, the
station OPEX, and the component replacement costs. The overall values are then divided by the annual hydrogen
production. CRF is considered as a function of the discount rate i and the entire life of the system n, and it is calculated
utilizing the expression presented in Equation 14.

Ccapex CFR + Copex + Crep

LCOH =
4Py, Eqg. 13
i (140"
= Eq. 14
CRE=Gvor—1 d

Considering a system overall lifetime of 15 years, the replacement costs are mainly related to the electrolyzer stack,
with an overall lifetime of 40,000 hours (replacement every 5 years), with a specific cost of 525 €/kW of installed power.
Equation 15 shows the replacement cost calculation, as a function of the electrolyzer stack, the years of replacement 7,
and the cost of each replacement. Besides the electrolyzer stack replacement, after 10 years, the dispenser unit is
considered to be fully replaced.



Cstack
C,., = CRF -_— Eqg. 15
rep 1+ a
j=1

The total cost of ownership (TCO) [77,78] is applied to compare the ownership of the integrated system (infrastructure
and vehicle), with conventional technologies. It is calculated according to Equation 16. The TCO corresponds to the
sum of annualized CAPEX, the yearly depreciation D, the labor cost Cy,;,,, (4 Operators with an average yearly salary
of 32 k€), the fuel cost Cy,; (value set after the LCOH analysis), the annual operational expenditures, subtracted
by the reselling price, RP (for the purposes of this paper considered to be zero), and divided by the annual total
distance driven by the hybrid fuel cell trains, TD, expressed in km.

Ccapex "CFR—RP+D + Copex + Cfuel + Ciapor
TD

TCO = Eq. 16

After the static economic analysis, the key financial indicators, that have been chosen to investigate the business case
via the dynamic economic assessment, are the Return on Investment (ROI), the Net Present Value (NPV), and the Pay-
Back Period Analysis (PBP). To determine the NPV level, Equation 17 has been applied, calculating the discounted
cash flows of the considered case study, CF,, defined as revenues minus costs (discounted and calculated also by
including the inflation rate, g), and the initial investments, considered as the sum of all the CAPEX.

n

CF, - (1 + g)*
NPV = —Ceapex + Z —ai Eq. 17

x=1

The PBP is defined as the time, in years, when the NPV level is zeroed. The ROI value is calculated according to the
expression presented in Equation 18, and it corresponds to the business beneficial return when compared to the initial
CAPEX. D,, represents the depreciation per year, considering the contributing rate of all the components involved in the
facility, calculated with fixed yearly rates for the corresponding lifespan of each component.

[} $n.i(cE - D))

Ccap ex

ROI = Eq. 18

3. CASE STUDY SIMULATION AND RESULTS

The investigated case study, presented in Figure 1, is composed of hydrogen production and dispensing facility,
assumed to be located in a central depot, in Lamezia Terme (Italy), fueling hybrid fuel cell trains for passengers and
freight transportation.

Lamezia Terme is one of the major cities located in Calabria, South Italy, offering multi-services for transportation.
The city presents the main railway station of the territory, serving as central infrastructure the two Calabrian Coasts,
and the main airport of Calabria. For this reason, the hydrogen production facility is considered to be located in
Lamezia Terme, where electrolytic hydrogen is produced via a PEM electrolyzer, requiring deionized water (DI) and
electricity, and operating at 80 °C and 10 bar of working pressure. Once hydrogen is produced, it is processed by a
mechanical volumetric compressor, up to a pressure of 350 bar. Then hydrogen is stored in a main ground storage
system, and from there it can be drawn to refuel the hybrid fuel cell trains.
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Figure 1 — Case Study Description

The two fuel cell hybrid trains have been sized and designed to transport passengers and freight from Lamezia
Terme, as a departure location. The arrival location is considered to be Cosenza, since it is characterized by the
presence of the University of Calabria with several students coming from different locations, and by the presence of
industrial areas, needing freight transport service. Passenger and freight trains are simulated on the Lamezia-Cosenza
track, which is an existing electrified line. It is a crucial track that links Lamezia, where the main Airport of Calabria
is located, with Cosenza, one of the most important cities in the region.

