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ARTICLE INFO ABSTRACT

Keywords: In this study, durability and performance prediction were integrated in the sizing process of the FC stack of a
Hydrogen fuel cell range-extender (FCREx) vehicle together with the design of a dynamics-limited control strategy. For
Proton eX_Change membrane fuel cell vehicle that purpose, a FCREx vehicle model integrating a FC stack, balance of plant, battery, H, tank and vehicle
I]\DAZ%::S?'O" body (C-class SUV) validated in previous studies was used. To predict FC stack degradation rate, a novel
Sizing & semi-empirical multi-layered degradation modeling framework for automotive application is proposed and

developed. Degradation rates are calculated based on reference degradation rates measured at reference and
known conditions (1st layer) and scaled with the electrochemical phenomena (2nd layer) and the operating
conditions (3rd layer) through scaling functions based on physical tendencies. Results show how increasing the
FC stack power decreases H, consumption but increases durability, while increasing the dynamic limitations
on the control strategy increases both H, consumption and durability. The isolated effect of sizing implied
a decrease in H, consumption of ~3% and an increase in FC stack durability of ~53% when comparing the
40 kW and 100 kW designs. In contrast, the effect of dynamic limitations was significantly perceived in the
40 kW design which implied an increase in H, consumption close to 8% and an increase in durability of 294%
when comparing the infinite dynamics and the highest dynamically restricted cases. Nevertheless, the effect of
sizing is neglected under high dynamic limitation and limiting the current density change rate to 0.001 A/cm?s
may prevent the control strategy from fulfilling the charge sustaining mode in aggressive driving. Based on
these results, a set of recommendations were elaborated for FC stack and FCV manufacturers aiming to apply
FCREx architecture to passenger car vehicles.

Driving cycle

1. Introduction of up to 1594.13 tonnes of carbon emissions [6], improvements in
the renewable energy self-consumption of 18.76% [7] and in FC stack

In recent years, the use of H, as the main fuel in the transport sector durability [8].
has risen to be one of the key strategies to achieve the decarbonization Recently, there have been several studies regarding the sizing of the
of 95% of the transport sector by 2050 to limit the average global tem- FCV components, mainly for common FCV architectures [9]. Nonethe-
perature increase below 2 °C with respect to 1990 levels [1,2]. The use less, before the current scenario where the number of hydrogen re-
of hydrogen fuel cell vehicles (FCV) is a clean and efficient alternative fueling stations across the globe is limited [3] and the H, costs are

to battery electric vehicles (BEV), especially for those sectors where
high range and low charging or refueling times are required and the
space is limited [3]. However, its use is not limited to the automotive
sector, as fuel cells can also be used for heat and power generation [4],
but for that purpose proton-exchange membrane fuel cells (PEMFC) are
only capable of producing up to ~100 kW. Nonetheless, there have been
recent studies in which PEMFC were considered for net-zero energy
communities following the vehicle-to-grid interaction [5]. In this sense,
smart energy management optimization provided significant reductions

significantly high the traditional FCV architecture, consisting of a small
battery and a high-power FC system, may present high operation
costs and low flexibility in terms of operation. In previous studies,
the authors proposed the FCREx architecture for light-duty passenger
cars [10], i.e., a FCV with moderate battery and variable FC system
power depending on the application operating as a range-extender.
This type of vehicle, also called plug-in FCV, increases the operation
flexibility since part of the range can be covered using only the battery,
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thus decreasing the dependency on H, refueling stations availability
and costs. In previous studies, it was shown through a sizing analysis
(varying the battery capacity, the FC stack maximum power and the
H, tank capacity) how this architecture had optimum performance
with high battery capacity and high FC stack power, but this design
could be prohibitive in terms of cost and vehicle available space [10].
Then, the design spaces generated for that study were used to perform
a life cycle assessment to understand the cradle-to-grave emissions of
FCREx architecture and how they change with the components sizing.
In this sense, the optimum design was found to be at moderate battery
capacity and high FC stack maximum power [11]. At this point, FCREx
architecture sizing was analyzed from a different perspective, but the
potential to increase the durability of the FC stack of this architec-
ture and the corresponding effect on performance when changing the
FC stack maximum power or imposing dynamic limitations was not
assessed, mainly due to the limited literature on FCREx vehicles and
the scarcity of numerical degradation models capable of analyzing the
effect of these two parameters on degradation.

Other studies have also considered the FCREx architecture for other
applications such as city buses, captive fleets such as urban logistics
vehicles, and trucks, but the studies that consider its use for light-
duty passenger car applications are limited. In this line, Xu et al. [12]
aimed at optimizing the costs and range of FCREx architecture applied
to city buses considering both charge sustaining and charge depleting
strategies. Through this study, the concluded that to minimize H,
consumption the priorities are (in order): reducing balance of plant and
auxiliary power, braking energy recovery, increase FC stack efficiency
and decreasing battery losses. For other applications, Wu et al. [13]
performed a sizing study for urban logistics FCREx by applying convex
programming methodology that concluded with an optimum design
consisting of a battery with an energy capacity of 29 kWh and a FC
stack maximum power dependent on the H, cost. They then continued
their research for alternative applications such as trucks by applying
FCREx architecture [14], showing that convex programming methods
could provide minimal H, consumption in 8*CHTC-HT and 7*C-WTVC
Chinese truck driving cycles.

Although FCVs are an interesting option to decrease the over-
all greenhouse emissions in the transport sector, they have relatively
low durability, compared to current internal combustion engine ve-
hicles [15]. Entities such as the Department of Energy (DoE) of the
US have set the durability 2020 targets as 40000 h for stationary
applications and 5000 h under realistic driving conditions [16]. As a
consequence, the modeling of such systems has been in the spotlight of
the scientific community during the last years [17,18].

FC degradation must be predicted since it leads to the decrease of
the FC maximum power production capability through the increase in
activation, ohmic, and concentration losses, among others. Being able
to capture these phenomena is especially important during dynamic op-
eration, where the degradation mechanisms are enhanced due to load
cycling. In a vehicle environment, the energy management strategy
(EMS) that is in charge of properly managing the energy flows and
the power split when an FC and a battery are powering simultaneously
the vehicle needs to be aware of the degradation rate and degraded
state of the FC to provide the optimum energy consumption. As such,
developing degradation models that enable online prediction degrada-
tion is critical since it affects both the energy conversion processes,
as the electrochemical losses increase, and the energy management,
since the solution proposed through management optimization algo-
rithms strongly depends on the degradation state of the powertrain
components [19].

The membrane electrode assembly (MEA) is the part of the FC
where all the electrochemical processes take place. It is composed of
the gas diffusion layer (GDL), the cathode catalyst layer (CCL), the
anode catalyst layer (ACL), and the membrane. Among these MEA
subcomponents, the catalyst layers are responsible for enabling the fast
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H, decomposition into protons (H') and the water formation through
the following reaction:

1
2HY + 502 - H,0

The energy losses that take place at the catalyst layers are those
called activation losses. They are produced due to the extra energy
(overpotential) that needs to be applied over the reaction surface to
achieve the desired reaction rate. Part of the lost energy in the catalyst
does not simply dissipate as heat but also contributes to the catalyst
degradation mechanism, hence the loss of electrochemical surface area
(ECSA) [20]. Among these mechanisms, it is possible to identify Pt
dissolution, carbon corrosion, Ostwald ripening, Pt agglomeration, and
Pt particle detachment as the main degradation mechanism [21]. All of
these mechanisms are exacerbated at high temperatures [22,23].

The membrane is the component that allows the H' transport
from anode to cathode and is responsible for the ohmic losses of
the FC, mainly produced by the ionic conductivity of the membrane,
which is significantly affected by the membrane water content [24].
Membrane degradation may be due to chemical or mechanical reasons
such as membrane decomposition or cracking due to water content
cycling [25]. These two mechanism works synergistically, so they are
usually related. In order to quantify membrane chemical and over-
all membrane degradation, the fluoride release rate is often mea-
sured [26].

The GDL is a porous layer in charge of distributing uniformly the
reactants to the catalyst layers, providing mechanical support and
allowing the electrons conduction to the bipolar plates, heat dissipa-
tion, and water removal. The major losses that the GDL contributes
to are the concentration losses at high current density. However, the
GDL layer degradation has a minor effect on overall performance,
hence catalyst layer and membrane degradation are usually the most
important phenomena contributing to FC rated power decay [27].

Recently, there have been significant efforts in the literature to
identify and model all the phenomena producing the degradation of
the MEA in FC. Two different approaches to FC degradation modeling
are usually followed: semi-empirical and analytical/physical. The first
approach usually obtains data from a certain set of experimental data
at reference conditions and applies them directly through the use
of coefficients that mostly imply constant degradation rates that are
independent of the FC stack operating conditions and electrochemical
behavior. Although it is commonly done, this type of model is not
suitable to predict degradation on driving cycle conditions, where the
operating conditions deviate significantly from the reference conditions
at the experimental tests. The second approach is analytical/physical,
based on transport equations and source terms modeling effects such
as the Pt loss or the change in the membrane ohmic resistance with
degradation. These models are usually validated under a limited range
of operating conditions and require very specific information about
the FC to model degradation such as the membrane H, content time
evolution, which is not predicted by most FC models and is currently
impossible to measure during FC stack operation.

