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ABSTRACT

Battery- and hydrogen-powered trains are emerging technologies that have the potential to play a key role in the decarbonization
of railway lines for which full trackside electrification is not feasible. In this study, we examine Pareto-optimal energy supply
concepts for a specific location along the Cologne-Gerolstein railway line. We investigate two supply concepts, one for battery
trains making use of overhead line islands (OHLIs), referred to as the OHLI supply concept, and another for hydrogen trains that
make use of hydrogen refueling station (HRSs), referred to as the HRS supply concept. The public grid, as well as renewable energy
sources such as wind and PV energy, are considered sources of electrical energy supply. The sizing of these takes into account
storage technologies and load time series specific to each supply concept. Simulation models are defined to evaluate the char-
acteristics of an OHLI and HRS supply concept located in a small town (Gerolstein, Germany). Our findings indicate that the HRS
supply concept results in more than twice the cost per MWh (111%/MWh higher) compared to the OHLI supply concept.
However, the HRS supply concept achieves a 24.7% higher degree of self-sufficiency. Furthermore, the HRS supply concept
requires a larger energy system in terms of installed renewable power and storage capacity. This enables the HRS to supply the
entire line with energy, whereas the OHLI supply concept covers only a share of the overall energy demand of battery trains at the
location under consideration. The remaining energy demand is covered by existing overhead lines or OHLI at another location.

1 | Introduction achieve further decarbonization of the rail sector, it is necessary

to introduce alternatives on routes on which full electrification

The railway system represents a transport mode that can make
a significant contribution to meeting future mobility needs
through high efficiency and safety standards. However, on non-
electrified routes with low traffic volumes, local passenger
transport often relies on hydrocarbon-based fuel sources [1]. To

is neither possible nor economically viable.

Two types of multiple-unit train systems are being considered
as potential replacements for fossil fuel-based train systems
(primarily diesel trains), where electrification of the entire line

Acronyms: BEMU, battery-electric multiple unit; CAPEX, capital expenditures; CO2-eq, carbon dioxide equivalent; DMU, diesel multiple unit; HEMU, hydrogen-electric multiple unit; HRS,
hydrogen refueling station; HVAC, heating, ventilation, and air conditioning; MO, multi-objective optimization; OHLI, overhead line island; OPEXo, Operational expenditures; PV, photovoltaic; PVS,
photovoltaic system; SMOOTHs, Simulation Model for Optimized Operation and Topology of Hybrid Energy Systems; TPTt, trajectory planning tool; WT, wind turbine.
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is not possible or not feasible: hydrogen—electric multiple units
(HEMUs) and battery-electric multiple units (BEMUs) [2]. The
multiple-unit train systems differ in terms of energy efficiency,
operational range, and energy supply concepts. BEMUs can be
operated with higher efficiencies due to their technological
characteristics [3]. However, they generally have shorter oper-
ational ranges than HEMUs, which have ranges that allow for
operation for well above 10h [4], while achieving an opera-
tional range of up to 1000 km [5, 6]. For BEMUs, the opera-
tional range lies at about 80-100km [5, 7]. Note that the
operational range depends on the battery, fuel cell, and
hydrogen vessel capacity, as well as the operation profile, train
specifications, and other impacting factors. The energy supply
concept for BEMUs requires the provision of electrical energy to
charge the respective batteries and HEMUs require hydrogen, a
chemical energy carrier.

A BEMU typically draws the traction energy required for movement
and auxiliaries during operation from the overhead line or an
installed battery. The overhead line can be fed from the traction
energy supply or from a decentralized rail energy supply. A central
rail energy supply utilizes the railroad energy supply network. If this
is not available, overhead line island (OHLI) systems can be
installed, which require a connection to the public electricity grid,
constituting a decentralized system. An OHLI consists of an over-
head line and a feeding substation that is erected only on a portion
of the route between the departure and destination of a
multiple unit. The OHLI can be positioned along the route or sit-
uated at the end stations depending on the route's topology and
operational requirements [8], as well as at night depots, comparable
to bus depot stations.

Typically, less than 10km of overhead line are erected for a
single OHLI. If there is a BEMU beneath it, it can recharge the
traction battery or use the energy for traction energy demand or
auxiliaries, depending on the energy management of the BEMU.
In sections without overhead lines, the BEMU's energy demands
must be met by battery storage. The energy supply for BEMUs,
using OHLI, is denoted as an OHLI supply concept in this study.

To buffer the demand profile at an OHLI, a stationary battery
storage can be installed, whereas the cost significantly varies.
While Maheswari et al. [9] describes cost ranging from 750 to
2200 €/kWh, in [10], the energy system cost of lithium-ion
phosphate batteries are given as 510-356 $/kWh, depending on
the battery size. The efficiency an lithium-ion battery cell can
reach 97.3% [11]. However, additional components such as
DC-DC converter reduce the overall system efficiency. The
round trip efficiency from AC to AC lies around 85% [12].
Batteries are applied in varying sizes, depending on the use
case. Self-consumption of energy used relatively low battery
capacities up to 100 kWh, whereas for renewable integration
battery capacities up to 1000 kWh are installed [13]. However,
batteries are also applied for storage applications in the MWh
range [11].

The HEMU uses fuel cells to convert hydrogen into electrical
energy, which then powers the electric engines of the respective
train. The hydrogen that is used as a fuel for HEMUs can either
be stored in a liquid or gaseous state. The vehicle storage sys-
tem, as well as the hydrogen refueling station (HRS), must be

adapted to the specific hydrogen state in use. It was assumed
that the HEMUs consist of a storage tank operating at 350 bar.
The HRS provides hydrogen to a HEMU; in general, it consists
of a storage tank and fluid conveying device [6].

The energy supply for HEMUs, using an HRS, is denoted as an
HRS supply concept in this paper.