This track is almost 140 km in length, and it can be broadly divided into two sections: the first one, from Lamezia
to Paola, is part of the South Tyrrhenian line and, hence, it is along the coastline, with altitude and slope in a moderate
interval. The second part links Paola to Cosenza and it mainly goes through a tunnel, because of the marked altitude
difference between the two cities; as a matter of fact, the altitude and the slope vary in a greater range compared to
the first line section.

Regarding the drive cycle, two different trends are considered for passenger and freight trains. The passenger drive
cycle is roughly 2 hours, and 4 stops are considered for each way, with a 1-minute time stop. A simplified trend is
considered and the train reaches a maximum speed of approximately 130 km/h. The freight trains drive cycle does not
have intermediate stops, but it links Lamezia Station directly to the industrial area of Cosenza. They spend almost 3
hours for a round trip, reaching 80 km/h of maximum speed; in summary, the freight train speed and acceleration have
lower values compared to those of the passenger vehicle.

Standard vehicles are simulated for each scenario; a two-car unit passenger train is considered, with 50 m in length
and an unladen weight of almost 70 tons; it can transport a maximum of 130 passengers. With reference to the data of
train passengers in Calabria [79], 100 passengers are considered for the first case per each trip. The freight vehicle is
built for transporting standard good mass, with 12 wagons and an unladen weight of 300 tons; for the studied case,
200 tons of goods are considered.

According to the power and energy demands for both drive-cycle typologies, a suitable sizing test is performed as
shown in Table 2 [80]. The control system manages the fuel cell to provide the total energy demand; therefore, a fuel
cell system composed of two 180 kW FC stacks connected in parallel is used. The energy and power variations are
provided by a pack composed of 38 Ah Lithium Iron Phosphate (LFP) batteries and two configurations are used: 100
series x 30 parallel LFP batteries for passenger trains and 100 series x 50 parallel batteries for freight transport.

Figure 2 and Table 2 show the results achieved for the passenger and freight vehicle simulations. Regarding the
passenger case, the control system imposes a quasi-constant power trend (green line) to the fuel cell system; it is used
to provide the whole energy demand with slow power variations, in an interval between 140 kW and 250 kW. On the




contrary, the battery pack supplies energy and power variations, and, at the end of the cycle, its energy provided is 0
kWh, since the same SOC of the initial cycle time is achieved. Therefore, the battery power output (red line) has
sudden power variations, both in the negative and positive sector, within -500 kW and 600 kW, in order to respond to
the vehicle demands, mainly due to track altitude and vehicle speed variations. Other crucial output vehicle parameters
are listed in Table 2. The fuel cell system consumes 29.1 kg/cycle of hydrogen, with 50% average efficiency; the
battery works in an appropriate operative range since both SOC and C-rate assume suitable values.
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Figure 2 — Hydrogen Fuel Cell and Battery Power Request during the investigated drive-cycle

Table 2 — Hybrid Fuel Cell Trains Main Results

Train Parameters Value
Fuel cells stack 2
Battery module 100 Sx30P
] Average FC efficiency 50 %
Passenger Train )
H, consumption 29 kg/cycle
Battery state of charge [55%, 85%)]
Battery C-rate [-1.5C,15C]
Fuel cells stack 2
Battery module 100 Sx50P
) . . Average FC efficiency 48 %
Freight Transportation Train )
H> consumption 52 kg/cycle
Battery state of charge [35%, 80%]

Battery C-rate [-2C,3C]