Empirical and semi-empirical FC degradation models are mostly
based on the studies performed by Pei et al. [28] and Lu et al. [29].
In these studies they performed degradation tests with an FC stack,
developed a degradation model that consisted of constant degradation
rates, and validated it with data from a city bus operating with an FC on
a daily basis. However, most of the studies that use these coefficients do
not know their source nor the operating conditions of current density,
temperature, and relative humidity at which they were obtained. As
a consequence, they use them directly at any operating condition.
These studies mostly use this degradation model to implement dif-
ferent EMS optimization strategies considering the degradation such
as Pontryagin’s Minimum Principle [30], modular EMS considering
fuzzy-logic and Rainbow-based SOC prediction [31] or min-max game
based EMS [32], among others. In some of these studies, the initial
model was modified to with multiplying correction coefficients and
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natural degradation rates, whose origin is often unknown [33]. Other
alternative approaches for semi-empirical FC degradation modeling are
also found in the literature but are limited and often do not include
the effect of the FC operating conditions of the FC (T and RH) on
degradation [34]. An example is as that developed by Ou et al. [35],
whose degradation is modeled through a time-dependent exponential
function affecting the exchange current density (activation losses) or
the study performed by Ma et al. [36], in which they used a recurrent
neural network with grid long-short term memory to predict the current
modification due to degradation through the fitting of an activation
function and the hyperbolic tangent of the cell state.

Apart from the models already mentioned, there are other models
that try to integrate the FC operating conditions in the semi-empirical
adjustment of the degradation rates. These studies often obtain exper-
imental data from other sources or self-produced and use algorithms
to match the coefficients of the functions used to scale the degradation
rates. It is the case of the study performed by Chen et al. [37], which
developed a FC degradation model by fitting the experimental data to
semi-empirical functions relating the FC degradation to the FC current,
relative humidity, temperature, and pressure though extreme machine
learning, genetic algorithms and wavelet analysis. Among these meth-
ods, the one combining wavelet analysis for multiscale decomposition
with genetic algorithms with extreme machine learning to build the
model of each sub-waveform with mean absolute percent errors be-
low 0.05% in its final form. Nevertheless, the predicted tendencies,
although they were accurate for the validated FC, lacked of a direct
relation with the physical tendencies on how the catalyst and the
membrane degrades, so the linear functions may need to be recalibrated
for each FC stack. Bressel et al. [38] performed a similar study by using
of an extended Kalman filter to fit a linear function «(t) that was used
to modify the reference ohmic resistance and limiting current density
through direct multiplication of these parameters. The model was
initially calibrated with the steady-state experimental data (constant
load) so it was not applicable to dynamic FC operation. Nevertheless,
the authors improved the model to integrate the effect of dynamic load
demand on FC degradation [39].

The other approach to FC degradation modeling can be called the
physical approach, since it intends to capture the detailed physical
phenomena behind degradation, and model them through analytical
equations. The studies following this approach are mostly focused on
the catalyst degradation [40,41], or membrane degradation [42,43]
only, are validated for a very specific set of operating conditions of cur-
rent density, dynamic/steady behavior, temperature, relative humidity,
...and may imply high computational cost because some of them are
applied by solving additional transport equations.

In this study, a degradation model is developed by combining both
of the approaches explained. The idea behind this degradation model
is to obtain empirical data at reference conditions or from testing
protocols (semi-empirical) and to scale the measured reference degra-
dation rates using physical tendencies through normalized functions
(semi-physical). A similar approach to this model can be found in
the study performed by Chen et al. [37], where the degradation of
PEMFC was predicted by considering the combined effect of current
density, temperature, relative humidity, and H, pressure. Nonetheless,
the degradation scaling functions in that study were linear trends
whose coefficients were calibrated using extreme machine learning and
genetic algorithms. Therefore, despite the great fidelity of the model
to the calibrated conditions and FCV technology, it may induce some
error if it is applied to other FCV since the scaling functions were not
extracted from physical trends but from a fitting.

1.1. Knowledge gaps

Considering the previous studies, some conclusions can be extracted
to provide an idea of the knowledge gaps in the literature:
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1. There are no studies in the literature analyzing the potential of
FCREx architecture to increase FC durability, given the possi-
bility to limit the FC stack dynamics of these vehicles due to
the battery capacity. For FCREx vehicles, the dynamics may be
limited through a decrease in the number of load-change cycles
and the load-change intensity (rate of change of current density).
Some studies [8,28] integrate only the decrease in the number
of cycles but are unaware of the effect of changing the dynamics
of the load-change cycles.

2. The effect of FC stack component sizing on degradation has not
been assessed yet.

3. Empirical and semi-empirical degradation models do not apply
correctly the degradation coefficients since they do not scale
them with the electrochemical and operating conditions. Also,
these models usually apply the voltage decrease uniformly across
the polarization curve, which may induce some error.

4. There are no FC degradation models in the literature that are
designed to capture the degradation rates in standardized testing
conditions and scale them to actual driving operation with the
FC operating conditions and electrochemical behavior that are
transversely applicable to most of the PEMFC technologies.

5. The models that consider the operating conditions in the degra-
dation rate prediction is often adjusted to a specific FC, and
ignore the physical trends behind degradation since they are
usually fitted through machine learning algorithms.

6. Most of the degradation models cannot apply the degradation
rates obtained in the testing protocols since they do not include
the effect over the degradation of changing the operating con-
ditions and electrochemical behavior of the FC stack from those
in the testing protocols.

7. The surveyed models are only applicable to PEMFC models and
do not seem to be useful for the diagnosis of the degradation
state of an experimental PEMFC after testing.

8. Some of the degradation models do not differentiate between the
degradation sources from the operating conditions.

From the previous considerations, it is evident how the development
of a PEMFC model closing these gaps is of great interest in order to
support the further development of this technology.

2. Contribution and objectives

The main contribution of this paper consists of developing a flexible
semi-empirical semi-physical degradation model than can be widely
applied through the use of scaling functions based on physical trends
and degradation rates measured at known reference conditions. The
specific contributions of this paper are:

+ Analyze the effect on durability and performance of modifying
the FC stack sizing and applying dynamic restrictions on the
FC behavior. Understand whether there is a cross-effect between
these two parameters and elaborate recommendations for FC
stack and FCV manufacturers to aid in the development of FCREx
technology (knowledge gaps 1 and 2).

Provide a methodology to scale up or down the degradation rates
measured at specific conditions (knowledge gaps 3, 4, and 5) in-
tegrating an empirically-based strategy to spread the degradation
effect on voltage along the polarization curve (knowledge gap 3).
Develop a degradation model validated in real driving cycle
conditions for its application in multiple sectors (knowledge gap
6) that differentiates between degradation sources during oper-
ation such as low-power, high-power, medium-power (natural),
start-stop and load-changing conditions (knowledge gap 5), and
applicable for both PEMFC models degradation modeling and ex-
perimental PEMFC degradation diagnosis (knowledge gap 8). This
degradation model should allow the analysis of the sensitivity of
FC durability to FCV components sizing and dynamic limitations
(knowledge gaps 1 and 2)
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Fig. 1. Methodology outline. Activities in dark yellow were performed with GT-Suite
v2020 while activities in dark orange were accomplished with MATLAB R2020a.

» Develop a degradation prediction strategy that is scalable with
the PEMFC technological level and that can apply the degradation
rates obtained from testing protocols through the modification of
scaling functions and reference degradation rates (knowledge gap
9).

3. Methodology

In order to perform the simulations required to analyze the effect of
FC stack sizing and dynamic limitations on performance and durability
of FCREX vehicles, a validated FC model was used and integrated into
a scalable balance of plant to conform an FC system. The management
of the balance of plant components was optimized in previous studies
to maximize FC system efficiency. The resulting model was integrated
into an FCV architecture. In parallel, energy management optimizer
algorithms and semi-empirical semi-physical degradation models were
developed and integrated to perform the WLTC 3b driving cycle simula-
tions in fair conditions. This section intends to cover all the important
aspects of the modeling procedure but is focused extensively on the
degradation model development as it is the main novelty in the method-
ology of this study. The FC stack model, the management of the balance
of plant architecture, and the design of the FCV architecture were
performed in previous studies and explained extensively [10,11].

For the FCV modeling, GT-Suite v2020 software was used. This
numerical tool is extensively used in the automotive industry and for
research purposes as it is a 0D-1D thermal fluid-dynamics modeling
platform that solves the continuity, momentum, energy, and species
equations numerically and applies well-known and widely accepted
physically-based correlations. To complement this modeling tool, the
degradation model and the energy management strategy optimizer
were developed in MATLAB R2020a software and connected to GT-
Suite to solve the driving cycle simulations. Fig. 1 shows schematically
the structure of the methodology used to fulfill the objectives of this
study
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3.1. Fuel cell vehicle model

3.1.1. Vehicle architecture

Following the FCREx architecture, the vehicle model is composed of
a vehicle body (C-class SUV), a scalable FC system model, an NMC111
battery pack with a capacity of 30 kWh, a 120 kW electric motor,
and a H, tank with a capacity of 5 kg of fuel. The vehicle electronic
configuration was indirect, meaning that both the FC system and the
battery pack have a DC-DC converter (95% of electrical conversion
efficiency) to provide power to the electric motor. This configuration
is used in modern FCVs since it protects the FC from the electric oscil-
lations coming from the DC bus and allows the FC system downsizing
thanks to the voltage boost [44].

