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Abstract: In this paper, a new voltage aging model for the polymer electrolyte membrane fuel cell
(PEMFC), which includes multiple degradation mechanisms for proton exchange membrane fuel cells,
is proposed. The model parameters are identified using a curve-fitting procedure based on long-term
experimental data for the modular stack under the New European Driving Cycle (NEDC). A good fit
was found between the model and experimental data, with R-squared values greater than 0.99 for
all simulation cases. Moreover, according to the model sensitivity analysis, the voltage degradation
model is most sensitive to load current, followed by time. The effect of operating temperature on
performance, voltage degradation, and lifetime is investigated. After 300 h, significant performance
loss was detected. When the temperature is raised to 75 ◦C, voltage degradation becomes worse.
Based on the simulated voltage degradation profiles at 55 ◦C and 75 ◦C, PEMFCs have reached the
end of their useful lives at 1100 h and 600 h, respectively. The simulation model indicates that the
model is capable of forecasting how long the fuel cell will last under specified operational conditions
and drive cycles.

Keywords: PEMFC; aging term; durability; degradation; dynamic operation; new european driving
cycle (NEDC)

1. Introduction

Fuel cells are an attractive option for power generation since they are clean and efficient
and may assist in addressing key problems related to the production and use of energy.
Due to their high energy efficiency, ease of operation, and friendliness to the environment,
polymer electrolyte membrane fuel cells, also known as PEMFCs, have been considered
potential sources of electric power for automobiles, in addition to potential sources of
power for stationary and portable applications. Even though significant progress has been
made in recent decades, durability remains the major obstacle that must be overcome
before a broad variety of PEMFC applications can be successfully brought to the market for
commercial use. According to the Fuel Cell Technical Team (FCTT) road map, the fuel cell
systems for vehicles need to meet the requirement of a lifetime and durability of 8000 h
with less than 10% performance loss. Currently, their lifespan is around 4100 h in the year
2016. It is quite close to the goal of 5000 h for the year 2020, but it is far from the target of
8000 h for the year 2025 [1]. It is imperative that PEMFCs continually develop to fill the
gap between the recent situation and their goals.

Unlike stationary power plant sources, vehicle PEMFCs must satisfy stricter dura-
bility limits under dynamic operating conditions. The durability of PEMFCs depends
on processes such as the dissolving and sintering of platinum particles, membrane thin-
ning, and carbon-support corrosion. On the other hand, the lifespan of fuel cells de-
pends on the environment and operating policy and can deteriorate under subfreezing
temperatures, fuel starvation, impurities in the fuel and oxidant sources, and frequent
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acceleration/deceleration [2]. The degradation of automotive fuel cells is unavoidable
during long-term operation, but it is still necessary to improve the degradation gradient for
commercially viable hydrogen fuel cell vehicles [3].