Fuel cells are a critical part of the HRS supply system. They are
available for different power ranges, from the kW range to the
MW range [14, 15]. Compared with batteries, fuel cells exhibit
advantages in refueling time and energy density. However, the
cost is higher and the efficiency is lower [16]. The electric
efficiency of a fuel can reach up to 70%, where an electric
efficiency of 40% is more common. To further increase the
efficiency, the fuel cell can be used in a combined heat and
power mode, boosting the efficiency up to 95% [15]. The cost of
fuel cells varies significantly, ranging from 3000 €/kW [15] to
100,000 €/kW [17].

In general, the integration of renewable generation technology
shows great potential for system optimization [18]. Therefore,
the utilization of locally-available renewable energy sources for
the energy supply of OHLI and HRS supply concepts can be
considered advantageous from technical and economic per-
spectives. One technical consideration is the reduction of
transmission losses, while an economic one includes cost
reduction through self-generated power and reduced reliance
on purchasing energy from the electricity grid [19]. Further-
more, the integration of renewable generation can mitigate
CO,-eq emissions [8, 18].

A comparison between batteries and hydrogen for rail
application was performed in [20], focusing on the chal-
lenges arising due to demand and not considering the supply
side. In the supply context, the coupling of railway opera-
tion and renewable energy generation offers great potential,
as demonstrated for a region in northeast Germany, study-
ing the production of hydrogen to supply HEMU [21]. The
integration of wind energy systems would also be beneficial
for supplying electrical energy to BEMU, as demonstrated
for a rail line running from Berlin to Poland [8]. However,
the sizing of OHLI and HRS supply concepts requires fur-
ther investigation with regard to a comparison of the
respective supply concepts and the optimized integration of
different energy sources. Sizing the supply is a complex task
that involves considering the energy storage and generation
capacities of various technologies such as wind energy and
PV systems. This task also involves taking into account local
weather resources and the characteristics of load time
series. Furthermore, the system sizing can be performed
with different optimization targets.

Multi-objective optimization (MO) is a technique employed for
these problems. The application enables the optimization of two or
more contradicting target values. Thus, robust system dimensions
can be identified and the influence of the system components on
the respective target variables can be described. Possible optimiza-
tion targets include life cycle costs and the loss of power quality for
an energy system with renewable energy sources, batteries, and
electric vehicles [22]. Other multi-objective optimizations deal with
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CO,-eq-emissions, annuities and own consumption of district en-
ergy systems [23] and the sizing of remote area energy systems
containing back-up units [24].

This study examines the integration of renewable energy systems
for HEMU and BEMU energy supply at a single site by means of
MO. This enables the robust sizing of such systems with respect to
conflicting optimization targets, namely local CO,-eq emissions and
cost. The primary research contributions are:

+ Pareto-optimal sizing of an energy system for a battery-
electric, as well as a hydrogen-based supply concept for a
single location based on a case study in Gerolstein.

« Comparative evaluation of the advantages and disadvantages
of hydrogen and battery-electric train supply concepts from a
single location perspective.

This paper is organized as follows: Section 2 describes the
methodology used. This includes the system dimension opti-
mization approach as well as the operation optimization for
the OHLI and HRS supply concept. Section 3 describes the
results of the case study on a per-supply concept on a single
side. The load and renewable generation time series required
for modeling are introduced and the Pareto fronts are
described to analyze the supply concept characteristics for the
optimization targets cost and CO,-eq emissions. Additionally,
a system at the center of the Pareto front was selected to serve
as an in-depth comparison between both supply concepts,
the results of which are discussed. Finally, Section 4 presents
the conclusions and outlook.

2 | Optimization Model

The optimization approach for the OHLI and HRS supply concepts
is illustrated in Figure 1. The optimization is based on a sizing
optimization and an operation optimization. Both steps alternate.
The sizing optimization algorithm proposes a solution candidate,
which represents a system dimensioning (system configuration).

* Efficiencies
* Operational cost
* System cost
* Lifetimes
* CO2-Emission

Sizing

(Multi-objective metaheuristic

optimization)

System dimensioning (iteration /)

Based on the system sizing, an operational optimization is subse-
quently carried out to allocate the power profiles of the respective
storage capacities, the grid connection and, in the case of the HRS
supply concept, the electrolyzer, taking into account the operating
costs and efficiencies. The results of the operational optimization
and the system sizing are then used for the overall system
evaluation.

Following the system's evaluation, new solution candidates are
proposed by the optimization algorithm to start another iteration.

2.1 | Sizing

For system sizing, a multi-objective optimization with respect to a
cost function f (x) and an emission function frg,_q(X) was
performed, where x represents a generic input.

Seost ) considers the investment, as well as the operation and
variable cost. Operations and variable costs are calculated based
on a constant yearly value for each system component. The
investment cost for a system component s is integrated by
annuities, as per the following Equation:

ro(1+r)k

a; = CAPEX :
) A+ -1

@

CAPEX; refers to the capital expenditure of the system com-
ponent s, Ly its lifetime, and r the interest rate.

Jc0,—eq(*) considers the emissions during operation or construc-
tion, depending on the system component. Emissions during
operation are summed over the period of 1 year. Emissions during
construction are then determined and divided by the lifetime of the
system components. Therefore, f (x) and feg, oo () refer to a
1-year period.

The optimization was carried out for both the OHLI and HRS
supply concepts. Each supply concept consists of a grid

* Efficiencies
* Operational cost

Operation

(oemopg.solph / smooth)

Power allocation (iteration /)

FIGURE 1 | Optimization procedure for the OHLI and HRS supply concepts.
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connection, which acts as a backup for time intervals without
sufficient generation from renewables and to feed in excess
generation. However, the decision vector x differs due to dif-
ferent components for the respective concepts.