For the sizing of the FC system model, the vehicle mass was varied
by considering a specific power of the FC system as a scaling factor
based on commercial FC system data [45,46]. The battery was modeled
as a set of 100 cylindrical cells to provide enough power to the e-motor
when required grouped in 25 parallel sets to provide enough energy
capacity. Each cell had a nominal voltage of 3.6 V and a capacity of
3.35 Ah.

3.1.2. Fuel cell system model

The FC system model is composed by a FC stack and all the auxiliary
components required for the stack to operate in driving cycle condi-
tions, i.e., the balance of plant (BoP). The FC stack polarization curve,
describing the relation between the voltage and the current density per
cell, was modeled with the following set of equations:

VFC = VOC - Vact - Vohm - anc @
()

Vact = { RgiF ] ioi (2)
2aF n E

Vo =R T 3)

Vv, =-C 1n<1—4> 4
g

where V. is the open voltage circuit and V,,, V,,,, and V,, are the

activation, ohmic and mass transport losses. Exchange current density
(ip) dependency with temperature, oxygen partial pressure, electro-
chemical reaction activation energy, electrode roughness, and reference
exchange current density was modeled as in [47]. Ohmic resistance
(R) was modeled by considering the change in the membrane ionic
resistance with the membrane water content, based on a reference
ohmic resistance, as in [24]. The reference exchange current density,
reference ohmic resistance, charge transfer coefficient (a), mass trans-
port loss coefficient (C), limiting current density (i;), and voltage open
circuit losses values were calibrated to validate the model at different
conditions of pressure and temperature following the experimental data
in [48,49]. GT-Suite genetic algorithms toolbox was used to calibrate
the model and keep the overall error between the experimental and
the numerical results below 2% (Fig. 2). Unlike other studies in the
literature, the FC model was validated by matching the numerical to
the experimental polarization curves at different conditions of pressure
and temperature simultaneously since in driving cycle conditions the
FC stack is expected to be subjected to different operating conditions
depending on the environment and on the BoP components operation.

The FC model was then integrated into a balance of plant model
(Fig. 3), designed and optimized in previous studies [10]. The BoP
consists of a set of components for the anode, cathode, and cooling
circuits. The anode circuit is composed of a H, tank connected to the
stack through a valve to regulate the anode pressure and an active H,
recirculation loop that drives back the fuel excess to the stack with a
H, pump that is also used to control anode stoichiometry. The cathode
circuit comprises an electric centrifugal compressor, followed by a heat
exchanger to cool down the air and a humidifier to increase the air
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Fig. 2. FC model validation results at different temperatures and pressures.
Experimental data retrieved from [48,49].
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Fig. 3. FC system outline composed by the FC stack and the BoP components developed
initially and optimized at [10].

relative humidity at the FC stack cathode inlet to decrease ohmic losses.
The gases at the cathode outlet, mostly composed of water vapor and
low-oxygen-content air, are used in the humidifier to increase the water
content of the air at the cathode inlet. The air mass flow is regulated by
controlling the power provided to the electric motor while the cathode
pressure is controlled by modifying the throat area of a valve at the
outlet of the cathode circuit. The consumption of all the components is
considered in the calculations and their control is performed with PID
controllers.

3.2. Energy management strategy

FCV and hybrid vehicles require the optimization of the communica-
tion between the different systems generating power in the powertrain
to maximize performance. In other words, the power-split sequence or
the energy management strategy needs to be optimized to make full
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use of the different power sources powering the vehicle [50]. In the
case of FCVs, the electric power is produced both by the battery and
the FC system but can only be recovered with the battery. For known
driving cycle conditions, optimal control (OC) is a suitable tool to
benchmark different designs and constraints over the vehicle operation,
since it naturally provides the optimal energy split for every powertrain
considered. In this line, OC ensures that all the powertrain architectures
are compared in the best possible scenario [51].

For this study, the target function to be minimized is the H, con-
sumption, under the constraint of a charge sustaining mode, i.e., battery
state-of-charge (SOC) must have the same value at the beginning and
at the end of the driving cycle. Therefore, the OC problem consists of
finding the control strategy u(¢) that minimizes the cost:

J:/fPf(u(t),t)dt )

fo

while fulfilling the constraint:
1
/ Py (u(t),Ey(H),t)dt =0 (6)
To

where J is the cumulative H, consumption between times 7; and #,, P,
is the H, power spent as a function of the control variable u(r), which is
current density and P, is the battery power consumption as a function
of the battery energy content E,.

To solve the OC problem Pontryagin’s Minimum Principle (PMP)
was considered. It consists of solving the global optimization problem
as a set of local optimization problems. The PMP states that if 4* and
E; are the optimal trajectories of the control and battery energy over
the driving cycle, then:

H (u*, E;,A*,1) < H (u, E;, A*,t)Vu € U,t € [14,1/] )]
where H is the Hamiltonian function, defined as:
H=P;—AEy=P;u(®),0)+ A1) P, (u(®), Ey (1) 1) (8)

Note that the dimensionless co-state 4 can be set as constant since
the battery parameters (open circuit voltage and internal ohmic resis-
tance) present a small dependency with the battery energy content E,
or SOC [52]. Therefore, the optimization problem consists of iterating
the value of A for the driving cycle until the charge sustaining condition
(Eq. (6)) is fulfilled while minimizing the cost function H each time
step.

Dynamic limitations on |di/dt| were imposed through the Hamilto-
nian function by adding the term L that turned infinite for all the values
of the control variable u that implied higher dynamics than desired:

H=P —JE,+L )

{0
L=
inf

This energy management strategy is used in this study to find
the optimum control sequence that minimizes H, in WLTC 3b cycles
provided that some constraints are imposed in the dynamics of the
FC stack operation to maximize its durability. This is applied over
an FCREx architecture integrated into an SUV-type vehicle based on
Hyundai Nexo FCV, as detailed in [11]. For that purpose, the simulation
platform developed in previous studies and explained in Section 3.1
was used to simulate the vehicle with WLTC 3b driving cycle velocity
profile with different FC stack dynamic constraints and FC stack sizing.
The implications of applying different stack sizing and dynamics can be
perceived in Fig. 14 and are discussed in detail in terms of consumption
and durability in Section 4.

|di/dt|( + di) < |di/dt],q,

(10)
|di/dt|(z + dr) > |di/dt|,,,,
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3.3. Degradation model

The purpose of this degradation model is to identify, quantify and
implement on FC models the degradation effect on the performance
of any PEMFC operating in dynamic conditions. This model can be
used both in experimental and simulation activities. In the case of
experimental activities, the model can analyze basic data from the FC
stack and provide a diagnosis about how much the FC stack has been
degraded during its operation, i.e., the model would be implemented
off-line. In the case of simulation activities, the degradation model can
be connected in parallel to the FC stack model and simultaneously
modify the voltage output of the system by analyzing in real-time the
operating conditions of the FC model, i.e., it would be an on-line im-
plementation. For the latter application, the control strategy of the FC
stack should be aware of how the degradation model affects the voltage
so that the FC model can correct the current density for a given power
demand or consider the voltage and the current as separate outputs to
produce a certain power. In this case, the output voltage of the FC stack
in the FC system modeling platform should be decreased by applying
the degraded voltage ratio or FC stack voltage loss (6 = 1 = V.. /Vrc)s
which is an output of the degradation model, and the power calculated
from the degraded voltage and the current produced by the stack, thus
implying a decrease in the power-production capabilities of the stack.
In this sense, the FC system and degradation model should work in
parallel in such a way that the degraded voltage ratio is updated each
time step based on the operation of the FC.

As commented before at the introduction section, the physical
PEMFC degradation models focus on difficult or impossible-to-measure
parameters such as the real-time concentration of H, in the membrane
while the empirical or semi-empirical degradation models only rely on
the current density of the fuel cell stack and apply constant degradation
rates without considering the physical conditions nor electrochemical
behavior of the FC stack. This degradation model was developed as a
combination of both approaches: semi-empirical and semi-physical. As
such, the output of the degradation model is the FC stack voltage loss
(6) and/or the degraded FC voltage Veg)) while the inputs are the FC
stack current density (i), temperature (7) cathode and anode relative
humidity (RH,,&RH,,) for the off-line implementation and the same
inputs plus the FC stack voltage (V) and the initial degradation state
of the stack (6;) for the on-line implementation (Fig. 4).

The main idea behind this degradation model is to scale-up or
scale-down reference degradation rates obtained from a known exper-
imental procedure, where the operating conditions such as Tr. and
the corresponding RH are controlled while the test characteristics (i
and its evolution with time) are known. This model architecture would
allow to directly apply the results from the standardized FC recent
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development of FC stack technology and the associated regulation, this
type of approach is necessary since these tests are performed at very
specific conditions that are significantly different from those occurring
when an FC system is used in a real application [53,54]. Therefore,
in order to include these features, this model architecture consists
of three different layers represented by a set of linearly independent
equations, each one of them representing the effects of a particular
condition (1st layer) or physical/electrochemical phenomena (2nd and
3rd layers) on FC voltage degradation. The overall voltage degradation
was described by the independent effects of low-power/idle (5,,), load-
change (5,,.), high-power (5,,p), natural degradation (5,,), and start-stop
(6,,) conditions on degradation.