A performance degradation model forecasts how the PEMFC’s performance degrades
over time while operating. It also shows how crucial PEMFC model parameters vary over
time. Determining the degree of performance degradation of PEMFCs is essential for health
assessment and prognostics. Numerous modeling studies have reported assessments of
the durability of PEMFCs. Mayur et al. provided a simulation methodology for evalu-
ating PEMFC performance and durability during driving cycles [4]. Han et al. [5] used
a model-based approach to describe the durability of fuel cell vehicles under different
driving cycles. However, only membrane degradation was considered in these models.
Ehlinger et al. introduced a model to study the effects of membrane degradation on the
performance of PEMFC [6]. They evaluated the effect of pinhole formation and expan-
sion in the membrane, which increase reactant gas crossing and, as a result, the creation
of chemical degradation agents, affecting the membrane’s transport and its mechanical
characteristics. The effect of the pinhole formation process during chemical membrane
degradation was also modeled by W. Zheng et al. [7]. A comprehensive Pt degradation
model was introduced by W. Zheng et al. [8] to study the loss of Pt electrochemical ac-
tive surface area (ECSA) including the Pt mass loss and particle growth mechanisms. A.
Kregar et al. [9] proposed a temperature-dependent model of Pt/C catalyst degradation
that covers the temperature influences on the detrimental electrochemical reactions, Pt
dissolution, and loss of ECSA. The model showed that it could reproduce the experimental
results with the same operating conditions. Even though the presented models are promis-
ing, they are limited to describing only one degradation mechanism. This may not be
sufficient to accurately reproduce fuel cell behavior under dynamic operation, especially in
transport applications. Combining filtering techniques like particle filter (PF) and Kalman
filter (KF), the aging model can be utilized for fuel cell stack prognostics and predicting
remaining useful life (RUL). Jouin et al. [10] proposed a semi-empirical aging model for
health assessment and prognostics of PEMFC using a general polarization curve equation.
From the general voltage model, the basic idea is to select the aging parameters and replace
them with time-dependent expressions. The model was verified using different data sets
with constant current and current ripples and a micro-CHP mission profile. Based on
the PF, this model has been used to predict the power degradation process of PEMFCs
under constant and dynamic current conditions. Because the aging mechanisms of these
parameters remain unclear, most empirical correlations between these parameters and the
operation time have been viewed as linear, while others have been viewed as logarithmic.
A similar degradation model was proposed by Zhou et al. [11] based on a multi-physics
aging model with PF and an extrapolation approach. Several major internal physical aging
phenomena of fuel cells are considered in the multi-physical aging model, including fuel
cell ohmic losses, activation losses, and mass transfer losses. Degradation characteristics
are studied using the PF framework, and aging parameters are updated based on the
results. Despite producing satisfactory results, the accuracy of this method varies with
the operating conditions. Bressel et al. [12] developed a degradation model to estimate
the state of health and the dynamics of the degradations based on an extended Kalman
filter (EKF) approach. This model shared the same model as the work of Jouin et al. [10],
but it is less complex. Only two parameters in this model change over time, i.e., the
ohmic resistance and the limiting current, which are linked by a single parameter. Hao
Liu et al. [13] applied this model to estimate the health state and the remaining useful
life of PEMFCs. However, in this study, the adaptive unscented Kalman filter (AUKF)
algorithm was employed instead of the EKF approach. This model was also used by K.
Song et al. [14] to develop a lifetime prediction method for vehicular fuel cells that uses an
adaptive extended Kalman filter (AEKF) for data processing. Zhang et al. [15] proposed a
similar work based on the use of a physical model to estimate the state of health and to
predict its degradation. The fuel cell model is a quasi-static model based on the polarization
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curve. With the PF method, a variable was predicted to be coupled between open-circuit
voltage degradation and internal resistance degradation. These models showed promising
results. However, only one degradation coefficient is taken into account, which may not
fully represent performance losses. L. Mao et al. [16] evaluated behavior variation of the
PEMFC through the evolution of model parameters during the degradation process using
collected polarization curves at different times. Utilizing the PF approach, the model
parameters can be determined from the polarization curves collected from the PEM fuel
cell system. Although this model provided promising results, it still has the disadvantage
of failing to consider the effects of concentration loss at zero current density and ignoring
activation loss at the anode. Durability studies of fuel cells have primarily considered
voltage degradation under steady-state settings and fixed-load electric load situations.
Furthermore, there are currently few models for estimating the performance and durability
of fuel cells affected by dynamic load variation during the driving cycle. Since the dynamic
load demand of a vehicular fuel cell varies severely under the normal operating mode, it
is complicated to predict the degradation of PEMFCs in constant mode [17]. As a result,
the goal of this research is to bridge that gap and provide practical information for a better
understanding of the durability of vehicle fuel cells.

The operating temperature of a PEMFC is an essential factor in its performance and
durability. The electrochemical reaction produces water and heat, causing the interior
temperature of a stack to vary continuously. Furthermore, because water refills are sluggish,
frequent load changes cause a dry membrane electrolyte, accelerating catalyst extraction,
flooding, and drying out [17]. When switching from low to high power, operational
parameters such as temperature can shift, harming the fuel cell system’s integrity [3]. This
causes flooding or local hot spots, which can cause voltage loss and shorten the lifespan
of the PEMFC stack [17]. In addition, temperature changes have been demonstrated to
influence the catalyst surface area reduction due to the formation of platinum particles [2].

In this paper, a new degradation model was developed to analyze the performance
degradation of a PEMFC stack under a dynamic NEDC load cycle. The effects of operating
temperatures on fuel cell stack durability were explored. Section 2 describes the durability
testing system and procedure. In Section 3, a general PEMFC model, including aging terms,
is briefly given. Finally, the simulation model shows the performance degradation during
the driving cycle.

