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ARTICLE INFO ABSTRACT

Keywords: Polymer electrolyte membrane fuel cells (PEMFCs) are one of the key technologies for the decarbonization of

PEMFC _ transportation. In contrast to light-duty vehicles (LDV), durability requirements for heavy-duty (HD) transport

IL;ad c’('idmg applications are challenging. To overcome these difficulties, material improvements must be complemented by
eavy-duty

optimized operation strategies. Furthermore, specific testing protocols in application relevant conditions are
required. Harmonized testing protocols already exist for automotive applications. However, for HD applications,
such protocols are still pending, which represents a bottleneck for further development. A semi-empirical model
is used in a novel systematic top-down methodology to generate application related power demand cycles in
PEMFC of an HD hybrid vehicle is presented and demonstrated in detail for the case of PEMFC in HD transport.
The resulting load profile, applicable at single cell and stack levels, is proposed as a starting point for a
harmonization of open-source HD load cycling and testing protocols for PEMFC component development.
Furthermore, the method is also used to evaluate the impact of the energy storage system (ESS) capacity and of
the hybridization strategy parameters on the PEMFC stack power demand dynamic and efficiency; providing up

Mission profile
Hybridization strategy
Battery dimensioning
Efficiency

to 2 % efficiency increase and a 50 % reduction in FC load changes.

1. Introduction

In recent years, polymer exchange membrane fuel cells (PEMFCs)
have emerged as a technology in the decarbonization of the transport
sector. PEMFC has been implemented commercially in light-duty vehi-
cles (LDV) by a few car manufacturers, but remains in the development
stage for heavy-duty vehicles (HDV)[1]. Emissions from HDV applica-
tions represent around 25 % [2,3] of total transport related emissions.
Therefore, HDVs are becoming the focus of PEMFCs applications. HDV
with this technology will benefit from the long range, fast refueling, and
high power and energy density that PEMFCs technology offers, partic-
ularly for long-haul transport. Typically, this transport type involves
tractor-trailer vehicle combinations with a gross vehicle weight (GVW)
of about 40 t. High mileage routes (110,000 to 160,000 km a~ 1), with up
to 75 % of their mileage in motorways [2], are characteristic.

There are remarkable differences in the targeted Key Performance
Indicators (KPIs) between LDV and HDV PEMFC. The durability of
PEMFC stacks for HDV must be increased up to 30,000 h, which is 6
times more than the LDV target [4]. On the other hand, power density
KPIs have been relaxed but at increased voltages due to the higher

efficiency requirements. The DOE targets to reduce power density from
1.2 Wem ™2 for LDV [5] to 0.84 Wem ™2 for Class 8 Trailers [6] ; FCHJ
KPIs reduce the value from 2 Wem ™2 @0.66VforLDV[7]to1.2 Wem 2
@ 0.675 V [4] in HD applications.

PEMFC dynamic response may be slower than required to fulfill the
power demand in vehicles, so they are combined into hybrid systems.
Energy storage systems (ESS), such as batteries, with faster response are
used in combination to cover the high dynamic situations. Different
architectures are used in vehicles depending on the requirements [8,9].
Moreover, the strategy followed to split the power (hybridization
strategy) shape the power demand to the components [10]. Therefore, it
is necessary to understand how a PEMFC delivers power in a HD power
train given a certain hybridization strategy. PEMFC testing protocols
and driving cycles already exist for automotive in Europe [11], the USA,
China, and Japan; but are still missing for HD application at least in the
form of a commonly agreed test profile. Chen et al [12] and Nguyen et al.
[13] present an extended review of different load cycles for automotive
applications. At the moment, there are only very few HD related
degradation test protocols available, and they all follow a bottom-up
approach at the material level: for membranes [12], for catalysts [13]
and for MEA level [13]. To the best of our knowledge, there are no stack
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Glossary of acronyms and symbols

Acronyms

BoP Balance of plant

BoT Beginning of test

EoT End of test

ESS Energy storage system

FCS Fuel cell system

HD Heavy duty

HDV Heavy duty vehicle

MEA Membrane electrode assembly

MoT Middle of test
PEMFCS Polymer exchange membrane fuel cell system
SD Shut-down

SoC State of charge

SU Start-up

Symbols

Ay Frontal area [m?]

a Acceleration [m s ']

cd Drag coefficient [-]

cr Friction coefficient [-]

e Rotation factor [-]

F Faraday constant: 96,485 C mol !
g gravitational acceleration: 9.8 m s !
I Current [A]

Ipop BoP current [A]

Igss ESS current [A]

Igss v ESS at HV current [A]

Irc Fuel cell current [A]

Ircuy FC at HV current [A]

Iy Net PEMFCs current [A]

Mempty Vehicle empty mass [kg]