'
dé dé dé ds dé,
6= — — — — dt + ——ng, 11
/0 [dt w e arl, T @ m] *an, an
dé dé T
—| == ~&p(0) - T(Tpe) - n(RH) 12)
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dé
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dé,
90 _ d6 16)
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where i, %, Trc and RH are dependent on time since they are obtained
from the operating conditions and the BoP management. RH is the
average relative humidity between the cathode and the anode, n is
the number of star-stops in a given driving cycle, i;, is the maximum
current density for which low-power degradation is not negligible, and
ip, is the minimum current density for which high-power degradation
is not negligible. Note that &, z, and 5 are scaling functions whose value
is 1 when the FC stack is operating under the same reference conditions
of the test where the reference degradation rates were obtained. In
this case, the natural degradation rate is not affected by the operating
conditions of temperature and relative humidity since, by definition, it
is present no matter how the FC is operated. Nonetheless, it is modeled
with the hypothesis of continuous degradation rate variation along the
polarization curve and is proportional to the flow of protons through
the membrane and the catalysts.

In the literature, it is a common practice to consider the V. as the
parameter indicating the load of the FC system. However, the voltage of
FC stacks is a consequence of many factors such as the cathode/anode
conditions, the stack temperature, and, mainly, the current density
which defines the flow of protons going through the membrane, the
amount of H, dissociated at the anode catalyst layer and the reaction
rate of water formation at the cathode catalyst layer. As a conse-
quence, it seems more correct to consider the current density as the
variable defining the FC load and the influence of the electrochemical
phenomena on degradation rates. In this model, the algorithms were
based on detecting the current density and the voltage-based data in
the literature was converted to current-density-dependant data using
empirical data for the developed model [10].

The phenomena modeled in each layer and a detailed description
of the equations above is performed in Section 3.3.1. The 1st layer
is described by the reference values §, ,,, obtained from experimental
degradation test procedures, the 2nd is described by the & functions
which represent the normalized scaling function of the degradation
rate with the operating conditions by considering the electrochemical
nature of FC degradation, and the 3rd layer is described by the r and 5
functions representing the rate of change of the degradation phenom-
ena with temperature and relative humidity. The voltage degradation
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described in the above equations is applied over a reference current
density (i,, ;) and then spread along the polarization curve as explained
in Section 3.3.5.

3.3.1. Degradation model overall structure

As described in Section 3.3, the model architecture consists of 3
different layers, being the 1st layer composed by experimental degra-
dation rates measured at very specific conditions while the 2nd and the
3rd layers are used to scale-up or scale-down the reference degradation
rates. In this section, each layer of the model is explained and the
equations used to scale the degradation rates are described. Note that
all the scaled degradation rates are defined as the degraded voltage
value over the non-degraded FC voltage and that they are applied over
a reference current density of 1 A/cm?, in line with DOE 2020 targets
for PEMFC durability [55].

The distribution of the voltage loss along the polarization curve,
which is not constant, is not included in this section since it is not
something affecting the degradation rates but an implementation strat-
egy. As such, even though it is part of the model structure and could be
considered a 4th layer, it was separated and explained in Section 3.3.5.

Note that all the experimental data used in this study were retrieved
from different sources in the literature. As such, each figure and table
has in the title a reference for the study used to retrieve the data.

3.3.2. 1st layer: reference degradation rates

The 1st layer of the model contains the reference degradation rates,
which must be expressed as a fraction or % of voltage loss as a
function of the time under a certain condition (low-power or high-
power) or per number of cycles (load-changing or start-stop). These
degradation rates would correspond to those that should be obtained
from reference durability testing protocols, under controlled conditions
of Trc and RH. Note that it is imperative to know the values of the
reference conditions during the test so that the scaling functions of the
2nd and the 3rd layer are calibrated to be 1 at these conditions. In
particular, the degradation rates used in this model were obtained from
experimental laboratory tests (Table 1) [28,29]. These degradation tests
were performed at T ~ 50 °C and RH ~ 80% and their results have
been widely used in the literature [30-33,56], although they are used
as constant degradation rates without considering how they should
change with the FC stack operating conditions. This may induce some
error in the actual degradation rate prediction since the Ty and RH
of the FC stack deviates significantly from those values during driving
cycle conditions. In addition, these degradation rates were measured at
1 A/cm? (corresponding to ~0.7 V in the considered FC system [10]) for
the high-power condition, at 0.01 A/cm? for the low-power condition
and with a load-change cycling amplitude going from the low-power to
the high-power condition.

Note that, in this study, the coefficient for the high-power condi-
tion was adjusted with respect to their original value in [28] after
the model calibration since the experimental data model from which
these reference degradation rates were obtained did not consider any
natural degradation. This means that the steady-state natural degra-
dation should be included into the steady-state measurements of the
degradation rate at low-power and high-power condition in [28]. As a
consequence, the reference degradation rates for these conditions were
overestimated and should be recalibrated to the values in Table 1 to
allow the inclusion of PEMFC natural degradation.

The degradation rates in Table 1 were used in this model for calibra-
tion and validation purposes. The model was built in such a way that
these coefficients could be changed by state-of-the-art degradation rate
coefficients to update the model to represent the degradation behavior
of contemporary PEMFC technology. In order to do so, the testing
conditions at which the new degradation coefficients were obtained
should be known and the scaling functions 7(Ty) and n(RH) adjusted
so that their value is 1 at those conditions.
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Table 1
Reference degradation rates (1st layer) to be scaled.

Condition & [fraction V loss]

Low power [/h] ( %

) 1.26-10°
Ipref

Load change [/cycle] < %

> 5.93.107
ref

High power [/h] ( d ) 1.03.10°%

At | hpres

Start-stop [/cycle] (ﬁ

) 1.96-10°
ref

0.75 0.8 0.85 0.9 0.95 1
Cell Voltage [V]

Fig. 5. Fluoride release rate evolution with cell potential.
Source: Data adapted from [61].

3.3.3. 2nd layer: electrochemical phenomena

The 2nd layer is used to be able to use the degradation rates
measured at a specific current density (low-power and high-power) or
current density cycle amplitude (load-change) along the polarization
curve by scaling them with the main electrochemical degradation-
related phenomena and how they are affected by the FC operating
condition (physical trends). In this section, the origin and expressions
of ¢, &, and ¢, are described.

3.3.3.1. Low-power/idle condition. PEMFC stack degradation is mainly
due to membrane and cathode degradation. Membrane degradation
rate can be quantified through fluoride release rate (FRR), affecting the
membrane chemical composition through the decrease in the fluoride
concentration and thus the membrane ionic conductivity [57,58]. Cata-
lyst degradation has a direct effect on the electrochemical surface area
(ECSA) and the effective platinum surface area (EPSA), thus affecting
PEMFC performance through the increase in the activation losses [59],
being the decrease in performance due to ECSA loss more significant
than that due to membrane degradation [60].

The operation at low current densities implies high voltages (signif-
icant from >0.8 V), which is translated into increased electrochemical
energy for degradation mechanisms. Under this condition, at steady-
state operation, the FRR was detected to increase with voltage, i.e., de-
crease with current density [61]. This trend is represented in Fig. 5 and
shows how the membrane degradation rate varies with the FC load.

At this condition, general surface carbon oxidation affects the cat-
alyst, the gas diffusion layer, and the bipolar plates material, having
a noticeable effect on PEMFC performance. This performance decay
was identified by measuring anodic peak currents following the cyclic
voltammetry methodology after holding the PEMFC at 0.8, 1, and 1.2
V for a certain period of time by Kangasniemi et al. [62]. Since the
increase in the anodic peak current is directly related to the PEMFC per-
formance decay, it is also indicative of the increase in the degradation
rate.

The data shows the membrane [61] and catalysts [62] degradation
phenomena was converted to current-density-dependent, weighted con-
sidering that 20% of the degradation is produced in the membrane and
80% in the catalyst, and normalized so that the combined scaling func-
tion has a value of 1 at 0.01 A/cm?2, where the low-power degradation
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Fig. 6. ¢, evolution with current density.

rate was measured. As a result, the normalized scaling function ¢,(i)
was defined as:

&,(i) =—0.176 - Ini +0.169 an

Note that this scaling function, represented in Fig. 6, is only valid on
low-power conditions, i.e., when i < i, e When the PEMFC is operating
in other conditions the value of this function becomes 0 to deactivate
the degradation mechanisms belonging to the low current density
operation. The threshold i, is calibrated on Section 3.3.6 to identify
the boundaries on which each degradation mechanism dominates the
PEMFC aging based on experimental data.

