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Abstract: Fuel cell powertrains have higher efficiencies compared to internal combustion engine
powertrains, but—despite lower thermal losses—thermal requirements are noticeably higher. The
commonly used Polymer Electrolyte Membrane Fuel Cell is highly sensitive to temperature deviations;
hence specifications of coolant temperatures must be strictly observed. Furthermore, their working-
temperature level is closer to ambient air, requiring a more efficient cooling system. This work focuses
on medium-duty and heavy-duty truck segments. The aim is to provide a possible optimization
guideline for cooling system developers to select an adequate heat exchanger for available air mass
flows. This energetical and thermal layout process is based on fuel cell module information provided
by Plastic Omnium New Energies Wels GmbH, firstly by simple steady-state calculations and secondly
by transient vehicle system simulations. To define the system to the full extent, the analyses cover
full-load operation, VECTO cycles, real-driving cycles, and the highest ambient temperatures. Finally,
an optimized system is presented, matching the best trade-off between heat exchanger size and mass
flows. Results show a linear and then exponential increase in heat exchanger size with soaring thermal
requirements. Thus, with a well-defined thermal layout validated on the full vehicle level, the lowest
possible component sizes are identified at which still harshest mission profiles can be completed.

Keywords: fuel cell electric truck; front-end HX; thermal management; heat exchanger sizing; high
voltage fan

1. Introduction
1.1. FC Energy Balance

Current FC truck applications (realized or in development), that are above 30 t gross
vehicle weight (GVW) are usually powered by 2 FC stacks, that have very roughly a system
power of 200–300 kW. FC trucks below 30 t gross weight can be equipped with a single FC
stack, which means approximately 100–150 kW system power (For details see Pardhi S.
et al. in [1] with a list of current and upcoming FC electric long-haul HD truck initiatives).
In this Section 1, based on FC system studies or FC system demonstrators, numbers on
stack efficiencies, system efficiencies, and thermal losses are summarized and reported
for a coarse evaluation of power shares in FC HD truck application (see summarized
in Figure 1). The FC stack efficiency curve is highest at part load operation (very low
electrical currents) and decreases linearly at high loads (increased current in cells) due to
raised activation losses, ohmic losses and concentration losses. In contrast, the FC system
efficiency curve is lowest at the beginning of FC load range due to predominant auxiliaries’
consumption. It reaches a maximum in the center load area before slightly falling again due
to a possible exponential increase in the auxiliary’s consumption (mainly air compressor) [2].
A PEMFC has approximately 50% efficiency on average [3], hence 50% of the energy from
the hydrogen is losses and needs to be dissipated by the FC system. According to the work
from Schnorpfeil S. et al. in [3], this can be split up into 5–10% exhaust enthalpy, 40–45%
coolant, 5% charge air cooling, and 3.5% convection and radiation heat to ambient air. In a
conference paper from 2021 in [4], Symbio as an FC system manufacturer presents a study
on FC driveline for HD trucks with 350 kW wheel power, 567 kW losses, 507 kW stack
heat to coolant (89% of losses), 29 kW charge air heat power (5% of losses), and 31 kW
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exhaust heat (6% of losses). Further, the main HX requirements are compared to a similar
ICE driveline [4]: ICE driveline with 240 kW coolant losses @ 105 ◦C vs. FC driveline with
508 kW coolant losses @ 85 ◦C, showing up the specific challenge to design an appropriate
HX. Aschauer T. and Schutting E. from TU Graz presented in 2022 in [5] a share of exhaust
enthalpy of about 5–10% and a 91% share of excess heat removed by coolant. It is remarked
a slightly higher efficiency of FCs at the nominal load point of around 10–20% compared to
ICE but due to reduced exhaust enthalpy, the heat dissipation via the coolant system ends
up being 40–50% higher. The lower heat losses in the exhaust are mainly because of the very
low exhaust temperatures of around 60 ◦C [6]. In [7], Linderl J. from AVL presents their
FC system for HD trucks with an FC system rated power of 308 kW Begin of Life (BOL)
and 272 kW End of Life (EOL) at an FC system efficiency of 44.8% at rated power (BOL)
driving an e-axle with 360 kW max. cont. power and 540 kW max. peak power. This would
approximately lead to 380 kW thermal losses (BOL), which additionally increase with an
aged FC system. Ref. [8] reports about this additional challenge in heat rejection with FC at
EOL. Here, an example is given with a 20% efficiency decrease (worst-case) which requires
shifting the load point towards a higher voltage to provide the same electrical energy. The
additional heat that must be rejected increases in that case by +60%.
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In [9], a Sankey diagram shows simplified the share of FC energy flow which is 6%
exhaust, 42% coolant, and 52% electric.