The contribution of this study is to develop a new model framework to describe
fuel cell voltage degradation under dynamic operation rather than steady-state or fixed
load. The degradation model was verified using the experimental data sets of a 3-cell
stack under the NEDC cycle operated at 55 ◦C and 75 ◦C. Once the model was verified, it
was used to predict the PEMFC voltage degradation and lifetime. Simulation results at
55 ◦C and 75 ◦C showed PEMFCs to have reached the end of their useful lives after 1100 h
and 600 h, respectively. In addition, the PAWN method was introduced to analyze the
global sensitivity of the model. It helps identify how uncertainty and variability in input
parameters affect model outputs. The sensitivity analysis indicated that the current seems
to be the most influential factor on the fuel cell voltage, followed by time.

2. PEM Fuel Cell Model

In this study, the PEMFC was modeled using the diagram shown in Figure 1.
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Figure 1. Schematic of the PEMFC model.

2.1. Modelling of the Gas Diffusion Layer

In the electrodes, the diffusion processes for O2, H2, H2O, and N2 can be modelled
using the basic diffusion model:

Ji =
−pDeff

ij

RT
dxi

dz
(1)

In the cathode electrode, the N2 flux is simply ignored since there is no generation or
consumption of N2.

From Equation (1) the transport of H2 and H2O in the anode electrode can be de-
scribed as:

JA
H2 =

−pADeff
H2,H2O

RT
dxH2

dz
(2)

JA
H2O =

−pADeff
H2,H2O

RT
dxH2O

dz
(3)

When the hydrogen and water concentrations at the anode-membrane interface (inter-
face 2 in Figure 1) are calculated, the following results are obtained:

x2
H2 = x1

H2 − tA
jRT

2FpADeff
H2,H2O

(4)

x2
H2O = x1

H2O − tA
jRT

2FpADeff
H2,H2O

(5)

In a similar manner, the oxygen and water concentrations at the cathode-membrane
interface (interface 3) can be obtained:

x3
O2 = x4

O2 − tC
jRT

4FpCDeff
O2,H2O

(6)

x3
H2O = x4

H2O + tC
jRT

4FpADeff
O2,H2O

(7)
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2.2. Modelling of Membrane Water Transport

The water transport in the membrane is caused by electro-osmotic drag force and
back diffusion. It may be stated as follows (assuming positive values in the anode-cathode
direction):

Jz = Jw,d − Jw,diff (8)

The electro-osmotic drag force is formulated in terms of current density as follows:

Jw,d = 2nd
i

2F
λ

22
(9)

where nd can be expressed by the following equation:

nd = 0.1λ+ 0.6 (10)

The diffusion flux in terms of water content (λ) is derived using Fick’s first law:

Jw,diff =
ρdry

Mm
Dλ

dλ
d‡

(11)

The water diffusivity, Dλ, is defined by the following equation [5]:

Dλ = 10−6 exp
[

2416
(

1
303
− 1

T

)](
2.563− 0.33λ+ 0.0264λ2 − 0.000671λ3

)
(12)

The water content (λ) in Equations (9)–(12) is a function of z.
The membrane is divided into n control volumes. The thickness of the control volume

is calculated by:

4 ‡ =
L

n− 1
[cm] (13)

The water content distribution in the membrane from anode to cathode is expressed as:

∂Cw

∂t
=

ρdry

Mm

∂λ

∂t
= −∂Jz

∂z
= − ∂

∂‡
(
Jw,d − Jw,diff

)
= − ∂

∂‡

(
2nd

i
2F

λ

22
−

ρdry

Mm
Dλ

dλ
d‡

)
(14)

The boundary conditions are:{
z = 0, λ = λA

z = L, λ = λC

λA and λC are the water contents at interfaces 2 and 3, respectively, defined through
the following equations [5]:

λ = 0.043 + 17.81a− 39.85a2 + 36a3(0 < a ≤ 1) (15)

λ = 14 + 1.4(a− 1)(1 < a ≤ 3) (16)

2.3. Modelling of Voltage Degradation
2.3.1. The Basic Voltage Model

From the general voltage model, the basic idea is to select the aging parameters and
replace them with time-dependent expressions.