Mjoad Vehicle load mass [kg]

mc Compressor mass flow [kg s

mr Turbine mass flow [kg s’l]

M_ir Air molar mass: 0.0289647 kg mol !
Mo, Oxygen molar mass: 0.0319988 kg mol !
My Water molar mass: 0.018015 kg mol
P, Atmospheric pressure [Pa]

Py Cell pressure [Pa]

APt Cell pressure loss [Pa]

Wetee Electrical power [W]

Wc Compressor power [W]

Welimb Power required to climb [W]

Wdrag Drag power [W]

Winertia  Inertia power [W]

Wmeen  Mechanical power [W]

Wrolling Rolling power [W]

Wr Turbine power [W]

v Vehicle speed [m s

14 Voltage in power bus [V]

Vzss Voltage of ESS [V]

Vre Voltage of FC [V]

epc Efficiency DCDC converter [-]

&M Efficiency vehicle electrical motor [-]
eppmrcs  Efficiency of PEMFCS [-]

epemrcs  Average efficiency of the PEMFCS [-]
0 Road inclination [rad]

p Air density: 1.225 kg m 3

e Isentropic efficiency compressor [-]

Ny Isentropic efficiency turbine [-]

Yo, Oxygen molar fraction in air [-]

Ac cathode stoichiometry [-]

Egss.c Energy charged on the ESS [kWh]
Egss,p Energy discharged on the ESS [kWh]
Epemrcs  Net Energy generated by PEMFCS [kWh]
My, Hydrogen stoichiometrically consumed by PEMFCS [kg]

level protocols available nor load cycles derived from a top-down
approach considering the driving cycle, the vehicle, or even the hy-
bridization strategy. In this context, it should be noted that the USA
consortium Million Mile Fuel Cell Truck M2FCT [2] addresses durability
and efficiency challenges in PEMFCs for HD with a focus on long-haul
trucks and is also developing test protocols and profiles.

In order to evaluate the lifetime of any vehicle or vehicle component
under standardized circumstances, driving cycles are a common
approach. A drive cycle must address all the crucial situations in the
vehicle’s life (rest, start, stop, acceleration, deceleration etc). NREL
DriveCAT [14] and the European Commission tool VECTO [15] provide
general drive cycles for HDVs which are originally focused on combus-
tion engines, but represent typical transport situations and can be
adapted to electric vehicles.

Accelerated tests are necessary to assess lifetime requirements in
shorter periods. Several types of these tests are available in literature:
accelerated stress tests (AST) [16-18], accelerated degradation tests
(ADT) [19] and accelerated lifetime tests (ALT) [20].

The difference between ADT and AST is not always clear in the
literature. ASTs are mostly used when the test is addressed to specific
stressors [21], while ADTs are used when the test is referred to a specific
degradation mechanism [19]. Both are applied to determine the dura-
bility of complete stacks or their components [18]. The degradation
mechanisms triggered by the applied stressor may not be isolated and
depend heavily on the type of test. This category includes the DOE [22]
and FCH JU voltage cycling for electrocatalyst and catalyst support
degradation, as well as cycling of temperatures or RH for aged

membrane degradation [16]. Ren et al. [23] present a compendium of
AST for automotive conditions separated into three FC operating con-
ditions: idling, dynamic load, and start-stop. The authors also included a
detailed description of the involved degradation mechanisms, and dy-
namic load is reported to trigger a broad range of degradation mecha-
nisms. Petrone et al. [21] presented a description of how to design AST
and how to avoid new degradation modes not already present in normal
operation.

ALT is another type of test in which degradation is accelerated by
adapting nominal operation conditions, e.g. by increasing temperatures,
pressures, or loads without focusing on isolation of individual degra-
dation mechanisms [20,24]. All possible degradation processes expected
during the life-time are involved in the same test, which makes it more
difficult to analyze the impact of individual stressors or the effect on one
single component. However, ALT enables realistic estimation of fuel cell
lifetime in shortened test duration. In this context it is particularly
important to take into account the superposition of reversible and irre-
versible performance losses [25,26] by applying appropriate recovery
procedures [27,28]. ALT are mainly used to determine system, stack, or
MEA lifetime without in-depth analysis of involved processes. Table S1
in Supporting Information contains a comparison between AST, ADT
and ALT.

Several available approaches to develop AST, ADT, and ALT are re-
ported [19-21,24,29]. All of them require, as a first step, a clear iden-
tification of the power demand and the stressors involved in the
expected degradation scenario. Chen et al. [12] reviewed durability test
protocols based on driving cycles for LDV and city buses. Recently,
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Thiele et al. used the PEMFC current profile measured in a FCEV tested
in a chassis dynamometer following a LDV driving cycle [30] and extract
the degradation relevant parts of the cycle [31]. Colombo et al. [32]
applied automotive specific start-up AST [33] and benchmarked it
against standard DOE AST [22]. Lately Mora et al. [34] also evaluated
automotive representative AST [35] obtained from real drive data. It is
very important that the applied driving cycle and conditions fit the
desired critical conditions of the specific vehicle application and there is
a clear lack of HD-specific driving cycles at the moment.