The simulation results achieved for goods transportation are also summarized in Figure 2 and Table 2; in this case,
the fuel cell and battery play the same role compared to the passenger transport train, as energy provider and power
variation supplier respectively. The fuel cell power (grey line) assumes higher values compared to the passenger's
case, within a narrow interval between 200 kW and 350 kW, and, therefore, a higher energy consumption. As a matter
of fact, 52 kg/cycle of hydrogen are needed and, because of the high operative rate, the fuel cell has an average
efficiency of approximately 47%, lower than the passenger vehicle. Regarding the battery, like the passenger railway,
it provides sudden power variations (black line), in a wide interval between -1.5 MW and 2 MW, since the power
vehicle demand, calculated by means of the Newton law of motion, has quite rapid power changes. The battery SOC
and the C-rate vary in higher ranges compared to the previous application, respecting, however, the safety limits
imposed by the Producers.

To perform the hydrogen fueling sizing, 1-day operations are considered. For passengers, 5 daily trips are scheduled,
while 2 complete journeys are taken into account for goods transportation; for this reason, according to the passenger
and freight weight esteemed, 248 kg of hydrogen per day are needed.

The analysis discussed is valid for a standard operating day; to make generalizations, a sensitive study is carried
out, ranging the passenger humber and freight weight of +20%. Equation 1 above highlights the relation between the
tractive force and the mass transported; therefore, when the mass increases, the power demand raises, along with the
hydrogen consumption, and vice versa. Figure 3 below shows the sensitive analysis of the hydrogen consumption per
day; the passenger and freight trains spend 243.5 kg of hydrogen for 80 passengers and 160 tons of goods and 252 kg
of hydrogen for 120 passengers and 240 tons of goods. The passenger rate variation provokes a lower increase
compared to the freight one, given by the amount of mass related.
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Figure 3 — Hydrogen Demand under Different Transportation Scenarios

The hydrogen station has been sized according to the most demanding daily scenario. As shown in Figure 3, with a
freight load per trip of 240 tons, 120 passengers per trip and 7 scheduled routes (two for freight transport and five for
passengers), the daily hydrogen request for the operation of the train resulted in 252 kg. According to a previous study,
a daily operation for the hydrogen station can account for 2-10% of potential hydrogen losses [81]. Considering also
these potential losses, the hydrogen production target for the station sizing has been considered 260 kg/day.

The infrastructure model input parameters are listed in Table 3, for the three main subsystems: electrolyzer,
compressor, and storage tanks. The electrolyzer geometrical properties, such as the cell active area, come from the
regression technique adopted during the model experimental validation, performed in the authors’ previous work [57].
During the validation analysis [57], the best operating point that allows a higher efficiency was found to be around
135 A, then chosen as an input parameter for the simulation of the present case study. The number of cells has been



then scaled up to meet the required hydrogen daily production. Pressure and temperature have been chosen according
to the normal operating range of this electrolyzer technology [55]. For the thermal parameters, namely the specific
thermal capacity and the thermal resistance, during the model validation [57], it was previously deemed appropriate
to extrapolate their values from experimental data coming from different applications in literature [54,58,82-87]. The
values are presented in Table 3.

As described in the modeling section, the hydrogen compressor is modeled with affordable accuracy by assuming
that the process could be described as a polytropic compression. The value of the polytropic coefficient has been
extrapolated from operating hydrogen station modeling and validation [88-90]. A compressor characterization has
been performed by interpolating Equation 9 with the flow chart of a commercial hydrogen compressor [62], and whose
resulting values are shown in Table 3. For the hydrogen storage system, six Type Il horizontal vessels, in steel, have
been chosen, coming from a previous analysis [61,63]. Parameters for each tank are listed in Table 3.

