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Abstract

Battery-electric rail vehicles are a sustainable alternative for diesel-powered vehicles on
tracks without catenary. However, the energy demand to heat and cool the cabin limits
the vehicle range, and the applied synthetic refrigerants are environmentally harmful.
Therefore, this paper studies how energy demand and load on the battery in battery-elec-
tric rail vehicles can be reduced using heat pumps with natural refrigerants and efficient
thermal management. A heat pump and thermal car body model are developed and vali-
dated, which calculate the energy demand in battery-electric rail vehicles. In these models,
an optimized thermal management strategy is implemented, which changes the cabin set-
point temperature based on catenary availability. For a two-car battery-electric rail vehicle
in the climate zone II of Central Europe, the annual thermal energy demand is up to 110
MWh. The application of a heat pump with R290 (propane) can reduce the annual electri-
cal energy demand for heating and cooling by up to 55%. The load on the battery can be
mitigated further with the optimized thermal management strategy, reducing the equiv-
alent full cycles by 3%. Overall, the heat pump operation and efficient thermal manage-
ment strategy lead to higher vehicle range and flexibility in daily operation, increasing the
acceptance of battery-electric rail vehicles.

Keywords: heating; air-conditioning; HVAC; natural refrigerants; cabin model;
battery-electric rail vehicles; BEMU; battery trains; catenary-dependent thermal
management; passenger transport

1. Introduction — State-of-the-Art in Battery-Electric Rail Vehicles and
Their Thermal Management Systems

Battery-electric rail vehicles are an emerging technology to enable sustainable rail
transport. The following section introduces the operation of those vehicles and the differ-
ent sub-systems and components. Additionally, the thermal management and systems for
heating, ventilation, and air-conditioning (HVAC) are introduced, with a focus on natural
refrigerants and heat pump operation. Based on this introduction and state-of-the-art
analysis, the research question is concluded and presented at the end of the following
section.
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1.1. Battery-Electric Rail Vehicles: Operation and Components

The share of electrified rail tracks in the European Union (EU) is 57%. This means
that 43%, or 85,000 km of the track network, is used by rail vehicles with an internal power
supply [1]. For those vehicles, the state-of-the-art power supply is diesel, with 25,000 die-
sel-powered rail vehicles in operation in Europe [2]. Sustainable alternatives for the oper-
ation of vehicles on non-electrified track sections are battery-electric or hydrogen rail ve-
hicles. Operating hydrogen rail vehicles presents challenges due to the high cost of hy-
drogen as an energy carrier. Further challenges include the need for a safe and fast refu-
eling process for the large quantities of hydrogen required by rail vehicles [3]. The opera-
tion of battery-electric rail vehicles has challenges in providing sufficient range for the
vehicles, based on the lower volumetric and gravimetric energy density of batteries com-
pared to liquid energy carriers like diesel.

Battery-electric rail vehicles can switch between external power supply from catenary
and internal power supply from the battery system. Thus, local trackside electrification
with charging opportunities is a factor that determines the feasibility of battery-electric
vehicles [4]. Optimization for these individual boundary conditions of the operation is
also focused on the speed profiles or the internal power control of the vehicles [5]. In ad-
dition, it is challenging to provide sufficient range in operation due to the high energy
demand to heat and cool the cabin for passengers, especially at very high or very low
ambient temperatures [6].

In Germany, the operation of battery-electric rail vehicles started in 2023 with battery-
electric multiple units (BEMU) for passenger transport [7]. Since then, different networks
have adopted the operation of these vehicles or will start them in the next few years. Ex-
emplary BEMU fleets are the NAH.SH network with 55 vehicles, Niederrhein-Miinster-
land network with 66 vehicles or Ostbrandenburg network with 31 vehicles [8]. In other
European countries, the adaptation of battery-electric rail vehicles has started as well.
Overall, around 600 battery trains have already been ordered in Europe [9]. Globally, the
number of networks and projects with battery-electric rail vehicles has been increasing,
particularly in Asia and North America.

The vehicles used in the mentioned rail networks are regional rail vehicles, not high-
speed trains, as the tracks for high-speed trains are mainly electrified due to high energy
demand. Regional rail vehicles with batteries are, for example, the Alstom Coradia Con-
tinental BEMU, CAF Civity BEMU, Siemens Mireo Plus B, and the Stadler FLIRT AKKU.
These vehicles have a length of about 40 m to 50 m, resulting in a seating capacity of about
100 to 150 seats. The maximum speed is between 140 km/h and 160 km/h, and the range
in battery operation is stated to be between 80 km and 120 km. The power- and energy-
related components in the vehicles include batteries, power electronics, and e-motors [10].
The battery system is used as an on-board energy storage system (OESS) with a capacity
between 500 kWh and 1000 kWh [11]. Lithium-titanium-oxide (LTO) batteries are mainly
used in rail vehicles because they are safer and enable more cycles over their lifetime com-
pared to lithium nickel manganese cobalt oxide (NMC) and lithium iron phosphate (LFP)
batteries [12]. The cycling of the batteries is measured in equivalent full cycles (EFCs),
where one EFC is equivalent to one complete charge and discharge of the overall battery
capacity [13]. The cycling and aging of the battery cells is important for the operation of
rail vehicles, as it affects reliability, maintenance effort and costs over a vehicle lifetime of
up to 30 years. Therefore, opportunities for reduced battery cycling are part of current
research [14]. In track sections without catenary, the electrical power from the battery is
provided to the direct current (DC) link with DC/DC converters. In sections with catenary,
the electrical power for the DC-link is supplied by a pantograph and a transformer. DC-
to-alternating-current (AC) inverters provide electrical power from the DC-link to the
traction e-motors, which transform electrical energy into mechanical energy to move the
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vehicles. Additionally, DC/AC inverters provide the electrical power for auxiliaries such
as lights, passenger information systems, and HVAC systems [10].

Overall, it becomes clear that battery-electric rail vehicles are a rising technology for
operation on partly-electrified track sections, as more of these vehicles are available from
vehicle manufacturers and are in operation in several regional rail networks. The current
challenges deal with the lifetime of the battery systems and sufficient range in operation.

1.2. Rail Vehicle Thermal Management and HVAC Systems

Thermal management in rail vehicles includes the heating and cooling of all power
components [15]. For battery-electric rail vehicles, this includes the battery, power elec-
tronics, e-motors, and the HVAC system for the cabin. Specifically, the combination of
battery and cabin thermal management is a major part of current research [16]. The tem-
perature in the cabin of regional rail vehicles is controlled based on set-point temperature
values from EN 14750 [17]. The temperature inside the cabin needs to stay within an in-
terval between minimum and maximum cabin temperature, which depends on the ambi-
ent temperature [18]. For relatively higher ambient temperatures, the cabin temperature
is higher to limit energy demand by reducing the temperature difference between ambient
and cabin for the passengers. The thermal management in rail vehicles also depends on
the environmental conditions of operation, which are defined in EN 50591. EN 50591 in-
cludes a standardized calculation of energy demand in rail vehicles. One part of this cal-
culation considers energy demand for cabin heating and cooling based on standardized
operating points for regional vehicles. Specified parameters include ambient temperature,
humidity, and annual working hours [19]. Thermal comfort parameters for these calcula-
tions are taken with reference to EN 14750 and EN 13129 [60]. These operating conditions
strongly affect the energy demand of the HVAC system. Over a full year of operation, up
to 30% of the overall energy demand of the vehicle is for the HVAC system [20]. In a use
case in Germany, this corresponds to 30 MWh of annual energy to heat or cool the cabin
[21]. This implies that comfort functions and the HVAC system provide opportunities to
reduce energy demand for the vehicles in operation [22]. In addition to the temperature
in the cabin, humidity needs to be considered in the vehicle energy demand, as dehumid-
ification increases energy demand at high ambient temperatures [23].

For the investigation of thermal comfort and temperature distribution in the vehicle,
computational fluid dynamics (CFD) models and simulations are used [24]. For investiga-
tions focused on energy demand in rail vehicle operation, lumped-parameter models are
used, which have sub-models for heat transfer through cabin walls and conditioning of
cabin air flows [25]. Multi-zone models can be used for a level of detail between CFD and
lumped-parameter models [26]. In all these models, the HVAC system and the respective
cabin temperature and humidity control are abstracted.

