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ARTICLE INFO ABSTRACT

Keywords: The need for sustainable public passenger transport has led to an increase in the number of battery electric rail
Heating vehicles in development and operation. Nevertheless, the energy demand for the heating of the passenger cabin is
HVAC

provided by the battery and leads to limited range, especially at low ambient temperatures. Thermal storage
systems offer an innovative possibility to reduce energy demand for heating from the battery. Therefore, the
presented paper studies the requirements for such thermal storage systems in battery electric rail vehicles. A
thermal car body model is developed in Python and the thermal energy demand in battery electric vehicle
operation is simulated. Scenarios and boundary conditions for environment, track, vehicle and HVAC (heating,
ventilation, air conditioning) control parameters are specified based on current codes and standards for rail
vehicles. The thermal power demand is up to 48 kW in summer and 92 kW in winter for the presented scenario in
climate zone III according to DIN EN 14750. The required size of a thermal storage system is between 52 kWh
and 255 kWh. Overall, the application of these systems leads to an increased rail vehicle range of up to 5.6 %,
which also leads to greater flexibility of the vehicles as they are more resilient against disturbances in daily

Thermal energy demand
Cabin model

BEMU

Public transport

operation.
Nomenclature Symbols
a; Heat transfer coefficient for convection inside
APS Auxiliary Power System a, Heat transfer coefficient for convection outside
BEMU Battery Electric Multiple Unit Qo wall Heat transfer coefficient for convection at outer wall
CAF Construcciones y Auxiliar de Ferrocarriles o window Heat transfer coefficient for convection at outer window
COoP Coefficient of Performance p) Thermal conductivity
DCDC Direct Current, Direct Current A Area
DLR German Aerospace Center cp Specific heat capacity at constant pressure
EU European Union C Heat capacity
FP Flagship Project d Thickness
HEMU Hydrogen Electric Multiple Unit Eool therm.a Annual thermal energy demand for cooling
HVAC Heating, Ventilation, Air Conditioning Eheat therm.a Annual thermal energy demand for heating
ICE Inter-City Express (German high-speed train) Ahg, Change of specific enthalpy of the air in the cabin over a time step
mPCM metallic Phase Change Material hepe Specific enthalpy of the air in the cabin at time step t
OESS On-board Energy Storage System hepei1 Specific enthalpy of the air in the cabin at time step t + 1
op Operating Point h, Vaporization enthalpy of water
OPK Operating Point Kalmar (local) H Absolute enthalpy
PC Power Car Mepy Mass of air in the cabin
TCBM Thermal Car Body Model My b Mass of water in the cabin
TGV Train a Grande Vitesse (French high-speed train) Tin Mass flow of air entering the cabin
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Symbols (continued)

Mpgss Mass flow of water emitted by the passengers
Mour Mass flow of air leaving the cabin

Pool therm,avg Thermal power for cooling, averaged over the cycle

Peoollat Thermal power for latent cooling
Peoot sens Thermal power for sensible cooling
Preat.sens Thermal power for sensible heating

Pheat therm,avg Thermal power for heating, averaged over the cycle
Potal Total power

Piotal therm Total thermal power

Qb cotal Total heat flow entering or leaving the cabin
Qcondi Heat flow from conduction at inside

Qcondo Heat flow from conduction at outside

Qconvi Heat flow from convection at inside

Qconvo Heat flow from convection at outside

Qeool therm Heat flow cooling

Qq Heat flow from electrical heating

Qheat therm Heat flow heating

Qun Heat flow entering the cabin with entering air
Qour Heat flow leaving the cabin with leaving air
Qpass Heat flow from passengers

Qpass.sens Sensible heat flow from passengers

Qpass lat Latent heat flow from passengers

Qrad Heat flow from radiation

Qrad.abs Heat flow from radiation absorbed by the wall
Qradem Heat flow from radiation emitted by the wall
Qrad.win Heat flow from radiation transmitted by the window
QTvp Heat flow through heat transport

t Time

At Change of time / time step

T Temperature

Tamb Ambient temperature

Tep Temperature in cabin

Tep,ref Reference setpoint temperature in cabin

Ts Temperature at melting point

Tsuri Surface temperature inside

Tsuf.o Surface temperature outside

T; Temperature at time step t

T Temperature at time step t + 1

% Velocity

Vea Volume flow of circulating air

Vera Volume flow of cabin entering air

Via Volume flow of fresh air

Vﬁesh_P_sp Setpoint volume flow of fresh air

Vaa Volume flow of mixed air of recirculating air and fresh air
AXep Change of absolute humidity over a time step
Xebes1 Absolute humidity in the cabin at time step t + 1
Xin Absolute humidity of the air entering the cabin
Xout Absolute humidity of the air leaving the cabin

1. Introduction

Battery electric rail vehicles are currently becoming a part of sus-
tainable passenger rail transport. The following chapter introduces the
specifications of the vehicles and states the current projects of the
implementation of networks with battery electric rail vehicles. The
thermal management system with special focus on heating, ventilation
and air conditioning (HVAC) is presented as well as the state-of-the-art
of thermal storage application in vehicles.

1.1. Battery electric rail vehicles

The EU rail network sums up to over 200.000 km of tracks, of which
85.000 km, corresponding to 43 %, are not electrified with a catenary.
Germany, as a central European country, has the biggest share of the EU
rail network with 38.000 km of tracks overall and a share of track
electrification of 45 % [1]. The sections without catenary are mainly
used by regional passenger transport. High-speed rail vehicles such as
the TGV or ICE only use electrified sections with catenary. Nevertheless,
the non-electrified sections lead to 25,000 diesel rail vehicles in
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operation in Europe compared to 60,000 rail vehicles overall [2]. For
sustainable rail transport, diesel vehicles need to be replaced by vehicles
that use renewable energy sources. Battery electric or hydrogen electric
multiple units (BEMU/HEMU) are possible solutions for this.

BEMUs are especially suitable on tracks which are partly electrified,
e.g. around stations. As these track sections are mainly part of the
regional passenger transport, this is the main use-case for BEMUs.
Several BEMUs were developed in the last years and a first passenger
operation was tested in a project starting 2016 from Alstom [3].
Currently, there are several BEMUs commercially available, e.g. Alstom
Coradia Continental BEMU, CAF Civity, Siemens Mireo Plus B or Stadler
Flirt Akku. As first network for battery electric passenger transport, the
NAH.SH network started operation in 2024 with over 50 Stadler Flirt
Akku vehicles. Other networks will follow soon such as the Irish Rail
DART network or the Pfalznetz in Germany [4]. Also, several new net-
works are tested for BEMU suitability e.g. in Italy [5].

