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ARTICLE INFO ABSTRACT

Keywords: In the challenge to decarbonize heavy-duty long-haul vehicles, low-temperature proton exchange membrane fuel
PEMFC cell propulsion offers advantages like high efficiencies, power densities and fast refueling although challenges
Heavy-duty

regarding lifetime, cost and thermal management remain. Therefore, a generic 44 t truck vehicle model with
conventional cooling system has been developed in Siemens Simcenter Amesim and verified against input data
from Volvo Trucks to identify its thermal limitations. Accurate identification of heat rejection limitations of
conventional cooling systems enables the development of improved cooling solutions for existing vehicle plat-
forms. The resulting model runs on average 5.8 times faster than real time and reveals severe vehicle perfor-
mance losses already at 20 °C ambient temperature. A fuel cell net power derating of 46 % is required to prevent
overheating at reduced velocities in a hill climb driving scenario at beginning of life conditions since the radiator
can only provide about 40 % of the full load heat rejection. The model endeavors to be a representative HD truck
simulation and includes details that can affect vehicle operation like braking resistors to substitute engine
braking, fuel cell power-ramp rates, altitude as well as power derating of the fuel cells, traction battery and
electric machines. The modular vehicle model presented here can be used as a platform for investigations of
enhanced fuel cell models, degradation, improved thermal management solutions or design and control strategy
studies. We present a detailed heavy-duty fuel cell truck vehicle modelling approach, its verification and results
from the VECTO Long-haul and two hill climb driving cycles.

Thermal management
Vehicle modelling
Cooling system
Hydrogen

only 60-80 °C or up to 90 °C for short periods requires large radiator
surface areas with high air flow rates and thus cooling fan power to
achieve the necessary heat rejection. Mitigation of degradation effects,
reducing cost and parasitic power consumption as well as the chal-
lenging thermal management (TM) are identified as the key challenges
in the development of PEMFC systems [2-4,8-11].

To replace diesel engines in HD vehicles, many truck manufacturers
like Volvo Trucks [12], Daimler Truck [13], Hyundai Truck & Bus [14],
Toyota [15] or Nikola Corporation [16] develop or already offer FCEV.
In addition, many other companies like PowerCell Group [17], cell-
centric [18], Ballard Power Systems [19] or Symbio [20] have devel-
oped high-power fuel cell systems (FCSs), some of which supply the
aforementioned vehicle manufacturers. Detailed overviews of existing
and planned medium- and heavy-duty FCEV can be found e.g. in [5,8].

While most HD FC vehicles are currently still under development,
passenger cars (PCs) like the Toyota Mirai [21-23], Hyundai Nexo
[24,25] or Honda Clarity [26] are already available on the market and
experimentally investigated in literature. Because FC technologies only

1. Introduction

In the challenge of reducing greenhouse gas (GHG) emissions from
the transport sector, reductions from heavy-duty (HD) vehicles are
particularly important. Heavy-duty road vehicles are responsible for
over 25 % of road transport GHG emissions and over 6 % of the total
GHG emissions in the EU [1]. To reduce the GHG emissions from HD
transport, electrifying the drivetrain with proton exchange membrane
fuel cells (PEMFC) promises high efficiency and power density [2,3].
While HD battery electric vehicles require large and heavy batteries
which can reduce the effective payload capacity significantly, fuel cell
electric vehicles (FCEV) can achieve long driving distances by increasing
the amount of stored hydrogen with lower payload reductions. How-
ever, peak PEMFC system efficiencies of 60-65 % are achieved only at
low loads and reduce to about 45 % at rated power [4-8]. The resulting
high heat production which is roughly equal the gross electric power
production remains a major challenge. Operating at low temperatures of
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Nomenclature VEM Vehicle energy management
Abbreviations Symbols -
AC Air conditioning CoP Coefficient of performance
BoL Beginning of life I, Current
BoP Balance of plant m Mass flow rate
BPP Bipolar plate N Number of cells
BR Braking resistor Nu Nusselt number
COP Coefficient of performance P Power
DC/DC Direct to direct current P.r Prandt] number
EM Electric machine Q Heat flow rate
FoL End of life r (Power-ramp) rate
ETC Electric turbocharger Re Reynolds number
FC Fuel cell t Time
FCEV  Fuel cell electric vehicle T Torque
FCS Fuel cell system
GDL Gas diffusion layer freEk syml;zisi chiometry
GHG Greenhouse gas
HD Heavy-duty Subscripts
HT High temperature air Air
HV High voltage aux Auxiliaries
LH Long-haul bat Traction battery
LHV Lower heating value brake Brake
LT Low temperature cell Single cell
LvV Low voltage compr Compressor
MT Medium temperature cool Coolant
MV Medium voltage EM Electric machine
NMC-HP Nickel-Manganese-Cobalt high-power FC Fuel cell
NTU Number of transfer units H, Hydrogen
PCs Passenger cars idle Idle
PEMFC Proton exchange membrane fuel cell lam Laminar
PI Proportional and integral controller low Lower limit
Ref Reference max Maximum
SOC State-of-charge ramp Power-ramp
TCU Transmission control unit removed (Heat) removal
™ Thermal management stack Fuel cell stack
TRM Transmission turb Turbulent
VCU Vehicle control unit up Upper limit
VECTO Vehicle energy consumption calculation tool

recently gained significant traction in HD applications [4], most of the

available literature focuses on light-duty and passenger car FCEVs [27]. Table 1

Operating in mostly high load highway conditions increases the re-
quirements for thermal management systems and moreover, the re-
quirements for HD drivetrains differ significantly from PCs, requiring
higher efficiencies, durability and are more cost sensitive. But lessons
learned from the lower power PC segment are the starting point of HD
FCS developments [4]. A general overview of modelling approaches for
FCEV and their subsystems can be found e.g. in [27] and overviews that
focus on the modelling of PEMFC, FCS and FC control strategies can be
found e.g. in [2,28-31].

HD FCEV simulation models can be found with different purposes
like the development of energy management strategies, design optimi-
zation or thermal management investigations. To develop a generic HD
truck model, existing HD PEMFC vehicle simulation models that focus
on on-road vehicle design and thermal management were considered.
The relevant simulation models are limited to HD FC trucks with a
weight above 36 t. A selection of these truck models is summarized in
Table 1.

The FCS power and battery capacity dimensioning depend on many
factors and influence each other, see e.g. [33]. Battery capacities have
been determined, for example, to support the thermally limited FCS in
40 °C hill climbs and further increased to reach the 25,000 h lifetime

HD FC truck vehicle simulation model overview — BoL/EoL: beginning/end of
life, *H, consumption unit converted based on provided data.