Equation 2 describes the variables for the optimization of the
OHLI supply concept:

Xourr = Upv, Iyind> Chattery)s 2

where Ipy describes the number of PV systems, Iying the number of
wind energy systems, and Cpagery the battery capacity. The number
of renewables is discretized to account for the scaling of small-scale
systems, for example, due to string inverters and the power output
of single wind turbines (WTs). The battery capacity is considered
less dependent on discretization as a modular approach and is fairly
common. Furthermore, the costs are modeled depending on the
capacity according to data from [10]. This approach offers a balance
between realism and practicality. The elements of the OHLI supply
system are depicted in Figure 2.

Equation 3 describes the variables for the optimization of the
HRS supply concept:

XHRS = (Pnom—PVa Brom-wind> Csttorage, Pnom—ely)y (3)

where Pyom—py describes the nominal power of PVS, Pyom—wind
the nominal power of wind energy systems, Cpsiorage the
capacity of the hydrogen storage, and Biomely the nominal
power of the electrolyzer. The elements of the HRS supply
concept are modeled with continuous values, as the system
design is tailored for significantly higher power levels.
Therefore, the limitations in scaling a system with dis-
cretized elements are less relevant compared to the OHLI
supply concept. The system elements of the HRS supply
system are depicted in Figure 3.

Table 1 lists the parameters for the WT, PVS, electrolyzer,
and the respective storage technologies for the OHLI and
HRS supply concepts. The cost parameters are divided into

capital expenditures (CAPEX) and

penditures (OPEX).

operational ex-

2.2 | Operation

The operation optimization for the OHLI supply concept is
based on oemof.solph [37]. Oemof.solph models the energy sys-
tem by generic components, namely: sinks, sources, buses, and
transformers.

For the OHLI supply concept, the generic oemof.solph compo-
nents are used. The time series for the renewables are inte-
grated as sources, as a flow with fixed values for each interval.
The two sources (WT and PVS) are connected to a bus, which
represents a supply source. Furthermore, a source and a sink
are assigned to this bus, which represents the grid connection.
Both elements integrate flows that are variable in power, with
the source having as cost the price of energy, and the sink the
negative feed-in tariff. The supply bus is connected by a trans-
former to the battery bus. The transformer is parameterized
with a constant efficiency to represent the AC-DC converter. A
battery is connected to the battery bus, which is modeled by
generic storage. The battery bus is then connected to a load bus
via another transformer, which is also parameterized with a
constant efficiency. This transformer represents the DC-AC
converter. Finally, the load time series of the OHLI is connected
to the load bus in the form of a sink, with fixed values over the
optimization period. The time period for the optimization is
1 year, which is resolved in 10-min intervals.

The modular simulation framework, “Simulation Model for
Optimized Operation and Topology of Hybrid Energy Sys-
tems” (SMOOTH), was used to model the HRS supply con-
cept [30]. SMOOTH enables the nonlinear, multi-modal
modeling of technical components such as WT, PVS, battery
storage, and electrolyzers, as well as entire energy systems.
The simulation is time step-resolved. For each time step, an
oemof.solph model for the HRS supply concept is set up and
solved. The simulation is carried out for 1 year, as in the

Stationary storage
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System morphology of the OHLI supply concept. The electricity sources are the grid connection, wind and PVS; the battery storage
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FIGURE 3 | HRS supply concept. The electricity sources are the grid connection, wind, and PVS; the hydrogen source is an electrolyzer; the
storage acts as a buffer; the compressor and subsequent HRS serve as the loads.

TABLE 1 | Parameters for optimizing the OHLI and HRS supply concepts.

Parameter Parameter value Source
Price of energy from grid [€/kWh] 0.1855 [25]
Feed in tariff [€/kWh] -0.05 [26-28]
CAPEX WT [€/kWinstatlea] 1750 [29]
OPEX WT [€/kWinstalted] 30 [30]
CAPEX PVS [€/kWpea] 900 [29]
OPEX PVS [% of CAPEX PVS] 2.5 [30]
Lifetime PVS [a] 25 [31]
Lifetime WT [a] 25 [32]
Lifetime battery [a] 10 [10]
CO, PVS [g/kWhroduced] 48 [33]
CO, WT [g/kWhyroduced] 11 [33]
CO, battery [g/kWhinstaited] 158 [34]
CO, grid consumption [g/kWh] 366 [35]
CO, electrolyzer [g/kgH> producedl] 31.7 [36]
Interest rate [%] 3 Assumed

case of the OHLI supply concept; however, the intervals are
at a 1-h resolution.

3 | Case Study

The case study was performed using the example of the regional
rail route Cologne-Trier, which is currently served by multiple
diesel units. The feasibility of an operation utilizing BEMU and
HEMU, including scenarios for HRS and OHLI supply con-
cepts, has also been investigated.

Figure 4 displays the route location and operated rail lines (based
on timetable year 2021). The full route has a length of 180.1 km,
with 11.8 km starting from Cologne and 6.5km starting from

Trier, being equipped with an overhead line. The HRS and OHLI
sites for the BEMU and HEMU scenarios were set to the location
of Gerolstein, which is also the terminus station of the RB24 line.
The distance between Cologne and Gerolstein accounts for a
length of 111.6 km. The lines Cologne-Trier (RE12/RE22) and
Cologne-Gerolstein (RB24) are operated at a service frequency of
about 30, as given by the timetable [38].

3.1 | Energy Demand of BEMU and HEMU

A generic multiple unit was used to model the energy demand
for the BEMU and HEMU alternatives. The current regional rail
service with diesel multiple units (DEMU) along the respective
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FIGURE 4 | Lines that serve as a basis for the demand time series, modeling the railway track between Cologtne and Trier (based on regional rail

transport service in 2021). The blue line describes the route from Trier to Cologne and the line with green sections the route from Gerolstein to
Cologne. The thin red and black contours of the thick lines mark the electrification status of the respective route section.

lines involves different two- and three-car multiple units. As a
simplification, BEMU and HEMU energy demand simulations
of all lines were carried out based on a two-car multiple. The
specifications of the two-car multiple unit with a Jacobs bogie
are summarized in Table 2. The energy demand at BEMU's
pantograph for one single rotation is 967 kWh, assuming a
normal day, and 1371 kWh for a design day with increased
heating ventilation and air conditioning (HVAC) demand.