HVAC systems for rail vehicles are often placed on the roof of the vehicles and have
a higher nominal power level compared to road vehicles, as the cabin is larger. At least
one HVAC system is installed per car, which leads to several HVAC systems in a complete
rail vehicle. HVAC systems for the driver and passengers are separated from each other.
Passenger cabin systems have a nominal power level between 10 kW and 60 kW, and the
driver cabin systems are around 5 kW [27]. The systems suck in fresh air from the envi-
ronment and circulating air from the cabin to create a mixed air flow. The mixed air flow
is cooled or heated in the HVAC system and guided to the cabin in ventilation ducts.
Inside the cabin, there are additional electrical resistance heaters that support the heating
system at low ambient temperatures. In future battery-electric rail vehicles, thermal stor-
age systems may be used as part of the thermal management system to provide an addi-
tional heat source [28]. Currently, HVAC systems consist of resistance heaters, a refriger-
ant compressor, an expansion valve, and heat exchangers, and the behavior of all these
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components affects the HVAC energy demand [29]. In the vapor compression cycle, dif-
ferent refrigerants are used to cool the air for the cabin. According to Trygstad et al. [30],
75% of HVAC systems in rail vehicles use R134a as a refrigerant and 25% use R407C.
R410A is also used in some rail vehicles [31]. R1234yf is studied for rail vehicle application
as well, but has similar performance values compared to R134a [32].

In general, thermal management and HVAC systems in rail vehicles have a substan-
tial share in the vehicle energy demand because of the large cabin. Resistance heaters are
the established technology for heating, whereas vapor compression cycles with synthetic
refrigerants like R134a are established for cooling.

1.3. Heat Pumps and Natural Refrigerants in Rail Vehicles

The vapor compression cycle can be used in an air conditioner to cool the ambient air
by absorbing heat in the evaporator. Heat pumps use the same cycle to provide heat to
the ambient air at the condenser. Therefore, heat pumps can be used as a heat source in
several applications. Industrial processes are especially beneficial for the applications of
heat pumps, as fewer changes in the aimed heating temperature of the working fluid are
expected compared to household systems [33]. Industrial processes also use working flu-
ids from the processes as heat sources for the heat pump. In mobile applications, such as
automotive battery-electric passenger cars, air-source heat pumps are applied to use am-
bient air as a heat source. Scroll compressors are used as compressor technology for these
mobile heat pump applications [34]. Furthermore, the vapor compression cycle is not only
used to provide thermal comfort in the cabin but also in the thermal management of bat-
teries in an integrated vehicle thermal management system [35]. R134a is an established
refrigerant for heat pumps in passenger cars, but systems with R290 (propane) and R744
(CO) are also entering the market [36]. For these new refrigerants, optimization methods
for heat pumps in mobile applications have been studied, e.g., machine-learning-based
optimizations to increase heat transfer at gas coolers [37]. Given these references, it be-
comes clear that heat pumps are an emerging technology in stationary and mobile appli-
cations.

Also, in regional and urban rail vehicles, heat pumps are a key technology in reduc-
ing energy demand [38]. In the heat pump process, the refrigerant is compressed in the
compressor, which also increases the temperature of the refrigerant. The hot refrigerant is
guided through the condenser heat exchanger, where it heats up the air for the cabin.
Afterwards, the refrigerant expands in the expansion valve, leading to a temperature re-
duction in the refrigerant. The cold and liquid refrigerant flows through the evaporator
heat exchanger and absorbs heat from the ambient air, leading to evaporation of the re-
frigerant. This closes the loop in the heat pump process as the refrigerant is then com-
pressed again. A key performance indicator for heat pumps is the coefficient of perfor-
mance (COP). The COP is the ratio between thermal energy provided to the air for the
cabin and the electrical energy for the HVAC system. For refrigeration systems, this ratio
is called EER (energy efficiency ratio). For simplification, the COP is used for heating and
cooling in this study. The ideal COP, based on the vapor compression cycle, differs from
the real COP measured in rail vehicles because of the efficiency of components like the
compressors and fans for heat exchangers and ventilation. A ratio between the Carnot
COP and real COP of 0.225 is stated by Deutsche Bahn, according to Donner et al. [39],
based on empirical evaluation. Constant COPs are applied for simplification in some stud-
ies about rail vehicles. For example, in Xu et al. [40], a COP of 3 is stated for the investiga-
tion. More detailed approaches analyze the heat pump COP as a function of the ambient
temperature. The COP decreases with greater temperature differences between cabin and
ambient temperatures. This leads to measures like vapor injections, which are applied to
increase heat pump COP at low ambient temperatures [41]. Vapor injection technology
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provides an increase in the COP from 1 to 1.6 at =25 °C ambient temperature [42]. In ad-
dition to temperature, the ventilation strategy also affects the COP of heat pumps in vehi-
cle applications [43].

Several manufacturers of HVAC systems for rail vehicles develop and offer heat
pump systems. Wabtec developed an R290 heat pump system for rail vehicles with tech-
nology readiness level 9 (TRL) [44]. Knorr-Bremse developed a system with R744 [45].
Liebherr developed heat pump systems with R290 and R744 [46]. The systems show
power levels of around 20 kW and COP values between 1.5 and 4. R290 and R744 are used
as natural refrigerants compared with synthetic ones like R134a introduced in the previ-
ous Section 1.2. Synthetic refrigerants need to be replaced, as they have a high global
warming potential (GWP). The GWP of R134a is 1430. R1234yf has a lower GWP of 0.5
but degrades to trifluoroacetic acid (TFA) and is part of the per- and polyfluoroalkyl sub-
stances (PFAS), which could be restricted by EU regulation 2024/073 [47]. PFAS are re-
stricted, as they are long-lasting chemicals that accumulate in the human body and pollute
the environment. R1234yf is widely used in passenger cars, but very rarely in rail vehicles,
so it is not further considered in this study. PFAS restrictions and the high global warming
potential of synthetic refrigerants mean that future heat pump systems will use natural
refrigerants.

The natural refrigerants R290 and R744 present additional challenges in their imple-
mentation in vehicles. Available heating power at low ambient temperatures with R290 is
lower than with R744, if compressors are designed for refrigeration only [48]. R290 is flam-
mable, which could pose a safety risk for passengers. This requires detailed safety assess-
ments and measures. Dual-loop systems can be used with R290, so that there is no heat
exchanger between R290 and the air transferred to the cabin. Small leakages in this heat
exchanger could lead to a flammable atmosphere in the cabin. However, dual-loop sys-
tems lead to a loss in energy efficiency. In Kwon et al. [49], the COP in a single-loop system
is between 8.3% and 49.5% higher, depending on the operating conditions. For dual-loop
systems, a reconfigurable dual-core R290 vehicular thermal management system featur-
ing a variable-area thermal unit can be used to overcome performance loss at high thermal
loads [50]. R744 has a low critical point but needs to be operated at high temperatures,
leading to transcritical operation. The components in the system need to be more robust
to be compatible with this pressure. Risks of transcritical operation can be prevented with
a liquid-state pressurized carbon dioxide ejector heat pump [51]. In passenger car opera-
tion, R744 heat pumps show a COP between 1 and 2.8 [52]. For rail vehicles, a COP be-
tween 1 and 4 is presented for ambient temperatures between 0 °C and 20 °C [53]. The
amount of refrigerant needed in rail vehicles with R744 heat pumps is between 2.8 kg and
3.8 kg [54]. The amount of refrigerant per HVAC system is around 2.8 kg with R290, 9.6
kg with R134a, and 8.0 kg with R407C, according to Boeck et al. [44] and Zhang et al. [55].
The evaporator and condenser temperatures can differ between refrigerants, even though
similar temperatures should be considered for reasons of efficiency. R744 systems are de-
signed, for example, with a heat exchanger outlet temperature of 35 °C and an evaporation
temperature of 5 °C in transcritical operation, whereas R290 systems are designed, for
example, with a condenser outlet temperature of 45 °C and an evaporation temperature
of 0 °C, according to Kwon et al. [56]. Another natural refrigerant for rail vehicles is air
(R729), but HVAC systems with air have a lower COP than R290 and R744 systems [57].