Weight Total FC Total FC  Battery H, cons. Fan Ref
[t] power heat size [kg/100 power
[kwW] [kw] [kWh] km] [kw]
36.6 175/275 - 183/106 7.6/7.4* 22/31 [32]
(BoL) (40 °C)
36 331 - 45 10.9% - [331]
49 120 - 141 10.14* — [34]
40 360 - 30.6 9.3 - [5]
(20°0C)
40 - 400 - - 22 [91
(35°Q)
40 - 435 - 9.6 40 [35]
(EoL) (20°0)
40/76 230 - 50 11.2/ - [61
22.6*
40 150/300 - 140/70 7.4 - [8]
- 240 - 200 - - [36]
40 310 - 72 <8 30 [371
(30 °C)
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targets, presented by Ahluwalia and Wang in [32]. Performance re-
quirements that influence the battery size were investigated by Mayr
et al. in [8] and by Paul et al. in [33]. Additionally, compensation for a
lack of fueling stations was included in the battery sizing by Weiss et al.
in [36]. The necessary fan power not only depends on the FCS power but
also on the investigated ambient temperature and radiator frontal area.
Frontal areas up to 1.3 m? have been investigated by Doppler and
Lindner-Rabl in [9] and up to 1.2 m? by Linderl et al. in [10]. The design
studies presented in [10] are complimented by [38-40] and eventually
lead to a frontal area of 1.8 m? at 30 °C ambient temperature presented
by Dobereiner and Steinek in [37]. Typical investigated driving sce-
narios are hill climbs, VECTO cycles, custom driving cycles or chal-
lenging public roads like the Brennerpass.

Besides on-road HD applications, FC vehicle models and prototypes
with similar high-power have been developed for a variety of off-road
HD applications like trains/trams (see e.g. [41-44]), aircraft (see e.g.
[45-471), agricultural tractors (see e.g. [48,49]) and more. These cases
can differ from the operation of commercial heavy-duty long-haul (LH)
trucks that mainly operate on highway missions [4]. Nonetheless, the
developed FCS sizing and modelling solutions can be valuable for
parametrizing and modelling of on-road HD vehicles.

From the conducted literature research some HD FC vehicle models
were found that are (partly) validated or include high-power FCS models
that have been validated on a small-scale system (see e.g.
[6,33-36,41,43-46,49]). To the best of the authors’ knowledge, only
very few HD FC vehicle models include a comprehensive thermal
management system consisting not only of the high, medium and low
temperature cooling circuits, but also a braking resistor (BR) or retarder
to substitute engine braking (see e.g. [8,10,35,36,38,40,48]). Even
fewer present respective BR results (see e.g. [43,44,50,51]) and none of
these evaluate impact on the operation of HD trucks and thermal man-
agement. Details about overheating protection of the FC are also sel-
domly reported (see e.g. [9,49]). Some references include altitude
effects on the vehicle’s performance by including the increased power
consumption on uphill sections (see e.g. [9,32,52]). However, it is
important to note that the pressure and temperature reduction caused by
the elevation change can also affect the FCS and vehicle operation
significantly. We are aware of one truck reference that mentions the
consideration [35] and otherwise only FC aircraft models include these
effects due to the nature of the application, see e.g. [45].

Here, we present a detailed 0D/1D low-temperature PEMFC heavy-
duty long-haul truck simulation model developed in Siemens Sim-
center Amesim and its verification. The model represents a generic HD
FC truck with conventional cooling systems. Accurately identifying the
limitations of a state-of-the-art conventional HD cooling systems
without fitting e.g. larger or more radiators but only utilizing the
available space in existing truck platforms is an important step to
develop suitable improved thermal management solutions, for example,
utilizing water evaporation as we presented in [53] or Wagenblast et al.
in [35], Lee et al in [54] and Prabakaran et al. in [55]. Furthermore,
often neglected limited FC power-ramp rates, braking resistors, power
derating due to FC temperature, altitude effects as well as traction bat-
tery and electric machine power limitations are implemented and allow
for a comprehensive vehicle performance and thermal limitations
evaluation.

After the presented literature review of existing FC HD vehicles and
simulation models in Section 1, a detailed overview of the vehicle
modeling approach follows in Section 2. In Section 3, the verification
and results of the full vehicle model are presented. Finally, the conclu-
sion and outlook are presented in Section 4.

2. Fuel cell hybrid electric vehicle model
A full 0D/1D vehicle simulation model of a 6 x 2 44 t PEMFC hybrid

electric heavy-duty long-haul truck has been developed in Siemens
Simcenter Amesim (version 2410). The main goal of the model is to
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provide detailed insights into the operating conditions that FCs face
under realistic driving conditions, including the complexity caused by
the interdependency of the components involved. First, a general over-
view of the vehicle model is given in the following section. More details
on the FCS modelling follow in Section 2.1, modelling of the vehicle
itself in Section 2.2 and thermal management in Section 2.3. A sche-
matic overview of the modeled FC truck is shown in Fig. 1.

To provide a general overview of the vehicle, only one of the two
FCSs is shown Fig. 1 and a more detailed layout of the thermal man-
agement follows is Section 2.3. The low-temperature PEM fuel cell is
connected to the powertrain via a DC/DC converter which boosts the FC
voltage to the high voltage (HV) level of 800 V. It is supported by a Li-ion
traction battery in transient driving operations and to recover braking
energy. The battery operates at a medium voltage (MV) of around 600 V
and is connected to the HV circuit via a DC/DC converter. An additional
12 V low voltage (LV) circuit and battery are implemented for the LV
auxiliary devices. The electric drive train of the vehicle consists of two
electric motors, a transmission and several vehicle control units (not
shown, see Section 2.2.4).

To operate the FC, balance of plant (BoP) components for air and
hydrogen supply are necessary. An electric turbocharger (ETC) supplies
filtered air first to the humidifier and then to the FC. The hot, com-
pressed air must be cooled in an intercooler to stay within the humidifier
and FC inlet air temperature limits [45]. Hydrogen is supplied from a
700 bar tank, preheated and fed to the FC while the anode exhaust is
recirculated and periodically purged. Together with the BoP the FC
forms the fuel cell system (FCS). Furthermore, three cooling circuits are
implemented, a high temperature (HT) circuit for the FCSs and braking
resistors (BRs), a medium temperature (MT) for the powertrain and
power electronics and a low temperature (LT) circuit for the traction
battery. The traction battery can additionally be cooled by the cabin air
conditioning (AC). The BRs dissipate heat into the HT circuit and thus
substitute engine braking. Also included in the HT circuit are ion filters
(electric conductivity not modelled).

To reduce model complexity, the power, heating and cooling de-
mand of the cabin is included with other consumers like the control units
and lights in a 5 kW constant power consumer. Since the focus is on the
critical cooling limitations of the FC cooling system, the thermal man-
agement of the cabin itself is not further investigated. Under these
conditions, the AC system is assumed to consume additional power and
cabin assumed to not act as a heat sink. Furthermore, no investigations
of cold start behavior are conducted in this study.

All gases are assumed to be semi-perfect, i.e. defined by the ideal gas
equation with temperature-dependent properties. Initial conditions of
the ambient air are defined at sea level standard conditions of 20 °C,
1.013 bar and 50 % relative humidity and it only consists of oxygen,
water and nitrogen. While the temperature and pressure of ambient air
change with altitude, relative humidity and mass fractions are assumed
to be constant. The change in ambient conditions is determined based on
the vehicle’s altitude. The change in temperature is determined with the
ISA standard of 6.5 °C/km, valid for altitudes below 11 km [56]. The
changed ambient temperature, pressure and therefore density are used
for the driving resistance calculations, the FCS air inlets and outlets as
well as for the HT, MT and LT radiator-fan assemblies. Driving condi-
tions are considered dry with no wheel slip and no wind. Constant ef-
ficiencies are used for all components, except for the FC and ETC.