Considering the equation for a general polarization curve, shown in Equation (17) [18],
The reversible voltage of the fuel cell can be reduced by voltage losses.

V = Erev −
RT

4αcF
ln
(

i + iloss
io,c

)
− RT

2αaF
ln
(

i + iloss
io,a

)
− i(Rmemb + Rele + Rcr) + Bc ln

(
1− i

iL,c

)
+ Ba ln

(
1− i

iL,a

)
(17)
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In a PEMFC, reversible voltage is estimated using Equation (18) [5]:

Erev = 1.229− 0.85× 10−3(T− 298.15) + 4.309× 10−3T
[

ln(PH2) +
1
2

ln(PO2)

]
(18)

The fourth term in Equation (17) is the ohmic loss, which occurs because of ionic,
contact, and electronic resistances according to Ohm’s law. According to Frano [19], elec-
tronic resistance is essentially nonexistent. It is generally accepted that ionic resistance and
contact resistance are of equal magnitude. The model assumes that one parameter captures
both mechanisms to reduce the model’s complexity.

The concentration losses are represented by the last two terms in Equation (17). These
losses arise when the electrochemical process rapidly consumes reactants at the electrode.
As a result, the reactant mass transfer rate is insufficient to supply enough reactants
to the electrode surface. Because in an actual fuel cell, the limiting current is almost
never observed due to nonuniform conditions throughout the porous electrode surface.
A significant reduction in cell voltage at limiting current would require uniform current
density across the entire electrode surface, which nearly never occurs [19]. Thus, an
improvement in the voltage loss equation due to the mass transfer drop proposed by
Kim et al. [20] was used in this study.

ηcon = m
(

eni − 1
)

(19)

The effect of crossover was not considered in Equation (17). The crossing of H2 or
O2 over the membrane causes an immediate reaction with O2 at the cathode or H2 at the
anode, resulting in a reversal potential. This voltage drop is mostly due to the Pt and
oxygen reaction producing platinum oxide (PtO) [21–23]. The value of other parameters
is affected when this mechanism is ignored. It yields an inaccurate value, particularly for
the parameters of the activation-loss term. Still, the use of a separate model to describe its
effect complicates the aging model. Thus, it is assumed to be a constant parameter in the
cell voltage model.

Substituting all the above formulas for each term in Equation (17), the voltage model is:

V = Erev −VPtO −
RT

2αaF
ln
(

i + iloss
io,a

)
− RT

4αcF
ln
(

i + iloss
io,c

)
− iR−m

(
eni − 1

)
(20)

The variation of model parameters (VPtO, αa, iloss, io,a, αc, io,c, R, m, and n) can be
obtained by curve fitting Equation (20) to the results from the polarization curve.

2.3.2. Introduction of the Degradation Parameters

There are two constant parameters (F and R), four controlled parameters (T, Erev, ioa,
and io,c) and seven aging parameters with time as the PEMFC degrades (VPtO, αa, iloss, αc,
R, m, and n) in Equation (20).

The anode and cathode charge transfer coefficients (αa and αc) depend on the elec-
trode’s material and microstructure, which degrade during PEMFC operation [10]. The
change of electrode with aging would lead to varying charge transfer coefficients. However,
with the current knowledge, it seems impossible to determine them or their change with
time. Thus, their values were not justified in the degradation model. Their values range
from zero to one and their sum equals unity [24]. The higher value shows more reactions
and less activation loss [25]. According to L. Mao et al. [16], the charge transfer coefficient
is equal to 0.5.

A simple linear relationship of VPtO as a function of the aging time can be expressed
as the following equation [22]:

VPtO(t) = VPtO,o + VPtO,1t (21)
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The resistance changes as an exponential function of time [26]. Its aging can be
defined by:

R(t) = Ro. exp(R1t) (22)

Regarding the degradation formula for the crossover current density, iloss, exponential
modeling gives the best fit [27].

iloss(t) = iloss,o exp(iloss,1t) (23)

The exponential formula relating to the two aging parameters in concentration loss
was proposed in [16].

m(t) = mo. exp(m1t) (24)

n(t) = no. exp(n1t) (25)

The change in current density with time is expressed by the terms of total current (I)
and active surface area (A) in the following equation:

i(t) =
I(t)
A(t)

(26)

Where the active area of the electrode could be expressed as logarithms form in
Equation (27) [22].