Figure 1 summarizes the power flow shares in a conventional FC system (based on
efficiency and FC load) upon the described literature. Electrical energy share is represented
below the dashed line with the system net output in green and the BoP (Balance of Plant)
share. The thermal energy share is above the dashed line with shares of exhaust enthalpy,
charge air cooling, radiation, and coolant, distinctly showing the huge share of energy
going into the coolant.



Energies 2023, 16, 4024 3 of 19

1.2. FC Thermal Management

The thermal management for a PEMFC requires a liquid cooling loop, see Figure 2.
An HV pump provides coolant mass flow across the bypass or the HX, which is controlled
via the 3-way valve. The cooling air flow can be increased with the HV fan. In FCEVs, the
process air is directed separately across a, which allows the FC to provide the required
amount of air, hence oxygen starvation is no critical issue in these applications.
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1.2.1. Temperatures for Cooling the FC

FCs for HD trucks are specified for ~25,000–30,000 h of operation [2]. For the protection
of the cells, several measures such as limited transient operation and precise compliance
with target temperatures are indispensable. In terms of thermal management, basically,
a similar cooling system such as an ICE-operated truck is used. Via a cooling loop, heat
is transported to a cross-flow main HX and dissipated to the ambient air. Air flow enters
air inlets and passes the HX before crossing the under-bonnet area. For support, a fan is
activated to increase the air flow. The pressure losses across the HX and the under-bonnet
area strongly influence the air flow. Possible measures to improve the air heat transfer are
using a bigger cross-sectional area or an increased depth (the latter only to a certain extent
as described later).

The main driving force for a high heat flow is the temperature difference of coolant
to air. When looking at an ICE driveline, coolant temperatures can be in the region of
90–120 ◦C [3]. For an FC driveline, the temperature region is very little and much lower
with a small window at around 80 ◦C average temperature [3]. Especially at higher ambient
temperatures, the reduced delta between coolant and ambient air is crucial and needs extra
attention. In the doctor’s thesis from Berger O. in [3], coolant inlet- and outlet-temperatures
are reported in the region of 64–77 ◦C, with ~55 L/min coolant flow for an FC passenger
car which is driving on the Großglockner Pass Road. When the inlet temperature reaches
72 ◦C, the fan is activated, at 78 ◦C, FC stack power is reduced, at 80 ◦C, the FC is shut off
to prevent damage. The stack coolant temperature difference is defined and constantly
controlled to a value of 5.5 K. These concrete numbers descriptively show the maximum
thermal working area of an FC. In [10], Pietruck M. from RWTH Aachen presents a thermal
FC system design with an inlet coolant temperature of 70 ◦C which is controlled via a
bypass valve. It reported an FC shut-off event at 90 ◦C coolant temperature to prevent
component damage. Roiser S. from TU Graz reports in [11] an FC system with inlet-
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and outlet temperatures of 70 ◦C and 75 ◦C, respectively. In the region of 75–77 ◦C, an
overheating mode reduces FC power output, above 77 ◦C, the operation is forbidden.

1.2.2. HX Size for Cooling the FC

Compared to an ICE system, the increased thermal loads in the coolant combined
with the lower temperature difference of coolant to ambient air require an increase of
HX size and air mass flow. A standard ICE HX for an HD truck has a cross-sectional
area of ~0.7–1 m2 [12,13]. In the 2021 work from Roiser S. in [11], a study on an HX size
variation for an FC MD truck is presented. For a heat quantity of 126 kW, a 1.3 m2 big
HX cross-sectional area is chosen at an ambient temperature of 40 ◦C and a temperature
difference of 35 ◦C. A strong nonlinear increase of HX cross-sectional area is reported when
the temperature difference is reduced even more, e.g., to a difference of 30 ◦C, ending up
in an HX cross-sectional area size of above 3 m2. In [12], by Linderl J., an AVL List FC
HD truck development is presented in 2021. Moreover, a standard HX from an ICE truck,
and an additional (~half in size) HX were mounted. The overall HX cross-sectional area
ended up being 1.2 m2. In the work from Aschauer T. in [5], HX frontal area variation is
made for an FC-operated telehandler. As a result, compared to the conventional HX for the
ICE driveline, it is reported that the FC HX needs to be increased at least by a factor of 1.8.
Ref. [11] reports that most of the waste heat goes to coolant and that radiator-specific heat
rejection and, therefore, required cooling performance is 1.5–2 times higher compared to the
ICE engine. Mayr K. presents in [6] a technical analysis for the future-proof operation of FCs
in HD trucks that brings up even a minimum increase of 2.5 times the HX cross-sectional
area to cope with high thermal loads in the coolant. In [13], a louver fin heat exchanger
for FCEVs is optimized by a genetic algorithm. The dynamic characteristic of improved
designs was then evaluated in cycle simulations reporting improved heat transfer rates in
the range of 1.6–5%.