2.1. Fuel cell system modelling

The developed fuel cell system model represents a generic state-of-
the-art HD PEMFC system with a layout that is mainly inspired by the
cellcentric stack [57] although the system is modelled as a single lumped
component. Two identical and modular FCSs are implemented in par-
allel with individual DC/DC converters. More details on multi-stack
arrangements can be found e.g. in [58]. The system is investigated at
the beginning of life (BoL) and thus no effects of degradation are



C. Bofer and D. Sedarsky

Battery f

600V

!
Cabin & HVAC* Yo

FC with BoP (2x)

! Intercooler FC
U pir i ETC

Ambient ) Air filter ——b 1

P E ]

2{1\)7 T ‘ XBypass C A
: \TZ v &
1

Waste gate L

L gateX

o
S
HT radiator | Coolant pump
Braking 1T
resistor lon filter

\V

A Radiator bypass X

FC bypass X

s

*Included in additional 5 kW consumer

HT: High temperature (60-80°C)  HV: High voltage
MT: Medium temperature (55°C)  MV: Medium voltage
LT: Low temperature (20 °C) LV: Low voltage

800V

<-- a DC/DC

y
Additional
refrig. cooling

Applied Thermal Engineering 280 (2025) 128025

Electric motor Transmission

~ Air

[ l:,_, ) Hydrogen
u Water

Coolant
HT heat
MT heat
LT heat
Refrigerant heat
HV electrical
MV electrical
LV electrical

—— Mechanical

Ambient

N_._,%A

MT radiator
Ambient

. /,»ﬁ

LT radiator
Ambient

Fig. 1. Schematic fuel cell hybrid electric truck model overview.

considered. Layout and setup of the PEMFC stack model are based on the
lumped modelling approach in Siemens Simcenter Amesim.

2.1.1. PEM fuel cell

A schematic overview of the FCS model can be seen in the center of
Fig. 1 and the main specifications of the modeled FC stacks are sum-
marized in Table 2 with net efficiencies based on the lower heating value
(LHV) of the input hydrogen (including the BoP components, TM not
included):

The total idle power is set to 30 kW which results in around 0.83 V
maximum cell voltage, close to the 0.82 V voltage clipping necessary to
reach the 25,000 h lifetime target found for a similar sized FCS in [32].
The FC stacks are each supplied with air and hydrogen by an individual
BoP (see Section 2.1.2) and controlled by receiving an identical current
request from the vehicle energy management (see Section 2.2.4). All
electrochemical calculations are defined in a lumped FC stack model,
while the reactant flow through the bipolar plates (BPP), gas diffusion
layer (GDL) and catalyst layer as well as the heat transfer in the cooling
channels are handled in separate fluid flow models. These lumped
components are scaled to stack level by multiplying the single cell pa-
rameters with the total number of cells. This approach results in a uni-
form voltage, temperature and reactant distribution throughout the cells
and stacks, neglecting spatial distributions in the stack and cell. This
uniform distribution is a common approach to reduce the computational
expense but also impacts the ability of the model to evaluate e.g. local

Table 2

Specifications of the two modelled fuel cell systems (combined).
Parameter Value Unit
Rated total FCS net power 328 kw
Total idle power 30 kw
Rated power net efficiency 44 %
Idle net efficiency 60 %
Max. cathode/anode gas pressure 2 bar
Stoichiometry air 1.5 -
Stoichiometry Hy 1.25 -

hot spots, non-uniform current densities and thus performance of the
individual cells [3,28,59,60], which requires further investigation in
future studies to evaluate the impact on a full size stack level during
vehicle operation.

The BPPs are divided into three separate flow channel components,
one for air, hydrogen and coolant, respectively. Reactant and coolant
channel dimensions of the BPP are calibrated to match the respective
pressure drop input data from Volvo Trucks. The resulting coolant and
reactant flow in the circular channels is laminar and assumed to be fully
developed. For laminar flow and constant wall temperature, the Nusselt
number is Nu = 3.66, according to Incropera et al. [61]. Since the
lumped mass approach neglects temperature distributions, it is assumed
that its temperature represents the average cell temperature. No con-
duction, convection or radiation losses through the stack casing are
considered.

Amesim’s PEMFC stack model is used to model the electrochemical
reactions. The overall cell voltage is determined by an equivalent elec-
tric circuit model of the membrane electrode assembly, assuming a fuel
utilization of 100 %. The potential at the cathode and anode is deter-
mined by the Nernst potential as a function of pressure and temperature.
To determine the actual cell voltage, the voltage drop at the cathode and
anode side is modelled by determining the activation losses based on the
electrode double layer capacitance and the reaction current, defined by
the Butler-Volmer equation. More details on the modelling approach can
be found e.g. in [2,59]. Additionally, the ohmic proton resistance of the
membrane is considered while the ohmic resistance of the current
conductors is neglected. The proton conductive resistance is calibrated
to match the fuel cell performance from Volvo Trucks’ input data by
assuming a fully humidified membrane, an assumption often used in
simulation models [28] and considered a valid assumption if no exten-
sive experimental data is available [31]. Heat losses are determined
based on the thermoneutral potential with vapor product water (LHV)
and heat of condensation in the GDL, for more details see e.g. [2,59].
The mass transport losses are represented in the form of a reduced ox-
ygen/hydrogen supply from the BPP channels through the porous media
GDL model. Oxygen, hydrogen and nitrogen diffuse through the
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membrane and while oxygen and hydrogen form water, inert nitrogen is
added to the anode gas mixture.

2.1.2. Balance of plant

The balance of plant (BoP) provides the fuel cell with the necessary
reactants to enable the electrochemical reactions and produce electrical
power for the vehicle system. The main modelled components on the
cathode side are the air filter, electric turbocharger and intercooler. On
the anode side, a hydrogen tank, pressure regulation valve, preheating
heat exchanger and recirculation loop as well as a purge valve are
modelled.

Before the air enters the FC, it is filtered to remove contaminants like
sulfur dioxide, nitrous oxides and ammonia [62]. The air filters are
represented by orifices to model the pressure drop at the air inlets. They
are calibrated to the data provided for the MANN + HUMMEL Entaron
FC 13 [63]. No ram air effects are considered for the air inlets.

The necessary air mass flow and pressure is provided by a centrifugal
compressor. This compressor is part of the electric turbocharger (ETC)
which consists of the electric machine (EM), its inverter and a turbine on
the exhaust side including a wastegate. All components except for the
turbine and wastegate are parameterized according to the Rotrex
EK40CT-2429 for which the compressor pressure ratio, efficiency map
and turbine backpressure line are available from the manufacturer [64].
The specifications of the modelled ETC can be found in Table 3.

The required air mass flow rate (mg;) is determined according to
Dicks and Rand [59], but adapted to use the FC stack current (Is) and
number of cells (N,) as input variables:

Mair = Neeit ® Lizack © 3.58 @ 107%e Aair (@)

with the air stoichiometry Aq;. The rotational speed of the map based
Amesim compressor model is controlled by a PI-controller based on the
target air mass flow rate. To match the operating conditions of the FC
with the pressure ratio map of the compressor, a bypass has been
implemented that increases the compressor air flow at low pressure
ratios to avoid crossing the surge line. This bypass air stream is fed to the
front of the turbine to be partially recovered and the pressure at the
cathode side is controlled by opening the wastegate. At higher altitudes,
the inlet pressure into the compressor reduces compared to sea level
which can lead to operating conditions which exceed of the pressure
ratio and speed limits. Thus, the wastegate opening pressure is adjusted
to open earlier with reducing ambient pressures. A similar approach to
operate the compressor has been described in [45,65]. Additionally, a
minimum compressor speed has been set to avoid FC pressures below 1
bar even at idle conditions at the investigated maximum altitude of 1.4
km (see Section 3). A charge air intercooler is located after the
compressor to match the cathode air inlet with the average FC cell
temperature. An ideal intercooler is modelled to estimate the necessary
heat removal capacity and to account for additional heat input into the
HT cooling loop.