A(t) = Ao −A1 ln(A2t + 1) (27)

The voltage aging model is created by substituting the parameters in the voltage
model with their degradation formulas:

V = Erev − (VPtO,o + VPtO,1t)− RT
2αaF ln

(
i(t)+iloss,o exp(iloss,1t)

io,a

)
− RT

4αcF ln
(

i(t)+iloss,o exp(iloss,1t)
io,c

)
−i(t)(Ro. exp(R1t)−mo. exp(m1t)[exp(i(t).no. exp(n1t))− 1]

(28)

2.4. Energy Conservation of the PEMFC Stack

The temperature of the lumped PEMFC stack is determined by applying the energy
conservation equation [28]:

ρcpV
dT
dt

= Qstack −Qcoolant −Qgas (29)

where Qgas is the heat transfer to the gas and is calculated as:

Qg = ∑
.

mcp,c
(

Tg,o − Tg,in
)

(30)

Tg,o = Tcell +
(
Tg,in − Tcell

)
exp

(
−

hAg

∑
.

mg,icp

)
(31)

Qcoolant is the heat rejection of the coolant and is calculated as:

Qc =
.

mcp(Tc,o − Tc,in) = hcAc(Tcell − Tc) (32)

Tc,o = Tcell + (Tc,in − Tcell) exp

(
− hAc

∑
.

mccp,c

)
(33)

3. PEMFC Durability Test
3.1. Test Bench

The test bench is employed to evaluate the fuel cell’s durability. The PEMFC stack
has 3 cells with an active area of 25 cm2. The specifications of the fuel cell stack are briefly
reviewed in Table 1.
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Table 1. 3-cell modular stack specifications.

Parameters Value

Active area of the fuel cell 25 cm2

Number of cells 3

Membrane (Nafion 211) thickness 23 µm

Catalyst layer thickness 42 µm

Gas diffusion thickness 320 µm

Figure 2a–c depict the schematic diagram, data acquisition, and test bench for the
PEMFC durability test. The flow rates of hydrogen and air are regulated by the mass
flow controller (MFC). A bubbler humidifier is used to humidify the reactant gases to
the required relative humidity level before they reach the fuel cell. In addition, the line
heaters are used to heat and hold the temperature of reactant gases 5 K above the fuel cell
temperature to prevent water condensation at the intake. The fuel cell temperature is kept
steady during the test by the thermal management system. Humidifiers, fuel cells, and fuel
cell inlet and outlet pipelines all have K-type thermocouples attached. The sensor signals
are recorded using a c-RIO 9082 DAQ device (National Instruments Corp., Seoul, Korea)
(Figure 2b). An electric loader is connected to the anode and cathode electrodes to monitor
and gather the current and voltage of the fuel cell.
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acquisition. (c) Overall test bench.

3.2. Durability Test

The modular stack was operated at two different temperatures, 55 ◦C and 75 ◦C under
ambient pressure. Reactant gases were 50% humidified at operating temperatures. The
3-cell modular stack was operated for about 300 h under NEDC mode. The load cycle was
used to test the fuel cell’s endurance over time.

The current required to achieve a cell voltage of 0.65 V was utilized as the cycle’s
100 percent current load value. According to our previous study, the current values at
0.65 V are 13.05 A and 14 A, respectively, when the operating temperatures are 55 ◦C
and 75 ◦C [17]. The NEDC current profiles were presented in Figure 3. It comprises four
195-s low-speed urban phases, followed by a 400-s motorway (highway) driving period
simulation. The NEDC lasts 1180 s in total.
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To study the aging behavior of the fuel cell during its lifetime, the polarization curve
was selected as it can express fuel cell losses directly, including activation loss, ohmic loss,
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and concentration loss. Furthermore, with the collection of polarization curves during
the durability test, the fuel cell performance can be effectively recovered [16]. This means
that the overall voltage degradation of the fuel cell consists of reversible and irreversible
factors [17]. In this study, the polarization curves of the fuel cell stack were collected every
100 h during the test from the beginning of test to the end of test. The polarization curves
were then used to determine the model parameters in Equation (28) using a least squares
approach.