Table 3 - Hydrogen Infrastructure Simulation Parameters

Component Parameters Value
Number of series-connected cells, Ny ceyr [-] 1800
Membrane Cross Section Area, A,, [cm?] 100
Nominal Temperature [K] 353
Nominal Pressure [bar] 10
Electrolyzer Operating Current [A] 135
Electrolyzer Initial Temperature [K] 293
Thermal Resistance, R,;; [°C/W] 0.09
Specific Thermal Capacity C,,; ¢ [kJ/°C kW] 3
Stand-by Power Consumption, %,,om [%] 10
Compressor Flow Rate Parameter, k., [Nm3hr] 3.48
Compressor Flow Rate Parameter, k., [Nm®hr Pa] 116
Compressor Efficiency, 7., [-] 0.8
Compressor Polytropic Coefficient, m [-] 1.609
Suction Pressure [bar] 10
Intercooler CoP [-] 15
Maximum Pressure [bar] 350
Number of Tanks [-] 6
Volume [m?] 1.44
Storage Nominal Pressure [bar] 350
Maximum Pressure [bar] 400
Minimum Pressure [bar] 87.5
Nominal Capacity [kg] 435

The trip and dispensing scheduling have been matched, as shown in Figure 4. The fueling ramp rate is considered
2.4 kg/min, intermediate among the common ramp rates (1.2 and 3.6 kg/min) [91]. The fueling time for the passenger
train is 13 minutes and about 22 minutes for the freight transportation train. Since the route time for one trip is
considered to be roughly 2 hours for the passenger trains, the refueling processes have been scheduled at 7 am, 10 am,
1 pm, 4 pm, and 7 pm. For freight transportation, the trains are considered in standby operation (SB) to be refueled at
9amand 2 pm.
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Figure 4 — Hydrogen Dispensing Scheduling

According to the dispensing schedule, the hydrogen station power trend is presented in Figure 5. The main power
demanding component is the electrolyzer, with power consumption ranging from 670 kW during the startup phase, as
shown in Figure 5b, stabilizing at 620 kW once the production is settled. The electrolyzer transient phase is
conditioned by the thermal and pressure transients. The thermal transient is mainly referring to the electrolyzer target
temperature achievement, set to 80°C. The initial electrolyzer temperature has been considered 20°C and processed
as model input, with an external temperature of 20°C. When the electrolysis reaction occurs, heat is released according
to the thermodynamic model explained in the “Numerical Modeling” Section. The cooling system provides the
disposing of the excess heat generation, after the electrolysis having reached the chosen working parameters. Pressure
transients occur at the very beginning of the electrolyzer operation when anodic and cathodic chambers are pressurized
until the working pressure achieves the nominal operation target. Once the pressure target is met, the hydrogen storage
compressor starts its operation. In Figure 5a it is possible to track the increase of the power trend when the refueling
processes start. The storage is considered to be composed of two banks. Each bank has three hydrogen tanks. The
main criteria and logic are to draw from the tank with the highest pressure level. Particularly, the first refueling
processes require less energy, since the hydrogen within the storage tanks present high-pressure levels, as shown in
Figure 6a and Figure 6b. When the hydrogen trains are refueled, the hydrogen pressure within the tank drops to lower
levels. For this reason, the compressor power demand is higher for the latest refueling processes.
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Figure 6 — Hydrogen Station, Storage Pressure Levels for Bank 1 (a) and Bank 2 (b), considering a production of 252 kg/day

The station sizing and daily performance have been analyzed for the most demanding scenario, with a daily
hydrogen request for the trains of 252 kg. As for the train operation, a sensitive study is carried out, ranging from
+20% the trip passenger number and freight capacity. Figure 7 shows the results of this analysis. Considering 240 tons
of goods and 120 passengers, the daily hydrogen station energy demand resulted to be 15.6 MWh/day, with a specific
energy consumption of 61.8 kWh/kg of dispensed hydrogen and an LHV efficiency of 54%. The main energy rate
belongs to the electrolyzer system, with a value of 57.2 kWh/kg, followed by the compressor, with a value of 3
kWh/kg, and by the dispensing process, 1.6 kWh/kg. As long as the hydrogen demand decreases, the electrolyzer,
sized for the maximum capacity (260 kg), presents fewer working hours, and more hours when the unit is set in-standby
mode, requiring 10% of its nominal power. The stand-by hours achieved in the lowest demanding scenario (160 tons
of goods and 80 passengers) are slightly more than 1 hour, with a hydrogen dispensing demand of 243.5 kg/day. In