1.2.3. Mass Flows for Cooling the FC

In order to fulfill required heat rejection rates and temperature levels, raised coolant
and air mass flows are required with low HXs pressure drops. Very good examples of
typical FC mass flow areas at relevant operation temperatures (important for heat flow
calculation) can be found in the thermal management software KULI from Magna [14].

In KULI software, modelled HXs are usually map-based, created from measurements.
Three relevant HXs are presented in Figure 3 all measured with a coolant inlet temperature
of 80 ◦C at an air inlet temperature of 25 ◦C. For each HX, two different coolant mass flows
are shown, restricting with lower dashed curve and upper solid curve the colored working
area in the diagram. The blue and the green area represent MD HXs with air mass flows up
to 9 kg/s, allowing them to dissipate up to 250 kW of heat for typical operating conditions.
The grey area represents a passenger car HX, with air mass flows up to 3 kg/s, and heat
quantities up to 100 kW that can be dissipated.

1.2.4. Auxiliaries Loads for Cooling the FC

The required air mass flows can be guaranteed using a high voltage (HV) fan. Due
to the required very high mass flows and required high depth of the HX, high electrical
loads result. In the presentation in [4], during the design phase of an FC HD truck, the
assumption of a maximum fan power of 30 kW was made. In the HyTruck project led by
AVL, maximum fan powers up to 40 kW are reported [7]. Parameter studies for 11–42 kW
electrical fan power are presented in [12]. In [15], FC systems for heavy-duty vehicles are
studied and high thermal loads from FC are proposed to be solved either with increased
battery energy supply or with improved radiator design. In these analyses, the fan power
is calculated by the Multiwing Optimizer accounting for a 30 kW electrical load. In a report
from AVL List & ZSW in [6], as a drawback of an FC system, a potential fan power of
up to 60 kW is mentioned, meaning this could be seriously scorching FCs in automotive
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applications. The industry is currently bringing HV components to the market, such as:

• EMP HV front-end fan, max. 25 kW electric energy consumption [16]

• EMP HV coolant pump, max. 3 kW electric energy consumption [17]

• Borg Warner HV front-end fan, max. 40 kW electric energy consumption [18]

• Rheinmetall HV coolant pump, max. 2.2 kW electric energy consumption [19]
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Ref. [20] reports the thermal management layout for an FC system in the towing test on
Davis Dam at 40 ◦C ambient temperature concluding that a careful design trade-off for an
air of radiator must be made on: (i) fin density, fan selection, and cooling air flow, (ii) heat
balance amongst radiator, and (iii) design feasibility for production parts. A high-power
fan is especially required for low vehicle speeds.

As described in the sections above, scattered information on FC thermal management
is available with unique examples. In general, no common scheme for the layout process
nor a general guideline is available, hence, this publication tries to fill up this gap.

2. Methodology

The methodology is described in an overview in Figure 4. In the first phase, inputs
are collected. As the first input, the vehicle type is defined to identify the operational area
(temperatures) and required FC power. Relevant FC parameters such as maximum power
output and thermal output are collected. As the next input, parameters on the thermal
system are collected or defined such as possible sizes for HX integration or the electric
load range for the fan. The thermal equations are constituted as the last input for the
upcoming calculations.
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In the second phase, design steps based on steady-state calculation are examined. For
the maximum heat flows at defined ambient temperatures, the minimum requirements
are evaluated. Next, variations on the HX design are assessed to identify the best trade-off
between all the relevant parameters. Last, considerations on the fan power consumption
are presented for an altogether examination. The HX design is an output of phase 2.

In the third phase, a modular truck simulator platform is used and the designed HX
and fan are integrated. By conducting transient cycle simulations, results on validated HX
design are presented.

2.1. Parameters for FC and Vehicle

As a starting point for the layout process of FC thermal management, the reference
vehicle classes are defined. In detail, MD and HD truck classes are investigated for the
definition of suitable HX sizes and air mass flows. For these classes, different FC system
sizes are considered, with the properties summarized in Table 1. This data is based on fuel
cell information from Plastic Omnium New Energies Wels GmbH in the research project
NextGenFCM, from which this publication originates.
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Table 1. Main Vehicle and FC Parameters.