It is assumed that an OHLI will be built at Gerolstein to charge
the BEMUs in the context of the OHLI supply concept. For the
hydrogen supply concept, a hydrogen refueling station is
assumed to be built at Gerolstein to supply the hydrogen-
electric multiple units.

The DLR Trajectory Planning Tool (TPT) presented in [39], was
used to model the energy demand of the multiple units. Given the
train specifications and route characteristics (timetable, route, and
elevation profiles, speed limits), a speed trajectory and the associ-
ated power required at the wheel were determined by longitudinal
dynamic simulation. The driving profile is composed of acceleration
and deceleration phases, as well as phases with constant speed.

TABLE 2 | Specifications of the two-car multiple-unit.

Parameter Parameter value
Train length [m] 42

Train empty mass [t] 95

Train number of seats [1] 120

Max. traction power [kW] 1200

Max. velocity [km/h] 140

Pyvac normal case [kKW] 21.4

Max. Pyyac (design case) [kW] 78.4

The total train energy demand was calculated based on the
energy demand at the traction motors. Depending on the
powertrain architecture, that is, fuel cell-, hybrid-, or battery-
electric, the relevant efficiencies of the components are set
based on [39]. The power demand of auxiliaries takes the
consumption of HVAC and traction cooling into account. The
load time series for the design case refers to increased HVAC
demand due to more extreme climatic conditions in terms of
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ambient temperatures (assumption). The normal case considers
average HVAC loads, which were calculated based on the
approach of [40] using average monthly air temperatures in
Germany according to [41].

Taking into account the power requirements for auxiliaries
and for traction, the total energy demand was calculated at
each time step. The TPT models the movement and traction
energy demand of a respective train at a 1-s resolution. A
simplified model was designed to model the energy manage-
ment strategy for the fuel cell- and battery-electric powertrain
setups. The energy management model includes recuperation
of braking energy at times when the battery is not fully
charged.

In the case of the BEMU, the energy demand, which is covered
via pantograph from the overhead line on the OHLI, acts as the
system boundary. The maximum recharging power during
standstill is set to 1.2 MW for a 15kV overhead line system,
which refers to a current of 80 A at the pantograph, according to
limitations given by the normative framework (DIN EN 50367)
[42]. While the train is in motion, we assumed a maximum
power of 1.8 MW during the trip per BEMU.

The BEMU battery capacity has been set to 670 kWh, based on
an iterative approach considering the energy demand in the
design case and by limiting the minimum state of charge of the
battery system during operation.

The modeling of the HEMU hydrogen demand is based on an
integrated energy model, assuming a 400 kW fuel cell and bat-
tery storage, which covers additional power demand, especially
during the acceleration phases.

For BEMU, the power demand at the overhead line acts as the
system boundary, and for HEMU, the hydrogen demand at the fuel
fill neck is defined as the demand time series system boundary.

Table 3 shows the BEMU and HEMU energy demand
characteristics for a round trip operating on the rail line
Cologne-Trier and the related partial lines, both for the
design and normal case.

The length of the round trip and the electrical BEMU energy
demand do not correlate directly, as only a portion of the energy
is recharged at the Gerolstein OLIA. The share is significantly
influenced by the recharging time and differs depending on
whether the OHLI is located at the start/terminus station or
along the route.

The discussed daily service profiles (given by the service operator
DB Regio) include all trips in both directions (Gerolstein-Trier,
Gerolstein-Cologne) and are carried out with different two- and
three-car DMUs (Alstom Lint 81 and Lint 54, Bombardier Tal-
ent). During the study there have been only a limited number of
2-car BEMUs available to the market. As a simplification, we
modeled two-car DMUs based on the abovementioned specifi-
cations of a two-car generic multiple unit, which is shorter than
the state of the art DMUs. The 3-car DMUs (train length of 81 m)
are modeled by two coupled generic 2-car multiple unit
(2x42m), accounting for the increased energy and power
demands.

The double traction of multiple units has been considered in the
BEMU and HEMU scenarios, which results in additional power
and energy demands.

In the BEMU scenario, double traction leads to doubled power
requirements due to the parallel recharging of each
multiple unit (i.e., one pantograph per multiple unit). The
actual power demand of BEMU and thus the power require-
ment at the charging substation depends on the number of
BEMUs recharged simultaneously and the BEMU's powertrain
specifications (i.e., transformer, battery system power) and the
overhead line system (voltage level, current carrying capacity).

Regarding the HEMU scenario, the same assumptions regard-
ing the trips in double traction given by the daily service profile
have been made which results in an increased overall hydrogen
demand and an increased number of refuelings.

3.2 | Modeled Time Series

The modeling is based on load time series and renewable gen-
eration time series. Depending on the supply concept, the load
time series differ significantly, whereas the basic renewable
generation time series is identical for both supply concepts. As
the time series are of critical importance to the simulation
results, their modeling is described in detail. The location under
investigation here is Gerolstein.

3.21 | Load Time Series

The load time series in this study are based on the dynamic
modeling of the BEMU und HEMU energy demand with the
example of the Cologne-Trier route.

TABLE 3 | Rotations length and respective energy demands for BEMU and HEMU round trips at OHLI and HRS Gerolstein for the different

train services.