this case, the hydrogen station energy demand drops to 15.1 MWh/kg, with a specific power consumption of 62.1
kwWh/kg of hydrogen dispensed and a system efficiency of 53.7%. The drops in the hydrogen demand do not heavily
affect the specific energy consumption and the system efficiency, but the station results to require 500 kWh less in the
lowest demanding case than the operation at full capacity.
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Figure 7 — Hydrogen Station Energy Demand under Different Transportation Scenarios

The energy performances of the investigated energy system have been then used as input parameters for the
economic analysis. Considering the operation of the most demanding scenario (260 kg/day of hydrogen production
and 252 kg/day of hydrogen dispensed), an economic assessment has been carried out. For the purposes of this
analysis, the discount rate, i, has been set equal to 7%, according to the Italian Market, while the system lifespan set
to 15 years, equal to the lifetime of the hydrogen trains. The general inflation rate, g, is considered to be equal to 3%,
and the energy system availability is set to 95% of the annual potential railway sector working days (365 days/year).

As the first step, the LCOH method has been applied, showing a value of 8.1 €/kg considering the on-site electrolytic
production. With reference to the current Hydrogen Market [92,93], the hydrogen price has been considered to be 12
€/kg of hydrogen dispensed, with a profitable margin of almost 4 €/kg.

Once the hydrogen price has been set, the TCO of the whole system has been calculated, resulting in an overall
value of 12.1 €/km, whose single-rate breakdown is composed of as follows: 3.23 €/km for the hydrogen train
investments, 0.43 €/km for the hydrogen station facility investment, 2.22 €/km for the depreciation, 3.12 €/km for the
fuel cost, 0.38 €/km for the labor cost, and 2.64 €/km for the maintenance activities.

The calculated TCO shows a good match with European Union Hydrogen Train analysis [94], whose feasibility
study for hydrogen trains reports a TCO value of 12 €/km under similar circumstances. In comparison with
conventional technologies for a similar scenario [95], the investigated system resulted to have a TCO very close to the
Diesel Train (8.8 €/km), and it represents a better option if compared to the full-battery electric train (14.8 €/km) and
potential new electrification of the catenary (44.9 €/km) [95].

After the economic static analysis, a dynamic financial analysis has been carried out, considering a passenger ticket
reference price of 5 €/trip according to the timetable and prices of regular trains belonging to the primary train operator
in Italy [96], and a freight transport payload of 13 €/ton, according to current market tariffs for Southern Italy Regional
Transport, retrieved from the Italian Company “TRT Trasporti e Territorio” 2018 report [97]. The main results are
summarized in Figure 8. The initial investment accounts for almost 11350 k€, whose main rate belongs to the two
hydrogen trains, with a specific investment of 5,000 k€ for each train. The hydrogen station cost breakdown is shown



in Figure 8a: the electrolyzer presents the main cost, with about 54 % of the facility cost, followed by the compressor
(24%) and by the storage tanks (9%).

The discounted annual cash flows are shown in Figure 8b: at years 5 and 10, the annual cash flows present lower
values due to electrolyzer stack replacements. The breakeven point is reached after a payback period of 4.2 years.
Indeed, the business case has shown an overall NPV, at the end of the 15 years, of 20,000 k€, and an ROI of about
19%.
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the Hydrogen Train Station Facility (b)



4. CONCLUSIONS

Advanced and alternative technologies are worldwide investigated by industry and scientific community, proposing
cleaner and more efficient solutions to the mobility sector, to replace the fossil fuel-based conventional vehicles.
Hydrogen is already recognized as the most comprehensive energy vector, offering deep decarbonization and high
energy performance when coupled with fuel cell technology.