Parameter Medium
Duty Heavy Duty Unit

Gross Vehicle Weight (GVW) 26 40 t
# FCs 1 2 -

.
QFC @ full load 200 400 kW

Temperature spread of coolant 0.05 K/kWth
Target temperature coolant, FC, in 62–70 ◦C

Target temperature coolant, FC, out 63–80 ◦C
Efficiency @ part load >60 %
Efficiency @ full load <50 %

Mass flow coolant 1–6 2–12 Kg/s
Temperature ambient max. 45 ◦C

2.2. Parameters for Thermal Management

Table 2 below lists the main thermal parameters with relevant value ranges for design-
ing, evaluating, and optimizing the FC cooling circuit. The most important component is
the front-end HX, whose size, and thus performance, depends on the available packaging
of the vehicle. As a starting point, its dimensions are taken directly from components of a
comparable ICE-operated HD truck. A typical European HD truck is considered, such as a
Volvo FH class or Scania S class. In conjunction with the HX, a fan must be also defined
that can supply the appropriate air mass flow at a given air resistance to ensure a high
heat dissipation. According to the thermal requirements of the FC, a coolant pump for
high-mass flows is required. Finally, see all the defined specifications in an overview in
Table 2 below.

Table 2. Main Thermal Management Parameters.

Parameter Group Parameter Range Unit

HX [21–23] Width 800–1000 mm
Height 600–1000 mm
Depth 40–143 mm

Fan [16] Electrical power ≤25 kW
Blade diameter 780 mm

Air volume flow 9 m3/s
Pressure increase 1000 Pa

Coolant Pump [17] Electrical power ≤2.3 kW
Internal propeller diameter 100 mm

Coolant volume flow 4.7 l/s
Pressure increase 1.5 bar

With the identified parameters, sufficient information is available to fully parameterize
the thermal management of the FC system. The HX energy balance can be established with
the knowledge of all boundary conditions on the coolant side and the air side. The next
step is to define the test scenarios under which the thermal system will be designed and
the methodology by which the system will be evaluated.

2.3. Thermal Equations

The waste heat flow
.

Q of the FC stack coolant circuit is dissipated to the ambient air
via the HX. This coupling of coolant and air is described by Equation (1),

.
Q = k ∗ AHX ∗

(
Tcoolant − Tair

)
(1)

where k = overall heat transfer coefficient in W/m2K, AHX = overall heat transfer area in
m2, Tcoolant = mean coolant temperature HX in ◦C and Tair = mean air temperature HX
in ◦C. It discloses the coolant and air temperature difference as the driving force of heat
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transfer. Equation (2) shows the calculation of a linearly assumed mean temperature T
in ◦C,

T =
Tout + Tin

2
(2)

where Tout = outlet temperature in ◦C and Tin = inlet temperature in ◦C. Equation (1)
can be rewritten to Equation (3), to better describe the thermal conductance of the HX.
As described, k is the heat transfer coefficient, which is composed of the convective heat
transfer on the coolant side, the heat conduction in the material from the coolant side to the
air side, and finally, the convective heat transfer on the air side, and AHX is the available
heat transfer surface.

k ∗ AHX =
.

Q/(Tcoolant − Tair
) (3)

The left side of Equation (3), namely the HX conductance k ∗ AHX

[
W
K

]
, is representing

a kind of fictitious “HX-performance value”, which can be used to compare different HXs.
Next, Equation (4) describes in detail the air side convective heat transfer which contributes
to k. The direct influence and the relevance of the air mass flow on the heat transfer can be
seen in Equation (4). By combining with Equation (3), Equation (5) can be established, in
which all the relevant influencing parameters for heat transfer are identified.

.
Q =

.
mair ∗ cp,air ∗ ∆Tair (4)

k ∗ AHX = 1/
[

1
.

Q
∗
(

Tc,i − Ta,i +
∆Tc

2

)
− 1

2
.

maircp,air

]
(5)

where ∆Tair = temperature difference of the air in K, cp,air= specific heat capacity of air in
J/kgK,

.
mair= mass flow of air through HX in kg/s, Tc,i = inlet temperature of the coolant in

◦C, Ta,i = inlet temperature of the air at HX in ◦C and ∆Tc = coolant temperature difference
in K.

2.4. Modular Truck Simulation Platform

A modular truck simulator is developed and used to validate thermal management on
the full vehicle level. It consists of FC truck-specific submodules (longitudinal dynamics,
eAxle, power electronics, FC system, battery storage, cooling circuits, controls, and driver)
and it is built in MATLAB/Simulink environment.