Overall, it becomes clear that heat pump operation in rail vehicles needs to be based
on natural refrigerants to contribute to sustainable transport. R290 and R744 are suitable
natural refrigerants but offer different efficiencies in operation. As efficiency varies greatly
with ambient conditions, a variety of operating conditions need to be considered for eval-
uation of heat pump systems in rail vehicles.
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1.4. Aims of This Study and Work Novelty

Efficient thermal management in battery-electric vehicles is a key research topic, as
energy demand and battery degradation are strongly dependent on it. Thermal manage-
ment systems with heat pumps and several refrigerants are discussed in the literature to
control temperature levels in the cabin and other components. Heat pumps increase the
energy efficiency compared to resistance heaters but require the use of natural refrigerants
for sustainable heating in vehicles. Synthetic refrigerants are less sustainable because of
their high GWP and their degradation to PFAS. For rail vehicles, heating, ventilation, and
air-conditioning systems with natural refrigerants have been developed in recent years.
However, studies demonstrating how these systems affect the energy demand and cycling
of batteries in battery-electric rail vehicles represent a research gap. Additionally, strate-
gies for the optimized operation of these systems with rail-specific boundary conditions
are missing in the literature, as most studies about battery-electric mobility focus on pas-
senger cars. Therefore, the presented work poses the research question: How do heat
pumps with natural refrigerants and an efficient thermal management operating strategy
affect energy demand and load on the battery in battery-electric rail vehicles? Accord-
ingly, this work aims to present the effects of heat pumps and optimized thermal man-
agement strategies on daily operation. Additionally, it aims to present the effects of sev-
eral climate zones and conditions and how they affect energy demand and battery cycling
on an annual basis.

2. Methodical Approach—Modeling of Thermal Management in
Battery-Electric Rail Vehicles

The following section presents the methodological research approach. A thermal car
body and heat pump model are introduced and validated to calculate the energy demand
for heating and cooling in a battery-electric rail vehicle. In addition, the parameter sets
studied for battery-electric rail vehicle operation scenarios are introduced, including en-
vironmental conditions, track sections, and vehicle parameters.

2.1. Thermal Car Body Model: Structure and Variables

A thermal car body model (TCBM) was developed in Python 3.12 to calculate the
thermal energy demand for HVAC systems in battery-electric rail vehicles. The TCBM
developed and applied in this study is based on the model described in previous work
[28]. The TCBM includes thermal modeling of the cabin and pre-conditioning of the air by
the HVAC system, as visualized in Figure 1.

Figure 1. Schematic scope of the thermal car body model.
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As a core principle of the TCBM, the first law of thermodynamics is set up in Equation

(D).
dH . . . . . . .
E = QTrp + Qraa T Qpass T Qp1 + Min * hyn + Mpgass * hpass — Moue * Rour )
The change in absolute enthalpy of the cabin air over time Z—I: is calculated as the
sum of the heat transported through the walls of the cabin Qr,,, the heat from solar radi-
ation Qguq, the heat emitted from the passengers Qpass, the heat from electrical heat
sources in the cabin Qg as well as the mass flow of the air Mpass/injous and enthalpy
Rpassjinjous €mitted from passengers and of the air entering and leaving the cabin by ven-
tilation.
The change in specific enthalpy of air in the cabin between two time steps Ah,, is
calculated in Equation (2) based on the mass of air in the cabin m,;, the change in absolute
enthalpy of the cabin air 2—1:, and the time step At. The specific enthalpy of the air in the

cabin hpq is calculated in Equation (3) by adding the change in specific enthalpy Ah,
to the specific enthalpy in the current time step h.y ;.

Ah ., = 1 a At 2
cb — me dt ( )
hcb,t+1 = hcb,t + Ahgy 3)

. 1 . : . d .
For the calculation of humidity, the change in mass of water in the cabin % is

calculated in Equation (4) by summing up the mass of water entering and leaving the
cabin based on air mass flows 71/, the water emitted by passengers 11,45, and abso-
lute humidity X;n/0y; of the air entering and leaving the cabin by ventilation. The amount
of water emitted by passengers mp,ss is calculated in Equation (5) based on the latent
heat flow emitted from passengers QPass,lat and the enthalpy of vaporization h,. The
change in absolute humidity in the cabin between two time steps Ax, is calculated in

. . . . d
Equation (6) based on the mass of air in the cabin m_;,, the change in mass of water %,

and the time step At. The absolute humidity of the air in the cabin x., .1 is calculated in
Equation (7) by adding the change in absolute humidity Ax,, to the absolute humidity in
the current time step x.p¢.

dmchb . . .
S dt = Min * Xin T Mpass — Moyt * Xout @)
. QPass,lat
Mpgss = h ®)
v
1 dmw ch
Ay = —— . Mwed ©)
¢ Mep dt
Xebt+1 = Xept T Axcp @)

Heat transfer equations in the model include the effects of conduction, convection,
ar
at
is calculated in Equation (8) based on the heat flow from conduction at the inner and outer

wall QCond,i /o and the thermal capacity of the wall C. The wall temperature at the next

and radiation on the thermal behavior of the car body. The change in wall temperature

time step Ty, is calculated in Equation (9) by adding the change in temperature to the
temperature in the current time step T,. The energy balance for the wall itself sums up all
heat flows from conduction inside and outside Qamd,i /o, convection inside and outside
QConv_i/o, and absorbed and emitted radiation Q'Rad,abs/em in Equation (10). Heat flow
from conduction QCond_i /o is calculated in Equation (11) based on thermal conductivity 4,
wall area A, wall thickness d, as well as the temperature difference between inside the
wall T and the surface Tgy,f;/,. Heat flow from convection Q‘Com,yi /o is calculated in
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Equation (12) based on the heat transfer coefficient «;/,, wall area A, as well as the tem-
perature difference between the surface of the wall Tgy,;/, and the temperature in the
cabin or ambient Ty /qmp. Heat transfer coefficients at the outside of the wall «, are cal-
culated in Equation (13) separately for walls and windows depending on the vehicle ve-
locity v. Overall, the energy balance for the wall can be rearranged to yield the wall sur-
face temperature Ty, f,;/, in Equation (14).

d_T _ QCond,i + QCond,o (8)
dt c
. 40
Tt+1 — Tt + QCond,L, - QCond,o At (9)
QCond,i/o = QConv,i/o + QRad,abs - QRad,em (10)
. 21
QCond,i/o = 7 A (TSurf,i/o - T) (11)
QConv,i/o =i/ A (ch/amb - TSurf,i/o) (12)
56+4-v 58+4-v forv<5m/s
Fowindow = {7 12 - 078 Fowan = { 7,14 - v978 forv >5m/s (13)

21 . .
d "A-T+ Ti/o "A- Tamb/cb + QRad,abs - QRad,em

TSurf,i/o = (14)

22
g + i) A
Similar calculations are performed for the wall and window areas of the car body,
taking into account that radiation is transmitted for window areas and absorbed at the

surface for wall areas. All volume flows V and heat flows Q relevant for evaluating the
energy balance of the cabin in the TCBM are summarized in Figure 2.

Circulating air V¢4

Mixing chamber HVAC Cabin Wall/window [€= (puq s
incl. heat pump . > c - QRad,emit
Fresh air Mixed air Cabin entry air Qconv,i e | Oconveo
Vea Vma ’

Veea - -
1 1 Qcondi  Qcond,o

C Heat capacity wall X I |
QHeat,therm QPass QEl

P Electrial power Qcooltherm
Q Heat flow

. Py, Exhaust air
V' Airvolume flow Y

HVAC electrical power Vea

Figure 2. Schematic scope of the thermal car body model including heat and air volume flows and
heat pump model (updated from [28]).

In addition, the HVAC COP model is given, which determines electrical energy de-
mand based on the thermal energy demand calculated by the TCBM. The TCBM is con-
nected with a simulation pipeline to the pySimRail vehicle model developed at DLR to
study the effects of the calculated energy demand for HVAC systems on the vehicle level
[58]. The pySimRail vehicle model simulates the driving dynamics of the rail vehicle based
on a timetable and determines power profiles at all relevant components of the vehicle
energy management.
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2.2. Heat Pump Model: Structure, Variables and Operating Strategy

A COP model was developed in Python to determine the electrical energy demand
for HVAC systems with heat pumps in battery-electric rail vehicle operation. The calcula-
tion of the ideal COP (COP;4.4;) is performed according to Equation (15) for heating oper-
ation as a heat pump, and according to Equation (16) for cooling operation as an air con-
ditioner. The COP is defined as the relation between heat at condenser Q.,,4 Or evapora-
tor Qeyqp and the work of the compressor W,,,,. These depend on the specific enthalpy
of the refrigerant after evaporator h;, compressor h,, condenser h; and expansion valve
hy. The calculated ideal COP is based on the simple saturated cycle, which is assumed
without any superheating or sub-cooling, as presented in the log(p)-h-diagram in Figure
3.

_ Qcona _ hy — h3
COPideal,heat - VVcomp - hz _ hl (15)

Qevap — hl - h4
VVcomp hz - hl

COPigeat,cool = (16)

The specific enthalpy of the refrigerant after the evaporator h, is given in Equation
(17) based on the temperature at the evaporator T,,,, and the saturation pressure at this
temperature psae revap, as the refrigerant is assumed to be in the state of saturated steam.
A visualization of the vapor compression cycle with the corresponding components and
states of refrigerant is presented in Figure 3 in a component overview and log(p)-h-dia-
gram.