The turbine pressure ratio and efficiency map are extracted from an
electric turbocharger design study at Lund University/Volvo Powertrain
AB by Hansson and Abu Al-Soud for a similar FCS in [66]. The map
based Amesim turbine model does not take expansion limits, conden-
sation or backpressure into account. Therefore, an additional orifice at
the turbine outlet is used to match the expected pressure recovery. The
ETC is powered by an electric machine with a fixed gear ratio and liquid

Table 3

Modelled ETC specifications, based on the Rotrex EK40CT-2429.
Parameter Value Unit Ref
Max. compressor speed 120,000 rpm [64]
Max. motor speed 16,000 rpm [64]
Compressor gear ratio 7.5 - [64]
Continuous/peak motor power 40/60 kw [64]

Motor and inverter efficiency 0.95 -

Applied Thermal Engineering 280 (2025) 128025

cooling by the MT cooling loop.

On the anode side, ambient temperature hydrogen is supplied from a
700 bar hydrogen tank to an 8 bar prechamber, compare e.g. [67]. The
inlet valve controls the inlet mass flow from the prechamber by
matching the anode pressure to the cathode pressure. An anode recir-
culation pump controls the hydrogen stoichiometry (1g,) by adjusting
the mass flow rate at the anode, each controlled by a PI-controller. The
required hydrogen mass flow rate (mys) is determined according to [59]
as:

My, = Neeit ® Lyqck © 1.05 © 105 A, (@3]
The recirculation loop is implemented to avoid waste of hydrogen
and recirculate water to improve the membrane water content [59,68].
Speed, power and pressure head of the recirculation pump are param-
eterized similar to the SRM ARC-17 [69]. To remove accumulated ni-
trogen, a purge valve is periodically opened to flush the anode side [68].
The purge valve opening is determined by measuring the nitrogen molar

fraction in the recirculation loop.
2.2. Vehicle modelling

The sizing and layout of the modelled truck is based on the different
prototypes and design studies presented in Section 1 as well as the input
data from Volvo Trucks. An overview of the truck specifications is shown
in Table 4.

No packaging or sizing study has been conducted and component
weights are not considered other than to specify a thermal mass that
connects to the respective cooling loop. The three modelled electric
circuits are connected to each other by converters that transform the
power to the respective voltage level. Each converter is modeled with
constant efficiency, 0.985 for the FC DC/DC converter and 0.97 for the
MV and LV converter, respectively.

2.2.1. Drivetrain

The Amesim vehicle model computes the vehicle acceleration and
thus velocity based on the available traction and braking power to
overcome the driving resistances caused by tire friction, air drag, incli-
nation and inertia. More details on longitudinal vehicle dynamics can be
found e.g. in [71,72].

The drivetrain consists of two traction electric machines connected
to a transmission (TRM) and final drive, modeled with constant effi-
ciencies. The 12 forward gears have been parametrized according to the
Volvo electric drive unit [73] but in the presented investigations only a
fixed gear ratio is used to remove the influence of a shifting strategy on
the results. To allow the vehicle to reach 100 km/h without shifting, the
transmission is kept in 7th gear with a gear ratio of 3.44 but the final
drive ratio has been changed to 5.6. Additionally, the maximum rota-
tional speed of the electric traction machines has been set to 10,000 rpm.
An overview of the modelled traction EM and transmission specifica-
tions is shown in Table 5.

The EM specifications have been adapted from the Daimler GenH2
truck [74]. EMs similar to the modelled ones are also implemented e.g.
in [37,75]. The specified drivetrain results in an efficiency of 84 %.

Table 4

Specifications of the modelled truck.
Parameter Value Unit Ref
Total vehicle mass 44 t [70]
Frontal area 9.7 m? [5]
Drag coefficient 0.48 -
Rolling resistance coefficient 0.0045 -
Wheel radius 0.507 m [5]
Wheel inertia 15.5 kgm? [5]
Number of wheels front 2 -
Number of wheels rear 8 -
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Table 5
Specifications of the modelled transmission and a single traction electric ma-
chine incl. inverter.

Parameter Value Unit Ref
Traction EM peak power 330 kw [74]
Traction EM continuous power 230 kw [74]
Traction EM peak torque 2,071 Nm [74]
Traction EM efficiency 0.95 - [5]
Traction EM inverter efficiency 0.95 -

Transmission gear efficiency 0.98 - [5]
Final drive efficiency 0.95 - [5]

2.2.2. 600 V Li-ion traction battery

The 600 V Li-ion traction battery in the MV circuit is used as a buffer
for the limited transient performance of the FC stack and to recover
energy from regenerative braking. The Amesim battery pack model uses
an equivalent circuit model including ohmic losses from charge and
discharge currents, for more details see e.g. [71]. Open circuit voltage
curves, ohmic resistances and cell capacities are available in the Amesim
database of validated battery cells from which a Nickel-Manganese-
Cobalt high-power (NMC-HP) cell was chosen for the model power-
train. The usable state-of-charge (SOC) range of the battery is limited to
10-90 % to prevent the exceedance of voltage limitations. No degra-
dation effects are considered, and the implemented battery specifica-
tions can be found in Table 6.

The heat transfer from the lumped battery mass to the LT coolant is
modelled with the thermal conductance of a thermal interface material
identified by Ramesh Babu et al. in [76]. It is assumed that this interface
material has the highest thermal resistance between the cells and the
coolant and thus the convective heat transfer resistance to the coolant is
neglected. Additionally, the density, heat capacity and thermal con-
ductivity of the bulk battery material are adapted from [76]. The battery
casing is assumed to be well insulated and thus its heat rejection is
neglected.

2.2.3. Braking resistors

Due to the electric drive train architecture, a substitute for engine
braking is required. To avoid brake fading in downhill sections and in
repetitive deceleration events, the electric traction machines regener-
atively brake the truck. This electric power can recharge the traction
battery, but only to the maximum power and charge limitations of the
battery [40,77]. To dissipate the remaining electric power as heat into
the HT-cooling loop, two braking resistors are connected in series to the
FC. This series connection allows for an increased coolant temperature
into the radiator and thus improved heat rejection. The combined
specifications of the implemented BRs are shown in Table 7.

The two braking resistors are connected in parallel to each other and
have been parameterized similar to the specifications of the Danotherm
WHBSA 200 series [78], adjusted to the specific HT cooling system
limitations.