In this train of thought, this article aimed to investigate the feasibility and the integration of a hydrogen refueling
station for fuel cell hybrid trains, for passenger and freight transport. The analysis adopted the models implemented
and presented by the authors, based on a dynamic and multi-physics approach, and applied to a Regional Scenario
case study, in Southern Italy, with a track length of about 140 m, under the Water and Energy Italian Market
assumptions.

An ad-hoc designed dispensing schedule has been considered, integrating the features and the operation of the
hydrogen station with the fuel cell hybrid train performance and with the route features.

The powertrain components of the fuel cell hybrid trains have been sized and chosen: two 180 kW fuel cell stacks,
and LFP battery packs, with two different configurations depending on the train type, if for passengers or freight.

The fuel cell system chosen for the passenger trains resulted to require about 29 kg/cycle of hydrogen, operating
with an average efficiency of 50%, while for the freight transport the fuel cell stacks required about 52 kg/cycle of
hydrogen, with an average efficiency of 47%.

To size the hydrogen fueling station, 1-day operations are considered. For passengers, 5 daily trips are scheduled,
while 2 complete journeys are taken into account for goods transportation. Thanks to energy investigations on the
hybrid train performance, according to the passenger and freight weight esteemed, about 250 kg of hydrogen per day
are needed. The station resulted to be mainly composed of a 670 kW-PEM electrolyzer, operating at 10 bar with a
working temperature of 80 °C, producing 260 kg of daily hydrogen, stored at 350 bar via a volumetric compressor,
and dispensing 252 kg per day. The main energy share in the hydrogen station operation belongs to the PEM
electrolyzer, whose power reached a maximum value of 670 kW during the startup phase, lowering to 620 kW once
the electrolyzer operation stabilized. The station daily energy consumption has been evaluated, too, achieving
approximately 15.6 MWh.

Considering the sized hydrogen station and the train operation, a sensitivity analysis is proposed, focusing on the
main system parameters, ranging the passenger number and freight weight of £20%. The passenger and freight trains
required a total amount of 243.5 kg of hydrogen during a daily operation for 80 passengers and 160 tons of goods, and
252 kg of hydrogen for 120 passengers and 240 tons of goods. As main conclusions, the passenger rate variation
presented a lower increase compared to the freight influence, given the related amount of mass.

Promising results are reached, demonstrating the feasibility and benefits of the system, also in terms of energy
performance, with a facility energy efficiency over 50%, maintaining high values even in the most demanding
scenarios. The drops in the hydrogen demand did not heavily affect the specific energy consumption and the system
efficiency of the hydrogen station, but the station resulted to require 500 kWh less in the lowest demanding case than
the operation at full capacity.

A sensitive analysis has been carried out considering suitable variations of passenger and freight transported and
investigating the behavior of the fuel cell hybrid powertrain, whose operation in two trains reaches a maximum
hydrogen consumption of 252 kg per day. According to the train consumption, a hydrogen facility has been
conveniently sized and the daily energy consumption evaluated, achieving approximately 15.6 MWh.

In the last step, the economic investment needed for the integrated hydrogen system railway-infrastructure has been
deeply investigated, using static and dynamic analyses, showing a levelized cost of hydrogen and a total cost of
ownership respectively of about 8 €/kg and 12 €/km, a return on the investment of almost 19% and a payback period
of 4.2 years.

The investigated case study showed how these technologies can provide a sustainable and valid option to the
mobility sector, both from a technical point of view, by guaranteeing important values of infrastructure energy
efficiency and a reduced train hydrogen consumption, and from an economic point of view, with acceptable return-
on-investment and pay-back period. In particular, the achieved promising results confirm the huge potentiality of
hydrogen use in heavy-duty transport applications, considering both the high performance and the positive economic



factors, and they highlight the feasibility of integrated systems fuel cell railway-hydrogen infrastructure for Regional
scenarios.
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Stand-by Power Consumption [%]

Active Electrolytic Cell Area [cm?]
Hydrogen Annual Production [kg]
Exponential Coefficient for Electrolyzer Ancillary Power Consumption, 0.249 [-]
Consumption [g s-1]