4. Results and Discussion
4.1. PEMFC Degradation Behavior

Figure 4 depicts the behavior of the fuel cell stack in a durability test conducted under
varied operating conditions, with the fuel cell stack’s performance aging over time. It was
discovered that the voltage dropped over time. As can be observed from Figure 4a, voltage
degradation was observed more severely at higher voltages (higher current conditions)
than at lower voltages (lower current conditions). A sharper decline in voltage was seen in
Figure 4b when the operating temperature increased to 75 ◦C. Another aspect that can be
seen in Figure 4 is the voltage retrieval at polarization curve collection periods. Voltage
losses were recovered more efficiently under high load conditions than low load conditions.
In addition, there was a slighter recovery of voltage when the fuel cell operated at 75 ◦C
compared to 55 ◦C. Consequently, the degradation slope at 75 ◦C is much steeper than that
at 55 ◦C.
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The polarization curve test is performed at 100-h intervals in the PEMFC durability
testing described above. Figure 5 shows how the performance of the PEMFC degrades with
time under two operating conditions during long-term operations. It is worth noting that
in this study, the average voltage is used to analyze the behavior of a single cell rather than
the entire stack. As shown in Figure 5, the performance of the modular stack is severely
decreased by a longer running period paired with a higher temperature.
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4.2. Modeling Results
4.2.1. Model Parameter Estimate

This section is dedicated to model validation. Model parameters in Equation (28) could
be identified by fitting the recorded polarization curve data at various times. Equation
(28) has two types of parameters: initial and aging parameters. Equation (28) is fitted to
the polarization curve at t = 0 h to determine the initial parameters. This removes the
time-dependent terms from Equation (28), allowing the parameters of a new PEMFC to be
initialized without degradation. The fitting toolbox in MATLAB software R2019a is used
to estimate all parameters using a least squares approach. Figure 5 shows the fitted plot
as well as the polarization curve data. It is obvious that the model fits the experimental
data well.

Equation (28) parameters are determined using the fitting technique outlined above
and presented in Tables 2 and 3. There are a few things to consider. The initial values from
the durability test at T = 55 ◦C in Table 2 are lower than those from the durability test at
T = 75 ◦C, with the exception of VPtO,o and R. Table 3 shows that the aging rate of the fuel
cell at 75 ◦C will be faster (as demonstrated by significantly larger values of VPtO,1 and
iloss,1). This might explain why fuel cell stacks degrade quicker and have a shorter lifetime
at higher working temperatures, which will be further studied below.

Table 2. Initial values.

Durability test 1
(T = 55 ◦C)

VPtO,o (V) αa αa Iloss,o (A/cm2) io,a (A/cm2)

0.2582 0.5 0.5 0.0027 0.0083

io,c (A/cm2) Ro (ohm/cm2) mo no

0.0083 0.2067 0.0082 0.1065

Durability test 2
(T = 75 ◦C)

VPtO,o (V) αa αa Iloss,o (A/cm2) io,a (A/cm2)

0.1972 0.5 0.5 0.0080 0.0095

io,c (A/cm2) Ro (ohm/cm2) mo no

0.0091 0.1659 0.3872 0.1872
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Table 3. Aging parameters.

Durability test 1
(T = 55 ◦C)

VPtO,1 (1/h) iloss,1 (1/h) A1 (cm2) A2 (1/h)

6.75 × 10−5 2.11 × 10−6 0.0360 0.0019

R1 (1/h) m1 (1/h) n1 (1/h)

4.29 × 10−4 0.0055 0

Durability test 2
(T = 75 ◦C)

VPtO,1 (1/h) iloss,1 (1/h) A1 (cm2) A2 (1/h)

1.33 × 10−4 1.32 × 10−3 0.1172 1.87 × 10−4

R1 (1/h) m1 (1/h) n1 (1/h)

5.97 × 10−5 0.0033 6.54 × 10−5

The values of SSE, R-square, and RMSE are used to illustrate the model’s error, as
shown in Table 4. The simulation results showed good agreement with the empirical model,
with R-squared values greater than 0.99 for all cases. It indicated that the model is capable
of accurately representing PEMFC behavior.

Table 4. Performance degradation model accuracy evaluation.