2.2.4. Vehicle energy management and control units

The vehicle is controlled by a set of control units that coordinate the
power supply to the wheels and the power distribution between the
traction battery, fuel cell and braking resistor. Overviews of how energy
management strategies (EMS) can be realized and optimized can be
found e.g. in [5,52,77,79]. In this study, a supply and demand EMS

Table 6
600 V Li-ion traction battery specifications.
Parameter Value Unit Ref
Number of cells in series 163 -
Number of cells in parallel 7 -
Pack capacity (at 3.7 V, gross) 34.4 kWh

Thermal interface material resistance 0.004252 m2K/W [76]
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Table 7
Specifications of modelled braking resistors (combined).
Parameter Value Unit Ref
Max. power (10 sec every 60 sec) 350 kw
Continuous power 200 kw
Maximum coolant pressure 3 bar [78]

Coolant pressure drop 0.2-0.5 bar [78]

without predictive control or prior route information is implemented to
investigate the vehicle operation. A schematic overview of the vehicle
energy management and control unit structure is shown in Fig. 2.

The target velocity and road gradient of a respective driving cycle are
defined in the forward controlled Amesim driver component. This driver
model uses a model-based control that compares the predicted vehicle
velocity to the target velocity based on an internal vehicle model. The
velocity dependent maximum acceleration and deceleration are limited
to the default limits of the VECTO cycle database (version 3.3.10.2401,
more details see [80]). They are used to represent a realistic driver
behavior compared to using the maximum available power of the EM
and brakes in each acceleration and deceleration event.

The driver command is sent to the Amesim transmission (TCU) and
vehicle control unit (VCU) model in form of an acceleration, braking and
gear request signal. From the VCU, the braking torque (Tpq) is sent to
the brakes. To control the torque of the traction electric machines (Tgy),
the VCU requires an upper (Tgu,p) and lower torque limit (Tg fow) input.
Therefore, a vehicle energy management (VEM) control unit has been
developed to control the power distribution between FC (Pg¢), traction
battery (Ppe) and BRs (Pggr) based on these limits.

Thus, the VEM has three main objectives during driving and braking:
(1) determine how much power the FC stacks need to produce, (2)
convert the power limitations of the traction battery, EMs and BRs into
an upper and lower torque limit of the EMs and (3) determine how much
power is dissipated as heat in the BRs. The determined torque limits
directly control the driving and regenerative braking power (Pgy) which
indirectly limits the battery charge/discharge and BR power. In case the
battery SOC drops to 10 %, the controller prevents any further discharge
of the battery. Instead, the maximum EM input power is limited to the
remaining power of FCSs minus all auxiliary consumers (Pg,). The FC
controller as well as the time-based peak and continuous power
controller are modelled within the VEM.

At sufficiently high battery SOC, the FC power request follows the
required traction EM power within the limits of the available FC power.
To reduce degradation effects in dynamic operation and avoid rapid load
changes that could cause insufficient reactant supply, see e.g. [49] or
[81], the FC power-ramp rate is limited (rrqmp):

dpP
‘d_lt:'c S rramp (3)

All auxiliary power, including the BoP, is provided by the FC. If the
SOC of the battery reduces to 30 % and the FC has the capacity to
provide more power than the EMs request, the battery is charged (Pp,)
until the SOC reaches 60 %. This leaves available battery capacity for
regenerative braking, compare e.g. [9]:

Prc = Py + Ppar + Paux With Prcigie < Pre < Premax ()]

The lower limit of the FC power is defined by the idle power (Prc a)
and the upper limit (Prcmq) depends on the limitations of the cooling
system. In case the FC coolant outlet temperature exceeds a maximum
temperature of 84 °C, the FC power is derated by a temperature PI-
controller that reduces the maximum FC power to maintain a coolant
outlet temperature of 82 °C, matching the FC heat load with the heat
rejection capabilities of the radiator. The temperature derating is turned
off and the regular FC control takes over if the temperature reaches the
setpoint of 78 °C again. This temperature hysteresis is implemented to
avoid overshooting and oscillation in the temperature derating
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Fig. 2. Schematic overview of vehicle energy management and control units.

controller.

The time-based control is used to simplify the control of peak and
continuous power in a state-chart controller instead of using detailed
temperature control models for the traction battery, EM and BR. The
time limit for peak power of the traction battery and EM is 30 s, based on
the provided Amesim battery data and [8], for the BR the time limit is set
to 10 s based on [78]. If this duration is exceeded, the limit is reduced to
the continuous power limit and a necessary cooldown time of 30 s (60 s
for the BR [78]) is assumed. To avoid oscillations and saw profiles, an
additional lower threshold is used.

2.3. Thermal management modelling

To maintain the required operating temperature of the propulsion
system, waste heat is rejected to the ambient air by individual radiators
in each cooling loop. Main focus is set on the HT cooling investigations,
but basic MT and LT cooling loops are integrated to capture additional
power consumption and heat rejection requirements. The radiator fan
assembly in the front of the vehicle is dedicated to the HT circuit, cooling
the two FC stacks and the BRs. To avoid obstructing the HT radiator, one

FC with BoP (2x)

1 °
—_——
I

%A} E 65

Ambient
JX Waste QateX

radiator fan assembly each for the LT and MT cooling loop is located in
the side panels behind the driver cabin. Side panels have for example
been implemented in the Mercedes-Benz GenH2 prototype truck [13].
Alternative vehicle and thermal management layouts can be found e.g.
in [10,35,37]. The MT loop is dedicated to the traction EMs, the con-
verters as well as the transmission, and the LT loop to the traction bat-
tery. All cooling loops use a 50/50 mixture of water and ethylene—glycol
as a coolant and all pipes are modelled as perfectly insulated. Compo-
nents that are not connected to a cooling loop are assumed to be
passively air cooled.

2.3.1. Fuel cell (HT) cooling

The two FCSs in the HT cooling loop are connected in parallel and
receive the same coolant mass flow and inlet temperatures. Because the
HT circuit has the highest heat rejection capacity, it also cools the
braking resistors. An overview of the modelled HT cooling loop layout is
schematically shown in Fig. 3.

In addition to the FC stack in the primary circuit (black solid line),
the HT loop also preheats the injected hydrogen gas and cools the charge
air in the secondary circuit (black dashed line) to stack temperature.
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Fig. 3. Schematic HT cooling layout.
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Two ion filters are connected in parallel to the coolant pump to deionize
the coolant. These are modelled as flow restrictions (conductivity not
modelled). The ion filter pressure drop is calibrated to the MANN +
HUMMEL OmniFlow i6-3 [82].

The coolant pump has been parameterized to the EMP WP150 HV
electric water pump specifications with a maximum power consumption
of 3 kW [83]. The coolant pump speed is controlled by a PI-controller
based on a fixed ratio to the FC and BR power and thus heat genera-
tion. This control does not minimize the coolant pump power con-
sumption but has the advantage that the coolant pump directly responds
to increases in heat generation instead of reacting to a delayed coolant
temperature increase at the FC or BR outlet. To precisely control the FC
stack temperature, a FC and radiator bypass are implemented. The FC
bypass controls the coolant flow to the FCS to maintain a target FC outlet
temperature of 78 °C even if the use of the BR requires high coolant flow
rates, e.g. during downhill braking with idling FC. The radiator bypass
on the other hand ensures a FCS inlet temperature of 60 °C even if the
radiator outlet temperature is below the setpoint. This can occur due to
the ram air flowing through the radiator even if the fan is turned off.
Since the coolant pump is not controlled by the FC inlet or outlet tem-
perature, potentially oscillating behavior from multiple controllers
acting on the same input is prevented. Improvements could be achieved
by using advanced control strategies like model predictive control,
compare e.g. [84]. If the heat generation exceeds the heat rejection
capabilities of the radiator, e.g. at full load over longer periods, the FC
temperature derating controller described in Section 2.2.4 is activated to
prevent overheating of the FC.