The simulator mainly involves the setting of major vehicle parameters such as frontal
area size, GVW, drag coefficient, dynamic rolling friction coefficient, battery size, EM size,
etc. These parameters are defined and selectable for HD or MD trucks.

On one side, it is important to show accurately the interaction of mechanical, electrical,
and thermal systems. On the other side, the final and main modelling target is to evaluate
the behavior of the thermal system in the full vehicle context during stationary high-load
operation and dynamic driving cycles. An overview of the submodules and their physical
domains is given in Figure 5 and in Table 3.

In the submodule cycle, vehicle target speed and road inclination are the base inputs
for the used forward approach or so-called dynamic approach to calculate the vehicle
dynamics in a further step. In the driver submodule, with PI control, gas pedal, and brake
pedal actions are calculated and as a further consequence, a desired torque is provided.
These are then passed on to the longitudinal dynamics submodule which interacts with
the rest of the subsystems. Powertrain Energy Management (PEM) is basically a function
of the ESS state-of-charge (SOC). The lower the SOC, the higher the requested FC power.
This allows keeping the SOC usually between 30–60%, hence always having the potential
for significant recuperation phases. In general, the focus is put on the rather steady-
state operation of FC with fewer start/stop events to prevent the FC from aging. An FC
derating mechanism is integrated into the software, but it has been deactivated for the
simulations shown below. This allows fundamental analysis in the way of a fairer and
clearer assessment of components without influences from specific control mechanisms. In
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the FC submodule, two modules can be chosen. The first is a map-based FC model (steady-
state), the second is a transient FC model for more accurate dynamic system behavior
which is modeled and provided by HyCentA Research GmbH in the framework of the
NextGenFCM project. In addition to the simulation, a comprehensive post-processing is
performed in MATLAB/Simulink for storing and analyzing time-resolved results as well
as sum results, see a selection in the next section.
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Table 3. Submodules with Properties.

Submodule Mechanical Electrical Thermal

e-Axle yes yes yes
Gearbox yes no no

Longitudinal
Dynamics yes no no

FC System no yes yes
Battery no yes yes

Power Electronics no yes yes
Cooling System no yes yes

3. Results
3.1. Steady-State Calculations

The thermal management system needs to ensure thermal protection of the FC system
under all envisaged operating conditions. This includes also worst-case scenarios such as
steady-state FC operation at full load during vehicle standstill at highest ambient tempera-
tures up to 45 ◦C. Steady-state calculations are conducted at different ambient temperatures
in running the FC system at constant loads to evaluate minimum required air mass flows
at different HX sizes. In the next step, a variation of boundary conditions is performed
to assess the effect on HX surface growth. Basically, no complex simulation is required to
answer this question, but it can be already carried out in the design phase of the thermal
system with the formulas before.
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3.1.1. Minimum Requirements for the HX

In the first step of the HX layout process, the “HX requirements” must be defined.
To operate 1 FC at full load in a steady state (

.
Q = 200 kW), the minimum required air

mass flow can be calculated with the formulas above. The temperatures of the coolant
inlet and outlet (fixed due to FC requirements) and air inlet (fixed due to given ambient
temperature) are given, only the air outlet can be changed or influenced by the HX. For this
calculation, an ideal HX behavior is assumed with an air outlet temperature correlating
to the coolant inlet temperature. With this assumption of an ideal behavior, transient
effects as well as losses such as radiation are neglected and Equation (5) can be applied
without further corrections. The HX conductance k ∗ AHX

[
W
K

]
—a key figure for the overall

thermal HX performance—can be calculated with Equation (5) for different air mass flows.
Finally, Figure 6 shows these results for the FC operation at full load at various ambient
temperatures. The minimum required air mass flow as well as the required HX conductance
are plotted versus ambient temperature. To dissipate the heat losses of 1 FC at full load
in steady state operation, the air mass flow must be in the region of 2–5.5 kg/s with HX
conductance values of 7500–16,000 W/K, depending on ambient temperatures; values are
for 1 FC in an MD truck. For 2 FCs with heat losses of 400 kW, these “HX requirements”
must be doubled.
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3.1.2. Relation of FC Power, HX Size, and Air Mass Flow