SSE R-Square RMSE

Durability test 1 0.0015 0.9981 0.0062

Durability test 2 0.0006 0.9994 0.0041

4.2.2. Sensitivity Analysis

As part of the validation process, the degradation model is subjected to a global
sensitivity analysis (GSA). GSA is a mathematical technique used to study how uncertainty
and variability in input parameters affect model outputs [29]. In this paper, a novel GSA
method introduced by Francesca Pianosi and Thorsten Wagener [30] called PAWN is chosen
for this analysis. It provides a sensitivity index, which measures the relative influence of
each model parameter on the output. In this section, the aging parameters, the current, and
time are taken as the target factors for the GSA. Figure 6 plots the output distribution of
voltage against the inputs. From this figure, the current I seems to be the most influential
factor as their influence on the output voltage varies along the horizontal axis, while the
other inputs show the roughly evenly scattered points labeled as low influence.
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PAWN is based on the principle that the impact of an input factor will be proportional
to the amount of change in the output distribution, which is characterized by the Cumula-
tive Distribution Functions (CDFs) [31]. Figure 7 shows the CDFs plots of the model output
to inputs. The red line in this picture depicts unconditional CDFs acquired by varying all
inputs, whereas the gray lines represent conditional CDFs derived by fixing input xi. This
image shows that the input I has the most influence since the conditional CDFs have the
largest spread around the unconditional one (red line), but the conditional CDFs of the
other inputs almost overlap with the unconditional CDFs.
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The sensitivity of output y to input xi is calculated using the Kolmogorov—Smirnov
statistic (KSs) based on the difference between the unconditional CDFs of y: Fy(y), and the
conditional CDFs of y: Fy|xi

(y) [30]:

KS(xi) = max
∣∣∣Fy(y)− Fy|xi

(y)
∣∣∣ (34)

The PAWN sensitivity index is computed by taking a statistic of KSs (e.g., the maxi-
mum or median):

Ti = stat[KS(xi)] (35)

Ti ranges from 0 to 1. The lower the Ti value, the smaller the influence of xi.
The PAWN sensitivity indices of model parameters are shown in Figure 8. As predicted,

the most essential input is current, followed by time. It is consistent with the model’s
purpose of evaluating the voltage evolution over time based on the cycle profile. Other
parameters can be considered uninfluential, except for VPtO,1, which governs the linear
part of the model. These sensitivity analyses reveal that the model presented in this paper
may accurately reflect the performance degradation of fuel cells in reality.
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4.2.3. Transient Responses of a Modular Stack Model

The NEDC driving cycle simulates the driving modes of a real car at various speeds,
depending on the fuel cell system’s current demand density. The operation of the fuel stack
can be affected by changes in current density. The PEMFC model was used to examine the
transient responses of the fuel cell stack under the NEDC operating cycle in this section.
Figure 9 depicts the voltage, water content, and temperature transient reactions during
NEDC. The responses, as can be observed, closely reflect the current density demand.
When the current density rises quickly, the voltage drops sharply, and vice versa. The
membrane water content, on the other hand, fluctuates proportionally with the current
demand. The cooling system keeps the temperature at the desired level throughout the
operation. The temperature changes within a 1-degree margin.
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4.2.4. Voltage Degradation and PEMFC Lifetime Prediction

Figure 10 depicts the voltage variations during a single cycle at various times. As
seen in Figure 10, the voltage deterioration rate accelerates with prolonged running time,
particularly during high load operations (low voltage regimes). Figure 11 depicts voltage
degradations of PEMFC with three different currents corresponding to 0%, 40%, and 100%
of NEDC cycle load shown. When the fuel cell is run at 75 ◦C and 55 ◦C, the voltage
degradation profiles show that the PEMFC is basically dead at roughly 600 h and 1100 h,
once the voltage of the fuel cell is around 0.3 V at 100% load, which indicates the end of
life [32].
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4.3. Potential Use of the Model

The voltage degradation model uses the least squares method to fit the model’s
parameters with the experimental data. Once the parameter values of the model are
identified, it can be used to analyze the degradation of a PEMFC stack under certain
operating conditions and vehicle driving cycles. Although the model has already shown
satisfactory results, the change in operating conditions affects its accuracy. In fact, as
the operating conditions change, the values of the identified parameters will also change.
However, this model may be used to examine performance loss and health evaluation for
both stationary and mobile applications for any fuel cell stack if the required parameters
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are available. If not given, a set of experimental tests would be necessary to define the
model’s parameters.