Logarithmic pressure log (p)

Condenser
Liquid refrigerant
2
= —
P2
Expansion valve Compressor
P1
—) 1111 —)
4 T 1
‘@‘ Gaseous refrigerant
Evaporator
hy=h;,
Specific enthalpy h

Figure 3. Vapor compression cycle components (left) and log(p)-h-diagram with the four different
states of the refrigerant during the cycle (right).

The specific enthalpy of the refrigerant after the compressor h, is given in Equation
(18) based on the assumption of isentropic compression and the saturation pressure at
condenser temperature Pgu¢rcong- The specific enthalpy of the refrigerant after the con-
denser h; is given in Equation (19) based on the temperature at the condenser T,,,4 and
the saturation pressure at condenser temperature psq; rcong. The specific enthalpy of the
refrigerant after the expansion valve h, is set equal to h; in Equation (20) based on the
isenthalpic expansion at the expansion valve. All states and specific enthalpies of the re-
frigerant are determined by solving the fundamental Helmholtz energy equations of state
in CoolProp 6.6.0 [59].
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hy = hi(Teyap, Psat,revap) (17)

hy = hy(s1 = S2,Psat,rcond) (18)
hs = h3(Tcona, Psat,Tcond) (19)

hy = hs (20)

The calculation of the COP based on the ideal vapor compression cycle relies on ideal
assumptions and lacks information to calculate the electrical energy demand of HVAC
systems with heat pumps in rail vehicle operation. A factor f-pp =0.4 was determined to
define the ratio between ideal and real COP and is based on a value from German rail
operator Deutsche Bahn in Donner et al. [39]. It describes the ratio between the COP from
the ideal vapor compression cycle COP;4.,; and the real COP (COP,.,;) based on the elec-
trical energy demand of HVAC systems appearing in rail vehicle operation, as stated in
Equation (21). The factor takes into account the losses as well as the electrical energy de-
mand for fans and other components in the HVAC system.

COPreqi = fcop " COPigeai (21)

Based on the heat pump and refrigeration model, the COP values are determined for
different ambient temperatures and refrigerants, as presented in Figure 4. R134a is pre-
sented as a widely applied synthetic refrigerant in comparison to the natural refrigerants
R290 and R744. The COP curves for heating are presented to the left in Figure 4, down to
an ambient temperature of —40 °C. All heating mode curves are calculated with a conden-
ser temperature between 30 °C and 40 °C. The evaporator temperature in heating mode is
set 10 K colder than the ambient temperature. R744 shows a lower COP compared with
R134a and R290, and the COP is less than 1 for R744 below —25 °C.

Heating mode Cooling mode

4.00

3.00
9
O
]

2.00

1.00 ;

-40 =30 -20 -10 0 10 20 20 25 30 35 40 45
Ambient temperature in °C Ambient temperature in °C

Figure 4. Modeled COP curves for heating (left) and cooling (right) with different refrigerants.

The COP curves for cooling are presented to the right in Figure 4 up to an ambient
temperature of 45 °C. Curves are calculated with an evaporator temperature between 0 °C
and 15 °C. The condenser temperature in cooling mode is set 10 K higher than the ambient
temperature. Similar to the COP curves for heat pump mode, the COP for R744 is lower
than for R134a and R290. For R744 at temperatures higher than 30 °C, the vapor compres-
sion cycle turns into a transcritical cycle where the refrigerant operates above its critical
point. The developed heat pump model is not designed for transcritical fluid modeling,
so for transcritical operation, the R744 COP is extrapolated based on the subcritical COP
and the ratio to the COP of R290. Overall, the COP values for the three studied refrigerants
vary from 0.8 to 4.1 over heating and cooling modes combined.

In addition to the ambient temperature, the energy demand for heating and cooling
is highly dependent on the temperature in the cabin. The higher the temperature
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difference between cabin and ambient, the higher the energy demand for the HVAC sys-
tem. Set-point curves for the cabin temperature in regional rail vehicles are defined in DIN
EN 14750 [18]. For every ambient temperature, upper, lower, and recommended set points
for the cabin temperature are stated in the corresponding set-point curves. The difference
between upper and lower set-point temperatures gives a degree of freedom in the opera-
tion of the vehicles while maintaining thermal comfort for the passengers. Based on these
boundary conditions, an optimized thermal management strategy for battery-electric rail
vehicles is developed and presented in Figure 5.

Low ambient

temperature . .
% t High cabin temperature set point Low cabin temperature set point l
High ambient
tempelrature l Low cabin temperature set point High cabin temperature set point t
Sa/
- : -

Catenary available Catenary not available
x
[

sl

Figure 5. Optimized thermal management strategy based on set-point temperatures for the cabin

depending on catenary availability.

The aim of the optimized thermal management strategy is to minimize energy de-
mand for the HVAC system provided by the battery. Therefore, in track sections where
catenary is not available, the set-point temperature in the cabin is set to the upper limit for
cooling cases and to the lower limit for heating cases. As soon as the catenary is available,
the set-point temperature switches to the lower limit for cooling cases and the upper limit
for heating cases. This increases energy demand in sections with catenary but also condi-
tions the cabin thermally to reduce energy demand even further in the next section with-
out catenary.

2.3. Validation of Simulation Models

The simulation results from the presented models are compared to measurement val-
ues to validate the results. For the validation process, measurement data from rail vehicles
in operation is used. The electrical power demand on HVAC systems is measured, as well
as the ambient and cabin temperatures. Time intervals of the same length are chosen from
the measurement data, and the HVAC power is cumulated to an HVAC energy demand
over the whole interval. The measured electrical HVAC energy demand in comparison to
the simulated energy demand is presented in Figure 6. The HVAC systems in the meas-
ured vehicles are operated with discrete power steps, which means that the power devi-
ates over time compared to the simulated power values from the TCBM.

The comparison of the cumulated energy values helps to remove the effects of the
individual operation strategy and focuses the validation process on the overall energy
balance. Six different ambient temperatures are evaluated from cold conditions at -5 °C
up to hot conditions at 34 °C. The measured energy demand is between 4 kWh and 29
kWh, whereas the simulated energy demand is between 4 kWh and 22 kWh. The highest
energy demand occurs, as expected, at the lowest and highest ambient temperatures. The
measured values include some effects of the environment that are not available in the
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measurement data, such as solar radiation and wind velocity. For these effects, assump-
tions are made in the simulation. Solar radiation is assumed to be 0 W/m? in the heating
cases and 400 W/m? in the cooling cases. Wind velocity is assumed to be 0 km/h for a
parked vehicle. The uncertainty in the measurement data concerning these effects explains
the range of different values for the energy demand at the same temperature.
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Figure 6. Comparison between simulated and measured HVAC energy demand at different ambi-

ent temperature levels.

Several measurement data sets at the same average ambient temperature are ana-
lyzed to identify the range of values for the electrical HVAC energy demand at this tem-
perature. For most cases, the simulated energy demand is lower than the measured one.
In the case with the highest ambient temperature, the simulated energy demand is higher
than the measured value. This can be explained by the fact that the mechanical dehumid-
ification implemented in the model generates high energy demand. In a qualitative com-
parison, the results show that the simulation results for different operating points are sim-
ilar to the measured energy demands. This supports the conclusion that the models pro-
vide reliable results for HVAC energy demand. The models are therefore validated and
suitable for investigating the effects of heat pumps and an optimized thermal man-
agemsectionent strategy on the operation of battery-electric rail vehicles.

2.4. Use Case Scenarios and Parameter Sets of Battery-Electric Rail Vehicle Operation: Vehicle,
Tracks and Climate Zones

To study different refrigerants in heat pumps and efficient operating strategies in
battery-electric rail vehicles, suitable parameter sets for environmental conditions, track,
vehicle and HVAC control are specified. These parameter sets are used as input for the
TCBM to generate the results presented in Section 3.

For the environmental conditions, several rail-specific standards such as EN 14750
and EN 13129 define different climate zones for operation in Europe, as presented in Fig-
ure 7. Each country is assigned a climate zone from I to IIl in summer and winter. Southern
Europe is defined with climate zone I, Central Europe with climate zone II and Northern
Europe with climate zone III in both seasons. In general, climate zone I is characterized by
higher ambient temperatures and climate zone III by lower ambient temperatures. Most
countries are assigned the same climate zone for summer and winter, but Great Britain,
Poland, and Italy, for example, have different climate zones in winter and summer.
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Figure 7. Climate zones of operation for regional rail vehicles according to EN 14750 [18] and EN
13129 [60] (maps created with [61]).