According to the component requirements for the ion filter [82] and
BR [78], the upper limit for the coolant pressure must not exceed 3 bar.
Furthermore, high pressure differences between the reactant gas and
coolant side in the BPP of the PEMFC need to be avoided to prevent
mechanical damage of the cell (not modelled). According to Nost et al.
[85], the pressure difference should be below 50 kPa. Both limitations
are respected in the implemented model without extra measures for
most of the vehicle operation.

The Amesim radiator-fan assembly model is used for the ram air
effect and underhood flow through the cooling system. A grille with an
open area ratio of 0.75 and depth of 0.05 m covers the air inlet into the
radiator. Due to the driving velocity of the vehicle, the ram air effect can
create enough pressure in front of the grille to overcome the pressure
losses through the grille and radiator to cause an air flow (see e.g. [86]).
The conversion from dynamic to static pressure at the radiator grille
inlet and low-pressure underhood zone at the fan outlet is modelled with
constant pressure coefficients.

A crossflow plate-and-fin radiator with a frontal area of 0.9 m? is
implemented for the HT cooling loop. To maximize the heat rejection,
the largest depth of 0.143 m for typical truck radiators found by Doppler
and Lindner-Rabl, in [9] and a dual pass configuration are used. The
geometric parameters and heat transfer capabilities have been adjusted
to the experimental results from Prabakaran et al. [55], who provide
extensive geometric and experimental data for the investigated small-
scale dual pass radiator for water spray cooling in FCEV applications.
Since these investigations focus on automotive FC applications, the
investigated air flow rates, temperatures and velocities as well as coolant

Table 8

Specifications of modelled HT radiator.
Parameter Value Unit Ref
Free flow area / frontal area coolant side 0.206 - [55]
Free flow area / frontal area air side 0.653 - [55]
Radiator width 1 m
Radiator height 0.9 m
Radiator depth 0.143 m [9]
Hydraulic diameter coolant side 3.1 mm [55]
Hydraulic diameter air side 1.57 mm [55]
Number of channels per pass 61
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temperatures are in close match with the operating range for the pre-
sented vehicle model in this study. An overview of the modelled HT
radiator specifications is shown in Table 8.

The small-scale radiator has been modeled in Amesim, validated
against the provided measurement data and then scaled up to the
required dimensions. It is modelled with the effectiveness-NTU method,
for more details see e.g. [61]. The correlations for the Nusselt number
(Nu) for air and coolant flow for laminar and turbulent regimes have
been determined with the Amesim “Heat Exchange Regression Tool”
which fits the Nusselt correlations to the provided measurement data.

The laminar Nusselt number for the coolant flow results in:

Nligm oot = 0.2498 & Re™417 o pr03333 ©
The laminar Nusselt number for the air flow results in:

Nutigmqir = 0.0436 o Re®7%% o Pr03333 ©
The turbulent Nusselt number for the coolant flow results in:

Nutgb coot = 0.0038 o Re' 128 ¢ pr0-3333 .
The turbulent Nusselt number for the air flow results in:

Nugyp oir = 0.04 @ Re07019 o pp0-3333 ®

with the Reynolds number Re and Prandtl number Pr. The temperature
change of the coolant flow through the dual pass is partly modelled by
determining the average coolant temperature per pass and which is used
to determine the heat transfer to the air. The peak heat exchanger
effectiveness for the HT is around 0.93. Radiative heat losses are
neglected.

When the ram air flow is not high enough to achieve the target
radiator coolant outlet temperature of 60 °C, a fan is used to increase the
air flow rate. The respective mass flow rate and pressure drop over the
individual components is determined based on the fan speed. The fan is
controlled by a PI-controller based on the radiator coolant outlet tem-
perature. To model the fan, the volume flow rate curve of a 400 mm fan
has been adapted from the Gamma Technologies GT-SUITE (v2023)
“Fuel_Cell_Truck-Flow” example. It is scaled up with the fan affinity laws
(see e.g. [87]) to an 850 mm fan and the isentropic efficiency is set to
constant 30 %. Due to noise level restrictions, the maximum speed of the
fan is limited to 1500 rpm.

2.3.2. Traction battery (LT) cooling

To capture the additional heat load and power consumption of the
traction battery thermal management, a low temperature cooling loop
with reduced complexity is implemented. Simplifications are made
regarding the heat transfer from the battery to the coolant (see Section
2.2.2), the coolant pump control and the vapor-compression cycle.

The LT coolant pump is parameterized with the same flow map as the
HT coolant pump, scaled to a smaller pump diameter with the affinity
laws (see e.g. [87]). It is kept at a constant speed of 4000 rpm to ensure
sufficient heat removal and reduced control complexity. The same
validated radiator model as for the HT cooling loop has been used but
scaled to different dimensions of 1 x 0.5 x 0.05 m. The LT radiator is
located in the side panel behind the driver cabin. Two fans are used to
create air flow through the radiator which are parameterized with the
same flow curve as the HT fan but at the reference diameter of 400 mm.
The fan dimensions are close to the EMP FiC-15 HV Electric Fan [88]
from which the maximum power of 3 kW has been adapted. The fan
speed is PI controlled and limited to 3000 rpm. The ram air effect and
low-pressure zone behind the fan are neglected, thus the air enters and
leaves the grille-radiator-fan unit at ambient air conditions according to
the respective altitude.

The radiator bypass operates in the same way as in the HT loop but
with a setpoint of 20 °C. Additionally, it stops the coolant flow through
the radiator if the ambient air temperature exceeds 21 °C to avoid
warming up the coolant above the setpoint. Since the ideal operating
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temperature of Li-ion batteries ranges from 15 to 35 °C [89], the heat
rejection from the radiator alone cannot provide sufficient cooling,
especially at elevated ambient temperatures. To cool the battery, the
vapor-compression refrigeration cycle of the cabin AC system is utilized,
compare e.g. [10,35] or [90]. For the model presented in this study, a
simplified representation is implemented (compare Fig. 1). Before the
coolant enters the battery cooling plate, it is cooled or heated to 21 °C.
Since cold climate conditions are not investigated and heat could be
integration from the HT or MT cooling loop (compare e.g. [10]), heating
of the coolant is neglected. The cooling to the target temperature on the
other hand requires additional power for the AC compressor and is
modelled by using the coefficient of performance (COP):

_ Qremoved

CoP (C)]

compr

with the heat removed from the coolant Qumeveq and the necessary
compressor power Peompr. A constant COP of 1.8 is adapted from [90].

2.3.3. Power electronics, electric machine and transmission (MT) cooling

As for the LT cooling loop, the main goal of the MT cooling loop is to
capture the additional heat load and power consumption. Thus, the
cooling loop and the thermal model of the individual components are
simplified, i.e. only lumped masses with ideal heat transfer to the
coolant and no details regarding internal heat generation of e.g. electric
machine windings or transmission gears are implemented. The MT
cooling loop includes the two traction EMs, the transmission, the LV and
MV converter as well as the FC DC/DC converter and ETC in the BoP.
The two traction EMs and BoP systems are each connected in parallel
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and in series with the other components. This reduces complexity but
does not represent accurate inlet and outlet temperatures or pressure
drops in each of the components (compare e.g. [10]). The cooling loop is
built identical to the LT cooling but without the AC system integration, a
higher radiator outlet target temperature of 55 °C and a constant pump
speed of 2900 rpm.