The power supply of the BEMUs consists of the batteries as on-board
energy storage system and a pantograph for battery charging and
external power supply from the catenary [6]. Battery capacity in current
BEMUs is up to 700 kWh which enables a range between 80 km and 120
km [7]. This range needs to be ensured even under the highest energy
demand, which occurs on days with the lowest or highest ambient
temperature in operation.

To increase the range of the vehicles, optimization potentials for the
reduction of energy demand from the battery are studied in several
publications. In [8], the energy demand is reduced with the imple-
mentation of energy-optimized timetables, energy-efficient driving
strategies, improved control of comfort functions and wayside energy
storage devices. In [9], the speed profile, power control and battery
charging are optimized with the condition of charge sustaining opera-
tion. In [10], an optimization is performed to identify the trajectory with
the minimal energy demand. Several tools for energy simulation of rail
vehicles are developed such as in [11], where the sensitivity of energy
demand is evaluated with respect to the selected design variables of the
vehicles. On infrastructure side, the specific existing electrification and
line lengths are analyzed to show that the BEMU operation can lead to a
significant cost reduction compared to a full electrification [12]. For a
sustainable rail transport, all options for reduction of emissions need to
be discussed with regard of the specific local boundary conditions, as
HEMU, BEMU, full electrification or hydrated vegetable oils can deliver
suitable solutions [13]. In [14], different key performance indicators for
optimal energy management of urban rail systems are defined, which
include CO; emissions and vehicle auxiliaries. The effects of ambient
temperature on electric vehicle range are studied in [15] and it is shown
that the HVAC energy consumption has the greatest impact. Overall, it
can be seen that a lot of optimizations aim to reduce the energy demand
from the battery and that the energy demand from the HVAC system has
a significant impact on the range of the vehicles, especially in environ-
mental conditions with high or low ambient temperatures.

1.2. HVAC and thermal management systems in rail vehicles

HVAC systems in rail vehicles provide thermal comfort to the pas-
sengers as they condition the cabin inlet air. Circulating air is mixed
with fresh air and the resulting airflow is heated or cooled before it
enters the cabin. The conditions for thermal comfort are defined in DIN
EN 14750 for rail vehicles in regional rail passenger transport [16]. DIN
EN 13129 specifies these parameters for the high-speed rail passenger
transport [17]. Standardized operating points (OP) for rail passenger
transport are given in DIN EN 50591, which consist of passenger rate,
solar radiation, ambient temperature and humidity [18].

Steady-state or dynamic models, or even combinations of these two
approaches, can be used to calculate energy demand in HVAC systems
[19].1In [20], the cabin of a rail vehicle is modeled with a linear dynamic
discrete time system. In addition, parameter sets for heat capacities in
rail vehicles are provided. In [21], the thermal behavior is modeled with
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a mono-zonal model and the results show that the energy demand for the
cabin and the battery temperature severely limit the range of battery
electric vehicles. For the measurement of thermal energy demand and
thermal comfort in trains, experiments with thermal passenger manikins
can be used to imitate passengers [22]. The presented studies demon-
strate that investigations of HVAC systems are performed either in ex-
periments or simulations.

A lot of HVAC-related work is also about the integrated thermal
management of vehicles, as the heat flow in different heat sources and
sinks like the cabin or the battery is optimized in a holistic approach
[23]. With a hierarchical multi-horizon model predictive control, the
battery degradation and total costs with such an integrated thermal
management are presented in [24]. The integrated thermal management
approach is especially feasible if a heat pump absorbs heat from the
battery during discharging or charging processes and the heat is then
used for cabin heating [25]. Even with heat pump application in a
passenger vehicle at —17 °C the range is reduced by 52 % compared to
moderate temperature according to [26]. If waste heat recovery is used
in addition to the heat pump, range is reduced by 37 %. Energy con-
sumption through heating can be reduced if waste heat is used, as pre-
sented in a three-heat source segmented heating control strategy in [27].
As heat sources, e-motor, air and positive temperature coefficient
heaters are used. Waste heat recovery in an integrated design, based on
solenoid and four-way reversing valves, is studied in [28]. Different
coupling relationships between the battery chiller and the cabin heat
exchanger define the different states in the integrated thermal man-
agement. The stated references show that it is important to design the
thermal management of electric vehicles with holistic integrated ap-
proaches that combine energy storage and passenger cabin.

For the heat transfer in HVAC systems, refrigerants are one key
component. Currently used refrigerants will be replaced in the future
with lower global warming potential versions as specified in EU-
regulation 2024/573. In [29], CO3 is used as refrigerant in trains and
heat is provided in heat pump application down to an ambient tem-
perature of —20 °C. For COs, the high pressure is critical for the gas
leading components. In [30], a control algorithm is presented for the
transcritical CO cycle of a train HVAC system, which provides a coef-
ficient of performance (COP) between 1.5 and 2.7 at 45 °C to 35 °C.
Alternatively, propane can be used as natural refrigerant. For safety
reasons, double loops are often applied, but single loops provide up to
50 % higher COP according to [31].

Regardless of the refrigerant, the energy demand of HVAC has a
significant influence on the range and autonomy of vehicles. In [32], itis
presented that for a train compartment, the cooling load in ventilation
has the highest share in the overall cooling load. Conduction and radi-
ation cooling loads are lower. A combined electric-thermal collaborative
energy management strategy for a passenger train is proposed in [33] to
optimize on-board power distribution between traction and auxiliary
power. In [34], a collaborative energy management strategy based on a
soft actor-critic algorithm optimizes the thermal safety of the battery
and the cabin thermal comfort. For buses in real driving cycles in winter,
the energy consumption of the auxiliaries sums up to 8 % of the total
consumption, whereas electric heaters and compressors have a share of
60 % of this [35]. New HVAC technologies like metal hydride based air
conditioning are also developed to reduce HVAC energy demand and
studied for rail requirements [36]. Adsorption air conditioning systems
are studied with rail requirements to reduce energy demand by using
waste heat [37]. In [38], an optimized operation strategy for BEMUs is
developed, which uses catenary-dependent temperature set points in the
cabin to reduce energy demand from the battery. A case study of
commuter trains in Sweden shows that HVAC demand can be decreased
by 34 % if a parking mode is activated and by 43 % if a heat pump is
applied in the trains [39].