3.3.3.2. Load-change condition. The degradation due to load-change
condition is mainly due to fast changes in i, Ty, RH, stoichiometry
(4), ...The main phenomena producing the membrane and catalysts
degradation are the problems associated with the anode starvation,
flow, and water management. These phenomena are due to the mis-
match between the characteristic time of the flow and the characteristic
time of the electrochemical and electric phenomena [61]. Knowing this,
it is possible to conclude that origin of the load-change degradation
is continuous, i.e., it is difficult to quantify it by means of discrete
voltage cycles. However, predicting such detailed issues of the FC stack
inner flows management is not affordable in the frame of 0D-1D FC
models. As a consequence, in those studies where the degradation
rate due to the load-change condition is intended to be predicted
with OD-1D FC models, the authors mostly try to detect the current
density oscillations (n;.) or the time at which the FC is under the load-
change condition without indicating a criterion to identify or scale
such load-change condition and apply the corresponding degradation
rate at reference testing condition per load-change cycle or unit of
time [33,63]. Nevertheless, the voltage oscillations that an FC stack
suffers under driving conditions are far from close to those to which FC
stacks are subjected on voltage cycling tests (standardized degradation
tests). In order to address this discrepancy, a discrete problem such as
the voltage cycling was again converted to a continuous degradation
problem, close to its actual nature. To do so, this degradation model
monitors the variation of the current density each time step.

With only this detection strategy the degradation under load-change
conditions is considered again as a continuous phenomenon. Nonethe-
less, these rules are only useful to detect the presence of the de-
grading condition, not to quantify the degradation rate at different
load-changing cycles. In order to address this issue, it is assumed that
the intensity of the degradation phenomena scales with the amplitude
of the load change for a given time-step, i.e., with the magnitude
of di/dt, from the reference condition. With these hypotheses, the
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corresponding analytical expression of &, is:
, s
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where |4i|,,, is the reference current density amplitude for the voltage
cycling test per voltage cycle (0.99 A/cm?) and |4i|,, is the absolute
value of the current density variation for a given time step d¢. Note
that |4il,, is used in absolute value and |4i|,,, is multiplied by 2 to
account for the FC degradation when increasing (potential starvation)
and decreasing (potential water management issues) the current density
in voltage cycling tests and driving cycle conditions. The term dn;,/dt
is included in ¢, to convert the discrete voltage degradation rate at
reference conditions (dé/dn,|,,,) to a continuous degradation rate that
depends on time. Deriving the above equation, the final expression for
élc is:

a5
di _ dnlc dt _ |Ai|dt 18
Se\ 77 ) = — T =5 (18)
dr dr ds 2[4l
dt |icref

3.3.3.3. High-power condition. FC stack degradation mechanisms are
generally less relevant at high-power conditions than at low-power or
load-change conditions. However, in high-power conditions, the ohmic
and electrochemical losses of the FC stack are high, which increases
the heating of the FC stack. The increase in Ty at this condition may
increase the intensity of the degradation phenomena, thus potentially
resulting in higher degradation rates than at low-power conditions. The
degradation phenomena that are intrinsic of the high-power condition
are the appearance of partial oxygen starvation, high membrane wa-
ter content (accelerates oxidation and corrosion mechanisms), and a
general increase of the kinetic, ohmic, and mass transport losses. All
these phenomena only occur from a certain current density and scale
with the flow of protons through the membrane, which is directly pro-
portional to the current density under normal operation. As such, the
degradation mechanism at high-power conditions without considering
the independent effect of Tr- and RH should scale with the current
density:

Ep=— (19)

lhp

where i, is the minimum current density at which the high-power
degradation becomes significant (calibrated to experimental data to 1
A/cm?). This scaling function (5,,p) has a value of 0 when i < i hps thus
activating the high-power degradation diagnosis only at high-power
condition.

3.3.3.4. Medium-power/natural degradation. Natural degradation in FC
is usually used in the literature to model the natural decay of the FC
stack components during the steady-state or low-dynamics operation.
These degradation phenomena are relevant, especially for the FC that is
used for power generation but simply a small fraction of the total degra-
dation for FC that operate under dynamic conditions, such as those for
transport application. As commented before, this model considers the
natural degradation to be independent conditions of Ty and RH but
proportional to the flow of protons through the membrane and the cata-
lysts, i.e., to the current density (Eq. (15)). Natural degradation is often
modeled as a constant voltage decay with time since it is extremely time
and resources consuming to measure [64]. As a consequence, natural
degradation rates are only measured at a specific current density, so
the effect of changing the current density on natural degradation on
the same FC type and under the same conditions is unknown. However,
it is expected that the FC natural decay scales with the rate at which
the electrochemical phenomena are taking place in the membrane and



J.M. Desantes et al.

%10

-
rs

Low-power
Natural
= High-power

-
N

-
o

dé/dt at ref. conditions [h™]
(=]

o

0.2 0.4 0.6 0.8 1 1.2
i [Alem?]

Fig. 7. Evolution of dé/dt at reference conditions of Ty and RH.

the catalyst. This effect was included in this model as in Eq. (15) and
was checked in the validation section so that it implies steady-state
degradation rates that offer ~40000 h until the end of life, in line with
DOE 2020 targets [54]. This implementation strategy implies that the
degradation rate at reference conditions is continuous (Fig. 7) and that
part of it is included in the low-load and high-power conditions. In
fact, with this hypothesis, high-power degradation is mostly natural
degradation enhanced with the flow of protons through the membrane.

3.3.4. 3rd layer: physical conditions

Once the reference degradation rates are scaled with the electro-
chemical phenomena, they must be scaled with the physical conditions
in the FC stack. Among the different conditions that affect the PEMFC
stack degradation rates, the stack temperature (Tr) and the membrane
relative humidity have the most significant effect through the increase
of the reaction rate of the degradation-associated chemical reaction
and the change in the cathode catalyst layer properties (Pr grain, size,
thickness, and carbon corrosion). In this model, the average value of the
relative humidity between the anode and the cathode (RH) was chosen
instead of the membrane relative humidity since it is not measurable
and depends on other submodels that may induce additional errors. The
approach of considering the average RH is in line with the extended
method of calculating the membrane water content, which is predicted
assuming equilibrium from the activity of the vapor phase of the inlet
flows/relative humidity (RH = Xy,0 - p/pso) [24,65] as the average
of the water content between the anode and the cathode catalyst
layers [66]. Selecting locally the anode or the cathode relative humidity
at the stack inlet would indeed make the degradation results depend
significantly on the anode/cathode humidifying strategy, which may
differ from the actual conditions of water content at the membrane
and catalysts that are affected by the water production at the cathode
catalyst layer which is accounted for in the RH at the anode and
the cathode through solving the mass transport equation. The fact of
considering RH helps on the applicability since it is a measurable
parameter and can be obtained from simulations.

3.3.4.1. Temperature effect on degradation. The effect of temperature on
degradation rate is defined by the 7(Ty¢) function and is common to
all the degradation rates at different conditions. Operation temperature
has the strongest influence on the degradation mechanisms and the FC
contamination. Analogous to the effect of low-power condition over
degradation, this model considers the effect of T over membrane
and cathode catalyst degradation mechanisms. In the case of membrane
degradation, it is due to chemical mechanisms that produce non-
zero fluoride release rates and follows an Arrhenius relationship with
temperature (Fig. 8).

In the case of the catalyst degradation, the operating tempera-
ture has a direct effect on the ECSA, i.e., Pt surface loss, through
Pt dissolution and grain growth. This model uses the data obtained
by Bi et al. [67] at 40, 60, and 80 °C where the remaining ECSA
was measured after 110 h of potential cycling tests (46, 29, and 26%
respectively). This remaining ECSA was then converted to equivalent
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V loss by relating the ECSA loss to V loss at 1 A/cm? under voltage
cycling tests from 0.6 V to 1.3 V from the experimental data obtained
by Jia et al. [61,68] with the following equation (Fig. 9):

Vipss 1%] = 00644700758 ECS Aoy 1%] 20)

The voltage loss derived from the catalyst degradation and the
fluoride release rate was normalized so that their value is 1 at reference
temperature (50 °C) and combined assuming that 20% of degradation
comes from the membrane and 80% from the catalyst degradation
mechanisms. From this data, the function that scales the degradation
phenomena with the stack temperature is defined as:

T(Tpe) = —5390 - 10T, + 0399 - Ty — 71.576 (21)
being it valid in the range of Ty € [310,373.15] K.

3.3.4.2. Relative humidity effect on degradation. High relative humidity
conditions have significant effects on electrode degradation. Namely,
high RH affects the catalyst layers by enhancing the degradation mech-
anism associated with Pt grain growth [69], Pt loss, [70] and cathode
catalyst layer (CCL) thickness [71]. Among these three parameters, the
ECSA degradation rate is mainly affected by the Pt grain size growth. In
order to characterize the effect of RH on Pt grain size growth rate, the
same voltage cycling test was performed under different conditions of
RH by [71] (Fig. 10). From these results, it was possible to identify the
negative impact of RH on electrode assembly degradation. Nonetheless,
to apply these results to the current model, it is necessary to translate
them into an equivalent decrease of ECSA, then to equivalent voltage
loss, and finally to normalize them into a function r/(ﬁ) whose value is
1 at reference conditions (RH = 80%). The relation between the ECSA
and the radius of the Pt gran in the catalyst layer (rp,) is [41]:

ECSA=e¢ (22)

T'ptP Pt
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Fig. 10. Evolution of catalyst Pt grain size growth after 3000 voltage cycles.
Source: Data extracted from [61,71].

where pp, is the Pt density. Note that ¢, and pp, are constant param-
eters. Therefore, the decrease in ECSA is inversely proportional to the
increase in Pt grain size growth.