5. Conclusions

In this paper, a new voltage degradation model was developed to investigate the
multiple degradation mechanisms under dynamic operation. The simulation results pre-
sented a good agreement with the empirical model, with R-squared values greater than
0.99 for all datasets collected with NEDC profiles. The dynamic responses of temperature,
voltage, and water content in the membrane under the NEDC dynamic driving cycle were
captured. They matched well with the changes in the current profile. It proves that this
new model can be used to investigate the performance and health of a PEMFC stack under
certain operating conditions and driving cycles. The simulation results show that PEMFC
is basically dead after 1100 h and 600 h when the fuel cell is operated at 55 ◦C and 75 ◦C,
respectively, under NEDC mode. In addition, according to the model sensitivity analysis,
the voltage degradation model is most sensitive to load current, followed by time under
dynamic operation.

The model has already received satisfactory validation and is capable of quickly
following the profiles of an automotive driving cycle with rapid current swift but not
yet perfect. Despite having severe degradations, the datasets in this paper were only
moderately long. More work needs to be done to strengthen the model validation and
support the above findings. The next step in this study is to test the model with various
vehicle driving cycles over a longer running time.
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Nomenclature

A area [m2]
a Water activity [-]
A1 Active surface area aging parameter [cm2]
A2 Active surface area aging parameter [h−1]
Ao Active surface area at t = 0 [cm2]
Ba Anode concentration loss parameter [V]
Bc Cathode concentration loss parameter [V]
c Concentration [mol.cm−3]
cp Specific heat [J.kg−1.K−1]
cw the water concentration, in mol/cm3

Dij Diffusion coefficient of species i and j [cm2.s−1]
Dλ Water diffusivity [cm2.s−1]
Erev Reversible open-circuit voltage [V]
F Faraday constant [96485 C.mol−1]
h Heat transfer coefficient [W.m−2.K−1]
I Current [A]
i Current density [A.cm−2]
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iL,a Limiting current density at the anode [A.cm−2]
iL,c Limiting current density at the cathode [A/cm−2]
iloss,1 Aging parameter of iloss [h−1]
iloss,o Initial parameter of iloss [A.cm−2]
iloss Internal current density [A.cm−2]
io,a Exchange current density at the anode [A.cm−2]
io,c Exchange current density at the cathode [A.cm−2]
J Diffusion flux [mol.m−2.s−1]
Jw,d Electro-osmotic drag [mol.s−1.cm−2]
Jw,diff Back diffusion drag [mol.s−1.cm−2]
L membrane thickness (cm)
m Empirical parameter in concentration loss equation [V]
m Mass flow rate [kg.s−1]
m1 Aging parameter of m [h−1]
Mm Membrane dry equivalent weight [kg.mol−1]
mo Initial parameter of m [V]
n Empirical parameter in concentration loss equation [cm2.A−1]
n1 Aging parameter of n [h−1]
nd Electro-osmotic drag coefficient [-]
no Initial parameter of n [cm2/A]
p Pressure [pa]
PH2 the partial pressure of H2 [atm]
PO2 the partial pressure of O2 [atm]
Qdry Membrane dry density [kg.cm−3]
R Idea gas constant [8.314 J.mol−1.K−1]
R Ohmic resistance [ohm.cm2]
R1 Aging parameter of R [h−1]
Rcr Contact resistance [ohm.cm2]
Rele Electronic resistance [ohm.cm2]
RH Relative humidity [%]
Rmemb Membrane resistance [ohm.cm2]
Ro Initial parameter of R [ohm.cm2]
s Stoichiometry [-]
T Temperature [K]
tA Anode electrode thickness
Tc,in Coolant temperature outlet [K]
Tc,o Coolant temperature outlet [K]
tC Cathode electrode thickness
Tg,in Gas temperature inlet [K]
Tg,o Gas temperature outlet [K]
VPtO,1 Aging parameter of VPtO [h−1]
VPtO,o Initial parameter of VPtO [V]
VPtO Platinum oxide overvoltage [V]
x Mole fraction [0~1]
αa Charge transfer coefficient at the anode
αc Charge transfer coefficient at the cathode
λ Water content [-]
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