Parameter Case Cologne-Trier Cologne-Gerolstein Gerolstein-Trier
Length [km] Both 360 222 137
BEMU [kWh(el.)] Normal 186 197 157
BEMU [kWh(el.)] Design 280 366 260
HEMU [kg(H,)] Normal 51.5 36.4 16.7
HEMU [kg (H,)] Design 72.4 50.0 24.2
7 of 16

85UB017 SUOWIWOD BAITER1D 3|qeal|dde sy Aq peussnob ake sejonie YO 8sn Jo se|nJ 1o AiqiT auluO A8|IM UO (SUONIPUOD-PUE-SLLBIW0Y A3 |1 ARe1g||BU|UO//SAY) SUONIPUOD pue Swie | 8y 8eS *[GZ0Z/TO/ST] Uo Ariqiauliuo A8|IM “UuBWeD Z)oywRH "Q U] Mued wrey 'N-4Nn7 'd wniuwz yasia Aq 8T0Z €859/200T 0T/I0p/W0d" A |1 Arelq 1 pul|UO'S feuno 1os//:sdny wiouy pepeojumoq ‘0 ‘50500502



For this study, the two concepts differ with respect to the
temporal resolutions of the optimizations and coverage of
the route energy demand that were carried out. The BEMU
load time series of a respective supply concept is composed
of all trains that stop at the OHLI Gerolstein over 1 day. In
the OHLI supply concept, an interval length of 10 min was
selected for optimization to represent the temporal dynam-
ics of the load time series, which were calculated by the
train energy simulation, while keeping the calculation effort
reasonable. The load time series for the OHLI supply con-
cept of one example day is shown in Figure 5.

Furthermore, it should be noted that the OHLI in Gerolstein only
covers part of the total energy demand of the line. The remaining
energy demand is provided by the existing electrification at the
starting point, the terminus stations, and another OHLI.

In the HRS supply concept, an interval length of 1h was
selected for optimization. The HRS supply concept covers the
entire hydrogen demand of all HEMU running on the line of an
HRS constructed in the vicinity of Gerolstein station. Assuming
a rolling operation of each HEMU on the discussed lines, an
average hydrogen demand for all hydrogen trains was calcu-
lated, which must be provided during each refueling. The load
time series for the HRS supply concept for 1 day is shown in
Figure 6. Compared to the electrical load time series, displayed
in Figure 5, the hydrogen demand time series exhibits less
dynamics over the course of a day.

To model the load time series of the OHLI and HRS supply con-
cepts for 1 year, synthetic time series were generated, consisting of a

Power at OHLI
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FIGURE 5 | Load time series of the OHLI for one normal day.
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FIGURE 6 | Hydrogen demand at the HRS for one normal day.

normal case and a design case. The design case models an increased
demand of multiple units due to operation of the HVAC in chal-
lenging weather condition. The design case was integrated for
2 weeks in winter and summer, respectively, when extreme weather
conditions prevail. For winter, calendar weeks three and four were
selected. During these weeks, low wind and PV resources were
available [43]. These conditions pose particular challenges to a
renewable-based energy system, as low energy resources are avail-
able and low temperatures lead to increased energy demand due to
heating. To integrate the design case in summer, the temperature
time series of Gerolstein was analyzed. The design case was used for
the two consecutive weeks with the highest temperatures.

3.2.2 | Renewable Power Generation

The weather time series for the Gerolstein site, provided by
open_FRED [44], serve as the basis for the modeling of re-
newables. The irradiation data, used for PV-modeling, were at
15-min resolution intervals and the wind data, used for wind
energy modeling, were at 30-min resolutions.

Electricity generation by a WT was modeled using windpowerlib
[45]. This software package requires a weather time series and
WT type as input parameters. An Enercon E82/2000 is assumed
to be the turbine type, which was modeled with a rotor diam-
eter of 82 m, a nominal power generation of 2000 kW, and a hub
height of 108 m.

Generation by a PV system (PVS) was modeled using pvlib [46].
A Fronius Symo Advanced 20.0-3 480 was selected as the
inverter type and Hanwha Q.Cells Q.Peak BLK G4.1 290Wp were
selected as the module type. Three strings, with 22 PV modules
each, were selected to represent a PVS unit based on [47]. With
a peak power of 290 W per module, this results in a peak power
of 19.14 kW per PVS unit.

The integration of the renewables differs for the OHLI and HRS
supply concepts. The OHLI supply systems discretize renew-
ables electricity generation, allowing only the addition of single
WTs and PVS units to account for the general lower power
magnitudes. The HRS supply systems require higher electrical
power, and therefore the renewable electricity generation is not
discretized to reduce the computational complexity.

3.3 | Results

To evaluate the results, the Pareto fronts for the OHLI and HRS
supply concepts are described with respect to the sizing of the
system components. For both supply concepts, a system configu-
ration that lies in the center of the Pareto front were compared to
each other. The system configurations were thus compromised
between a system configuration with the lowest costs and a system
configuration with the lowest CO,-eq emissions.

Furthermore, a comparative analysis of a single system con-
figuration, which lies in the center of the Pareto fronts of the
respective supply concepts, is presented.

8 of 16

Energy Science & Engineering, 2025

85UB017 SUOWIWOD BAITER1D 3|qeal|dde sy Aq peussnob ake sejonie YO 8sn Jo se|nJ 1o AiqiT auluO A8|IM UO (SUONIPUOD-PUE-SLLBIW0Y A3 |1 ARe1g||BU|UO//SAY) SUONIPUOD pue Swie | 8y 8eS *[GZ0Z/TO/ST] Uo Ariqiauliuo A8|IM “UuBWeD Z)oywRH "Q U] Mued wrey 'N-4Nn7 'd wniuwz yasia Aq 8T0Z €859/200T 0T/I0p/W0d" A |1 Arelq 1 pul|UO'S feuno 1os//:sdny wiouy pepeojumoq ‘0 ‘50500502