The comparison of the HVAC studies shows that lumped parameter
models are a suitable approach to model energy demand in vehicles.
Also, a lot of optimization potentials are discussed which reduce HVAC
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energy demand from the battery. Alternative energy storage options
such as thermal storage systems are a possible solution to contribute to
this optimization.

1.3. Thermal storage systems as energy storage

Thermal storage systems are an option of energy storage. They are
considered in stationary and mobile applications. In stationary use
cases, they can be used to stabilize the local power grid [40]. Especially
in combination with renewable energies, they provide optimization
potential, also in the energy management of buildings [41]. They can be
used to optimize energy demand for data centers in combination with
waste heat recovery [42]. In the energy sector, thermal storage systems
can be used to increase the performance of compressed air energy
storage in caverns [43] or in combination with geothermal energy [44].
For mobile applications, thermal storages have been discussed as part of
the energy management in passenger vehicles. They can cover a large
share of the heating demand which occurs in passenger vehicles and
increase the range of the vehicles [45]. For passenger cars they can in-
crease the range of the vehicle by up to 27 % [46]. Even higher poten-
tials for the use of thermal storage systems are discussed in bus
applications. Buses have a higher demand in thermal energy because of
the large cabin and higher cost for the battery system than passenger
vehicles [47]. For rail vehicles, a study for the thermal storage appli-
cation was performed for a reference track in Germany, which shows
high potential for the reduction of energy demand and total cost of
ownership in the battery system [48].

As thermal storage material in stationary applications, salt is often
used because of its low cost and high availability. For mobile applica-
tions, metallic phase change materials (mPCM) are considered because
of potentially higher energy densities [49]. As part of the phase change,
latent heat can be stored additional to the sensible heat. For stationary
applications, the storage of waste heat in the thermal storage systems
from the surrounding energy management system is discussed [50]. In
mobile applications, an electrical charging systems and processes are
developed as the temperature level of waste heat from battery systems is
relatively low [51].

The comparison of various studies about thermal storage systems
shows that they are an established technology, particularly in stationary
applications. However, there are clear research gaps for the application
in mobility sector and especially in rail vehicles, as the requirements and
effects of thermal storage have hardly been investigated and described
in these research areas.

1.4. Aims of this study and work novelty

The previous sections describe the challenges for the operation of
battery electric rail vehicles and their thermal management resulting
from the high thermal energy demand for HVAC. The energy demand for
HVAC is higher compared to other vehicle applications like passenger
cars or buses as the size of the cabin is larger. The current thermal
management systems provide the energy demand for HVAC from the
battery. Solutions which reduce this energy demand from the battery are
necessary to increase the share of battery electric rail vehicles in public
passenger transport as it limits the range and flexibility of the vehicles in
operation. For mobile application, several references in literature can be
found which discuss optimization potentials to reduce energy demand in
HVAC and at the battery. For rail vehicles, only a few references are
available which discuss this topic even though the demand for sustain-
able rail passenger transport is increasing. Thermal storage systems are a
promising technology to reduce energy demand at the battery but for the
application in battery electric rail vehicles, there is a research gap of
references, which discuss the requirements for these systems in different
climate zones of operation. Thermal storage systems need to be inte-
grated in the thermal management and sized properly to supply the
energy demand for HVAC and reduce energy demand from the battery.
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As currently battery electric rail vehicles are not equipped with thermal
storage systems, the development process of this new component in the
thermal management system starts with the definition of requirements
and suitable sizing options. Therefore, the presented work addresses the
following research question: What are the requirements for thermal
storage systems in the application of battery electric trains and which
advantages occur with the integration of thermal storage systems in the
on-board energy storage?

The contributions from this work to address the presented research
gap are the sized thermal storage systems in terms of energy content as
well as charging and discharging rates for the application in battery
electric rail vehicles. Accordingly, the objective of this study is to model
and simulate the thermal energy demand in battery electric rail vehicles
and define requirements and sizing options of thermal storage systems
based on simulation results. In addition, the effects on vehicle level will
be evaluated based on the increase in range and therefore also flexibility
in vehicle operation.

2. Methodical approach - Parametrization and modeling of
HVAC in battery electric rail vehicles

For the definition of requirements for thermal storages in battery
electric rail vehicles, the thermal energy demand is calculated with a
thermal car body model. The model is parameterized with a reference
vehicle and uses the vehicle trajectory and environmental conditions as
inputs. The model setup, input parameters and model validation are
presented in the following chapter.

2.1. Thermal car body model

A thermal car body model (TCBM) was set up in Python for the
investigation of the thermal energy demand in rail vehicles. The TCBM
models the conditioning of the air for the cooling and heating of the
passenger cabin and the corresponding thermal energy demand. The
scope of the model is presented in Fig. 1.

In the mixing chamber the fresh airflow Vea and the circulating
airflow Vg, are mixed and create the mixed airflow Vi, which enters
the HVAC system. In there, the air is heated with the thermal heat flow
Q'hwt‘them for heating cases or cooled with the extraction of the thermal
heat flow Q.o01 therm- All relevant volume and heat flows are summarized
in Fig. 2. The conditioned airflow Vcea enters the cabin and is one term
of the first law of thermodynamics for the cabin, as presented in equa-
tion (1). In there, the enthalpy change %I of the air in the cabin is
calculated based on the heat transport from convection and conduction
QT,p, heat flow from radiation Qgqq, heat flow from passengers Qpqs;, heat
flow from electrical heating in the cabin Qg as well as mass flow
Min/pass/out aNd enthalpy Ry pess/on: from inlet, passengers and outlet. If
the time step At is small enough, the change in specific enthalpy of the
air in the cabin Ahg, can be calculated based on equation (2) with the
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mass of air in the cabin m,. The enthalpy of the air in the cabin in the
next time step hp .1 is then calculated by the addition of the enthalpy of
the air in the cabin in the current time step hy, and the change in
specific enthalpy of the air in the cabin Ah, as presented in equation (3).

