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Abstract

Understanding the cold start process of polymer electrolyte
fuel cell (PEFC) is crucial to the development of an advanced
PEFC of good cold start performance or to the design of
advanced cold start strategies. In this study, a three-dimen-
sional cold start model has been adapted and further devel-
oped to numerically investigate the cold start behavior under
the applied clamping pressure, which was not considered in
previous cold start modeling and simulation work. The PEFC
cold start performance is studied under various assembly
pressures in terms of polarization curves, ice formation,
water content profile, and current density distribution, etc.
The results indicate that, using a large clamping pressure

leads to a significant decline on the cold start performance;
therefore, using an optimum clamping pressure is important
to obtain a better cold start performance. It is found that
increasing the clamping pressure not only increases the ice
accumulation in cathode catalyst layer, but also causes the
dehydration of membrane and decreases the cold start per-
formance. The proposed model can be used as a powerful
tool to study the realistic cold start performance of PEFC and
to assist the development of more advanced PEFC cold start
strategies.

Keywords: Clamping Pressure, Cold Start, Computational
Fluid Dynamic Analysis, Deformation, Fuel Cells

1 Introduction

Polymer electrolyte fuel cell (PEFC) is one of the most prom-
ising, cleanest, and highly efficient power sources, particularly
for vehicles’ applications due to their zero emissions. Despite
the great efforts which have been made toward the commerciali-
zation of PEFC, there are still some major challenges remain to
be overcome [1, 2]. An effective start-up from subfreezing envi-
ronment is one of these barriers [3]. When a PEFC operates at a
subzero temperature, if the produced water from the oxygen
reduction reaction (ORR) cannot be timely removed, the accu-
mulated water in the catalyst layer and gas diffusion layer turns
to ice. The formed ice will limit the reactants transport in the cat-
alyst layer/gas diffusion layer and reduce the electrochemical
active area (ECA), which leads to the drop of cell voltage, or
even shut-down of the cell if the ice formation reaches a thresh-
old value [4]. Thus, better cold start performance of a PEFC
becomes a significant factor for its commercialization [3].

Several parameters influence the successful startup of PEFC
from subfreezing environment. Therefore, the ice formation
phenomena under different cold startup temperatures were

numerically and experimentally explored [5–16]. Moreover,
self-startup strategies of PEFCs from various subfreezing con-
ditions were suggested [17, 18]. Although the great efforts that
have been done during the last decade, the cold start perfor-
mance of PEFCs remains to be further improved before their
wide commercialization.

To ensure the stability of fuel cell system, the different layers of
PEFC are clamped together. The applied clamping pressure
results in dimensional and physical changes in fuel cell compo-
nents, although it is essential to decrease the contact resistance
between the different layers and to prevent the leakage of reac-
tants. This clamping pressure mainly affects the mechanical and
physical properties of both anode and cathode gas diffusion
layers due to their smaller Young’s module compared to catalyst
layers (CLs) and membrane [19]. Basically, the clamping pressure
influences the thickness, porosity, permeability, and diffusivity of
gas diffusion layer (GDL) [20]. Small clamping pressure generally
causes a high contact electrical resistance between the bipolar
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plate (BP) and GDL [21–24]. On the other hand,
using a large clamping pressure may result in a
plastic deformation on the entire cell [25]. Taymaz
et al. [26] proposed that pressure values in a range
of 0.5 to 1.0 MPa are the optimum ones when con-
sidering the electrical properties of fuel cell com-
ponents. Chang et al. [27] experimentally exam-
ined the porosity, permeability, and thickness of
GDL under various clamping pressures. They also
measured the contact resistance between GDL and
bipolar plate for the compressed cells. They found
that increasing the clamping pressure leads to
mass-transfer limitation between the flow channel
(FC) and catalyst layer. Chi et al. [28] studied the
influence of non-uniform GDL properties on
the performance of PEFC under clamping pres-
sure using both experimental and numerical
approaches. Their results demonstrated that high-
er compression ratios lead to more vapor satura-
tion, water flooding, and hydrogen deficiency
downstream. Most recently, Yang et al. [29] inves-
tigated the effect of membrane electrode assembly
design on ice/water distributions and output per-
formance of cold startup operation by changing
the contact angle of micro-porous layer (MPL),
they considered different surrounding heat trans-
fer coefficients, design parameters and structural
properties in their analysis. They found that weak-
ening the hydrophobicity of GDL enhances the water removal
in MPL, hence preventing the MPL from water flooding.