Assigned climate zones lead to different standardized operating points (OP) for rail
vehicles, according to EN 50591, as presented in Table 1. The operating points are defined
by ambient temperature and humidity, passenger rate and solar radiation. In addition,
the annual operating hours in each operating point are given for climate zones I to III. OPs
with high ambient temperature, such as OP7, are considered to have more annual hours
in standardized operation of climate zone L. In contrast, OPs with low ambient tempera-
tures, such as OPS8, are considered to have more annual hours in climate zone III. For the
stated examples of OP7 and OPS8, there are even different versions of the respective OP
adjusted to different climate zones, for example, OP8_II for climate zone II and OP8_III
for climate zone III. The operating hours add up to 7300 h out of 8760 h per year, which is
equal to 20 h per day. A total of 4380 h are assigned to commercial operation in OP1-OP7,
1460 h to non-commercial operation in OP8-OP13, and 1460 h to parking operation in
OP14-OP1e6.

In addition to environmental boundary conditions, three different track profiles are
specified for this study. The specifications of the profiles are presented in Table 2. The
tracks are chosen due to their non-electrified sections, so that they would be suitable for
battery-electric rail vehicle operation. The track length is between 52 km and 87 km, which
corresponds to a travel time between 57 min and 99 min.

Table 1. Standardized operating points over the year for regional rail vehicles according to EN 50591
[19].

Ambient

Ambient Relative Passenger Solar Annual Annual Annual
or Temperature Humidity Rate Radiation Hours Hours Hours
in °C in % in % in W/m? Zonel Zone 11 Zone III
Or1 -10 90 0 0 2 65 372
@) ) 0 90 100 0 244 945 1445
OoP3 10 90 50 0 1086 1442 1198
or4 15 90 50 0 1163 1102 889
oP5 22 80 100 0 969 627 404
OP6_I 28 70 100 600 695
Oore_II 28 70 100 600 185
OP6_lIII 28 50 100 600 72
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OP7_1 40 40 100 800 221
OP7_11 35 50 100 700 14
OP8_II -20 90 0 0 0
OP8_III -40 90 0 0 15
or9 -10 90 0 0 0 21 109
OP10 0 90 0 0 175 490 638
OP11 15 80 0 0 657 674 539
OP12 22 80 0 0 533 257 143
OP13_1 40 40 0 800 95
OP13_1I 35 50 0 700 18
OP13_III 28 70 0 600 16
OP14 0 90 0 0 175 512 762
OP15 15 80 0 0 827 801 629
OP16 28 50 0 700 458 147 69
Table 2. Specifications of track scenarios.
Track Start/End Station Length in km Number of Stations Travel Time in min
T1 Memmingen-Ulm 52.3 10 57.0
T2 Trier—Gerolstein 68.4 17 78.6
T3 Wangen-Sigmaringen 87.2 13 99.3

The vehicle velocity and catenary availability for the three different track scenarios
are displayed in Figure 8. The velocity profiles show fast acceleration after every station,
followed by a constant velocity close to the local speed limit before deceleration to the
next station. The maximum velocity reached is 140 km/h. The catenary is available at sec-
tions where the catenary availability is 1. These sections are either at the beginning or the
end of the track, as the catenary is mostly available at the main stations where the vehicles
also start their operation. As soon as the catenary availability is 0, the electrical power
supply for the rail vehicle is provided by the battery system.

Track scenario T1 >
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Figure 8. Vehicle velocity and catenary availability for reference tracks T1, T2 and T3.
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In addition to the track specifications, a generic BEMU is specified for this study. The
specifications are summarized in Table 3. The specified reference vehicle is a two-car
BEMU with a length of 45 m. Length, width, and height are important to determine the
surface area for the thermal car body and the corresponding heat transfer. The maximum
number of passengers is defined as 100. Thermal properties, including the thermal trans-
mittance and heat transfer coefficients at walls and windows, have been defined based on
EN 14750.

Table 3. Specifications and thermal properties of reference battery-electric rail vehicle.

Specification Unit Value

Number of cars - 2

Length m 45.0

Width m 2.8

Height m 3.4

Thermal transmittance wall W/m2K 2.23
Thermal transmittance window W/m2K 5.6
Heat transfer coefficient wall inside W/m2K 10
Heat transfer coefficient window inside W/m2K 10
Max. passengers - 100

Battery energy content kWh 500

The operation of the HVAC system in this study is based on the parameters given in
EN 14750. Set points for fresh air volume flow and temperature in the cabin, depending
on ambient temperature, are summarized in Figure 9. A minimum and maximum cabin
temperature set point is defined in EN 14750, depending on ambient temperature. Addi-
tionally, a recommended set-point curve is given, which has values between minimum
and maximum. As part of this study, two optimized set-point curves were developed for
operation with and without catenary, as presented in Figure 9 on the right. The corre-
sponding thermal management strategy is introduced in Figure 5. For very high and very
low temperatures, the curves define lower temperature differences to the ambient tem-
perature and lower fresh air volume flows to reduce energy demand. The fresh air volume
flow is defined per passenger in the vehicle. A minimum fresh air volume flow of 400 m3/h
is assumed, even if the passenger number is very low. This assumption is based on EN
14750, which recommends a minimal fresh air volume flow of 4 m3/h times the maximum
number of passengers.
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Figure 9. Set-point curves for fresh air volume flow and cabin temperature, depending on ambient tem-

perature.
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3. Results—Simulated Energy Demand in Battery-Electric Rail Vehicles
for Different Climate Zones

The following section presents how the energy demand in battery-electric rail vehicles is
affected by heat pump application with different refrigerants. It shows how efficiency varies
over operating points and operation in different climate zones. Additionally, the effects of the
optimized operating strategy on the cycling of the battery system are presented.

3.1. Energy Demand with Heat Pumps and Different Refrigerants

The energy demand for HVAC systems with heat pumps is calculated with the TCBM
and heat pump model presented in Sections 2.1 and 2.2. The applied input parameter sets for
these simulations are described in Section 2.4. The simulated energy demand for the reference
vehicle on track T1 is displayed in Figure 10, based on the recommended set-point cabin tem-
perature from Figure 9. It is presented for three different refrigerants, R744, R290, and R134a,
and for the different operating points from Table 1. As some operating points, such as OP1
and OP9, have the same conditions, they are not presented separately.

OP8_III shows the highest thermal energy demand over all studied OPs, with 75 kWh in
the 1 h track scenario T1. For cooling conditions, OP7_I shows the highest thermal energy
demand with 55 kWh. In both cases, this results in the highest electrical energy demand using
R744 as a refrigerant. In comparison, the results with R290 and R134a show a reduced energy
demand because of higher COP values. In the most demanding heating conditions of OP8_1III,
the results for R744 show a higher electrical than thermal energy demand. As a result, re-
sistance heaters would be more efficient than R744 heat pumps in these conditions. Neverthe-
less, the most demanding operating points do not occur often throughout the year, according
to Table 1. In more moderate conditions, such as OP2, all refrigerants show a lower electrical
than thermal energy demand. Consequently, the application of heat pumps increases the sys-
tem efficiency compared to resistance heaters in these OPs, which occur often throughout the
year, according to Table 1.

Track scenario T1

0.
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Figure 10. Track-specific electrical energy demand for HVAC in battery-electric rail vehicle for operating
points from Table 1 and different refrigerants with recommended set-point cabin temperature in use case
T1.

In addition to the route-specific energy demand, the annual energy demand for HVAC
systems is calculated and presented in Figure 11. To calculate the annual demand, the average
HVAC power demand over track T1 is multiplied by the annual hours for every OP from
Table 1. The annual thermal energy demand can be calculated by adding the thermal demand
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for cooling and heating presented in Figure 11. For climate zone II, the annual demand for
heating is 90 MWh and 20 MWh for cooling, resulting in an overall annual demand of 110
MWHh. In comparison, energy demand is higher in climate zone I, with 131 MWh, and in cli-
mate zone III, with 138 MWh. It also shows that the thermal energy demand for heating is
highest in climate zone III, with 123 MWh, which is equivalent to 89% of the thermal energy
demand for HVAC in this zone. Only 11% is demanded for cooling. In contrast, the thermal
energy demand for cooling is highest in climate zone I, with 75 MWh, which corresponds to
57% of total energy demand. Overall, the comparison between the different climate zones
demonstrates that the thermal energy demand for heating is dominant compared to the one
for cooling.

Climate zone I Climate zone II Climate zone III
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Figure 11. Annual electrical and thermal energy demand for heating and cooling of HVAC in battery-

electric rail vehicle for climate zones I, II, III for different refrigerants based on power demand in use case
T1.