E = QTrp + QRad + QPass + QEZ + min‘hin + mPuss‘hPass - mout‘hout (1)
1 dH

Ahg, = @.E.At (2)

hcb.t+l = hcb.t + Ahcb 3

To calculate the humidity in the cabin, the change of the mass of water in
the cabin m,, g is calculated with equation (4) based on the absolute
humidity Xn/ou, Which describes the content of water in the air. The
amount of water entered by the passengers is described by equation (5)
through the ratio of the latent heat flow of the passengers Q'pmlat, based
on DIN EN 14750 and the enthalpy of evaporation h,. The change of
absolute humidity of the air in the cabin Ax is calculated with equa-
tion (6) and the absolute humidity of the air in the cabin for every time
step X 11 With equation (7).

dmw.cb

dr = min’xin + mPass - mout'xout (4)
mPass _ QP’ZSS.lat (5)
v
1 dmw cb
Axgp = —-At 6
cb " dt ( )
Xebry1 = Xebr + AXep )

Heat transfer is modeled through the wall and the window of the cabin.
The change of the temperature in the wall is modeled through the ratio
between heat flow due to conduction in the inner respectively outer wall
Qcondi /o and the heat capacity of the wall C, according to equation (8).
The temperature in the wall for every time step T is calculated with
equation (9). The first law of thermodynamics for the inner and outer
surface of the cabin wall is presented in equation (10). In there, the heat
flows for conduction Qc(mdi /0, convection Qconvi /o and radiation

QRad,abs /em are evaluated. This equation is solved for the calculation of
the surface temperature on the inside and outside Ts,y,/, in equation
(11). Heat flow for conduction is modeled according to equation (12)
and heat flow for convection according to equation (13). The heat
transfer coefficient on the outside a,yingow is modeled differently for
windows and walls in dependency of the vehicle velocity according to
equation (14) [52].

dr _ QCond.i + Q.CondAo

T E— (®

Circulating air

q

Fresh air

Mixed air

Cabin entry air Exhaust air

Mixing chamber

HVAC

Fig. 1. Airflow and conditioning of air for the cabin in rail vehicles.
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Circulating air Vg,
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Mixing chamber HVAC Cabin Wall/window [ Q4 g,

q = c P> (ragemic
Fresh air Mixed air Cabin entry air Qeonni|__, > 3

y y , = QConv,o

Vra Vma Vcea - -

‘ 1 1 1 QCOnd,i QCond,o
Qcool,therm Qheat,the‘rm QPass QEL
Exhaust air
VEa

Fig. 2. Heat and volume flows of the thermal car body model.

QCond,i, + QCond,o .

Ter =T, + C At (C))
QCond,i/o = QConv,i/o + QRad,abs - QRad,em (10)
Tsu1f7i/o _ %AT + ai/o'A'Tamb/cb + QRad.abx - QRad,em (11)
. 22

Qcondifo = F'A'(TSwf.i/o -T) 12)
QCanv.i/o = ai/o'A'(ch/amb - TSu}f,i/o) (13)

5,6 +4v 5,84+ 4v forv<5m/s

Qo window = { -77 12.1}0'73 QAo wall = { 77 14'V0‘78 ';‘OT' v>5 més (14)

All air volume flows, as well as the different states of the air and the heat
transfer modes, are summarized as overview in Fig. 2. The heat transfer
through the wall and window of the car body is displayed on the right.
The model takes as input the parameter sets of the environment, the
track and the vehicle and calculates the overall thermal energy demand
for the heating and cooling of the passenger cabin.

For the control of temperature and humidity proportio-
nal-integral-derivative controllers are used. The temperature is regu-
lated by controlling Qpeq smerm for heating cases and Qoo sherm for cooling
cases. The heat flows are regulated until the set point of the temperature
in the cabin is reached. Humidity is controlled mainly in cooling cases as
maximum values for humidity in the cabin are defined. Minimal values
for the humidity in the cabin are not defined in rail-specific standards
and not applied. For dehumidification, a sub-cooling and re-heating of
the mixed air is simulated to keep the relative humidity in the cabin
below the maximum values.

2.2. Thermal storage system

Thermal storage systems store thermal energy to separate moments
of supply and demand of thermal power from each other. Thermal en-
ergy can be stored by increasing the temperature or changing the phase
of a material, for example from solid to liquid state. The thermal energy
is released by decreasing the temperature or by the reverse phase
change, for example from liquid to solid state. The following section
discusses the relevant principles and parameters of the thermal storage
material and systems applied to the analysis of the presented work.

Metallic PCM have higher energy density than other thermal storage
materials like salt or water as introduced in section 1.3. Exemplary
gravimetric and volumetric energy density for thermal storage systems

are nearly twice as high as in batteries, as presented in Table 1. In
addition, the specific cost of the thermal storage is significantly lower
than the specific cost for the battery. The high energy density and
therefore, the low specific cost per kWh are a result of the high tem-
perature in thermal storage with mPCM.

An alloy of aluminum and 12 % silicon in weight is used as reference
material in this paper and was specified in earlier investigations in [49].
The alloy is an eutectic composition, which means that the phase change
from liquid to solid state takes place at one specific eutectic temperature.
The eutectic composition is very stable and has a low melting point
compared to other compositions at around 577 °C, which makes it
suitable for the application in thermal storage systems [49]. Small de-
viations in the alloy composition can lead to deviations in melting point,
so that the phase change takes place in a small range of temperatures
around the melting point for the exact eutectic composition. Depending
on the size of the system small local temperature deviations in the ma-
terial can occur, which can also lead to a slightly distributed phase
change in the material in terms of time and location. In the charging
process of the thermal storage system the sensible heat is stored in the
solid state material until the temperature reaches the melting point (see
Fig. 3 on the left). The temperature stays constant during the phase
change and rises after the phase change is performed completely. The
maximum temperature in operation for the reference system studied in
this work is around 600 °C to 700 °C.