In the next section, the verification of the developed model and the
resulting impact of the thermal management on the vehicle performance
are evaluated.

3. Verification, results and discussion

The developed full vehicle model is run on an Intel ® Core™ Ultra 7
155H (1.40 GHz) processor with 32 GB ram in Siemens Simcenter
Amesim version 2410. It takes on average 0.17 s computation time per
simulated second or 8.7 s computation time per simulated kilometer.
The computation time varies with a factor of about 0.6-2 depending on
how transient the driving cycle is. In the following section, the verifi-
cation results on a hill climb and the VECTO Long-haul cycle as well as
the results of the altitude effects on the Brennerpass driving cycle are
presented and discussed.

In the first verification step, the peak power of relevant components
and the behavior of the FCS have been verified against reference data
from Volvo Trucks. Because the layout, specifications and performance
of the developed generic vehicle model are not identical to the Volvo
Trucks prototype, comparing the simulation results to raw prototype
measurement data would result in an invalid comparison. Therefore, in
the second step, the full vehicle model has been verified against a vali-
dated Volvo Trucks simulation model that has been adjusted to the
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Fig. 4. Hill climb verification with depleted battery (a,b) and 50 % starting SOC (c,d) (20 °C ambient).
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specifications of our generic model, i.e. radiator dimensions, FC and EM
power, etc. Nevertheless, three main differences between the models
remain: (1) while our model uses the previously described supply and
demand strategy (see Section 2.2.4), the reference model rebalances the
energy demand with prior route information, (2) our model includes the
thermal mass of the coolant and (3) a different thermal management
layout has been implemented in our model, including the described side
panel radiators.

The vehicle model has been verified in three steps: (1) A hill climb
driving cycle with depleted battery to focus on the FCS operation and
limitations, (2) the same hill climb scenario with 50 % starting SOC and
(3) the VECTO Long-haul driving cycle. The results of the hill climb
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driving scenario are shown in Fig. 4.

The hill climb scenario in Fig. 4 shows the A-30 highway between
Murcia and Cartagena in Spain at 20 °C ambient temperature. In step
(1), the velocities with depleted battery in diagram (a) match well and a
significant slowdown of the vehicle due to insufficient power can be
seen. In diagram (b), the difference between the two operating strategies
and the effect of including thermal inertia can be seen from the behavior
of the FCS net power and heat load. The FC in our model is controlled to
follow the power demand while the reference model determines a
thermally limited maximum FCS net power for the cycle. Due to the
coolant inertia, the FCS in our model ramps up to a higher power for a
short period before the coolant exceeds the temperature limits. The FC
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power in our model is then derated to avoid overheating, verifying a
well matching FCS net power and heat load of both models. A significant
FC net power derating of about 46 % at these BoL conditions is necessary
in our model during this hill climb since the radiator can only provide
about 40 % of the necessary full load heat rejection at the reduced
velocity.

In step (2), the same hill climb scenario with 50 % starting SOC, the
velocity trends of both models match well in diagram (c) while the
traction battery behavior differs during the hill climb itself, shown in
diagram (d). Before the vehicle starts to ascent, the battery power and
SOC of both models are matching well but during the hill climb the
difference between the control strategies becomes apparent for both the
FC and battery. In the reference model, the battery depletion is matched
with reaching the top of the hill while our model does not include prior
route information and the power is supplied as requested. Additionally,
only peak discharging but no peak charging power are implemented in
our model and no battery usage is allowed below 10 % SOC. The FC in
our model behaves similarly to diagram (b) but due to the initial support
from the battery, higher velocities allow for temporary higher heat
rejection before its power is derated to a similar level as for the previous
case.

In step (3), the two simulation models are compared in the VECTO
Long-haul cycle. The results for this 100 km highway cycle are depicted
in Fig. 5.

In diagram (a), the close match of the vehicle velocities can be seen.
Diagram (b) and (d) show matching trends of the battery SOC and
power, except for the peak charging power included in the reference
model and a different strategy regarding battery charging by the FC in
our model. Thus, the battery utilization modelling is verified even
though the benefits of prior route information are neglected. Diagram
(c) shows well matching wheel energy between the two models and
verifies accurate modelling of the driving resistances. In diagram (e),
matching trends in braking resistor (different BR integration in reference
model) and friction brake power are visible. Finally, in diagram (f), the
FC net power is compared. As elaborated previously, the modelling and
control differences allow for short periods of higher FC power in our
model but in the second half of the cycle both FCS closely follow the total
power demand of the vehicle. The higher FC power in our model in this
section shows that the total auxiliary power demand is higher than in the
reference model.

The peak power of the HT cooling fan is about 11 kW with noise
limitations preventing the increase of the fan speed for increased heat
rejection, resulting in a lower fan power consumption than identified in
design studies to overcome the thermal limitations like [9,10] or [32].
The MT cooling loop, a peak heat rejection of around 45 kW requires
around 4 kW power from the two fans. In the LT loop around 5 kW of
heat is rejected by the AC system and 2.5 kW from the radiator,
respectively. The battery temperature is kept below 35 °C for most of the
driving cycle with a short term peak still below 38 °C. This requires an
additional maximum power of 2.8 kW from the AC compressor and
around 4 kW from the two fans. The additional heat load and AC

Table 9

Verification overview VECTO Long-haul (20 °C ambient).
Parameter Unit Ref model Results
Average velocity km/h 79.7 79.3
Wheel energy kWh 98.8 95.9
Positive wheel energy kWh 132.6 130.8
Positive wheel energy per km kWh/km 1.32 1.31
Negative wheel energy kWh 33.8 34.8
Battery energy kWh 2.3 -5
Positive battery energy kWh 35 31.6
Negative battery energy kWh 32.7 36.7
Braking resistor energy kWh 8.6 10.5
H, consumption kg/100 km 7.1 10.3
FC net energy production kWh 123.9 169
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compressor power consumption are verified against Volvo Trucks’ input
data. Further refinement in future studies, like modelling EM winding
temperatures or detailed traction battery cells, would give more insights
into their thermal limitations and allow for more accurate peak power
limitations compared to the time-based control.

The driving resistances, braking resistor, friction brake and battery
utilization shown in the investigated driving cycles and Table 9 match
well between the reference and developed model and are thus verified.

The negative battery energy in Table 9 represents a higher final than
initial SOC. The Hy consumption of 10.3 kg/100 km in our model is
about 45 % higher than the 7.1 kg/100 km in the reference model which
can be explained by three effects: First (1), due to the supply and de-
mand control of the FC and the inertia of the coolant in our model, the
FCS is often running at high power for short periods which increases its
losses since e.g. the FC heat load and power consumption of the cooling
fan are non-linear. The FC control strategy also does not have prior in-
formation about upcoming uphill or downhill sections and charges the
battery if possible (regenerative braking is prioritized). Prior route in-
formation could improve hydrogen consumption and vehicle perfor-
mance once safe vehicle operation is ensured, including sufficiently high
uphill speeds and downhill braking which are directly impacted by the
thermal management. Different energy management strategies have
been presented e.g. in [5,52,77] or [79]. Second (2), the different de-
signs of the MT/LT cooling loops, additional consumers and drivetrain
layout lead to increased power consumption in our model. Third (3),
despite similar peak power consumptions of the individual components,
the overall power consumption and losses of some components might be
higher. A comparison of the models has shown that no single loss or
power consumption stands out but distributed higher power consump-
tions increase the overall energy consumption. Excessive tuning of the
model would be counterproductive for creating a generic vehicle model
and thus no adjustment to individual components was attempted.
Nevertheless, the hydrogen consumption remains consistent with the
literature and prototype data presented in Section 1. The average FCS
efficiency of 53 % in the VECTO Long-haul driving cycle matches well
with reported FCS average efficiencies of around 50 % in e.g. [5,8,9,341.