The space for integrating the HX is usually strongly limited, thus the required HX
conductance—plotted in Figure 6—may rather deviate from this ideal assumption due to
packaging constraints. So, a reduction of the optimum HX size leads to a necessary increase
in air mass flow to dissipate the same amount of heat. If the air mass flow can be higher
compared to the required minimum air mass flow in Figure 6, several combinations of air
mass flow and HX size can be realized to allow FC full load in steady-state operation. This
is basically shown in Figure 7 where the blue curve represents the maximum available FC
power at steady state for different air mass flows at constant boundary conditions. The
yellow curves represent different HX sizes. With very small HX sizes, the FC can’t be
operated at full load, not even at very high air mass flows; only a very slight increase of
possible FC power can be observed. With more HX size and by additionally increasing
the air mass flow, the FC can be operated at full load. The statement of the figure with
the cross-influences is valid in general for different types of FC and HX setups. The light
blue point in the figure indicates the lower limit of air mass flow to constantly operate the
FC stack at full load. The higher the ambient temperature, the farther this point moves to
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the right. It can be shown that not every HX is able to keep the FC thermally stable at full
load. The system designer can now prepare such a chart and choose the combination of
HX size and air mass flow, that is feasible to integrate into the vehicle in terms of HX and
fan dimensions.
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3.1.3. HX Size Growth

As a next step, the HX size growth is quantified based on ambient temperature and FC
power. By applying Equation (5), a variation of MD truck FC power is made for different
ambient temperatures. Equation (5) can be solved for the required HX size, AHX with the
resulting curves shown in Figure 8. The curves’ non-linearity results from the fact that three
of four temperature levels in the system are given fixed ( Tc,i, Tc,o & Ta,i) and, therefore,
only Ta,o can vary. So, the closer the mean temperatures Tc and Ta are to each other,
the higher is the needed heat transfer area to dissipate heat to the ambient air, which is
emphasized by Equation (3). Finally, the non-linearity derives from the reciprocal behavior
of the growing temperature difference at the denominator position. As already mentioned,
the following limitation is taken into account: Ta,o must be lower than Tc,i.
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Especially for high-temperature conditions, the required HX size is crucial and can
become huge in an unpropitious way. Figure 8 illustrates this issue for elevated ambient
temperature levels. For ease of illustration, the relative HX cross-sectional area on the ordi-
nate is related to the reference of 35 ◦C ambient temperature and FC full load. Generating
this diagram and calculating absolute values of AHX builds a relevant further step for the
system designer to sketch HX growing behavior.

At an ambient temperature change from 35 ◦C to 40 ◦C, the HX size must be increased
by 25%. If increased up to 45 ◦C, the necessary HX size grows by about 70% when a constant
full load is requested. In general, this behavior is similar also at other temperatures. Up to
about 50% FC power, the required heat transfer area grows almost linearly. At higher FC
power, due to the increasingly narrow temperature differences, a sharp increase in required
HX size can be seen. For example, a change of FC power from 0% to 60% comes along with
an HX size change from 0% to 30%. In contrast, the change of FC power from 60% to 100%
requires the HX size to increase from 30 to 100%.

3.1.4. HX Depth and Fan Considerations

As mentioned, the HX size can’t be chosen arbitrarily but must comply with each
vehicle’s packaging. This is not only relevant for the HX cross-sectional area but also
accounts for HX depth. One tempting way to enlarge the overall heat transfer area is to
increase HX depth, e.g., by adding a second HX behind the first one in flow direction.
Figure 9 gives an example for varying the HXs performance by applying various sets of
cross-sectional area and depth. These values are valid for an MD truck operated with 1
FC; each curve represents the limiting FC power for a specific set of HX size and ambient
temperature. Again, with an increase in ambient temperature or required FC power, the
HX depth increases at a constant cross-sectional area.
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An increase in HX depth appears to be an appealing solution. Even with enough
available space in the vehicle for integrating an HX with strongly increased depth, the
airflow characteristics (pressure loss at HX) must be carefully taken into account. This is
strongly influenced by the fan and the available power to provide high air mass flows.

Figure 10 depicts this conflict for an HX and fan setup with the green lines being the
fan’s pressure vs. mass flow characteristic for different fan speeds and the blue lines being
two differently deep HX pressure loss characteristics.
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Calculations showed that at doubling the HX depth from 25 to 50 mm, the indicated
fan power curves in blue accumulate hugely with exponential behavior. For the same air
mass flow, this heads in approximately 1200 Pa instead of 400 Pa pressure loss and 15 kW
instead of 3.9 kW electric fan power. This interference depicts a major limitation for the
designer of the thermal system. Beyond a system-specific limit in-depth, the extraordinary
gain in pressure loss prevails and leads to the too-high electrical power consumption of
the fan.