Even though a number of cold start studies have been pre-
sented in literature, the clamping pressure effects on PEFC cold
start behavior have not yet been studied to date. Therefore, the
objective of this paper is to numerically investigate the cold start
performance under different applied clamping pressures, par-
ticularly the focus is on studying the transport phenomena
through the deformed GDL such as ice formation, water content
profiles, heat generation, and current density distributions. We
employed a simplified mathematical approach to predict the
deformation, porosity, permeability and tortuosity changes of
GDLs under various clamping pressures. Then a three dimen-
sional computational fluid dynamics (CFD) model that was
established for cold start simulation in a previous study [9] is
adapted and further developed to predict the cold start behavior
of PEFC under different clamped cases. Furthermore, the con-
tact resistance between land and GDL is considered as a func-
tion of clamping pressure. The simulation results of various
clamping forces are finally compared with the uncompressed
case results to comprehend the effects of clamping pressure.

2 Numerical Model

2.1 PEFC Cold-start Model

In this study, a previously developed PEFC cold-start
model by Jiang et al. [9] is further developed to explore the

influence of clamping pressure on the PEFC cold start perfor-
mance. A half single-channel geometry consisting of all sub-
components of PEFC: membrane, gas flow channels, current
collectors, GDLs, and CLs is considered. The governing equa-
tions of PEFC cold-start model are summarized in Table 1.
Source terms in each region are presented in Table 2. More
details about the electrochemical, physical and transport prop-
erties can be found in [9, 15] and thus are not repeated here.
The geometrical parameters, operating conditions, and mate-
rial properties are described in Tables 3 and 4.

A generalized water transport equation is considered and
solved for all regions of a fuel cell as follows:

¶ eeff CH20
� �

¶t
þ � � �uCH20� �

¼ � � DH20
eff �CH20

� �
þ SH20

C (7)

eeff and DH20
eff can be written with respect to the physics tak-

ing place in different layers of the cell as:

eeff ¼

1:0 Gas channels
e0 1� sð Þ GDLs

1

EW

RT

psat

rþ l
dr
dl

� �
dl
da

Membrane

e0 1� sð Þ þ emem
1

EW
RT
psat

rþ l
dr
dl

� �
dl
da

CLs

8>>>>>><
>>>>>>:

(8)

Table 1 PEFC cold start model: conservation equations.

Conservation Equations

Mass ¶ esrsð Þ
¶t

þ ¶ erð Þ
¶t

þ � � r~uð Þ ¼ 0 (1)

Momentum ¶ r~u=eð Þ
¶t

þ � � r~u~u
e2

� �� 	
¼ � � m�~uð Þ � �pþ Su (2)

Species ¶ eCi
� �
¶t
þ � � ~uCi� �

¼ � � Di
eff �Ci

� �
þ Si

c (3)

Charge � � keff
e �e

� �
þ S

e
¼ 0 (4)

� � seff
s �s

� �
þ S

s
¼ 0 (5)

Energy ¶ rcp

� �
cell

T
h i

¶t
þ � � rcp~uT

h i2
4

3
5 ¼ � � keff �T

� �
þ ST (6)
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Table 2 PEFC cold-start model: source terms.

Gas channels Gas diffusion layers Catalyst layers Membrane

Su 0 � m
KGDL

~u � m
KCL

~u –

SH20
C

0 � _qH20
gs �� � nd

F
ie

� �
� sk j

nF
� _qH2 0

gs �� � nd

F
ie

� �

Sc (for reactants) 0 0 � sk j
nF

0

Se – – j 0

Ss 0 0 –j –

ST – is
2

seff
s

þ _qH2 0
gs hgs j h� T

¶ Uoð Þ
¶T

� �
þ ie

2

keff
e

þ is
2

seff
s

þ _qH20
gs hgs

ie
2

keff
e

Table 3 Cell dimensions and operation conditions.

Description Value Unit

Cell height; length 2; 600 mm

Land shoulder width 1.0 mm

Anode/cathode GDL thickness 300; 300 mm

Anode/cathode CL thickness 10; 10 mm

Membrane thickness 30 mm

channel depth; width 1; 1 mm

Initial water content 6.2 –

Startup temperature 253.15 K

Current density 1,000; 3,000 A m–2

Anode/cathode stoichiometry 2.0 –

Anode/cathode inlet gas temperature 253.15 K

Anode/cathode pressure 1.0 atm

DH20
eff ¼

DH20
g Gas channels

e0 1� sð Þ½ �1:5DH20
g GDLs

DH20
mem

1
EW

RT
psat

rþ l
dr
dl

� �
dl
da

Membrane

e0 1� sð Þ½ �1:5DH20
g þ e1:5

memDH20
mem

1
EW

RT
psat

rþ l
dr
dl

� �
dl
da

CLs

8>>>>>>><
>>>>>>>:

(9)

DH20
mem and DH20

g represent the water diffusivity in the mem-
brane phase and the gas phase respectively, defined as:

DH20
g ¼ D0

T
353:15

� �3

2 Po

P

� �
(10)

DH20
mem ¼

5:93 · 10�5l e0:28l � 1
� �

e
� 4269

T

� �
if 0 < l£3

7:97 · 10�6l 1þ 161e�l
� �

e
� 4269

T

� �
else

8>>>><
>>>>:

(11)

2.2 Clamped GDL Properties
Calculations

A simplified mathematical
approach is considered to predict the
porosity change in the deformed
GDLs under different applied clamp-
ing pressures. Then, the influenced
structural and transport properties of
the compressed GDLs such as perme-
ability and tortuosity are calculated
based on the reduced porosity, and
selectively applied for various cases in
the cold start simulations to be pre-
sented later on.