The setup of the reference thermal storage systems for this paper
consists of storage material (mPCM), housing, insulation, electric
heaters for charging and heat exchangers for discharging, as presented
in Fig. 3 on the right. Electric heaters convert electrical energy in ther-
mal energy with a coefficient of performance of 1 to charge the thermal
storage system. This leads to an increase of stored thermal energy in the
system as the temperature of the storage material rises and a phase
change is performed from solid to liquid state. The system is discharged
over heat exchangers which heat up the air for the cabin in their final
stage. Thermal energy is extracted from the thermal storage material
and absorbed by a heat transfer fluid which flows in the heat exchangers.
The temperature in the thermal storage material is decreased and the
phase change is performed from liquid to solid state. In this way, latent
and sensible heat from the thermal storage material is used in the dis-
charging process. Reduction in efficiency can occur through thermal
losses during charging, storing or discharging, which would lead to a

Table 1
Battery and thermal storage energy density and specific cost [48,51].
Thermal storage Battery
Volumetric energy density 300 Wh/L 160 Wh/L
Gravimetric energy density 200 Wh/kg 90 Wh/kg
Specific cost 70 EUR/kWh 750 EUR/kWh
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Stored energy

~

e
Temperature

Sensible heat Latent heat
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Storage material Housing

Insulation

Heat exchanger Electric heaters

for discharging for charging

Fig. 3. Thermal storage with metallic phase change material — Phase change (left) and exemplary setup (right) [51].

heating of the cabin, if the thermal storage system is placed centrally in
the vehicle. Therefore, an efficiency of 1 for the charging and dis-
charging processes is assumed for the investigations of thermal storage
system sizing in this work. As part of the operating strategy for thermal
storage systems in a battery electric rail vehicle, the charging process
takes place whenever catenary is available as an external power supply.
The thermal storage system is discharged in sections without catenary to
supply heat for the cabin, so that the energy does not have to be provided
from the battery. The on-board energy storage system for the vehicle
consists of the battery for electrical energy storage and the thermal
storage system for thermal energy storage. Both systems are separated in
the vehicle as they have different temperature levels of operation. The
temperature levels of both components are controlled individually by
their thermal management systems.

2.3. Parametrization of model and scenario

For the simulation of thermal energy demand with the TCBM to size

thermal storage systems, environmental conditions, track, vehicle and
HVAC control parameters need to be specified. The scenario simulated
with the model in this study is the connection from Linkoping to Kalmar
in Sweden, operated by Trafikverket [53]. The corresponding input
parameters are presented in the following section. The vehicle, track and
timetable for this scenario are displayed in Fig. 4.

The reference vehicle is a 4-car battery electric multiple unit. Cars Al
and A2 are the first and last car with identical setups. Car B is a middle
car which includes seats for passengers, whereas car PC is a power car,
which includes batteries and power electronics. Car PC is connected to
the other cars and passengers are able to walk through it, but there are
no seats available. The track between Linkoping and Kalmar is only
electrified around the end stations. Non-electrified sections are marked
as black in the bottom left of Fig. 4, whereas sections with catenary are
marked in green. The charging of the vehicle only takes place in the end
stations.

Environmental conditions for the reference scenario are provided by
the weather and climate database Meteostat [54]. For the weather
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Fig. 4. Cars in the reference vehicle (top), OpenRailwayMap and Trafikverket map section (bottom left and mid) and timetable (bottom right) for the connection

from Linkoping to Kalmar [53].
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station in Kalmar, the coldest temperature is —17.3 °C and the hottest
temperature is 29.5 °C during the years 2019 to 2023. During the winter
months, the hottest temperature recorded were 9 °C. These local tem-
perature values are used for the definition of the operating points OPK0O1
to OPKO6 in Table 2, combined with either a passenger rate of 100 % or
0 %.

Besides the local environmental conditions also the DIN EN 50591
defines 16 standardized operating points for rail vehicles. The OPs
consist of a passenger rate, solar radiation, ambient temperature and
humidity. OPs from DIN EN 50591 as well as the local OPs are used as
input for the TCBM and summarized in Table 2. Some OPs in DIN EN
50591 have the same parameters such as OP01 and OP09. In the stan-
dard they are only differentiated because there are different yearly hours
of operation for the different points. The standard distinguishes between
climate zones I, II and III and varies the OPs for the different climate
zones. In Table 2, the names indicated the climate zone, for example,
climate zone I for OP06_I and climate zone II for OP06 _II.

In addition to environmental conditions, the trajectory of the vehicle
needs to be provided as input to the TCBM. The trajectory, as well as the
inverter power, is plotted over the time in Fig. 5 for the track scenario
from Linkoping to Kalmar. After nearly 10,000 s and 236 km, the vehicle
arrives in Kalmar and stops there for a charging process of the battery. At
around 14,000 s, the vehicle starts its way back to Linkoping and arrives
there at around 24,000 s.

The reference vehicle presented in Fig. 4 has an overall length of
67.7 m, as presented in Table 3. The external surface of the passenger
cabin is 633.5 m? and used as input in the TCBM, as the heat transfer
with the environment is based on the external surface.

Control parameters in the HVAC system are the set points for the
fresh air volume flow and the temperature in the passenger cabin. For
rail vehicles, these set points are provided in the DIN EN 14750. In there,
vehicle category R addresses a typical time between stops of 5-30 min,
which is suitable for the presented reference scenario. The temperature
and fresh air volume flow set points given for category R, vehicles ac-
cording to DIN EN 14750, are presented in Fig. 6, in relation of the
ambient temperature. For low ambient temperatures, the cabin tem-
perature is set to 22 °C. If the ambient temperature is higher than 22 °C,

Table 2
Operating points from DIN EN 50591 and operating points locally from Kalmar.
OP Temperaturein Relative Passenger Radiationin
°C humidityin % ratein % W/m?
OPO01/ -10 90 0 0
OP09
OP02 0 90 100 0
OP03 10 90 50 0
OP04 15 90 50 0
OPO05 22 80 100 0
OP06_1/11 28 70 100 600
OPO06_IIT 28 50 100 600
OP07_1 40 40 100 800
OP07.11 35 50 100 700
OP08_II -20 90 0 0
OPO08_III —40 90 0 0
OP10/ 0 90 0 0
OP14
OP11/ 15 80 0 0
OP15
OP12 22 80 0 0
OP13.1 40 40 0 800
OP13.II 35 50 0 700
OP13.III 28 70 0 600
OP16 28 50 0 700
OPKO1 -17 90 0 0
OPKO02 -17 90 100 0
OPKO03 9 90 0 0
OPKO04 9 90 100 0
OPKO5 29.5 90 0 600

OPKO06 29.5 90 100 600

Energy Conversion and Management 346 (2025) 120489

150

5 i km
Velocity in 5
=
w o
o o
!

o
L

2000

Power in kW

—2000

0 5000 10000 15000 20000 25000

Time in s
—— Velocity APS Power Demand —— Inverter Power

Fig. 5. Speed, auxiliary power and inverter power over distance for the track
scenario with reference vehicle.