In this work, a novel systematic methodology to generate application
related power demand cycles in a PEMFC of a HD hybrid vehicle is
presented and demonstrated in detail for the HD transport case. The
method commences with a mechanical model to estimate power demand
from driving cycles. Secondly, a semi-empirical model for PEMFC-based
hybrid systems is introduced, as well as a hybridization strategy to split
the power demand between PEMFC and ESS. Then, the models are used
to estimate the behavior of a specific system in a defined driving cycle.
The application case of a generic tractor-trailer with GVW up to 40 t
during a representative driving day, including necessary mandatory rest
periods, is presented. Since application related load cycles are crucial to
develop specific fuel cell systems and to optimize their components,
lifetime tests require harmonization and standardization. Therefore, the
presented PEMFC load cycle can be used as a HD application represen-
tative cycle for tests in single cells and in stacks to mitigate the lack of
such test procedures. Consequently, the resulting cycle can be consid-
ered as a starting point for a harmonized, open-source HD load cycle for
PEMFC component development and further development of ALT for HD
application. In addition, the presented methodology is systematically
applied to the study of the influence of the ESS capacity and the hy-
bridization strategy on the resulting power demand of the PEMFC sys-
tem, and how hybrid system design and hybridization strategy can
influence their efficiency and lifetime.

2. Methodology

A scheme of the calculation workflow is presented in Fig. 1. The
proposed methodology obtains the power demand in the PEM fuel cell
system (PEMFCS) from the calculated mechanical power demand
required for a given vehicle to fulfill a representative driving cycle. The
hybridization strategy is used to split the power between the PEMFCS
and the ESS. A simplified model of the PEMFCS is used to obtain the net
power production and the BoP power consumption.

2.1. Mechanical model

Power demand profiles can be obtained from driving cycles, which
are defined in terms of vehicle speed and road gradient versus time.

Mechanical
Power

Driving Cycle
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Assuming the mass and the size of the vehicle, the required power to
maintain the speed can be calculated. The resulting dynamic load profile
includes typically sharp increases and decreases in the power demand.
The required mechanical power is expressed as the sum of inertial
Winertia, climb W, rolling Wmmng, and aerodynamic drag deg powers
[36], and are calculated according to Appendix A. A detailed derivation
of this model is presented by Echard et al. [36]. Positive mechanical
power obtained from this cycle analysis is used as the power demand of
the electrical motor, including the efficiency of the electrical motor ey
(Appendix A). The negative mechanical power indicates that the vehicle
is braking, and therefore is accounted for as available kinetic recover-
able power. However, for simplicity, recuperation of kinetic energy is
not considered in this work. The output of this mechanical model is
therefore the net power demand of the electric motor in a hybrid electric
HD truck.

2.2. Electrical power and hybrid system

The electrical power to the motor must be supplied by the hybrid
combination of the PEMFCS and ESS. A typical layout of the electric
power system [8] is presented in Fig. 2. The power demand on the
system is translated into a current demand in the high-voltage (HV) line
with fixed voltage. The main task of the converters is to homogenize the
power output of the PEMFCS and the ESS to the HV line. While the
converter connected to the PEMFCS operates only in one way, from low
voltage (LV) of the PEMFCS to the HV line (boost operation), the con-
verter of the ESS must operate in both directions, for example, from ESS
to HV line (boost) and HV line to ESS (buck mode). The buck mode is
used to recharge the ESS with the line power excess.

A semi-empirical energetic model is used to determine the operative
conditions of all the components of the hybrid system; equations of the
model are presented in Appendix A. The HV current distribution is
calculated based on electric energy balances between the components.
Operative points at the LV-side of the PEMFCS and the ESS are deter-
mined using experimental polarization curves. DCDC converters are
considered to provide the voltage transformation with a power loss
modeled by an efficiency factor (92 %).

In addition, it is necessary to include a hybrid strategy to quantita-
tively determine the power distribution. This strategy is crucial and can
drastically change the power demand on PEMFCS and ESS depending on
the overall goal. The hybrid strategy ambition can vary in goals and
complexity: optimizing efficiencies (global or PEMFCS or ESS, etc.) [37],
protecting components by avoiding damaging operation conditions,
reducing the dynamic load to the PEMFCS, but also keeping a certain
state of charge (SoC) in the ESS for efficiency and lifetime optimization,
or simply as a power reserve for steep road sections. Several strategies

( PEMFCS
. Fuel Cell
Electrical
V-l Demand
\ Power

Vehicle Model: PEMFC based Hybrid
Mass System Model:

Aerodynamic System Topology
Rolling Power spliting rule

PEMFC System
BoP architecture
Set points/ Operative
conditions (A ,P, T...)

i

I

ESS:
Power
Capacity

PEMFC:
Polarization Curve

Fig. 1. Flow diagram of calculation methodology. From driving cycles and a vehicle model, mechanical power is calculated. Later, it is combined with a PEMFC
based hybrid model (including ESS properties) to obtain the electrical power demanded to the PEMFCS. Afterwards, using a PEMFCS model (including BoP and FC

properties) the V-I FC demand is calculated.
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Fig. 2. Scheme of the hybrid system layout, (a) flow of electrical power in the PEMFCS + ESS hybrid system and (b) architecture of the PEMFCS.

are proposed in the literature [9,36,38,39,40,41]. In this work, a rule-
based strategy is used.

The power splitting between PEMFCS and ESS is based on the SoC of
the ESS. The PEMFCS is operated in discrete current levels that pro-
gressively increase the power output following the ESS discharge. The
minimum PEMFCS power level is high enough to avoid OCV and related
degradation. The use of discrete operative points instead of continuous
load range operation simplifies the optimization of the operation. Since
the SoC varies slowly, the PEMFCS power output continuously changes
in controlled steps, for example, it moves only one current level up or
down, avoiding large load steps at high gradients. A dead-band of 0.2 %
SoC between zones is used to prevent unnecessary oscillations around
the thresholds. The equations of the model are summarized in Appendix
A.

Even if this strategy is simple, the selection of the SoC thresholds and
PEMFCS power levels can shape different behaviors. A narrow ampli-
tude between SoC thresholds leads to the holding of a minimum SoC as
reserve, while a broader amplitude forces the use of the available energy
in the ESS. Moreover, the finite amount of discrete operation points of
the PEMFC favors the optimization of the BoP strategy and its
components.

In order to analyze the results of the model for different cases, some
global and average magnitudes can be calculated, namely, energy pro-
duced by PEMFCS (Epgmrcs), energies charged and discharged on the ESS
(Egss,c and Egssp).

2.3. PEMFCS

Polarization curves from experiments are used to model the voltage-
current behavior of the stack at different pressures, temperatures, and
humidity. The architecture of the PEMFCS is shown in Fig. 2 (b). The
cathode side of the PEMFCS is depicted with an inlet compressor and an
exhaust turbine to recover power from expansion residual gases. The
power required for the cathode compressor and recovered by the turbine
is calculated from the cathode mass flow and isentropic efficiencies [42].
Cathode stoichiometry is mapped for different current densities; isen-
tropic efficiencies are mapped for different mass flows.

As a simplification, the required total BoP power input is calculated
as a 110 % factor of the compressor power input to consider the con-
sumption of the rest of the components not modeled (i.e., recirculation
pump, coolant pump, valves, ...). The net power of the PEMFCS is then
calculated as the power generated by the stack minus the required total
BoP power. Humidification and temperature control are not included in
this simplified model.

In order to better understand and compare the results for different
cases, global magnitudes have to be computed for the PEMFCS also.
Particularly, hydrogen consumed stoichiometrically (#g,) and average
efficiency of the PEMFCS (€pgmrcs) can be calculated.

3. Application case

The aim of this work is to provide an HD long-haul relevant PEMFC
load cycle for accelerated durability tests in single cells and in stacks.
The vehicle selected for this purpose is a generic tractor trailer with
GVW up to 40 t. Model parameters of the vehicle are summarized in
Table 1 The used driving cycle represents a driving day of 11 h 45 min,
including stops. It is a combination of the VECTO long-haul and urban
cycles to represent pickup, transport, and delivery. The stops are
included to represent vehicle payload load, but also the driver’s
mandatory pauses. Speed and climbing grade are presented in Fig. 5.

The PEMFCS defined for this application case (Fig. 2b) is based on
the M2FCT reference fuel cell system [2] for heavy-duty trucks whose
PEMFCS provides 275 kW electric power. Following the suggestion of
the M2FCT, the system is composed of 4 stacks in parallel. Each stack has
a 300 cm? active area and 275 cells. The air supply is provided by a
single turbo-compressor. An expansion turbine is included to recover
power from cathode exhaust gases. Parameters used for the PEMFCS are
provided in Table 2.

The stack voltage-current performances are obtained from scaling up
a single-cell polarization curve from a commercial MEA obtained in our
lab to the considered active area and number of cells. Fig. 3 presents the
polarization curve data as well as the resulting net polarization curve for
the considered BoP. The Figure also contains the stoichiometry of the
cathode as well as the isentropic efficiency maps of the compressor and
turbine used in the air supply system.