The remaining ECSA is then computed from the data in Fig. 10
and Eq. (22). Finally, n(RH) is obtained by converting the ECSA
loss into voltage loss through Eq. (20) and normalizing the resulting
function so that it is 1 at RH = 80%:

n(RH) = 0.10646¢0028 RH [%] (23)

This equation is valid for RH up to 100% since membrane flooding
and its effect on degradation is not within the scope of this model and
it usually does not happen during normal operation if the flows are
managed properly. For RH higher than 100%, it is expected that other
degradation mechanisms, such as gas diffusion layer wear or enhanced
catalyst corrosion [72], increase the degradation rate

3.3.5. Degradation model integration

3.3.5.1. Integration along the PEMFC polarization curve. As it is com-
monly known, the voltage along the polarization curve of an FC
changes with the current density depending on the activation ohmic,
concentration, and internal current losses. As a consequence, applying
a certain AV or § due to degradation over two different current densities
has different effects on the FC performance. In most of the studies in the
literature, the degradation effect is assumed to be uniformly distributed
along the polarization curve, which has been proved not to be the
case [73]. In order to address this issue and to provide a more faithful
and physical distribution of the degradation effect over the polarization
curve, this model was designed to calculate all the degradation rates
(Section 3.3.1) as the voltage loss over a reference current density of
1 A/cm? and then spread the voltage loss along the polarization curve
from experimental results.

The data used for this purpose was that found in [73]. In this
study, Bezmalinovic et al. performed accelerated stress voltage cycling
tests over a PEMFC and measured the polarization curve before the
tests, and after 1000, 3000, and 5000 cycles. From these experimental
polarization curves, it was possible to identify how the polarization
curve (voltage) changes at each current density at different degradation
states.

In order to spread the degradation effect from the model reference
current density (1 A/cm?) to different operating points, the variation
of the voltage at each current density of the experimental polarization
curve in [73] was compared against the voltage variation at the refer-
ence current density (Fig. 11). From this comparison, it was concluded
that the variation of the voltage due to degradation at any current
density varied linearly with the voltage degradation at the reference
current density of 1 A/cm?. As such, the experimental data in Fig. 11
was used to spread the value of § along the polarization curve. Note that
this data also accounts for very advanced degradation states where the
PEMEFC has already reached the end of life.
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3.3.5.2. Integration with PEMFC models. As explained before in Sec-
tion 3.3, this model was designed to be a plug-in model in any PEMFC
simulation environment. Two different approaches could be followed
in order to integrate this properly into a FC model, depending on the
FC control strategy.

In the first case, if the FC control is performed by means of power
demand, the variable § at the corresponding current density for each
time step could be applied directly over the electrical power of the FC
as a power-decreasing factor:

PFC,deg =Ppc-(1-96)

Note that, in this case, the system controller should be aware of
the power deficit due to degradation and adjust continuously the cur-
rent density to match the power demand considering the degradation
effects. This approach is useful to understand the power decrease and
perform estimations over the increase in H, consumption due to the
degradation state. Nonetheless, the EMS is not aware of the degradation
effects over the power production capabilities of the PEMFC.

The second approach is useful, especially in dynamic simulations
such as driving cycles where the energy flows should be properly man-
aged to achieve the optimum global efficiency. It consists of integrating
this model both in the PEMFC and into the EMS in such a way that the
EMS optimizer is fully aware of the real H, consumption and power
production capability at each current density. In this case, the internal
and simple PEMFC models that the EMS usually have should have
integrated this degradation model and used it to modify the decision
space. The value of § could be applied over the voltage or over the
FC electrical power. Although this approach implies some duplicity, it
is recommended since only implementing the degradation effects on
the PEMFC model but not in the EMS would produce some mismatch
between the models, inducing numeric errors.

(24

3.3.6. Validation

The validation of the model was performed with the data in [28],
considering the simulation of a FC bus operating in real driving cycle
conditions. Fig. 12 describes the power demand of the FC under real
driving conditions measured experimentally from a city bus operating
on a daily route. To perform the validation of the model, a validated FC
system model developed on the software GT-Suite was used following
previous studies [11]. This model was modified to have the same
characteristics as the FC stack in the bus (280 cm? of active surface
area and similar power output). This stack was then integrated into
a balance of plant so that the flow conditions of the FC stack were
representative of those in an FCV.

After simulating this driving cycle and obtaining the evolution of the
current density, the temperature, and the cathode and anode relative
humidity, the degradation rates by source were compared (Fig. 13).
The experimental data obtained by Pei et al. included two differ-
ent degradation sources on steady-state conditions (low-power/idle
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Fig. 12. FC stack power demand under the real driving cycle used for validation,
retrieved from [28,29].

and high-power conditions) but did not take into account the natu-
ral degradation rate of the FC stack. As such, the experimental data
they provided that accounted for the steady-state degradation must
have implicitly included the natural degradation. The validation ap-
proach in this paper consists of matching the degradation coming from
load-changing cycling and steady-state operation to the corresponding
experimental data. In this sense, the sum of the low-power, high-power,
and natural degradation in the model should correspond to the sum of
the low-power and high-power degradation experimental data, denoted
as Experimental steady-state degradation in Fig. 13. As the last step,
the degradation rate coming from the natural degradation mechanism
was checked to be consistent with the usual life of PEMFC operating
under steady-state operation. Note that the start-stop degradation rate,
expressed as a function of the number of start-stop cycles, was set to
the same value as in the experimental data provided by Pei et al. [28]
(see Table 1).

Fig. 13 shows the evolution of the degradation state by source
compared to the experimental degradation predicted by Pei et al. [28]
at the end of the bus operation based on the relative breakdown of
the degradation rate sources. From the data in this figure, compared to
the FC output power evolution in Fig. 12, it is possible to understand
how the model reacts properly to the FC operation, i.e., the degradation
due to load-change increases with changes in the FC output power
and is the highest source of degradation, low-power/idle degradation
increases more in the first half of the operation in which the power
reaches lower values and slows down after 1600 s, and natural and
high-power degradation increase almost constantly due to the frequent
load changes during the bus operation. Some time intervals, such as
1000 s to 1250 s, show how high-power degradation does not increase
when the FC model does not operate under high-load conditions. This is
also perceived, for example, from 3000 s where low-power degradation
remains constant (degradation rate due to low-power operation is 0).

In order to calibrate the model to approach the experimental results,
the model parameters i;, and iy, defining the border between different
degradation conditions (Fig. 7), were calibrated in such a way that the
error in the degradation rate for each power source is lower than 0.1%.
The calibrated values of i;, and i, are 0.33 A/cm? and 1 A/cm? re-
spectively. These two parameters have been selected as the calibration
parameters since they correspond to the maximum current density for
which the low-power/idle degradation mechanism is considered (i;,)
and the minimum current density for which high-power degradation is
accounted for (i hp). As such, they define the range of current densities
in which the scaling functions &) and &np(i) are non-zero, and the
variation of the natural degradation with the current density.

Finally, in order to identify whether the natural degradation rate
was modeled properly, the total life of the PEMFC stack due to only
the natural degradation was calculated assuming the end of life when
6 = 0.1 at 1 A/cm?. In the validation case, degradation rate due to
natural degradation was 2.57 - 104 % V loss/h, which implies a life of
~39600 h, in line with DOE 2020 targets [16].
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Fig. 13. Validation results: comparison of experimental [28] degradation rate sources
at the end of the driving operation in Fig. 12 with model degradation rate sources.
Steady-state degradation comprises low-power, high-power, and natural (medium-
power) degradation. Load-change and steady-state voltage loss ratio () evolution were
divided by 10 to improve readability.

4. Effect of sizing and dynamic limitations over performance and
degradation

4.1. Effect over the FC system behavior

In consistency with previous studies [10], the current density evolu-
tion along the driving cycle is expected to vary when modifying the FC
maximum power through the number of cells and the dynamic response
of the FC system. As such, and given the importance of the FC system
operation on degradation and performance, it is important to under-
stand and analyze the FC behavior and how it changes when acting over
any of these parameters. For that purpose, Fig. 14 shows the current
density evolution change for the 40 kW and 100 kW FC maximum
power designs under dynamic restrictions ranging from 0.001 A/cm?s
(extremely high restriction) to 1 A/cm?s (almost infinite dynamics).
Although the 60 kW and 80 kW designs were also included in the
analysis, their current density evolution is not represented in Fig. 14
to improve the readability and simplicity of the graphs. In contrast,
the highest-power and lowest-power designs were used to highlight the
effect of FC stack sizing. This figure is used to complement the results
in Figs. 15 and 18 showing the H, consumption and degradation rate
change.

The selection of the dynamic restrictions to 1, 0.1, 0.01, and
0.001 A/cm? was motivated by the different scenarios they represent.
The first value represents the case of almost infinite dynamics since
during the simulation of the FCV in WLTC 3b cycles without any
dynamic restriction the |di/dt| was mostly below 1. The second value
(0.01 A/cm?) was established as a dynamic limit representative of
high dynamics by with a certain limitation to prevent cathode/anode
starvation since the stoichiometries were more stable and closer to the
target values while preserving the highly-dynamic operation. The case
with 0.001 A/cm? (extreme dynamics restrictions) represents the case
of the expected operation of a range-extender (not the actual one) in
which the power demand oscillations are slow (see Fig. 14, graph D).
This represents the dynamic limit under which the condition imposed in
the EMS of keeping the battery SOC at the same value at the beginning
and the end of the driving cycle is not fulfilled in aggressive driving
patterns (estimated by considering the ARTEMIS Motorway driving
cycle). Finally, the restriction of 0.01 A/cm? is a value in between the
high and low dynamics (moderate dynamics) that allows the FC reach
high current densities while limiting the intensity and the amplitude of
load-changing cycles (see Fig. 14, graph C).