0.06 10 E
© 22 ‘~\ T 22 5 2
5-2 | 005 82 o ]
S, = &M 8 £
O A 0.04 = © =
&, 1.81 > &18 N 73
2 o \ z
<} $ 0.03 & S s 6 S
216 GEJ 216 =
2 N\ g £ \ 5 O
E1a 0.02.x Eia L 2
£ \ ¥ E " 4 =
{‘i’l 2 . 0.01 }1&,;1,2 \\ : 2
o o c
N “ N -
1.0 \"—'m- - 1.0 \-'—lon- o , 2
0.3 0.4 0.5 0.6 0.7 G20 0.3 0.4 0.5 0.6 0.7
Cost [M€/a] Cost [M€/a]
(A): Installation of PV power (B): Installation of wind power
E 2.2 *\
@ . =
~N 2.0 ;
(@] .
O . =
=18 \ 4
) '\ 5’
c
216 . 3
4 N\, *3
E1a \ -
€ N\ 2&
b ©
& ~
1.0 \\--‘.C 1
0.3 0.4 0.5 0.6 0.7
Cost [M€/a]
(C): Battery storage capacities along the pareto front
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3.3.1 | Pareto Front of the OHLI Supply Concept that built the same number of WTs, are therefore referred to

Figure 7 shows the Pareto front of the OHLI supply concept
with respect to the system configurations.

Figure 7A shows the installed nominal powers of PVS along
the Pareto front. With regard to PV systems, it can be seen that
these were built at the beginning of a wind stage (constant
number of wind energy systems), that is, they achieve the
lowest values in terms of costs. It can be concluded that PV
systems are an instrument for adjusting costs and CO,-eq
emissions within a wind stage.

Figure 7B displays the installed nominal powers of WTs
along the Pareto front. It can be seen that the number of
WTs (the maximum power per WT is 2000 kW) essentially
determines the position of the dimensioning on the Pareto
front. Dimensioning with low costs has a high number of
WTs. The number then gradually decreases until a single
WT is installed. In the following, parts of the Pareto front

as the wind stage.

Figure 7C shows the installed battery capacity along the Pareto
front. In terms of battery capacity, it can be seen that moderate
capacities are used along the entire Pareto front. These there-
fore represent a sensible addition to integrate renewable energy
generation into the system to reduce costs, as well as CO,-eq
emissions. If the Pareto front is examined in the direction of
high costs towards minimal CO,-eq emissions, it becomes
apparent that battery capacity is steadily increasing. The local
storage is thus used to avoid the purchase of grid electricity,
which is parameterized with high CO,-eq emissions. However,
it should be noted that an increasing battery capacity is
reflected in strongly increasing costs, whereas the reduction of
CO,-eq emissions is comparatively small. Thus, a reduction in
the CO,-eq emissions from approximately 1000 t/a to approxi-
mately 900 t/a represents a CO,-eq emissions reduction by 10%,
whereas the cost increase from 550 k€ to approximately 690 k€
represents an increase in cost by 25%.
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FIGURE 8 | Pareto front for the HRS supply concept. (A) Installation of PV power. (B) Installation of wind power. (C) Installation of H, storage.

(D) Installation of the electrolyzer.

3.3.2 | Pareto Front of the HRS Supply Concept

Figure 8 shows the Pareto front for the HRS supply system and
its system configurations. Due to the significantly increased
system complexity, and so the higher computation times, the
Pareto front is less populated compared to the OHLI supply
concept.

Figure 8A, it can be seen that the CO,-eq emission minimum is
characterized by a PVS with high peak power. All other system
configurations are characterized by smaller PVS but do not
show a distinct trend of PVS size.

The installed WT power capacities are shown in Figure 8B.
It can be seen that in the low cost direction, higher WT
power tends to be installed. Furthermore, the system con-
figuration with the lowest CO,-eq emissions is characterized
by the lowest WT power. Overall, a lower dependency of the
HRS concept on the installed type of renewable plant is
observed, compared to the OHLI supply concept.

Figure 8C shows the installed storage capacities. A clear
dependence of CO,-eq emissions on storage capacity is appar-
ent. The lower the costs, the lower the installed storage capacity
is. It should be noted, however, that even at a minimum cost, a
storage capacity of about 10 ty , is installed.

Finally, Figure 8D shows the dimensions of the electrolyzer on
the Pareto front. Systems with low costs exhibit lower installed
electrolyzer power compared to the CO,-eq minimum.

3.3.3 | Comparative Analysis

For a comparison of the OHLI and HRS supply concepts, a
solution lies in the center of the Pareto fronts between the
minimal cost solution and the minimal CO,-eq emissions
solution for each supply concept. Table 4 summarizes the sys-
tem dimensioning and parameters of both systems used for the
comparative analysis.
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TABLE 4 | System configuration and KPIs for comparative analysis.

Parameter

OHLI supply concept

HRS supply concept

Demand

Energy coverage [%]

Cost (annuities) [M€/a]
CO,-eq. emissions [t/a]

PV peak power [MW]
Nominal wind power [MW]
Storage capacity

Self-sufficiency [%]

4467 kWh/a (electric)

1380 t (H,)

20.4/43.8 100

0.41 8.9
1287 3730

0.38 25

4 19

1172 kWh (electric) 46 t (Hy)

76 100

OHLI
I HRS

4.47

Energy demand
[GWh/a]

Annuity
[TEUR/(a- GWhg)]

Self sufficiency PV peak power
[%] [MW/GWhy]

(A): Energy demand, annuity, self-sufficiency, and PV peak power

33.3

Storage capacity
[MWh/GWhy]

Wind power
[MW/GWhy]

288 100
OHLI 11

wzzz OHLI 12
B HRS all

7

CO,-eq Emissions

Coverage
[t/(a- GWhg)] [%]

(B): Wind power, storage capacity, CO»-eq emissions, and coverage

FIGURE 9 | Comparative analysis of the OHLI and HRS supply concepts that lie at the center of the Pareto fronts. (A) Energy demand, annuity,

self-sufficiency, and PV peak power. (B) Wind power, storage capacity, CO,-eq emissions, and coverage.

Figure 9 compares a compromise solution for the OHLI and
HRS supply concepts at the Gerolstein study site.