In this first application case, and in contrast to the M2FCT system
(using 70 kWh), a battery with 150 kWh capacity is used as ESS.
Although the cycle can be fulfilled with a smaller capacity (see section
3.2), a larger capacity allows a reserve capacity to address in every
moment more than 35 min at 400 kW (i.e. 6 % climb at 50 kmh ™! for 35
min). To this end, the hybridization strategy is focused on maintaining
the SoC over 60 %. Additionally, this keeps the battery in the efficient
range at SoCs over 55 % [45]. To that end, a narrow set of zones around
the desired SoC (blue box in Fig. 4) is used. Table 2 presents a summary
of the PEMFCS parameters used.

The power demand calculated to fulfill the cycle is presented in
Fig. 5. Time in power zones of PEMFCS, ESS, and demand is presented in
Fig. 7. (Supporting information encompasses Table S2 with the same
information, but numerically). Fig. 7 also presents the changes between
power zones of the PEMFCS. The system fulfills the power demand

Table 1

Vehicle parameters (VECTO Class 5 Tractor [15]).
GVW 35029 kg
Vehicle 15729 kg
Load 19300 kg
Frontal area x Cq 5.3 m?
C, 0.006

Rolling part inertial coefficient 1.05
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Table 2
PEMFCS and ESS parameters.

PEMFC Parameters

Number of cells [2] 275
Number of stacks [2] 4
Active area [2] 300 cm?

750 A (1.66 A cm™?)
Cathode stoichiometry 2.0 fori>0.5Acm™2
Absolute pressure (stack outlet) [2] 2.5 bar

Temperature (stack inlet) [2] 90 °C

BoP and auxiliary

Max current

Isentropic efficiency compressor [42] 0.7—0.8
Isentropic efficiency turbine [42] 0.7—0.8
Motor electrical efficiency ey [36] 0.9
DCDC converter efficiency epc [43] 0.92

BoP power [44] 110 %W¢

ESS parameters
Capacity
Initial SoC

35, 70 & 150" kWh
0.6" (narrow SoC thresholds)”
0.88 (broad SoC thresholds)

Max. SoC range 2-98 %

@ Reference case.
b Compare Fig. 4.

LA SV

. 0.94 EPEMFCS
. — Ac 12
0.8 .
= - F10
- \‘::. n
> 0.7 ~ “lg g
> \\ 2
£ 0.6- R L6 =
° @]
>
T 0.5 -4
@)

0.4 2

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Current Density / A cm™2

Fig. 3. Experimentally obtained polarization curve used for stack cell,
compressor and turbine efficiency, and PEMFCS efficiency (left axis), and
cathode stoichiometry used (right axis). Compressor and turbine efficiencies are
calculated with the mass flow required at the corresponding current density.
Colored vertical lines indicate the discrete operation PEMFCS current levels (L1
to L7, compare Fig. 4) corresponding to the seven (Z1 to Z7) SoC zones.

without any gap and always maintains an ESS SoC of ~ 60 % for energy
reserve. Load and discharge of the ESS, as a result, happen mainly in the
same range of SoC. The system spends 23 % of the cycle idle and more
than 50 % below 35 % of the maximum power of the PEMFC. The
PEMFCS does not reach zone 7. A greater number of power zone changes
occur between levels 1, 2, and 3 (71 % of up & down changes). The
resulting load cycle of this application case can be considered as a
standard HD load cycle, which is used in different EU projects (PEM-
TASTIC, RealHyFC).! This cycle can be a starting point for a harmo-
nized, open-source HD load cycle for PEMFC component development
and is available in the supplementary data.

In addition to the presented application case, the experimental
demonstration of the proposed cycle for HD application (section 3.1)
and two sensitivity studies related to ESS size (section 3.2) and SoC
threshold levels (section 3.3) were performed.

! PEMTASTIC G.A.: 101101433; RealHyFC G.A.: 101111904.
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3.1. HD relevant PEMFC load cycle

From the previously obtained power splitting in the hybrid system,
the cell voltage and current density in the stack cells are also obtained.
Fig. 5 presents the resulting profiles for the studied case. Especially, the
cell voltage profile can be used as a representative HD test profile for
development and optimization of MEAs in differential single cells.
Specific positions in a typical PEMFC stack for HD application can be
mimicked by applying the relevant operating conditions (Fig. 6a) and
the developed cell voltage profile. Such a test was used for the evalua-
tion of occurring degradation processes in a MEA during 1500 h of
operation. The resulting current density in two consecutive cycles is
shown in Fig. 6b. As discussed, this cycle includes several stop phases
without fuel cell operation dedicated to loading goods and required
breaks for the driver. These phases can have a major impact on the
degradation behavior, and start-up (SU) and shut-down (SD) procedures
have to be precisely defined to enable reliable evaluation of degradation
processes during HD operation. Typically, short stops (<30 min) do not
include cell cool-down, while long stops do.