The effect on the current density evolution of FC stack sizing can
be analyzed with the data in Fig. 14.A, where the dynamic limitation
is negligible and the FC system operates close to the optimum behavior
to minimize H, consumption since the EMS is not constrained by the FC
dynamics. In contrast, given the importance of load-change degradation
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Fig. 14. Current density evolution along WLTC 3b driving cycle for 40 kW and 100 kW FC stack maximum power with dynamic limitations ranging from 0.001 A/cm? to 1 A/cm?.

in driving cycle conditions, FC durability is expected to be lower
compared to other cases with lower dynamics. An overall decrease in
current density is perceived when increasing the FC maximum power.
This is motivated by the fact that an FC stack with a high number of
cells (100 kW) operating at a certain current density produces more
power than a stack with a lower number of cells (40 kW) at the same
current density. Therefore, since both FCV designs are being used in
the same driving cycle (WLTC 3b) the power demand by the electric
motor will be similar, provided that it increases slightly for the case
of the 100 kW FC stack design due to the higher powertrain weight.
Lower H, consumption is expected for the 100 kW design since it
operates at lower current densities, which implies higher FC system
efficiency. Interestingly, the maximum current density along the cycle
for the 40 kW design is 0.8 A/cm? while it is 0.4 A/cm? for the
100 kW although the number of cells increases by a factor of 2.5.
This happens since the energy management strategy optimizer that
minimizes H, consumption prevents the 40 kW stack to operate at the
lowest efficiency region, i.e., at high current density (>0.8 A/cm?).
Instead, to compensate for the lack of power provided by the 40 kW
FC when the e-motor power demand is high and fulfills the charge
sustained condition, the minimum current density increases compared
to the 100 kW design.

Increasing the FC dynamic limitation to 0.1 A/cm?s (Fig. 14.B)
does not produce significant changes in the current density distribution
since the limitation is still low and allows for high dynamic behavior.
Nevertheless, some changes in both the 40 kW and the 100 kW designs
can be perceived at the high current density peaks and in the minimum
current density. In this sense, due to the dynamic restrictions, some
peaks in Fig. 14.A with a value of 0.8 A/cm? for the 40 kW design
cannot be reached in Fig. 14.B, meaning that the operation, in terms
of minimizing H,, is suboptimum. In order to compensate for this local
lack of power supplied by the FC and keep the charge sustaining mode,
the minimum current density increases, thus providing more power
along the driving cycle. These changes are more noticeable for the
40 kW design but are also present, although to a lower extent, for
the 100 kW design. Given the current density evolution in Fig. 14.B,
some penalty in terms of H, consumption and some benefit in terms of
durability could be expected. Nonetheless, the effect in both parameters
should be low since the dynamic limitation is not significant.

When the dynamics are noticeably limited to values of 0.01 A/cm?s
and 0.001 A/cm?s (Figs. 14.C and 14.D, respectively), the current den-
sity evolution along the cycle changes significantly and has important
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effects on both H, consumption and FC stack durability are expected.
In the case of Fig. 14.C, both designs suffer an increase in the minimum
current density to compensate for the suboptimum operation and the
maximum current density is used less often, which will result in a
significant penalty on H, consumption. This may imply an overall de-
crease in medium-power or natural degradation, followed by a decrease
in low-power or idle degradation due to high-potential cell values.
Furthermore, load-change intensity is clearly affected. Therefore, an
overall decrease in the total degradation rate should be expected since
the major source of degradation (load-change) is directly acted on.
Nonetheless, the increase in the minimum current density also implies
an increase in the rejected heat of the FC along the cycle, thus an
increase in the FC stack temperature and a potential increase in all the
degradation sources. The resulting degradation rate will consist of a
trade-off between these effects.

The case with the highest dynamic restriction (Fig. 14.D) offers
a smooth current density evolution along the driving cycle. In this
case, for both designs, a decrease in the maximum current density, an
increase in the minimum current density, and a decrease in the load-
change cycle intensity and amplitude is perceived. Following the same
reasoning as with the case in Fig. 14.C, degradation rate should de-
crease and H, consumption should increase significantly, but the effect
over durability should be determined taking into account the FC stack
physical conditions, not only the current density evolution. Neverthe-
less, this highly-restricted dynamics constraint was tested over different
FC stack size designs and driving cycles. From these results, it was
determined that high-dynamics restrictions may prevent the controller
to fulfill the charge sustaining condition when low-power FC stacks are
considered (20-40 kW) in high-power and high-dynamics driving cycles
(ARTEMIS Motorway) and that it will significantly depend on the initial
current density at the beginning of the cycle. Therefore, this constraint
is not recommended for automotive applications since it may limit the
flexible operation of FCREx vehicles.

4.2. Effect on FCV performance

The effect of sizing and dynamics limitation on H, consumption and
FC stack degradation rate can be mostly attributed to the change in
the FC current density evolution (Fig. 14). However, it is important to
differentiate between the effect of applying dynamic restrictions and
the effect of increasing the FC maximum power both in degradation
rate (by degradation source) and performance.
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Fig. 15. Normalized H, consumption evolution as a function of the FC stack maximum
power and the dynamic limitations.

In this section, normalized values are presented since they provide
benefits for comparative analyzes. Nonetheless, the absolute value of
H, consumption is within the expected range of FCV since this model
was used in previous studies where it was validated and compared
against commercial FCVs [10,11]. The same can be said for degradation
rates which, even in the case that the FC technology improves in
durability, the tendencies in relative terms should conserve as they are
scaled with the trends followed by the electrochemical and physical
phenomena.

Fig. 15 shows the normalized H, consumption of each design with
different restrictions on the current density change rate. As commented
in Section 4.1, higher FC maximum power implies lower current den-
sity, thus a more efficient operation regardless of the slightly higher
load. Therefore, H, consumption decreases with increasing FC maxi-
mum power, but almost no benefit is perceived when increasing the FC
power further from 80 kW since, for the selected vehicle application,
this stack already operates at the highest-efficiency current density
range. From this value of FC stack power, increasing the number of
cells of the stack should not provide significant benefits in terms of H,
consumption decrease but rather it could increase due to the increasing
weight. In this sense, H, consumption is 3% higher with the 40 kW
FC stack compared to the 100 kW design when no dynamic limitation
is imposed. In contrast, with a constant FCV design, increasing the
dynamic limitation to 0.01 and 0.001 A/cm?s increases H, consump-
tion by 5%-8% depending on the design. In the case of the 40 kW
design, consumption only increases by 5% (for both 0.01 and 0.001
A/cm?s cases) with respect to its value with infinite dynamics since
it is already high without any dynamic limitation. For higher-power
FC stack vehicles, there is a noticeable variation in H, consumption
between the 0.01 A/cm?s and the 0.001 A/cm?s since, differently from
the 40 kW design, the 0.01 A/cm?s case allows for higher dynamics
in terms of power variation rate, thus decreasing H? consumption and
suffering higher penalties when increasing the limitation.

4.3. Effect on FC stack durability

As with H, consumption, the results obtained from the simulations
show how the effect on the durability of varying the FC maximum
power is different from that perceived when imposing dynamic lim-
itations on the control strategy. Figs. 16 and 17 show the evolution
of the relative weight of each degradation source for different designs
and dynamic limitations. These data, together with those in Fig. 18 are
useful to understand the change in durability between different designs
and dynamic limitations as well as the specific effect of varying the FC
maximum power or imposing dynamic limitations on each degradation
source. Life was calculated following the end of life (EOL) criteria
established by the Department of Energy through which an FC stack is
considered to have reached the EOL when the voltage decreases by 10%
with respect to nominal conditions at a current density of 1 A/cm? [55].
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Fig. 16. Degradation source relative effect on FC stack durability decrease for the 40,
60, 80, and 100 kW designs.

The direct effect on the current density evolution change when
increasing the FC stack maximum power (Fig. 14) and the decrease
in FC stack temperature due to the lower electrochemical losses when
operating at low current density produces the increase in FC stack
durability with infinite dynamics shown in Fig. 18. This implies an
increase in FC durability of 53% when comparing the 40 kW and the
100 kW designs. The detail on how the degradation rate by source
change with this design parameter (Fig. 16) shows how load-change
degradation, responsible for 72% of the total degradation rate with
the 40 kW design, decreases below 53% of total degradation due to
the lower load-change cycle amplitude (Fig. 14.A). Star-stop cycling
remains the second major source of degradation for all the designs
and its relative impact increases as it is constant and does not depend
on the FC behavior along the driving cycle (only 1 start-stop cycle
was considered per cycle) since it depends mainly on the start-stop
sequence and the FC stack technology. As the FC stack’s maximum
power increases, low-power degradation becomes more relevant while
medium-power or natural degradation decreases since the FC stack
needs to operate at lower current densities to cover the same power
demand.