Next to the thermal energy demand in Figure 11, the corresponding electrical energy de-
mand for the different refrigerants is presented. The comparison shows that the R744 HVAC
system requires the highest overall electrical energy demand, with 83 MWh in climate zone
IIT combined for cooling and heating. R134a shows the lowest energy demand in climate zone
II, with 43 MWh, whereas energy demand with R290 is only slightly higher at 4 MWh. In
these cases, the same refrigerant is used for heating with a heat pump and cooling with air-
conditioning mode. In state-of-the-art vehicles, heating is often performed with resistance
heaters and cooling with vapor compression cycles with synthetic refrigerants, as stated in
Section 1.3. To identify the respective values in Figure 11, the thermal energy demand for heat-
ing and the electrical energy demand for cooling with R134a need to be summed up, which
results in 80 MWh in climate zone I, 97 MWh in zone II, and 127 MWh in zone III. Compared
with these state-of-the-art values, heat pump operation with natural refrigerants R744 and
R290 reduces the energy demand for the HVAC system in all climate zones. The highest re-
duction in energy demand occurs in climate zone II because of the moderate operating condi-
tions. The heat pump application for R744 reduces annual energy demand compared to the
state-of-the-art HVAC systems by 37% to 36.1 MWh, and the application for R290 by 55% to
53 MWh.

Overall, the results show that heat pumps with certain natural refrigerants can lead to a
higher energy demand on single routes at very low temperatures. However, they are able to
reduce energy demand for battery-electric rail vehicles significantly in moderate conditions
and especially over a full year of operation throughout all four seasons.

3.2. Optimized Thermal Management Strategy for HVAC Operation

The previous section demonstrates how the HVAC energy demand for battery-electric
rail vehicles can be reduced to increase range in operation by using natural refrigerants. Even
higher ranges are possible if the operating strategy of the HVAC system is adjusted. An
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optimized operating strategy based on set-point temperatures, which depend on catenary
availability, was introduced at the end of Section 2.2 and in Figure 9. The effect of this opti-
mized thermal management strategy is displayed in Figure 12.

As the presented operating point OP1 is a heating case, the set-point temperature in sec-
tions without catenary availability is reduced for these track sections. The first change in cate-
nary availability occurs after around 60 s, which leads to a decrease in the set-point tempera-
ture from 22 °C to 19 °C. Accordingly, the actual cabin temperature follows this new set-point
value. At around 3000 s, the catenary availability returns, and the set-point temperature in-
creases again to 22 °C. On the right side of Figure 12, the corresponding power demand of the
HVAC system is presented. The reference operating strategy, which follows the recom-
mended set-point temperature and does not change with catenary availability, shows an
HVAC power demand of around 39 kW, with small fluctuations caused by the change in ve-
hicle velocity. In contrast, the optimized strategy reduces power demand from 41 kW to 24
kW after the change in catenary availability at 60 s. Afterwards, the power demand increases
up to around 36 kW. This demand does not occur immediately after the change because the
cabin is still charged thermally due to the higher set-point temperature in the section before.
This leads to a lower power demand after the change in catenary availability, compared to a
more stationary operation in sections without catenary. At the second change in catenary
availability after 3000 s, the power demand increases from 36 kW to 53 kW. After this change,
a reverse effect can be seen. Directly after the catenary is available, again the power demand
peaks as the cabin needs to be re-heated by the 3 K temperature difference between the set-
point temperatures of 19 °C and 22 °C. After the re-heating process is completed, the power
demand reaches the initial value of around 42 kW again.

The integration of the power demand curves from Figure 12 shows that the reference
strategy has an energy demand of 5.5 kWh in sections with catenary and 31.9 kWh in sections
without catenary. In contrast, the optimized strategy shows an energy demand of 6.3 kWh in
sections with catenary and 28.9 kWh without catenary. Thus, energy demand is increased in
sections with catenary by 14% but was reduced in sections without catenary by 10%. The en-
ergy demand is also reduced over the whole T1 track compared to the reference set-point
curve, although this depends heavily on the length of the section without catenary. Longer
sections with catenary available could lead to an increase in energy demand with the opti-
mized set-point curve. Overall, the presented optimized thermal management leads to an in-
crease in energy demand within sections where electrical energy is available through catenary,
and to a decrease in energy demand within sections where the electrical energy needs to be
provided by the battery system. This leads to a reduced load on the battery and an additional
range for the vehicles in operation.
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Figure 12. Simulated temperature in the cabin (left) and thermal energy demand (right) for track T1
in OP1 with and without optimized thermal management strategy.
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3.3. Advantages for the Cycling of the Battery System

The reduced energy demand on the battery system with an optimized thermal man-
agement strategy is presented in the previous sections. This section focuses on the effects
and advantages which occur due to the reduced energy demand for the battery system.
The energy content for the battery system studied in the following is 500 kWh, as pre-
sented in Table 3. The studied refrigerant for this section is R290. Figure 13 presents how
the SoC of the battery system in the vehicle develops in use cases T1, T2, and T3. The
curves are calculated based on traction, HVAC, and auxiliary power profiles in the vehi-
cle, respecting common efficiencies of the power components.
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Figure 13. Battery system SoC over time for T1, T2 and T3 in OP1 with and without optimized op-
erating strategy.

The SoC curves show different characteristics between the studied tracks. For T1, it
can be seen that the SoC increases near the end at 3000 s as the vehicle arrives in a section
with catenary and uses this electrical power supply to recharge the battery. For the other
two tracks, no recharging occurs in the operation, as no catenary is available at the final
station. In contrast, in T2 and T3, the SoC is kept constant at the beginning of the track
until the catenary is no longer available after around 500 s and 1000 s, respectively. In T2,
the lowest SoC is 43%, as this track has the highest number of stations and therefore ac-
celeration and deceleration processes without trackside electrification. In all track scenar-
ios, the optimized thermal management strategy results in higher SoC values compared
to the reference strategy. For the presented tracks in Figure 13, the SoC is up to 1% higher
in the optimized R290 strategy at the end of T2 compared with the reference strategy with
R290. Compared to the reference strategy with resistance heaters, the SoC for the opti-
mized R290 strategy is up to 5% higher. On the vehicle level, the reduced energy demand
leads to an increase in available range. The reference R290 scenario increases the range by
9% compared to the reference heater scenario. If the optimized thermal management strat-
egy is applied, the range can be increased further by another 1% at this operating point.
For OP8_III, the range increase from the R290 reference case to the R290 optimized case is
2%. As the range increase depends on HVAC energy demand, it is higher for operating
points with higher HVAC energy demand.

In addition to an increased range and SoC, the battery system is also cycled less with
the optimized strategy. The cycling of the battery is measured in equivalent full cycles
(EFCs), which show how often the overall battery capacity is discharged and charged by
partial cycles in operation. Charging takes place in sections with catenary or by regenera-
tive braking. Figure 14 shows how many EFCs are simulated for the reference and opti-
mized operating strategy at the different tracks. EFC values are around 0.3 cycles for T1
and around 0.32 cycles for T2. In T2, the battery is discharged to lower SoC values because
there are more stations than in T1, but in T1, it is recharged to the initial SoC at the end of
the track. Recharging in scenario T2 would increase the EFCs in this cycle by around 0.25.
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At track T3, the number of cycles is around 0.29 and therefore lower compared with T1
and T2, as the number of stations is lower and no recharging is performed. For all tracks,
the EFCs are reduced with the optimized strategy compared to the reference. The reduc-
tion with the optimized strategy is 0.004 EFC for T1, which means a relative reduction in
EFC of 1.4%. With 12 trips per day, this results in a reduction of around 18 EFC per year.
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Figure 14. Equivalent full cycles of the battery with and without optimized thermal management
strategy for T1, T2, T3 in OP1 (left) and relative reduction in equivalent full cycles with optimized

thermal management strategy for different operating points for T1 (right).

The effect of the optimized strategy on the EFC depends on the operating conditions
of the vehicle, as presented in Figure 14 on the right. The relative reduction in EFCs is
given for the different operating points in Table 1 and shows values between 0.9% and
3.5%. The minimal relative reduction occurs at OP4 and OP11, as the HVAC energy de-
mand in these OPs is very low, as presented in Figure 10. The maximum reduction in
relative EFCs occurs at OP7_lI, which is a cooling case. In general, the OPs where cooling
is required show a higher reduction in relative EFCs, as less energy for dehumidification
is also necessary. For heating cases, the maximum reduction in relative EFCs appears in
OP8_II with 1.8%. Overall, it becomes clear that optimized operation of the HVAC system
in a battery-electric vehicle reduces energy demand from the battery system and provides
a higher lifetime of the battery system in the vehicle.