Table 3
Reference vehicle parameters.

Parameter Value

Amount of car bodies
Heating type

3 + 1 power car
Resistance heating

Train length 67.7 m
A1/A2 car length 21.7 m
B car length 16.3 m

PC car length 8m
External surface of passenger cabin 633.5 m?

also the cabin set temperature is increased. For ambient temperatures
higher than 35 °C, the cabin temperature is set to 27 °C. The fresh air
volume flow is set to 10 m3/h/person for ambient temperatures lower
than —15 °C. For higher ambient temperatures than —15 °C, it varies
between 15 m3/h/person and 20 m?’/h/person, as displayed in Fig. 6.
For OPs with low passenger rate, a minimum fresh air volume flow of 4
m®/h times the maximum passenger number is defined in DIN EN 14750
and applied in the TCBM. For category R, this maximum passenger
number is equal to the number of seats in the vehicle.

2.4. Validation of simulation results

The thermal HVAC power demand calculated by the presented Py-
thon TCBM is the key output parameter of the model and therefore used
for validation. As a comparison, a TCBM Dymola model is used, which is
validated with measurement data in [55] and presented in more detail in
[56]. Fig. 7 shows the comparison of the thermal power demand for
HVAC simulated with the Python model developed for this study and the
validated Dymola model.

For the comparison, different OPs from DIN EN 50591 are used as
input for the models. OP01, OP02, OP03, OP04 and OP08 are heating
cases, whereas OP06 and OP07 are cooling cases. The power demand for
validation is calculated in stationary operation for a parked vehicle
without any velocity. The comparison between the two models shows
that the Python model calculates a slightly higher power demand in the
presented OPs. The absolute deviation shows a maximum of around 10
kW in OP7. The relative deviation shows a maximum deviation of 16 %
in OP4 and OP7. Overall, the comparison demonstrates that the two
models calculate similar results in heating and cooling cases. This leads
to the fact that the developed Python model is valid to calculate the
thermal energy demand for HVAC, which is used in the following
analysis of thermal storages in battery electric rail vehicles.
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3. Results — Thermal energy demand and thermal storage sizing demand is presented, the requirements for thermal storage systems are
concluded and the advantages of the application of such systems for
Simulations are performed with the presented TCBM and the battery electric rail vehicles are evaluated.

described input parameters to calculate the thermal energy demand for
HVAC in different scenarios. In the following chapter, this HVAC energy
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Fig. 8. Thermal power demand for HVAC of the reference vehicle in different operating points from Table 2.
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3.1. Energy demand for HVAC in different operating points and climate
zones

The thermal power demand for HVAC is calculated for the OPs from
Table 2 and presented in Fig. 8. The highest power demand for heating is
visible in OP8 for climate zone III with over 90 kW. For cooling, the
highest power demand is from OP6 for climate zone I with 58 kW. The
values are averaged over a half cycle of the driving profile presented in
Fig. 5. For the local OPs, the highest power demand for heating reaches
58 kW in OPKO02 and for cooling 48 kW in OPK06. The power demand of
OPKO6 is significantly higher as the one in OPKO05, as in OPK06 the
passenger rate is 100 %. This means that passengers emit humidity and
heat, which increases the thermal energy demand for HVAC. For the
heating cases, the power demand is similar for the passenger rate of 0 %
and 100 %, e.g., in OPKO1 and OPK02, even though the passengers emit
additional heat. This is because a higher passenger rate also increases
the fresh air volume flow, which needs to be conditioned before it is
provided for the cabin, thus increasing the power demand.

The thermal power demand over a cycle is plotted on the bottom
right in Fig. 9 for OP8.III, as this most demanding heating case is
dimensioning for the sizing of thermal storage modules. Over the time,
the fluctuations are low as the power demand changes between 90 kW
and 92 kW. The changes are caused by the velocity-dependent change in
the heat transfer coefficient on the outer surface of the car body. The
humidity and temperature inside the cabin also show low fluctuations in
the bottom left of Fig. 9, which indicates that the implemented humidity
and temperature control work correctly and follow the prescribed set
point values. The presented case of OP08_III is a heating case, which
causes a low relative humidity of less than 1 %, as no humidification is
included according to DIN EN 14750. Only for cooling cases dehumid-
ification is implemented. OP08_III does not include passengers and ra-
diation, therefore the terms of Qg and Qp in the plot on the top right
in Fig. 9 are zero. Also, Qg is zero as no additional electrical heating
directly in the cabin is considered. For this case, the energy balance is
based on the heat transport through walls and windows and heat flows
Qi and Q,,, with the air entering and exiting the cabin.

The power demand for HVAC is different for the various OPs pre-
sented in Fig. 8. In addition to the OPs, DIN EN 50951 provides yearly
operating hours for this OPs in different climate zones. Overall, 5,840
yearly operating hours are prescribed for the HVAC system of a rail
vehicle in operation. With these yearly operating hours, a yearly thermal
energy demand is calculated for the different climate zones and
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presented in Fig. 10. The red bars indicate the yearly thermal energy
demand for heating cases, whereas the blue bars indicate energy de-
mand for cooling. Climate zone I represents countries in southern
Europe, climate zone II in central Europe and climate zone III in
northern Europe. Fig. 10 shows that the yearly energy demand for
cooling decreases from 58 MWh in climate zone I to 10 MWh in climate
zone III. The energy demand for heating increases from under 50 MWh
in climate zone I to 130 MWh in climate zone III. This evaluation shows
that the yearly energy demand for heating is higher than for cooling.
Especially in climate zone III, new solutions to reduce the energy de-
mand for heating provided by the battery are necessary to improve the
performance of battery electric vehicles in this climate zones. Thermal
storages, which store heat at a high energy density and temperature are
one option for this.

3.2. Requirements and sizing of thermal storage systems

Based on the thermal power demand for HVAC presented in Fig. 8,
the requirements for thermal storage systems in the application of bat-
tery electric rail vehicles are defined. The requirements for the energy-
based sizing of the thermal storage systems are the usable capacity as
well as the charging and discharging power and C-rates. For the use-case
presented in Fig. 4, different sizing options are presented with scenario A
to E.