For HD application-specific assessment in a laboratory, the use of
nitrogen for electrode inertisation should be avoided during both pha-
ses. This can result in the non-representative aspect that the open circuit
cell voltage remains high during the stop. As a consequence, the cathode
potential could be above 0.8 V, resulting in substantial degradation. This
phenomenon is shown in Fig. 6¢ for the original setup (red line), and
there are different possibilities to lower the cell voltage in stop phases.
Maintaining the hydrogen flow at the anode (blue line) in Fig. 6¢ should
enable hydrogen crossover to the cathode and consumption of the ox-
ygen, resulting in decreased cell voltage. However, the experimental
setup has shown that oxygen can permeate from the test bench to the
cell, and the resulting OCV is still too high and irreproducible. An
additional one-way valve in the air outlet (green line) does not suc-
cessfully avoid this permeation. Oxygen still seems to enter the cell. Only
the use of two shut-down valves in the air inlet and outlet (orange line)
in Fig. 6¢, resulted in fast and reproducible lowering of the cell potential
and is considered to be the best method for degradation studies with cell
conditions as close as possible to the HD application. Another option
would be the continuous consumption of entering oxygen by the elec-
tronic load of the test bench by applying a constant voltage set point of
0.2 V (purple line). This method enables the quantification of the oxygen
amount entering the cell during the stop phase by integration of the
resulting current. In the presented test, only 2 mL of oxygen was
detected to cause the remaining high potential in the original setup.

Exemplarily, the presented test was used to evaluate the impact of
1500 h of HD operation on a specific catalyst (Fig. 6d). Therefore, the
electrochemically active surface was determined at the beginning-of-test
(BoT), mid-of-test after 500 h (MoT), and end-of-test after 1500 h (EoT)
by analyzing the hydrogen adsorption charge between 0.4 and 0.07 V
using cyclic voltammetry [46]. This surface is a measure of the catalyst
activity, and it could be shown that the used catalyst loses about 30 %
mostly during the first 500 h.

3.2. Effect of ESS size

The size of the ESS has a direct influence on the PEMFCS power
demand. In order to study the effect, simulations with two smaller ca-
pacities of the ESS are performed, namely 70 kWh and 35 kWh. The
reduction of ESS capacity diminishes the reserve time of the vehicle to
deliver 400 kW at any moment. The reserve time is therefore reduced to
14 min and 7 min, respectively. The threshold levels are set in terms of
percentual SoC, which is relative to the ESS absolute capacity, so a
change in ESS size will therefore modify the absolute energy between
the threshold levels. Besides non-linear effects, 1 % of SoC represents
approximately 1.5 kWh, 0.7 kWh, and 0.35 kWh of energy, respectively,
for each ESS considered size. A reduction of the size of the ESS will lead
to a faster change of the percentual SoC for the same power input/
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PEMFCS
ESS current ESS
SoC Zone Level SoC Zone
100% 100%
88%
L1 25% (93 kW) 7%
60% °
59% L2 35% (132 kW)
58% 60%
579% L3 50% (183 kW) 74
56% L4 60% (213 kW 42%
55% L5 70% (240 kW) Z5
0,
L6 80% (266 kW) 26%
15%
L7 95% (300 kW) 4
0% 0%

Fig. 4. Hybridization strategies for PEMFCS in discrete levels based in ESS SoC. In brackets approximate net power produced by the PEMFCS. Blue box, narrow
thresholds SoC levels between 55% and 60%. Orange box, full range of SoC threshold levels.
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Fig. 5. Up: Driving cycle used. Speed and inclination grade are presented along the cycle duration. Middle: Power demand (grey), power produced by the PEMFCS
(Thick blue for stack power, thin blue for PEMFCS power and power after DCDC converter) together with the SoC of the Battery for the analyzed cycle. Bottom: cell

voltage and current density in the stack.

output.

Fig. 7 presents the time in power zones of the PEMFCS for different
ESS sizes: 150 kWh, 70 kWh, and 35 kWh. The number of up changes
between power levels is also accounted for. Fig. 7 also depicts the energy
produced, hydrogen consumed, and efficiency of the PEMFCS. For
smaller ESS capacities, the time in zone 1 (25 % of PEMFCS power and
highest efficiency) increases, as well as time in zone 7 (95 % of PEMFCS
power and lowest efficiency) at the expense of time in zones 2 & 3
mainly. The power produced by the PEMFCS leads to an alternation

between the lowest and highest zones, and the ESS SoC travels through
all the threshold levels several times. The number of changes between
the power zones increases by almost 80 % in the case of an ESS of 70
kWh and doubles for an ESS of 35 kWh. Detailed tables and graphs are
presented in the supporting information (Table S2 & Fig. S2).