3.1.5. HX Design for MD and HD Truck

With data from Table 1, equations provided in Section 2.3 and diagrams from Section 3,
the final design of the HX at appropriate air mass flow can be shaped for the MD and HD
truck. At 35 ◦C ambient temperature, the minimum required air mass flow amounts to
4.3 kg/s for the MD truck and to 8.7 kg/s for the HD truck. By adding a safety margin, this
results in 6 kg/s airflow for MD and 12 kg/s airflow for HD, the HX thermal conductance is
then calculated with 8400 W/K and 16,800 W/K, respectively. Assuming a cross-sectional
area of 1 m2 each, a depth of 25 mm and 45 mm is required to operate FC at full load steady
state at 35 ◦C ambient temperature. Table 4 lists the approximate HX depth for the MD and
HD HX for further ambient temperatures for completeness.

Table 4. Different HX Depths for 1 m2 HX for MD and HD Truck Applications.

Ambient
Temperature

HX Cross Section
Area

MD HX
Depth

HD HX
Depth

35 ◦C
1 m2

25 mm 45 mm
40 ◦C 45 mm 85 mm
45 ◦C 75 mm 145 mm
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3.2. Transient Cycle Simulations

Dynamic driving reveals additional effects and details compared to steady-state con-
siderations. In terms of a thermal system, the inertia of each component is considered,
which depends on the mass and specific heat capacity. Higher thermal inertia leads to
longer heat-up times of coolant and components. Further, during harsh ambient conditions,
components can be operated longer at maximum power before derating is activated. The
FC operation is always influenced by such a derating mechanism in order to keep coolant
inlet temperatures at defined levels. To evaluate the designed thermal management system
in operation with the FC and the PEM (powertrain energy management), transient system
simulations are a very helpful and revealing method. Hence, the above-described system
with FC and HX is tested and evaluated in transient driving cycles. Therefore, a modular
truck simulator is used which is described in the next section.

The target of transient simulations is to show whether the design according to steady
state operation is chosen correctly to also withstand critical real driving conditions.

Therefore, two challenging driving cycles are presented in the following which repre-
sent typical and challenging transportation routes for an HD truck. The first driving cycle
is following the Brenner Highway A10 from Innsbruck (Austria) to Sterzing (Italy), with an
800 m altitude difference making it one of the most demanding HD truck driving routes.
The second driving cycle is the VECTO long-haul mission profile from the correspondent
European Commission tool [24]. This well-known mission profile to evaluate energy con-
sumption and CO2 emissions of trucks helps to generate comparable results and to provide
a more transparent result for interesting groups. The psychrometric properties of air and
coolant are based on data from the CoolProp library [25]. For air, an absolute moisture of
9.5 g/kg is assumed, and the coolant properties are based on a water–glycol mixture with
50:50 parts.

3.2.1. Brenner Cycle Results

The Brenner cycle results are summarized for three different ambient temperatures
in Figure 11. During the first uphill part, the FC is operated continuously with maximum
heat losses of 400 kW. The thermal management requests on the fan and hence air mass
flow are strongly increasing with the ambient temperature. The coolant temperature
is controlled via fan and thermostat to 62–70 ◦C with a few runaways, once above the
symbolic threshold of 77 ◦C. This 77 ◦C–threshold represents the starting of a counter for
first derating measures. The thermostat valve (not shown in the graphic) is constantly open
between 95–100% during the uphill phase for maximum coolant mass flow. This and the
high requests on the fan illustrate a maximum and harsh operation for the system but the
thermal management is barely capable of avoiding undesired high temperatures despite
the time from 500 s to 800 s. For this specific phase, the FC in combination with the ESS
can’t provide sufficient power.

During the second downhill part, the FC is shut off, during this phase the ESS can be
fully recharged.

3.2.2. VECTO Long-Haul Cycle Results

Figure 12 shows simulation results for a 40 t FC HD truck during the VECTO long-haul
mission profile. At 1600 s and 2200 s, long-lasting, and high road gradients require full sys-
tem power with FC operation at full load. Compared to the Brenner cycle (one FC full load
event), with two FC full load events, this cycle is more demanding on thermal management.
Required fan power and air mass flow strongly increase with ambient temperature, the fan
is operating constantly during these events at 45 ◦C ambient temperature. Again, the FC
derating mechanism is not activated but its operation could be used to drop temperature
sufficiently during the two full load events.
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In general, it can be summarized, that also without the FC derating activation, the
thermal management system is designed to dissipate FC heat losses accordingly with
only 2 high–temperature events (above 77 ◦C) lasting longer than 1min in the presented
worst-case scenarios. In the next step, with the activation of the FC derating mechanism,
such a rare border event can be addressed effectively at the cost of a reduced driving speed.
These results, finally, reinforce the purpose of the designed thermal management in the
context of the full vehicle system.
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4. Discussion