Capital Expenditure Cost [€]

Total thermal capacity of the electrolyzer [k]/ K]
Fuel Cost [€]

Labor Cost [€]
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Cash Flow per year [€]

Coefficient of Performance [-]
Depreciation [€]

No load voltage [V]

Nernst voltage [V]

Reversible Voltage [V]

Thermo-neutral Voltage [V]
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General inflation rate [-]
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Direct Current [A]

Exchange current, 4.576e-05 [A]
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Faraday Efficiency Coefficient, -0.0922 [-]

Faraday Efficiency Coefficient, 0.0091 [%]
Faraday Efficiency Coefficient, 0.00003 [é]
Faraday Efficiency Coefficient, 0.0000003 [%]

Coefficient for Electrolyzer Ancillary Power Consumption, 0.193 [W]
Compressor Flow Rate Parameter [Nm®/hr]
Compressor Flow Rate Parameter [Nm3/(hr - Pa)]
First Davis Coefficient [N]

Second Davis Coefficient [N s m-1]

Third Davis Coefficient [N s2 m-2]

Equivalence factor [-]

Faraday constant, 96485000 [Coulomb/kmol]
Polarization resistance [Q]

Hydrogen lower heating value, 33.3 [kWh/kg]
Polytropic Coefficient [-]

Mass Flow Rate [kg/s]

Mass [kg]

Molecular Weight [kg/kmol]

Life span of the system [yr]

Number of cells [-]

Net Present Value [€]

Pressure [Pa]

Number of Components needed replacement [-]
Capacity [Ah]

Exponential capacity [(Ah)-1]

Heat transfer rate required to cool down the system [W]
Year of Replacement [yr]

Universal gas constant, 8314.3 [J/(kmol - K)]
Battery internal resistance [Q]

Total thermal resistance of the electrolyzer [K/W]
Hydrogen gas constant, 4124.2 [J/(kg - K)]
Reselling Price [€]

Capacity factor for low frequency currents [-]



Wel,nom
Wel,stack

Subscript
a
anc
B

c
cell
e
eff
el
€q
FC
H,
in

If
max
nom
0,
out
p
res
tank
target
tr

T

v

Abbreviation
B
CAPEX
CFR
DC
ECMS
FC
FCEV
LCOH
LFP
OPEX
PEM

Time [s]

Membrane Thickness, 0.03306 [cm]
Temperature [K]

Train Total Distance per year [km]
Voltage [V]

Speed [ms-1]

Power [W]

Electrolyzer Nominal Power [W]
Electrolyzer Stack Actual Power [W]
Number of free electrons [-]

Charge transfer coefficient, 0.5316 [-]
Empirical Coefficient, 0.315 [-]
Track slope angle [grad]

Standard Gibbs energy [J mol-1]
Compressor Efficiency [-]

Membrane Water Content, 17 [-]

Parameter related to average ambient conditions
Parameter related to the ancillary system
Parameter related to battery

Parameter related to the compressor
Parameter related to the cell

Exponential value

Effective value

Parameter related to electrolyzer

Equivalent value

Parameter related to fuel cell

Parameter related to hydrogen

Parameter related to water

Parameter in input to the system

Parameter related to low frequency dynamics
Maximum Value

Parameter related to nominal condition
Parameter related to oxygen

Parameter in output from the system
Parameter related to the hydrogen production
Parameter related to resistance losses
Parameter related to the tank

Value to achieve

Parameter related to traction

Total value

Parameter related to the vehicle

Battery

Capital Expenditures

Capital Recovery Factor

Direct current

Equivalent consumption minimization strategy
Fuel cell

Fuel Cell Electric Vehicle
Levelized Cost of Hydrogen
Lithium iron phosphate
Operational Expenditures
Polymer Electrolyte Membrane



ROI Return on Investment
soC State of charge
TCO Total Cost of Ownership
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