Scenario A corresponds to a sizing with the energy demand in the OP
of the warmest winter temperature, which is OPK03 from Table 2. The
sizing with the warmest winter temperature recorded locally leads to a
usage rate of 100 % for the thermal storage system in every winter day.
OPKO3 gives an average power demand of 19 kW, which results in a
thermal storage capacity of 52 kWh. Instead of the warmest winter
temperature, the coldest winter temperature locally recorded is
considered for scenario C. This scenario gives a thermal storage capacity
that is able to provide all the heating demand of the vehicle throughout
the whole winter. For OPK02, this is an average power demand of 58
kW, which results in a thermal storage capacity of 161 kWh. If the
thermal storage system is not an independent additional system in the
vehicle but replaces battery capacity in the vehicle, also the energy
demand for cooling must be considered in the sizing process. This is
done in scenario B. The average power demand for cooling in OPK06 of
48 kW results in an energy demand of 134 kWh over the cycle. As the
cooling in rail vehicles is provided by a compression refrigeration sys-
tem, the electrical energy demand is calculated with a COP = 3. This
results in an electrical energy demand for cooling of 45 kWh, which is
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Fig. 10. Annual thermal energy demand of the reference vehicle for cooling (blue) and heating (red) in different climate zones.

subtracted from the 161 kWh for heating. For scenario B, this leads to a
capacity of the thermal storage module of 116 kWh. In contrast to the
local operating points, the thermal storage system can also be sized
according to the normative operating points from DIN EN 50951 in the
climate zone of operation. Consequently, scenario E is based in the
average power demand of 92 kW from OPO08_III and results in a capacity
of the thermal storage system of 255 kWh. As with scenario B, the energy
demand for cooling with 45 kWh is subtracted and results in a capacity
of the thermal storage system of 210 kWh in scenario D. All scenarios
with the concluded capacities are summarized in Fig. 11 on the left.

In addition to the capacity, also the charging and discharging rates
are requirements for thermal storage systems. For the sizing, the
maximum value of the charging and discharging rates are relevant. The
discharging rate is depending on the maximum thermal power demand,
which is 92 kW according to Fig. 8. For the scenarios A to E, this results
in a maximum C-rate of discharge from 1.8 1/h to 0.38 1/h, as presented
on the right of Fig. 11. The required charging rate of the thermal storage
system is dependent on the stop time between different cycles. For the
cycle of Fig. 5, a stop time of 1.1 h is defined, which corresponds to a C-
rate of 0.9 1/h. For the scenarios A to E, this results in a required min-
imum average charging power by the thermal storage system during the
charging process of 48 kW to 230 kW, as presented in the center of
Fig. 11.

3.3. Advantages for vehicles with thermal storage systems

Hybrid on-board energy storage systems (OESS) for battery electric
rail vehicles can be formed with a combination of thermal storages and
batteries. The weight, volume and cost of the thermal storage systems
needs to be considered in the vehicles design process. For the scenarios A

to E from Fig. 11, the weight of the thermal storage system, based on the
energy density from Table 1, is between 0.3 t and 1.3 t, as presented in
Table 4. The volume of the thermal storage system is between 0.2 m® and
0.9 m3, and the cost is between 3.6 k EUR and 17.9 k EUR. The values
assumed in Table 1 are generalized characteristic values which may vary
depending on the specific system design. The thermal storage system can
be installed additionally to the battery sized for the vehicle and the
corresponding time table if it is possible to add additional weight and if
there is enough space. With the additional thermal storage system, the
battery usage rate is reduced, which decreases degradation and there-
fore increases the lifetime of the battery system.

Alternatively, the thermal storage capacity can be used to replace
battery capacity if the battery system is already sized in a way that no
more weight or capacity can be added to the vehicle. A hybrid OESS,
where some of the battery capacity, is replaced by thermal storage ca-
pacity has a higher gravimetric and volumetric energy density and lower
specific cost than a stand-alone battery. For rail vehicles, weight is often
a limiting factor as the maximum axle load cannot be exceeded [5]. For

Table 4
Amount of energy, weight, volume and cost for different sizes of thermal
storages.

Scenario  Thermal Weight Volumein  Cost in Additional
storage int m? k EUR energy in %
capacity

A 52 kWh 0.3 0.2 3.6 1.1

B 116 kWh 0.6 0.4 8.1 2.6

C 161 kWh 0.8 0.5 11.3 3.5

D 210 kWh 1.1 0.7 14.7 4.6

E 255 kWh 1.3 0.9 17.9 5.6
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Fig. 11. Capacity, charging power and C-rates for discharging for thermal storage systems in the reference vehicle in scenario A to E.

10



S. Wieser et al.

this case, hybrid OESS were defined for the scenarios A to E with a same
overall weight. The thermal storage capacity from the scenario is the
amount of battery capacity replaced. The rest of the hybrid OESS ca-
pacity is filled with batteries to reach the same weight for all scenarios.
The results in Table 4 show that between 1.1 % and 5.6 % additional
energy can be stored in this hybrid OESS. The capacity in the energy
storage can be seen as proportional to the range of the vehicle. For
current BEMUs, the range is between 80 km and 120 km according to
section 1.1, which would lead to an increase of range by 7 km with the
hybrid OESS. For the scenario presented in Fig. 5, the range is 236 km,
so the increase in energy would lead up to additional 13 km of vehicle
range. This increase expands the flexibility of the vehicles in daily
operation and makes them more resilient against disturbances. In
addition, the overall cost of the hybrid OESS are lower than the battery
OESS, as the specific cost of the thermal storages are lower.

4. Discussion

The presented results show that thermal storages can be used to in-
crease the amount of energy stored in the OESS and therefore also the
range of battery electric rail vehicles. For the investigation, including
the modeling of the thermal car body, several assumptions where made.
These assumptions are discussed in combination with uncertainties and
weaknesses of the methodical approach in this chapter. Subsequently,
the chosen scenario, lessons learned and potential future work is
discussed.