An overview of the net energy distribution in the VECTO Long-haul
cycle is depicted in Fig. 6 for the FC and BoP.

Chart (a) shows the energy distribution within the PEMFC based on
the total hydrogen energy input (LHV), resulting in 55.8 % of the energy
being converted into usable electricity. 42.9 % are rejected as electro-
chemical heat losses into the HT cooling circuit. About 1.1 % is lost in
purging and 0.1 % in hydrogen crossover. The simplified purging
strategy which is based on the simulated gas fractions in the anode flow
is not optimized to reduce the hydrogen consumption but to balance
purging intervals and cell voltage drop. Hydrogen losses with a purging
strategy based on ampere hours produced by the FC stack was experi-
mentally investigated by Reithuber et al. in [91]. It resulted in a
decreasing share of hydrogen crossover and combined crossover,
drainage and purging losses with increasing current densities. The
respective shares on the hydrogen input were found to decrease below 1
% and 3 %, respectively, for current densities above 0.6 A/cm?. Similar
results have been obtained in this study with average current densities of
0.66 A/cm? in the VECTO Long-haul cycle.

Chart (b) shows the distribution of used energy in the BoP of the FCS.
With about 40 kW total peak power for the two ETCs, most of the energy
is expended in the ETC (66.1 %), followed by the HT FC thermal man-
agement (total 21.9 %), losses in the DC/DC converter (9.9 %) and
recirculation pump (2.1 %). The overall vehicle efficiency can be
determined by the share of positive driving energy on the total hydrogen
LHV input, resulting in 38.1 %.

Additionally, the vehicle is investigated in a 520 km driving cycle on
the Brennerpass, shown in Fig. 7. At the highest altitude of the driving
cycle (around 1.4 km), the ambient temperature reduced to around
11 °C and the ambient pressure to around 0.86 barA, see diagram a).

The slowdown due to insufficient power shown in diagram a) is
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Fig. 6. Net energy distribution (based on Hy LHV) in VECTO Long-haul (a) FC, (b) BoP.
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caused by the temperature limit derated FC power and discharged bat-
tery shown in diagram b). To ensure sufficient slowdown capabilities in
the downbhill section, limited by the BRs, the vehicle velocity is reduced
to 50 km/h. The battery reaches its charging limits before the end of the
downhill section and thus cannot further support slowing down the
vehicle. Therefore, the friction brakes must be applied on the three
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shown occasions. The heat load at the radiator is either caused by the FC,
the BR or the overlap of the FC power ramp down and BR heat dissi-
pation which increases the total heat load on the HT cooling circuit and
thus a limits the maximum BR power further. Compared to more than
350 kW continuous engine braking in, for example, a Volvo D13
[92,93], the impact on the vehicle performance from to the thermal
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limitations of the HT cooling circuit becomes apparent also during
downhill driving.

With increased altitudes further impacts on the vehicle are identi-
fied. At the HT radiator, the heat rejection rate is not impacted since the
reduced ambient temperature compensates for the reduced air flow
caused by the lower air density. At the ETC on the other hand, the
reduced inlet pressure leads to higher pressure ratios required to reach
the same FC pressure. To avoid crossing the surge line of the compressor,
the target outlet pressure is continuously reduced (see Section 2.1.2). No
ram air effect for the compressor is considered but could improve its
operating range. Exceeding a certain altitude would ultimately exceed
the modelled ETC’s capability to provide a minimum of 1 bar FC pres-
sure, reducing the FC performance. At this altitude and the thermally
derated FC operating point, it reduces the compressor outlet tempera-
ture and therefore heat load in the intercooler by 10 and 20 %,
respectively. It also reduces the FC pressure by 0.3 bar compared to sea
level conditions. With the current GDL parametrization of the FC model
which has been calibrated with sea level inlet conditions, this pressure
reduction does not result in a significant change in the cell voltage.
Lower pressure would also affect the membrane humidification due to
the reduced relative humidity of the inlet air [59]. Refined water man-
agement and membrane humidification modeling in future studies,
including flooding effects (see e.g. [2]), could enhance the evaluation of
FC performance and the impact of the thermal management during
vehicle operation. Both effects could increase the heat load and thus lead
to further derating of the FC. Further reduced vehicle velocity caused by
the reduced FC power would in turn lead to further reduced heat
rejection capabilities of the radiator. Therefore, enhanced FC models are
currently developed within the research group to include refined water
management and spatial distributions over stack and cell. This would
enable further analysis of the fuel cell performance and the integration
of degradation mechanism, defined by these local conditions. Increased
heat production at the end of life due degradation in turn increases the
requirements on the cooling system further [11,35,94].

4. Conclusion and outlook

The modelling and verification of a 44 t EU low-temperature PEM
fuel cell heavy-duty long-haul truck has been presented. A fast simula-
tion model was developed that performs on average 5.8 times faster than
real time and focuses on the limitations that HD PEMFC trucks with
conventional cooling systems face. The model includes three cooling
loops and often neglected braking resistors, FC power-ramp rates, alti-
tude effects as well as battery and electric motor power limitations.

The derived model has been verified against input data and a vali-
dated simulation model from Volvo Trucks, matching well in driving
resistances, battery, braking resistor and friction brake utilization as
well as heat rejection limitations. In terms of total energy consumption,
a different vehicle layout and control strategy lead to a deviation in
hydrogen consumption, although still consistent with literature data.
Improvements could, for example, be achieved with energy manage-
ment strategies that include prior route information. At higher altitudes,
the lower ambient temperature compensates for the reduced density in
the radiator, but the FC turbocharger is affected if designed for sea level
inlet conditions, reducing the FC operating pressure. Further refinement
is necessary for the FC model to capture detailed water management,
mass transport and non-uniformities over cell and stack.

The results presented here demonstrate accurate modelling of the
thermal limitations of conventional cooling systems in HD FCEV, espe-
cially in the worst case scenario of a hill climb with depleted battery as
this is the most challenging scenario for the thermal management. This
scenario shows the significant impact that the thermal management has
on the vehicle performance. The maximum FCS net power in our model
requires a power derating of about 46 % already at 20 °C ambient
temperature and BoL conditions to avoid overheating during a low ve-
locity hill climb since the radiator can only provide about 40 % of the
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necessary full load heat rejection. In addition, the increased complexity
and thermal load of integrating the braking resistor in the FC cooling
loop has been evaluated, showing that the vehicle performance is not
only thermally limited during uphill but also downhill driving.

The presented model is a platform not only suited to evaluate ther-
mal management solutions but also to investigate refined FC models,
energy management strategies or component sizing. Despite the focus on
HD trucks, the scalable and modular vehicle and FCS model can be
adapted for different high-power FC applications like planes, trains or
ships.
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