The clamping pressure is applied
on the top and bottom surfaces of
bipolar plates and assumed to be uni-
formly distributed. Due to the higher
Young’s module of both membrane
and catalyst layer compared to the
GDL, their deformation by assembly
pressure can be neglected [23, 26].
Therefore, we assume that the applied
clamping force results only in the
deformation of pore volume of gas
diffusion layers while the solid vol-
ume remains constant, as shown in
Figure 1, reducing the pore volume
directly decreasing the GDLs porosity.
In addition, the GDL intrusion into
the channels is neglected in this inves-
tigation [30] and will be considered in
future work.

We can determine the porosity var-
iation of GDL after applying the
clamping pressure as:

ecom ¼ eo
Vcom � Vsolid

Vi � Vsolid (12)

with

Vi ¼ width � length � height Lð Þ (13)

Vsolid ¼ Vi 1� eoð Þ (14)

Vcom ¼ width � length � height lcomð Þ (15)

where Vcom is the volume of the compressed GDL, Vsolid is the
volume of solid material, Vi is the initial volume of the GDL
before applying the clamping pressure, e0 and ecom are the por-
osities of the GDL before and after the GDL compression,
respectively.
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DL is the deformation of GDL due to compression, and can be
calculated using a simplified form of Hooke’s law as:

DL ¼ Pcontact L
Acontact E

(16)

where E is the Young’s modulus, Pcontact is the contact pressure
that can be determined by:

Passembly*Aassembly ¼ Pcontact*Acontact (17)

where the Passembly and Aassembly are the assembly pressure and
the area on which this assembly pressure is applied, respec-
tively. Acontact is the contact area on which the contact pressure
is applied.

Based on the modified porosity of clamped GDL, the per-
meability of the compressed GDL can be obtained by using
the well-known Kozeny-Carman relation [31] as:

K ¼
Df

� �2
ecomð Þ3

16 Kck 1� ecomð Þ2
(18)

where Df is the diameter of fibers forming
the GDL, Kck is the Kozeny-Carman con-
stant. Another structural parameter
related to the porosity change is the tortu-
osity of GDL material, which is consid-
ered as [32]:

t ¼ 1� 0:49 ln ecomð Þ (19)

The contact resistance (Rcontact) can be
calculated as [23]:

Rcontact ¼ 2:2163þ 3:5306
pcontact

mW cm2 (20)

Then the contact resistance between
GDL and current collector is included for
various compressed cases through modi-
fying the electronic conductivity in the
computational cells of the current collec-
tor interfacing with GDL. The modified
electronic conductivity of current collector
at a nodal point facing GDL is given by:

s ¢ ¼ 1
ð1 =s þ Rcontact=DxÞ (21)

where s is the electronic conductivity of
the current collector (original value), and
Dx is the cell size.

2.3 Numerical Procedure

First, we predict the GDL deformation
and GDL porosity change under various
applied pressures. Then, we calculated

the permeability and tortuosity of GDL as a function of the
reduced porosity for various cases. Table 5 describes the modi-
fied GDL’s properties due to clamping pressures. After that,
we employed a three dimensional (3D) cold start model by
using ANSYS-Fluent based on CFD method. The conservation
equations and different source terms are implemented
through customizing its user defined functions (UDFs). The
geometry, mesh and time step sizes for cold start simulation
are based on the work by Mao et al. [15, 33], in which the
numerical accuracy has been extensively evaluated.

Table 4 Material and transport properties.

Description Value Unit

Porosity of GDL (initial); CL 0.6;0.53 –

Volume fraction of ionomer in CL 0.15 –

Density of gas mixture 1.0 kg m–3

Heat capacity of Membrane; CL; GDL; bipolar plate 1,650; 3,300; 568; 1,580 kJ m–3 K–1

Heat conductivity of Membrane; CL; GDL; bipolar plate 0.95; 1.0; 1.0; 20 W m–1 K–1

Heat capacity of ice; frost 3,369.6 kJ m–3 K–1

Heat conductivity of ice; frost 2.4 W m–1 K–1

Latent heat of desublimation 5.1 · 104 J mol–1

Permeability of CL 1.0 ·10–13 m2

Electronic conductivity of GDL; CL; bipolar plate 300; 300; 1·107 S m–1

Equivalent weight of ionomer 1.1 kg mol–1

Density of dry membrane 1,980 kg m–3

H2/H2O diffusivity in anode 8.67·10–5; 8.67·10–5 m2 s–1

O2/H2O diffusivity in cathode 1.53·10–5; 1.79·10–5 m2 s–1

GDL Young’s modulus (E) 6.2 [22] MPa

Fig. 1 Computational domain for a half single cell before applying clamping force and the
assumed model for clamped GDL.