The thermal power demand of HVAC, simulated with the TCBM, was
calculated based on stationary OPs as the temperature, humidity, pas-
senger rate and radiation were not varied in the simulation, which
represents an uncertainty in the methodical approach. Unsteady con-
ditions were applied by the change in vehicle velocity and therefore heat
transfer coefficients. Vehicles in passenger operation experience un-
steady conditions in all the parameters stated before. Measurement data
from battery electric rail vehicles in operation show therefore a different
behavior than the steady points used for simulation model parametri-
zation. Nevertheless, the overall energy demand was validated, which
indicates minor effects of this unsteadiness on the energy demand
calculation. For the evaluation of weight, volume and cost, potential
constant values of energy density for the energy storage system were
applied. As the energy density varies with system design, these values
will change with further improvement in the technology. The method-
ical approach can be strengthened if the energy density as well as the
weight and cost of a demonstrator system as experimental setup is taken
as input parameters in the future. Nevertheless, for an analysis of re-
quirements, the applied energy densities for the energy storage define
clearly the potential of the thermal storages in BEMU application. For
the presented analysis, the assumption of electrical charging of the
thermal storage was taken. A thermal charging based on waste heat of
the battery and the DCDC of the rail vehicle was not suitable as the
temperature level of dissipated heat is low. Also, the amount of waste
heat was not enough to provide the energy demand in all OPs, which
leads to the fact that an electrical charging of the thermal storage is
necessary.

The presented work studies the track scenario from Linkoping to
Kalmar with a distance of 236 km. For BEMU application, this distance is
above average as current vehicles have a range between 80 km and 120
km. Therefore, for the sizing of the thermal storage, this scenario rep-
resents a maximum in thermal capacity. The developed methodology of
the sizing of the hybrid OESS with a thermal storage and a battery can be
applied to any track scenario, independent of the distance. Improvement
in capacity of the OESS can be expected also for scenarios with lower
distance, even though the effect of increased range is higher at long
distances.

In future work, the configuration of a hybrid OESS with battery and
thermal storage can be defined with the developed methodical approach
for any track, time table and vehicle configuration. The sizing of the
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thermal storage module can be applied to the specific use cases. Alter-
natively, a large number of scenarios can be simulated and standardized
module sizes can be concluded. Also, the results of this work can be
transferred to other fields if scenarios from other vehicle platforms, like
buses are included in this evaluation. With standardized intermodal
module sizes, the cost for the thermal energy storage can be reduced
further as economies of scale occur with mass production of those sizes.
Technology readiness level of the thermal storage system is low at the
moment, as the technology is not applied in rail vehicles yet. For
application in the future, further research, development and demon-
stration are necessary to define energy density for different module sizes
and to increase the technology readiness level. An experimental setup of
a thermal storage system demonstrator in lab environment with a rail
specific module size would lead to such an increase in technology
readiness level. A demonstrator makes it possible to study the
complexity of operation of a thermal storage with metallic storage ma-
terial as they require high temperatures in the overall system. Chal-
lenges in the implementation of a demonstrator lie especially in the
system design. Chemical compatibility of the housing and the thermal
storage material must be given to avoid corrosion in operation. In gen-
eral, the high operating temperatures of up to 700 °C represent a chal-
lenge for the demonstrator design as thermal insulation needs to fulfill
rail-specific safety requirements in this temperature range. Also, the
thermal resistances from the thermal charging system and the heat ex-
changers of the discharging systems to the storage material are key
performance indicators. They must be as low as possible to avoid high
temperature differences to charge or discharge the system. Another
challenge for the experimental setup is the mechanical and thermal
stability as high temperature differences between inside and outside of
the thermal system lead to mechanical stress of the material, which
needs to be considered in the design process.

Future work with system simulations could address the development
of operational concepts for rail vehicles with thermal storages. In there,
operational effects like the removal of thermal storages during summer
months and the re-installation in winter months can be evaluated. The
combination of thermal storage systems with heat pumps is also to be
investigated. Heat pumps have a low COP or are no longer functional at
very low ambient temperatures. Thermal storage systems could cover
heating demand at these operating points, so that a combination of both
technologies could be advantageous for battery trains. In addition, sys-
tem simulations can investigate the defined module sizes with an on-
board vehicle energy management. In there, the explicit effects on bat-
tery storage can be studied to quantify the decreased degradation. An
energy management strategy which defines charging and discharging
times for thermal storage and battery in operation can be developed to
optimize overall system efficiency and degradation. For battery electric
rail vehicles, especially the change in catenary availability during the
operation is one boundary conditions for the charging strategy. The
reduced degradation through optimized energy management strategy
with thermal storage application is one key aspect to reduce cost in the
OESS of battery electric rail vehicles. Batteries will likely be replaced
several times during the lifetime of the vehicles, as the rail vehicles are
often designed for 30 years. A reduced degradation leads to less re-
placements of the battery in the vehicle life and therefore to reduced
costs.

Overall, lessons learned from this study are that thermal storages are
a suitable energy storage for battery electric rail vehicles, especially if
the vehicles operate in climate zones with a high demand for heating. In
those use cases, thermal storage systems as part of a hybrid OESS with
batteries can reduce the cost and increase vehicle range and flexibility.

5. Conclusion
Battery electric multiple units currently enable a range of around

100 km in operation. The presented study investigates an application in
northern Europe with a track length of 236 km and how thermal storages
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can help to enable battery electric vehicles to perform in this scenario
under all expected environmental conditions.

A thermal car body model in Python is set up, validated and used to
define the requirement of thermal storage in a battery electric rail
vehicle. The thermal power demand for HVAC is calculated with 48 kW
in the most demanding cooling case and with 92 kW in the most
demanding heating case. Based on this, a thermal storage capacity be-
tween 52 kWh and 255 kWh is calculated, depending on the sizing
scenario. The maximum discharge power of 92 kW for the thermal
storage corresponds to maximum C-rates for discharging between 0.38
1/h and 1.8 1/h. The charging process with a C-rate of 0.9 1/h corre-
sponds to an average charging rate for the thermal storage between 48
kWh and 230 kW. Overall, the thermal storage adds up to 5.6 % of
additional energy to the OESS compared to a stand-alone battery storage
system with equivalent weight. The thermal capacity, as well as the
discharging and charging rates, represent the energetic requirements of
the thermal storage, which define the sizing of the system. The devel-
oped methodical approach of the sizing based on the thermal energy
demand for HVAC can be applied to a wide range of operational sce-
narios of battery-electric rail vehicles. Especially in climate zone III,
with a high energy demand for heating, benefits of thermal storage
apply. But also, in climate zone I a significant energy demand for heating
is presented, indicating that also in there an application is beneficial.

Overall, the presented results show that the application of thermal
storages in the energy storage of battery electric rail vehicles reduces the
cost and increases range and flexibility of the vehicles during the
operation. For operators of these vehicles, these effects lead to an effi-
cient and low-emission public rail transport.
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