The increase in time on the highest zones directly impacts the
resultant efficiency of the PEMFCS. The ESS of 35 kWh capacity con-
sumes about 1 kg extra; however, less energy is generated. This indicates
a clear decrease in the efficiency of the PEMFCS. It can be noticed that a
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Fig. 6. Example regarding MEA development for HD application by a 1500 h durability test. (a) Applied HD relevant operating conditions, (b) resulting current
density profile during the test, (c) impact of setup on cell voltage during stop phases, and (d) impact of durability test on active catalyst surface.

larger ESS capacity induces a behavior of the PEMFCS similar to a range
extender. The resulting lower dynamic of the PEMFCS and the operation
at lower power zones result in higher efficiency, lower hydrogen con-
sumption, and increased vehicle range. On the other hand, a smaller ESS
capacity leads to a more dynamic actuation of the PEMFCS (Fig. 7b) in
parallel to a reduction of efficiency (Fig. 7c).

In Fig. 7 the energy charged and discharged on the ESS is also dis-
played. It can be observed that there is a slightly clear balance between
charge and discharge in the ESS. This fact may be a good indication that
ESS acts as a buffer of energy, covering appropriately the over- and/or
underproductions of the PEMFCS.

3.3. Effect of SoC threshold levels

For the three previous cases of ESS size, an additional simulation was
carried out, allowing a broader SoC range of the ESS without special
attention to reserve time of the vehicle to deliver 400 kW, and enlarging
the gap between SoC threshold levels from 1 % up to 11 %. This change
leads to an increase in the energy between zone changes to 16.5 kWh,
7.7 kWh, and 3.85 kWh for ESS capacities of 150 kW, 70 kW, and 35 kW,
respectively. Maintaining ESS capacity but enlarging the percentual SoC
threshold levels also has a direct influence on the time in power zones
and the changes between them. The energy required to drop or rise from
one zone to another is increased. As a result, for the same power de-
mand, the time in a specific power zone increases, and the number of
changes decreases. The initial SoC of the ESS is set to 88 % in order to
start the simulation at the same PEMFCS power level (25 %) as in the
previous cases.

Fig. 7 summarizes the time in the different power levels of the
PEMFCS as well as the up changes between levels. Fig. 7 also presents
the energy produced, hydrogen consumed, and efficiency of the

PEMEFCS. It can be observed that the most frequently used power level
using the broad SoC range is zone 2, compared to zone 1 for the narrow
SoC range. This indicates that the PEMFCS operates at higher power at
the expense of the stored energy in the ESS. Additionally, the hybridi-
zation strategy using a broader SoC range minimizes the PEMFC oper-
ation in the power levels 5-7. Detailed tables and graphs of each case are
presented in the supporting information (Table S3 & Fig. S2).

In terms of hydrogen consumption, the behavior is similar to the case
with narrow thresholds, but the differences for the varied ESS capacities
are much smaller in comparison. Nevertheless, the case with the largest
ESS capacity consumes less hydrogen and operates the PEMFCS more
efficiently. Compared to the case of narrow zones, the PEMFCS gener-
ates a similar amount of energy but consumes circa 1 kg of hydrogen
less. This demonstrates that the PEMFCS operates at higher efficiency. It
can be observed that there is also a similarity between the energy
charged and discharged in the ESS, which indicates that the ESS plays
the role of an energy buffer. However, for this case, the charged/dis-
charged energy increases significantly (35, 41, and 45 kWh more),
which indicates a higher amount of rearranged energy. The broader
range of SoC threshold results in a significant reduction in the number of
level changes for the PEMFCS and increases the rearranged energy by
the ESS. It can be expected that this less dynamic operation of the
PEMEFCS is beneficial for the PEMFCS lifetime [23].

Fig. 8a and Fig. 8b present a comparison between the cases with 150
kWh ESS capacity. It is remarkable that the SoC of the ESS oscillates
around different levels (60 % for the narrow case and 88 % for the broad
case). Nevertheless, the value corresponds with the same power levels of
the PEMFCS, power level 1 and 2. It has to be noted that the total
electrical energy demanded is 1018 kWh, this demand is spread over
475 min of the 705 min, which leads to an average power demand of
about 129 kWh. Power levels 1 and 2 are under and over this value
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Fig. 7. a) PEMFCS time fraction in power levels. b) number of up-changes between power zones within the cycle. ¢) Energy produced, hydrogen consumption and
efficiency of the PEMFCS and energy charged and discharged of the ESS. Presented for the three ESS capacities studied. Blue box indicates narrow SoC threshold
levels, orange box indicates broader range of SoC thresholds levels (corresponding color with Fig. 4).