4. Discussion

Models for the thermal car body and HVAC system with a heat pump are developed
and simulated in the presented paper to study the effects of heat pumps and efficient ther-
mal management strategies on the operation of battery-electric rail vehicles. Results for
efficient thermal management strategies are specific to battery-electric rail vehicles,
whereas the study of energy efficiency of heat pumps with different refrigerants can also
be applied to other kinds of rail vehicles.

The results show that energy demand for HVAC systems in battery-electric rail ve-
hicles is similar for the natural refrigerant R290 and the synthetic refrigerant R134a. R744,
as an alternative natural refrigerant, shows a lower energy efficiency in the calculated
COP curves based on the vapor compression cycle, resulting in a higher HVAC energy
demand. At operating points with very low ambient temperatures, COP values are similar
to 1 or even below, depending on the refrigerant. This means that heat pump operation is
not providing a significantly higher efficiency than resistance heaters under these condi-
tions. In more moderate operating points with less extreme ambient temperatures, heat
pump operation with all three studied refrigerants is more efficient than heating with
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resistance heaters. These moderate conditions occur more frequently throughout the year,
which leads to a reduction in the annual HVAC energy demand by over 50% when heat
pumps are utilized. Furthermore, this enables an increased range for the vehicles in oper-
ation and a reduced load on the battery system.

In addition, the load on the battery can be reduced with an optimized thermal man-
agement strategy. The strategy includes the dynamic change in set-point temperatures in
the cabin based on the availability of electrical power supply from the catenary. For heat-
ing cases, it reduces the load on the battery by reducing overall HVAC energy demand.
For cooling cases, this strategy leads to even further reductions in the cycles at the battery
because it also reduces energy demand for dehumidification. Especially at high and very
low ambient temperatures, the strategy achieves a high relative reduction in equivalent
full cycles at the battery system. Overall, the strategy represents a feature for battery-elec-
tric rail vehicles that does not require the installation of additional components but in-
creases lifetime of the battery system and additional range at very demanding operating
conditions.

Battery-electric rail vehicles are required to have low impact on the environment and
provide high range and flexibility in daily operation in all kinds of operating conditions.
State-of-the-art rail vehicles are often equipped with synthetic refrigerants for cooling and
resistance heaters for heating. Natural refrigerants like R290 or R744 are suitable options
for heating with heat pumps, providing a lower environmental impact and high energy
efficiency, especially with R290.

Current thermal management strategies in rail vehicles define set-point temperatures
based on ambient temperature. The developed optimized operating strategy also takes
into account the catenary availability for battery-electric rail vehicles. Such a thermal man-
agement strategy could be implemented in current vehicles, as no additional components
are required, and only control mechanisms need to be adjusted. New heat pump systems
with natural refrigerants could also be implemented in current vehicles. However, this
would require high effort in system integration or a complete replacement of the current
HVAC modules. Since this is a very cost-intensive process, heat pumps with natural re-
frigerants are suitable for newly manufactured rail vehicles in particular. The state-of-the-
art battery systems used in rail vehicles, LTO batteries, benefit highly from the reduced
load and cycling in the system. A relative reduction in equivalent full cycles leads to a
higher increase in absolute lifetime, as the overall lifetime cycles are higher than with
other battery chemistries like LFP.

The studied results are based on simulations performed with the developed thermal
car body and heat pump model. For the modeling, different assumptions lead to limita-
tions in the evaluation of the results. The heat pump model generating the COP curves is
based on the vapor compression cycle and an empirical factor describing the difference
between the ideal COP in the vapor compression cycle and the real COP measured in rail
vehicles. The results are sensitive to the parametrization of this factor, which is why the
chosen factor and the calculated COP curves are validated by comparison with references
from the literature. The transcritical modeling of R744 is based on the extrapolation from
subcritical operating points. This represents a simplification that only affects a small num-
ber of operating points in this study, as most of them use subcritical conditions to evaluate
energy demand. Nevertheless, for future detailed analysis of these transcritical operating
points, an individual validation of the simplified transcritical modeling approach needs
to be performed. A physical modeling of all sub-components in the HVAC system with a
heat pump is not performed. This limits the analysis to the energy efficiency based on the
modeled COP curves, not taking into account the available thermal heating power based
on limited compressor power. For R744 as a refrigerant, this can provide additional ad-
vantages at low ambient temperatures, as the heating power is higher than with R290 and
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R134a, if compressors are designed for refrigeration. The thermal car body model is based
on the heat transfer through the walls and the pre-conditioning of the air for the cabin. A
lumped parameter approach is chosen, which can be extended in future work by devel-
oping and implementing a multi-zone model of the cabin to take into account temperature
distribution. Air exchange through sealings or door openings is currently not simulated
specifically in the thermal car body model. This air exchange can be seen as part of the
exhaust air already simulated in the model, but a specific modeling of these processes
would increase the level of detail in the model. As the modeled vehicles are operating as
regional rail vehicles between cities, door openings are not frequently in operation. If the
scope of the study were increased to inner-city operation of rail vehicles like metro vehi-
cles, door openings and the corresponding air exchange would become more relevant in
their effect on energy demand. Nevertheless, model validation shows that results for the
overall energy demand in simulation and measurement are comparable to each other. It
needs to be mentioned that the interpretation of the measurement data has some limita-
tions as well. For example, radiation, air exchange due to leakage, and door opening are
not measured in the vehicles and need to be assumed in the models. Also, cabin temper-
ature fluctuates in daily operation because of transient effects like passengers leaving and
entering the vehicle. For the simulations with the validation parameter sets, more constant
cabin temperatures occur because of fewer transient effects. In the parameter sets for the
evaluation of heat pumps and thermal management strategies, standardized constant op-
eration points from EN 50591 are defined. Transient effects like changes in passenger rate
and temperature increases or decreases in the cabin are not part of these operating points.
Effects of rapidly changing weather and timetable delays can occur in real vehicle opera-
tion but are not included in the standardized evaluation of vehicle energy demand based
on EN 50591 and therefore not considered in this study. The climate zones evaluated are
limited to climate conditions in Europe. Globally, other climate conditions like tropical
climates exist but are more focused on cooling instead of heating and are therefore less
relevant for the evaluation of heat pumps. The standardized year of operation used for
the calculation of annual energy demand is not representative of all possible locations for
the operation of battery-electric rail vehicles. Special local conditions could lead to differ-
ent results in annual energy demand, especially if more extreme operating conditions oc-
cur more often than in the standardized year. This could be the case in continental climates
that occur, for example, in Eastern Europe. The study is also limited to three highly dis-
cussed refrigerants for rail vehicles. Many more refrigerants are available and discussed
in other applications such as passenger cars, buses, or stationary HVAC systems.

In future work, the methodical approach of this study can be extended to other new
refrigerants with low environmental impact, synthetic, and natural ones to investigate
their effect on the operation of battery-electric rail vehicles. In addition, more parameter
sets of different vehicles can be studied to assess the effect of vehicle size on HVAC energy
demand. Furthermore, demonstrators of heat pump systems with different refrigerants
can be built to measure and validate the studied effects on the hardware components. The
measurement results can also be used to develop and validate individual models of the
different sub-components in the heat pump system. When developing demonstrators, the
design process for heat pumps in battery-electric rail vehicles should be focused on. Cur-
rently, vapor compression cycles in HVAC systems are mainly designed for cooling oper-
ation, and heat pump operation is added by reversing these cycles. A design of the vapor
compression cycle, especially for heat pump operation, can lead to a different setup with
different effects concerning energy demand in daily operation. For a comprehensive anal-
ysis of these HVAC systems, the amount of refrigerant, leakage safety, high-pressure op-
eration and fan losses should be studied for future setups of the systems. In addition to
the heat pump system, the optimized thermal management strategy can be demonstrated

https://doi.org/10.3390/en19173990


https://doi.org/10.3390/en19173990

Energies 2026, 19, 3990

23 of 29

in vehicles in future work. This offers the opportunity to validate the calculated relative
reduction in equivalent full cycles with vehicles in operation. The calculated and meas-
ured equivalent full cycles can also be used in future work to study the behavior of battery
aging in rail vehicles. For the continuous operation of battery-electric rail vehicles, this
aging behavior is highly relevant because of its effect on maintenance cost. By demon-
strating the thermal management strategy, the thermal comfort of passengers in the vehi-
cles can also be evaluated to identify whether changes in set-point cabin temperature lead
to a change in comfort perceived by passengers. For a further extension of this study in
future work, the operating costs of heat pumps in battery-electric vehicles can be analyzed
and combined with an overall investigation of lifecycle cost and assessment. This would
enable a more detailed evaluation of heat pump technology in a rail-specific context con-
cerning cost and impacts on climate and the environment. The presented analysis of en-
ergy demand and efficiency is one important aspect and serves as a base for these further
investigations.