The HRS supply concept provides more energy to the respective
multiple units than the OHLI one, as displayed in Figure 9A. On
the one hand, this is caused by higher conversion losses of the

hydrogen-electric drive in comparison to the battery-electric one,
leading to a higher energy demand for the HRS supply concept. On
the other hand, the hydrogen path supplies all vehicles on the line
with their entire energy demand; the OHLI path, meanwhile,
supplies only a part of the total energy demand at the Gerolstein
location (Figure 9B). Note that for the OHLI supply concept, two
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different lines (see Figure 4) with different lengths are supplied with
energy. Therefore, the share of energy differs between both lines. In
the case study, there are existing overhead lines along the route that
provide significant shares of the total energy demand for the OHLI
supply concept. As this study examines a single location, the energy
supply of overhead lines not located in Gerolstein are not
considered.

The evaluations of Figure 9 show a comparative analysis of
both supply concepts (OHLI and HRS). Due to the signifi-
cantly higher energy demand of the HRS supply concept, the
KPIs used for comparison were divided by the energy demand
of the respective supply concept (MWhy). Otherwise, the
higher energy demand of the HRS supply concept scales
optimization targets and KPIs. Only the self-sufficiency KPI is
inherently adapted to the respective demand and, therefore, no
division by the energy demand is carried out.

In the case of the HRS supply concept, significantly greater costs
can be observed on a per supplied MWh basis. However, a direct
comparison must account for several structural differences.

The OHLI supply concept is more flexible than the HRS one
because the grid connection can be used to directly supply the
BEMUs. In the case of the HRS supply concept, a grid con-
nection is also integrated, but the electricity cannot be used to
directly supply the HEMUs; the hydrogen must be produced via
electrolysis and temporarily stored. This increases the system
cost, as the hydrogen supply must also be ensured in corre-
sponding quantities during extreme load times.

It can also be observed that the HRS supply concept produces
lower CO,-eq emissions per GWh of electrical load required,
compared to the OHLI supply concept.

Figure 9B shows the installed power of renewable genera-
tion based on wind and PV. The OHLI system relies pri-
marily on wind energy, whereas the HRS supply system is
mostly based on PV and wind with comparable power levels
(peak power for PV and nominal power for wind) per sup-
plied energy unit.

The HRS supply concept installs larger renewable power capac-
ities, considering the greater total energy demand. Therefore,
energy supply via the hydrogen path would have a significantly
larger local space requirement.

The battery of the OHLI supply concept was installed with a
capacity of 1172 kWh. The HRS supply concept utilizes hydrogen
storage with a capacity of 46 t. Based on the lower heating value for
hydrogen, the energy capacity of the hydrogen storage system is
about 1.5 GWh, which is orders of magnitude larger than that of the
battery. Therefore, the storage capacities differ significantly between
both supply concepts, also if the different system scales are
considered.

Another difference lies in the degree of self-sufficiency of the
respective supply paths Figure 9A. In the case of the OHLI supply
concept, 76% of the electricity demand is served by local generation,
whereas in the case of the HRS supply concept, almost the entirety
of the electricity demand is served by local generation.

3.4 | Discussion

The results indicate a cost advantage for the OHLI supply
concept compared to the HRS one. However, the HRS supply
concept achieves lower CO,-eq emissions in relation to the
energy supplied. Furthermore, the HRS supply concept can
supply the entire line at a single location, which is not the case
for the OHLI supply concept, as in this case study.

This study looks at the energy supply aspect and optimizes the
scalable components, whereby the grid connection is not an
optimization variable. This is particularly important for the
OHLI supply concept, as converters are required to supply
traction current from the public grid, which imposes significant
additional costs. These converters supply the contact wire with
single-phase electrical energy at 15kV and 16.7 Hz, which is fed
from a public three-phase medium-voltage grid that is operated
at 10-30kV and 50 Hz. Especially electrolyzers can stress the
local electricity grid and, if the electric power is sufficiently
high, even have supra-regional effects [48]. In general, elec-
trolyzers bigger than 10 MW have significant demands on the
existing infrastructure. For these, it is particularly advantageous
to utilize existing infrastructure, such as decommissioned
power plants [49]. In [50], 200 $/kW was used as grid connec-
tion cost. Assuming these costs, the annuity increase for the
OHLI supply concept is 0.042 M$/a (2.7 MWp,) and the cost
increase for the HRS concept is 0.324 M$/a (21 MWpgy),
assuming 1$ = 0.92€. This cost always have to be considered in
accordance to the local electricity grid situation. However,
special electrolyzers are capable of changing their power in the
order of milliseconds. Therefore, they can offer flexibility to the
electricity system and thus generate revenue [51, 52].

In this study, the OHLI load time series was modeled in 10-min
intervals. This does not describe the usual time interval for
electricity trading, which is 15 min and was not critical in this
studies, as a constant electricity price is assumed.

Performance degradation of batteries and fuel cells was not
considered in this study. It was not included as these models
significantly increase calculation time. For example [9], mod-
eled battery aging for a 336 interval problem, resulting in 1200 s
calculation time for each run. This paper uses weather data of
1 year. Therefore, the application of such details models is not
possible. The integration of long-term storage and application of
performance degradation models is thus interesting as a direc-
tion of future research.

This study is dependent on several sensitivities. First of all, 1 year
was simulated to highlight seasonal dependencies. However,
other weather years could change the system dimensions, as
wind resources and solar irradiance vary from year to year.