Imposing dynamic limitations has become a common practice to
minimize degradation in FC stacks for automotive applications since
load-change degradation is the major source of degradation in this
technology. As such, the largest durability increase is perceived when
imposing dynamic limitations over the current density change rate
rather than when increasing the FC maximum power (Fig. 18), with a
maximum increase in FC durability of 294% and 123% for the 40 kW
and the 100 kW comparing the infinite dynamics with the highest
dynamic restriction cases, respectively. Nonetheless, similar durability
is perceived for all the designs when high dynamic limitations are
imposed over the FC control (0.01 A/cm?s and 0.001 A/cm?s), meaning
that the benefit in the durability of operating under lower current
density and lower load-change cycle amplitude cancels out when the
load-change intensity (dynamics) is limited. The significant increase in
durability is mainly due to the decrease in load-change degradation that
varies from 62.6% to 6.9% of total degradation in the case of the 60 kW
design (Fig. 17). This decrease in load-change degradation implies
a noticeable increase in the relevance of other degradation sources.
Start-stop degradation might become the highest degradation source,
followed by low-power degradation prior to load-change degradation.
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Fig. 17. Degradation source relative effect on FC stack durability decrease for the
60 kW design with different dynamic limitations.

4.4. Industry applied value

The change in the relevance of the degradation source may be
important information for FC stack manufacturers for FCREx vehicles
with dynamic restrictions since they could focus their research and
development efforts in minimizing star-stop or low-power degradation
through start-stop sequence or materials improvement rather than on
improving the internal geometry of the FC stack channels to improve
water management to minimize load-change degradation. This shift
could allow higher FC stack durability for FCREx stacks with lower
costs provided that the control strategy of the vehicle is designed
properly.

In light of these results, vehicle manufacturers should take into
account the different implications of increasing the FC stack power
and imposing dynamic limitations during the vehicle design phase.
Increasing the FC stack power implies lower H, consumption (| OPEX),
higher production costs (1 CAPEX) [10] and higher FC stack dura-
bility. In contrast, increasing the dynamic limitations implies higher
H, consumption (1 OPEX), equal production costs (= CAPEX), and
higher durability. Vehicle manufacturers should then find a trade-off
to minimize costs with sufficient FC stack durability when considering
the vehicle design and should take into account the dynamic limitations
on the control strategy, if any, in the FC stack sizing process.

As a last remark, it has been analyzed how H, consumption is
highly penalized when increasing the dynamic limitations, regardless
of the FC stack power. In this line, durability has also increased with
imposing dynamic limitation, but high durability is already achieved
for the 0.01 A/cm?s limitation. As previously discussed, increasing the
dynamic limitation to 0.001 A/cm?s may penalize the FCV’s flexibility,
preventing the control strategy from keeping the charge sustained mode
in aggressive and high-power driving conditions. Therefore, the FCV
manufacturers should design the FCV control strategy in such a way
that the FC system operation provides durability close to the target
expected life for the vehicle since over-restricting the dynamics of the
FC stack would imply higher H, consumption and could compromise
the fulfillment of the charge sustaining mode.
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Fig. 18. Normalized FC stack durability (life) evolution as a function of the FC stack
maximum power and the dynamic limitations.

5. Conclusion

In this study, a novel semi-empirical multi-layered diagnosis degra-
dation model for PEMFC was developed to understand the effect of FC
stack sizing and dynamic limitations on the performance and durability
of FCREx vehicles. The modeling approach consisted of scaling the
degradation rates obtained from experimental results under controlled
and known conditions with scaling functions based on empirical trends
representing the change in the PEMFC components degradation due
to electrochemical phenomena (i) and physical conditions (T and
RH). For that purpose, the model architecture was designed following a
multi-layered approach, consisting of 3 layers and a novel degradation
effect integration strategy into the polarization curve. The first layer
contains the constant degradation rates or coefficients measured dur-
ing experimental testing. The second layer allows the scaling of the
degradation rates with the electrochemical phenomena through scaling
functions that depend on the current density. The third layer scales the
degradation rates with the physical conditions of the FC stack such as
the temperature and the relative humidity. The scaling functions of the
second and the third layers were developed based on the effect of the
electrochemical phenomena and the physical conditions on degradation
mechanisms such as fluoride release rate or Pt grain size growth.
This approach allows the update of the model with state-of-the-art
PEMFC degradation rates measured under known operating conditions
by modifying the degradation rate coefficients and calibrating the
scaling functions so that their value is 1 at testing conditions. The
main interest of developing this flexible model architecture lies in
enabling the use of the degradation rate data generated during PEMFC
degradation protocols testing, which are significantly different from the
real operation, for driving cycle degradation prediction. This model
was validated with experimental data from the literature of an FC city
bus operating in real driving cycle conditions with an error of total
degradation lower than 0.1%.

The degradation model was then applied together with an FC system
model integrated into a virtual fuel cell vehicle model whose fuel cell
system operates as a range-extender, i.e., FCREx architecture with a
30 kWh battery. The integrated models were simulated in WLTC 3b
driving cycles with different FC stack sizing, for which the components
of the balance of plant were scaled accordingly, with different dynamic
limitations on the current density change rate were imposed through
the energy management strategy. The results of the simulations showed
how:

+ Increasing the FC stack power decreased the H, consumption (|
OPEX) and increased the FC stack durability at the expense of
increasing the vehicle production costs (1 CAPEX).

+ Increasing the dynamic limitations increased H, consumption (t
OPEX) and durability with no effect over production costs (=
CAPEX). This trade-off was recommended to be considered by
FCREx vehicle manufacturers.
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« It was identified that at high dynamic limitations, the effect of
FC stack sizing was negligible. Control strategies with dynamic
limitations of 0.001 A/cm?s were not recommended as they may
penalize significantly H, consumption and prevent the vehicle
from keeping the charge sustaining mode under aggressive driv-
ing conditions. Therefore, vehicle manufacturers should aim to
impose dynamic limitations that provide sufficient life for the
selected application and should avoid over-constrained energy
management control strategies.

The isolated effect of sizing implied a decrease in H, consumption
of ~3% and an increase in FC stack durability of ~53% when
comparing the 40 kW and 100 kW designs.

The effect of dynamic limitations was significantly perceived in
the 40 kW design which implied an increase in H, consumption
close to 8% and an increase in durability of 294% when compar-
ing the infinite dynamics and the highest dynamically restricted
cases.

Finally, it was detected a shift in degradation rate source relevance
when high dynamic limitations were applied. In this case, load-change
degradation became a minor degradation source, being start-stop and
low-power degradation more relevant. This might affect the design
process of FC stack manufacturers for FCREx vehicles since they may
be interested in prioritizing the design of low-degradation start—stop
sequence or considering materials with low degradation under high-
voltage conditions rather than focusing on designing the FC stack
inner channels to decrease water management issues in highly-dynamic
operation.

6. Research limitations, challenges, and future prospects

The main objective of this study is to develop a semi-empirical
semi-physical degradation model to evaluate the change in FC stack
degradation rate due to energy management strategy optimization and
powertrain sizing under driving operating conditions. The idea behind
this model was to make it flexible to extrapolate the degradation rates
from laboratory conditions to actual driving conditions, which has
been achieved as shown in Fig. 13. Nonetheless, it is imperative to
understand whether the scaling functions should be tuned to directly
apply the degradation rates obtained from the standardized accelerated
degradation tests (proposed by the DoE or any other entity). For that
purpose, it would be necessary to follow these protocols with state-of-
the-art FC systems and track the progressive degradation of the stack
while calibrating the degradation model. This is in the roadmap of the
authors who intend to perform these tests in a 200 kW FCS testing
facility.

Regarding other possible updates of the degradation model, it
should be possible with the experimental data that is intended to be
generated by the authors, not only estimate the change in the polariza-
tion curve of the model, but also the change in each electrochemical
loss (activation, ohmic and mass transport, mainly) causing the change
in the polarization curve. For that purpose, the experimental campaign
proposed above should also include the monitoring of the change in
the dielectric properties of the FC stack. The data obtained should help
improve the amount of information that the proposed semi-empirical
semi-physical degradation model can provide.

The main challenge for researchers developing degradation models
for FC stacks is to develop a simulation tool capable of predicting
the change in the degradation rate with the FC design and internal
parameters such as the Pt loading, the membrane thickness, and the
geometry of the bipolar plates. As explained in Section 1, there are
some physical models accounting for these parameters (particularly the
Pt loading) but their application implies a noticeable increase in the
computational cost since it is required to solve additional transport
equations to use them. For that reason, the final stage of the semi-
empirical fast models predicting degradation is to include the effect
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of the FC stack inner design on durability, but for that significant
amount of experimental data obtained with state-of-the-art FC stacks
with different inner design accounting for degradation are required.

Finally, this study is only applied to FCREx vehicles for light-
duty passenger car applications. Therefore, the use of this degradation
model with other applications such as heavy-duty trucks shall bring
light to the relative effect of each degradation source according to the
application. In this sense, the authors have already started different
studies to evaluate not only the degradation of FC stacks in heavy-
duty transport applications but also the effect of alternative control
strategies limitations to understand how the FC stack durability can be
improved with the minimum penalty in H, consumption.
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