More battery-electric rail vehicles will likely be procured and operated in the future
to replace rail vehicles operating with diesel. Heat pumps with natural refrigerants like
R290 increase energy efficiency and therefore range in these vehicles and enable operation
with low environmental impacts. In very demanding operating conditions with high and
low temperatures, an optimized thermal management strategy helps to maintain this
range for the vehicles if the set-point temperature in the cabin is adjusted to catenary avail-
ability. Consequently, battery-electric rail vehicles offer more flexibility and availability in
daily operations, leading to higher acceptance among rail vehicle operators adapting to
this new sustainable mobility.

5. Conclusions

Battery-electric rail vehicles are used as an alternative to diesel rail vehicles for track
sections without electrical power supply via catenary. However, the battery capacity lim-
its the range of the vehicles, and the applied refrigerants in their HVAC systems are harm-
ful to the environment. This is why the presented work studies heat pumps with natural
refrigerants, optimized thermal management strategies and their resulting energy de-
mand on the battery system in the operation of battery-electric rail vehicles.

A thermal car body model and heat pump model are developed and validated to
calculate the electrical energy demand of battery-electric rail operation. As parameter sets,
three different climate zones, operating points defined in EN 50591, three different tracks,
and a generic BEMU with a battery energy content of 500 kWh are studied. Thermal com-
fort in the vehicle is defined based on EN 14750 values for set-point cabin temperature.

The simulation results show that thermal energy demand for HVAC systems is up to
75 kWh for a one-hour track scenario. The results are specific to regional passenger rail
vehicles, as battery-electric passenger cars have a different cabin shape and size, and dif-
ferent standards for thermal comfort. The electrical energy demand for HVAC systems
that are using heat pumps with R290 as a natural refrigerant is similar to a system with
the synthetic refrigerant R134a. In comparison, heat pump systems with the natural re-
frigerant R744 are less efficient and show a higher electrical energy demand, based on the
simulated COP values. Nevertheless, under moderate operating conditions, such as 0 °C,
heat pump operation with all three studied refrigerants shows a significantly higher coef-
ficient of performance than state-of-the-art resistance heaters. In contrast, for very low
temperatures such as —40 °C, the electrical HVAC energy demand with resistance heaters
is similar to heat pump systems. Compared over a standardized year of operation, these
extreme temperatures do not occur as frequently as moderate conditions, and the electri-
cal energy demand of HVAC systems with heat pumps is significantly lower than with
resistance heaters. This applies to all three studied climate zones, even though the highest
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relative reduction in energy demand occurs in climate zone II, which makes it especially
suitable for heat pump application. The simulated annual thermal energy demand in cli-
mate zone II, which represents Central Europe, is 110 MWh for a generic two-car BEMU.
The annual electrical energy demand is reduced by 55% based on the modeled COP curves
for an R290 HVAC system compared to a state-of-the-art HVAC system with a resistance
heater and R134a for refrigeration.

Optimized thermal management strategies can reduce this energy demand at the bat-
tery even further. Battery-electric rail vehicles operate partly in sections with and without
catenary. An optimized thermal management strategy is developed, which dynamically
adjusts the set-point temperature in the cabin depending on catenary availability. With
this strategy, HVAC power demand increases in sections with catenary and decreases in
sections without. As a consequence, the battery is cycled less. Equivalent full cycles are
reduced by up to 3% in a 1 h track scenario with 0.3 equivalent full cycles. The optimized
strategy is especially suitable for operating points with high HVAC energy demand at
low or high temperatures and therefore vehicle operation in climate zones I and III.

Overall, rail-vehicle thermal management is strongly affected by refrigerant charac-
teristics, passenger load, weather conditions, catenary availability, route profiles, and bat-
tery states. Integrating dynamic thermal management strategies with adaptive and route-
specific control can further reduce battery loads while maintaining passenger comfort.
Energy demand and battery load can be reduced by heat pumps with natural refrigerants
and optimized thermal management strategies in battery-electric rail vehicles. Enhanced
range, vehicle availability, and flexibility in daily operation demonstrate that HVAC and
thermal management systems are critical to increasing operator acceptance of battery-
electric rail vehicles. Therefore, this leads to more sustainable public rail transport.
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Nomenclature

The following abbreviations and symbols are used in this manuscript:

AC Alternating Current

BEMU Battery-Electric Multiple Unit
COP Coefficient of Performance
DC Direct Current

DLR German Aerospace Center
EER Energy Efficiency Ratio

EFC Equivalent Full Cycle

EL Electrical
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EN

EU
GWP
HVAC
LFP
LTO
MDPI
NMC
OESS
OP
PFAS
R1234yf
R134a
R290
R407C
R410A
R729
R744
SoC
TCBM
TFA
Therm.
TRL

a;

aO
ao,wall

Xo,window

A

A

C

COPideal
COPideal,cool
COPideal,heat
COPreal

d

feor

hq

My,ch
min
mPass
mout
Dsat,Tcond
psat,Tevap
P

Qcond
Qevap
QCond,i

European Norm

European Union

Global Warming Potential

Heating, Ventilation, Air Conditioning

Lithium Iron Phosphate

Lithium Titanium Oxide

Multidisciplinary Digital Publishing Institute

Lithium Nickel Manganese Cobalt Oxide

On-board Energy Storage System

Operating Point

Polyfluoroalkyl Substances

Refrigerant: 2,3,3,3-Tetrafluoropropene

Refrigerant: 1,1,1,2-Tetrafluorethane

Refrigerant: Propane

Refrigerant: Mixture of R32 (23%), R125 (25%), and R134a (52%)
Refrigerant: Mixture of R32 (50%), R125 (50%)

Refrigerant: Air

Refrigerant: CO2

State of Charge

Thermal Car Body Model

Trifluoroacetic Acid

Thermal

Technology Readiness Level

Heat transfer coefficient for convection inside

Heat transfer coefficient for convection outside

Heat transfer coefficient for convection at outer wall

Heat transfer coefficient for convection at outer window
Thermal conductivity

Area

Heat capacity

COP in ideal vapor compression cycle

COP in ideal vapor compression cycle

COP in ideal vapor compression cycle

COP in real vapor compression cycle

Thickness

Factor for ratio between ideal and real COP

Change in specific enthalpy of the air in the cabin over a time step
Specific enthalpy after evaporator in vapor compression cycle
Specific enthalpy after compressor in vapor compression cycle
Specific enthalpy after condenser in vapor compression cycle
Specific enthalpy after expansion valve in vapor compression cycle
Specific enthalpy of the air in the cabin at time step t

Specific enthalpy of the air in the cabin at time step t + 1
Specific enthalpy of the air entering the cabin

Specific enthalpy of the air leaving the cabin

Specific enthalpy of vaporization of water emitted from passengers
Vaporization enthalpy of water

Absolute enthalpy

Mass of air in the cabin

Mass of water in the cabin

Mass flow of air entering the cabin

Mass flow of water emitted by the passengers

Mass flow of air leaving the cabin

Saturation pressure at condenser temperature

Saturation pressure at evaporator temperature

Electrical power

Heat exchanged at condenser

Heat exchanged at evaporator

Heat flow from conduction at inside
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QCond,o Heat flow from conduction at outside

QConv,i Heat flow from convection at inside

QCom,_a Heat flow from convection at outside
QCool,therm Heat flow to cool mixed air

O Heat flow from electrical heating

Q'Heat,therm Heat flow to heat mixed air

Opass Heat flow from passengers

Qpass_lat Latent heat flow from passengers

Qraa Heat flow from radiation

Q'Rad,abs Heat flow from radiation absorbed by the wall
Q'Rad,emit Heat flow from radiation emitted by the wall
Qrrp Heat flow through heat transport

S1 Specific entropy after evaporator in vapor compression cycle
S Specific entropy after compressor in vapor compression cycle
t Time

At Change in time / time step

T Temperature

Tamp Ambient temperature

Tep Temperature in cabin

Teona Temperature at condenser

Tevap Temperature at evaporator

Tours.i Surface temperature inside

Tsurf.o Surface temperature outside

T, Temperature at time step t

Ti4q Temperature at time step t+1

v Velocity

Vea Volume flow of circulating air

Vea Volume flow of cabin entering air

Vea Volume flow of exhaust air

Via Volume flow of fresh air

Viia Volume flow of mixed air of recirculating air and fresh air
Weomp Work of compressor

Axcp Change in absolute humidity over a time step
Xcbt+1 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
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