Additionally, the results heavily depend on the parameteriza-
tion. Grid-related CO,-eq emissions are assumed to be static
over the period under consideration, which is not the case in
reality [53]. System element costs are not uniform and decrease
over time due to economies of scale and technological devel-
opments [10, 54]. Moreover, no distinction is made between WT
and PVS feed-in tariffs, which implicitly assumes that there
were no regulatory-based differences between WT or PVS in
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this study. Calculation of Pareto fronts is computationally ex-
pensive. Therefore, it is usually performed using constant cost
parameters, as in [55-57]. Changing parameters of the optimi-
zation does result in a shift of the Pareto front, but no signifi-
cant change regarding the shape of the Pareto front [58]. Both
supply concepts are significantly affected by the cost of PV and
wind energy systems. In [59], capital cost for PV systems are
600-2794 $/kW and wind onshore is 1039-3217 $/kW in cost.
This study considered 900€/kW for PV and 1700 €/kW for
wind. Therefore, the considered capital cost lies between the
minimum and maximum values for both technologies. Fur-
thermore, capital cost on a per kW basis for wind energy sys-
tems are higher than for PV systems. PV and wind energy
systems reached the full commercialization phase [60]. The
future cost for wind energy systems is expected to slow down
[61]. However, the cost decrease in PV systems is expected to be
higher than the cost decrease in wind energy systems. There-
fore, designing a system at a future stage could shift towards a
higher PV integration due to its respective cost reduction [62].
The battery cost is modeled on the basis of 430 €/kWh. In [63], a
review on the battery cost in Germany is conducted. They stated
the cost for medium cost battery systems (< 1000 kWh) between
580 and 710 €/kWh and the cost for large size battery systems
(> 1000 kWh) between 310 and 465 €/kWh. The authors also
stated a cost increase for battery systems from 2021 to 2022
highlighting the uncertainty of cost modeling. According to
Mauler et al. [64], battery pack prices are to be expected to
decrease by around 70% in 2050 compared to 2020. The elec-
trolyzer was parameterized with a cost value of 636 €/kW. This
lies in the range of PEM electrolyzers of 368-800€/kW
(400-870 $/kW, assuming 1 $=0.92 €). Future PEM electro-
lyzer prices are expected to decrease, where the current learning
rate is 7-11% and the target learning rate is 13% [65]. The
electricity cost and feed in tariffs are selected to current prices
schemes for Germany. The electricity cost for industry
increased from 15.32 €/kWh in 2014 to 16.65 €/kWh in 2024.
However, the electricity cost exhibits significant variety as, for
example, in 2022 the electricity cost reached 43.20 €/kWh [66].
The energy cost is especially relevant for the OHLI supply
concept, as it relies to a higher degree on the public grind than
the HRS supply concept. Furthermore, the feed in tariff sig-
nificantly decreased by around 75% from 2009 to 2019 [13]. In
general, feed in tariffs are an instrument of policymakers and
thus are subject to change [67].

The discretization of WTs is an important factor in the case of
the OHLI supply concept, as a clear division into stages can be
seen. Therefore, a different discretization, due to other nominal
wind power values of a single turbine, could influence the
location of the stages. This factor is less significant for the PVS
sizing, as the steps are in the kW range instead of the MW one
that are used in the case of WTs. Another challenge is the
integration of WTs in spatial proximity to the OHLI site. There
are distance rules between WTs and residential areas that could
prevent the construction of WTs. Furthermore, a sufficient free
area must be available for erecting WTs or PVS.

The transport of hydrogen from the production site to the
refueling station must be ensured and a redundant solution
developed for potential operational disruptions (traffic
obstructions, truck failure,a dn so on). This has a negative

impact on the overall costs. For example, a larger storage
capacity must be planned for at the filling station site. These
factors were not considered in the results presented in this
study, however. If the hydrogen is not produced on-site, an
average of approx. 3,800 kg of hydrogen per day have to be
transported by trailer. This means that, on average, around
four lorries per day from an H, production site to the HRS are
required to keep the storage tanks full. If the deliveries cannot
take place daily (e.g. on Sundays), the storage capacity on site
must be expanded accordingly. This is currently around
11,500 kg and 20,000 kg. An expansion is possible with an
impact on overall costs and emissions. The share of trailer
supply in the total system costs of an off-site supply concept is
approx. 15% and 0.02% of the CO,-eqemissions. Furthermore,
a pipeline system could be used for transport. In that case, the
cost depends on pipeline material, required distance and pipe
diameter [68].

4 | Conclusions and Outlook

This study investigates the supply of battery-electric multiple
units (OHLI supply concept) and hydrogen-electric multiple
units (HRS supply concept) at a single site (Gerolstein).
The system configurations are described with Pareto fronts,
where the optimization target variables are the costs and
CO,-eq emissions. Both supply concepts integrate renewable
energy systems along the entire Pareto front. This shows that an
integration of local generation is useful from both a cost point of
view and to reduce CO,-eq emissions. Comparing compromise
system configurations (medium costs and medium CO,-eq
emissions), the OHLI supply concept is more cost-effective,
whereas the HRS supply concept has lower CO,-eq emissions
per unit of energy provided. A structural difference is that the
HRS supply concept provides the entire energy demand,
whereas the OHLI supply concept does not. Thus, the absolute
system size of the HRS supply concept is significantly larger at
the site studied. A full supply from the OHLI supply concept
would require more extensive system dimensioning. However, due
to the island character of the energy supply concept, these systems
would be located elsewhere, therefore not affecting the study's
focus area of Gerolstein.

Further research should examine existing infrastructure and its
costs for the OHLI supply concept. In the past, a falling trend in
feed-in tariffs has been observed. However, the costs for re-
newables is also declining rapidly [69]. Therefore, the system's
sizing for the future could lead to different outcomes. The ef-
fects of extreme weather phases are also a significant factor,
especially for the HRS supply concept. Here, the purchase of
hydrogen via trailers could potentially further reduce the costs.
The upstream electricity grid is also not part of the study. An
evaluation of the grid's repercussions is generally necessary but
requires corresponding data.

This modeling approach, consisting of design and operational
optimization, enables the evaluation of renewable energy inte-
gration in the transformation of non-electrified railway lines. It
can therefore also be applied to other lines to find Pareto-
optimal system configurations.
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