(Fig. 4). Consequently, the selection of the SoC zones corresponding to
the power levels around the average power demand is crucial because
the SoC will oscillate mainly in that range. Moreover, SoC oscillation
amplitude is clearly different between the presented cases. For narrow
zones, the SoC moves between 60 % and 56 % meanwhile, for the broad
zones, this variation occurs between 89 % and 76 %. Fig. 8c presents the
case of an ESS capacity of 35 kWh and broad zones, where the SoC falls
to 54 %. Thus, the SoC window during operation depends strongly on
the hybridization strategy and the ESS capacity. To minimize complexity
ESS charge/discharge efficiency [45] has not been considered for this
work, but could be included in the future. Nevertheless, the presented
outcome can be used to adapt the PEMFCS levels to the most efficient
range of ESS SoC; in terms of value and range of oscillation.

4. Conclusion and outlook
A novel top-down methodology to generate PEMFC representative

power profiles is presented and employed to analyze a representative
case of HD long-haul truck closing the gap regarding the lack of

representative cycles or testing protocols for this case. Nevertheless, the
presented methodology can be directly applied to other road and off-
road vehicles like buses, forklifts as well as other industrial vehicles
that require harmonized application of relevant load cycles. In addition,
this method includes the possibility of using different hybridization
strategies. Consequently, if a power demand profile for any given
application is available, the presented methodology can be used to
derive the application-relevant PEMFCS power profile.

Based on the performance data of the MEAs implemented in the used
PEMEFC stack, this methodology also enables the break-down of various
application cases consisting of current density and voltage profiles in the
dedicated single cells. A direct application of this approach is also
depicted in this work. The voltage profile obtained for a relevant HD
application has been used in a differential cell to study the degradation
behavior of MEAs and the impact of applied start-up and shut-down
procedures. The presented load cycle of this application case can be
considered as a standard HD load cycle and, most importantly, a starting
point for a harmonized, open-source HD load cycle for PEMFC compo-
nent development (available in the supplementary data). In the future,
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Fig. 8. Comparison of PEMFCS power, Power demand (grey), and ESS SoC between: a) 150 kWh narrow SoC thresholds and initial SoC = 60 % (blue box); b) 150
kWh broad zones and initial SoC = 88 % (orange box) and c) 35 kWh broad zones and initial SoC = 88 % (orange box). It is noted that the oscillations in the case of

broad zones exhibit larger amplitude.

the degradations observed after applying the accelerated cycle have to
be analyzed in relation to specific sequences, which will provide insights
into the development of specific accelerated cycles.

The hybridization strategy has a dramatic impact on PEMFCS de-
mand and, consequently, on PEMFC stack operation conditions. Hy-
bridization strategy directly impacts the dynamic load cycling of the
PEMFC stack, which creates dynamic thermal, humidity, reactant de-
mand, and potential cycling [23], which is known to be the main
contributor to PEMFC degradation [47]. In this work, a hybridization
strategy is proposed based on operating the PEMFCS in discrete opera-
tion levels in correlation with SoC zones of the ESS. The strategy is
entirely independent of the type of ESS employed. The studied strategy
simplifies the operation of the PEMFCS but can also improve the pos-
sibility of the ESS acting as a beneficial energy buffer system. A large ESS
capacity leads to more efficient operation of the PEMFCS due to
increased operation at medium current densities and therefore higher
cell voltages. This operation allows lower operating temperatures that
extend the durability of electrodes and membranes [2]. A smaller ESS
capacity induces an increase in PEMFCS operation at higher current
densities and therefore lower efficiencies. Furthermore, an increase in
changes between operation points of the PEMFCS might decrease its
lifetime. A narrow set of ESS SoC threshold levels assures an energy
reserve for unexpected power demands but also shows a more constant
SoC of ESS and a more dynamic operation of the PEMFCS. A broader set
of ESS SoC thresholds shows an increase in efficiency by 2 % and a more
stable operation of the PEMFCS (50 % less power level changes), but a
wider oscillation in ESS. Consequently, the selection of the SoC
threshold corresponding to the power levels under and above the
average power demand arises as crucial due to the ESS SoC oscillating
around this value. Therefore, it can be selected to maintain the ESS at an

efficient and reliable value. To that end, this model may be combined
with a more detailed ESS model considering non-constant charge/
discharge efficiencies of the ESS.
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Mechanical power [36]

Winech = Winertia + Welimb + Wholling + Warag

Power required due to inertia [36]
Power required to climb [36]
Rolling power [36]

Electrical power [36]

Drag power [36]

Bidirectional DCDC converter [43]

FC converter [43]
Current at HV level
Polarization curve
PEMEFCS Net current [44]
BoP current bleed [44]

Compressor [42]

Turbine [42]

Mass flow compressor [48]

Mass flow turbine [48]

Efficiency PEMFCS [48]

Energy charged/discharged on the ESS
Energy generated by PEMFCS
Hydrogen stoichiometrically consumed by PEMFCS

Average efficiency of the PEMFCS
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Appendix A. Supplementary data

Data availability
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