This paper presents a guideline to develop an FC cooling system. In the first step, the
minimum required air mass flow at the HX was defined to operate the FC at full load in
a steady state. In doing so, various HX conductance values were derived as enablers to
define HX sizes in the next step. Now, by increasing air mass flow rates, a reduction of the
necessary HX size was shown. In the next step, several combinations of cross-sectional
area and air mass flow were generated and evaluated. In this scaling process, a maximum
feasible air mass flow could be identified in terms of fan power consumption. This point
of maximum air flow represents in reverse conclusion the smallest possible HX size to
operate the FC at full load in a steady state. Consequently, working ranges of air mass flow
and HX sizes were defined extensively, and it is now up to the cooling system designer to
accommodate a suitable combination of HX and fan within the available packaging, thus
breaking up the heat transfer area in a final step into HX cross-sectional area and HX depth.
Usually, there is only a small margin in increasing depth to raise the overall heat transfer
area. An excessive increase will no longer necessarily lead to better system performance
because either the air-side pressure loss or the fan’s power consumption will rise too much.

Further, the effect of ambient temperature on the HX size has been shown. At higher
ambient temperatures, the driving force to dissipate heat is reduced. In combination with
an increase in desired FC HX size, requirements ascend linearly in the beginning and
exponentially in the end. On the one hand, the system designer will come up soon against
limitations with available packaging. On the other hand, a stronger fan can help to move
into the area with linear surface growing behavior, so less HX size is required. In this way,
careful consideration of natural airflow by driving velocity and forced airflow is crucial.
Instead of designing the HX for FC operation at full load in a steady state, the HX can also
be designed for lower loads in a steady state, e.g., for 80% or 90%. This work showed that
in this way the HX size can be drastically reduced to only 55% or 75% in size. These strong
reductions can be constituted due to the exponential growing behavior at high loads. At
the same time, this leads to less required air mass flow and lower fan size.

Finally, for MD and HD trucks, the HX sizes were chosen with 1 m2 cross-sectional
area both and depths of 25 mm and 45 mm, respectively; this correlates to FC full load
operations in a steady state at 35 ◦C. The performance of the fan was limited to max. 22 kW
power and to the max. 12 kg/s air mass flow for the HD truck; for the MD truck values
are halved. In the final step, the system was validated in transient simulations. Target
coolant temperatures were mostly reached, only in very few harsh mission profiles, minor
overshooting up to 1 min was observed. To avoid such an event, the FC derating mechanism
can be activated, hence this will influence the matching of desired vehicle velocity.

5. Conclusions

In the introduction, Section 1, information is collected on state-of-the-art thermal
management systems for FC trucks. It constitutes a comprehensive collection of detailed
information on thermal parameters which has not been available so far. This paper presents
for the first time such an overview in literature, thanks to this, it provides a good starting
point for the cooling system developer to estimate thermal system dimensions. Subse-
quently, a structured novel methodology was presented to choose the HX. Due to the low
installation space for the HX and the high fan power demands, integration, and efficient
operation are of exuberant importance. The non-linear increase of HX size was not reported
to that extent in any literature which is especially crucial for FCs. With this publication, a
novel layout process is proposed to treat reported trade-offs. The described procedure can
be used by a cooling system developer for any type of FC with adaptations in parameters.
Because of the described lack of information on such a structured thermal management
system process so far, this publication can make a considerable contribution to pushing the
hydrogen movement.
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Abbreviations

BoP Balance of Plant
BOL/EOL Begin Of Life/End Of Life
ESS Energy Storage System
FC Fuel Cell
GVW Gross Vehicle Weight
HD Heavy Duty
HV High Voltage
HX Heat Exchanger
ICE Internal combustion engine
MD Medium Duty
PEM Powertrain Energy Management
PEMFC Polymer Electrolyte Membrane Fuel Cell
SOC State Of Charge
VECTO Vehicle Energy Consumption calculation Tool
Nomenclature
.

Q Thermal Dissipation, Heat Flow W
AHX Heat Exchanger Heat Transfer Area m2

k overall heat transfer coefficient W m−2 K−1

T Mean Temperature ◦C
.

m Mass Flow kg s−1

cp specific Heat Capacity at constant pressure J kg−1 K−1

∆T Temperature Difference K
T Temperature ◦C
o, out property at outlet
i, in property at inlet
c, coolant coolant side of Heat Exchanger
a, air air side side of Heat Exchanger
th thermal
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