Table 5 GDL’s properties variation under clamping pressures.

Cases Clamping
pressure
/ MPa

Compression
ratio
/ %

Porosity
/ ecom

Permeability
/ m2

Tortuosity

Case 1 – – 0.6 1.05 · 10–12 1.25

Case 2 0.5 16 0.44 1.39 · 10–13 1.4

Case 3 1.0 31 0.28 2.16 · 10–14 1.62

Case 4 1.5 47 0.12 1.14 · 10–15 2.04
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2.4 Boundary and Initial Conditions

Dry air and hydrogen are fed into the cathode and anode
channels. The reactant species in gas channels and GDLs are
initially set to have the same molar concentration as the inlet
gas. The bipolar plate temperature (at anode and cathode side)
is kept constant at the startup temperature (T = 253.15 K). Zero
flux boundary condition is applied to the electrolyte phase
potential, while for the electronic phase potential, a reference
potential (zero) is set at the anode side, and a constant current
density of 1,000 or 3,000 A m–2 is prescribed at the outer sur-
face of the cathode bipolar plate to start up the cell. At the
channel inlets, the gas velocity uin can be calculated from the
stoichiometric flow ratio, i.e., xa or xc, defined at the current
density, I, namely:

xa ¼
CH2 uin;aAin;a

IA=2F
; xc ¼

CO2 uin;cAin;c

IA=4F
(22)

3 Results and Discussion

3.1 Effects of Clamping on GDL Properties and Contact
Resistance

Eight cases are calculated considering uncompressed cell
and cell assembly pressures of 0.5 MPa, 1.0 MPa, and 1.5 MPa,
respectively, under both low and high current densities. The
uncompressed case presents the non-deformed GDLs in which
the original GDL thickness and porous properties such as
porosity and permeability remain the same, and it is the most
commonly used case in previous studies of cold start model-
ing and simulation [9, 34, 35]. The GDL deformation and
porosity changes after applying clamping pressures can be
seen in Table 5. 16% of the initial GDL thickness is deformed
under the 0.5 MPa pressure application, and when the clamp-
ing pressure is increased to 1.5 MPa the GDL deforms to the
half (47%). As we present in Section 2.3, we calculate the
clamped GDL porosity as function of clamping pressure. Then
we obtain the permeability and tortuosity of the clamped GDL
based on the new calculated porosity. Different GDL porosity
profiles are considered in this study. For cases 2, 3, and 4 the
porosity values of GDL change only under the land owing to
applied pressure under the land, while the porosity under the
channel remains as its intrinsic value (0.6).

The relation between contact pressure and contact resis-
tance is also shown in Figure 2, the presented curve illustrates
the significance of applying a proper contact pressure to com-
pact the fuel cell layers in order to reduce the contact resis-
tance between them. It is observed that increasing the applied
pressure results in decrease of the contact resistance, which is
mainly due to the increased contact area in the interface
between GDL and land. Moreover, the drop rate of contact
resistance is severe within the range of 0.5 to 2.0 MPa, and
after that the curve shows a slight drop, mainly because there
is no large increase in the contact area after that range of con-
tact pressures. On the other hand, Figure 2 indicates that

increasing the assembly pressure increases the GDL tortuosity
due to the reduced porosity and thickness of GDL.

3.2 Effects of GDL Compression on Cold Start Behavior

In this study, we consider a non-isothermal model with
constant boundary temperature. The fixed constant tempera-
ture boundary condition denotes that bipolar plates’ tempera-
tures on both anode and cathode sides are kept constant at the
startup temperature (–20 �C) but the temperature of the cata-
lyst layer is slightly higher due to the generated heat from the
chemical reactions. This boundary condition simulates the end
cell of the fuel cell stack where the external wall of the bipolar
plate remains at the start up temperature. By using this quasi-
isothermal operating condition, the cold start operation is des-
tined to shut down. However, it is useful to evaluate the cold
start capability of PEFCs [4, 15, 36]. Under this scenario, the
produced water from ORR and fundamental data of cold start
cell can be quantified before the cell shutdown. Thus, the mea-
sured data becomes independent of the cell fixture and its
thermal mass, and depends more in the intrinsic properties of
the cell. More details and discussion about the constant tem-
perature boundary condition can be found in Tajiri et al.
[10, 37].

In the catalyst layer, where the water produces, under sub-
zero temperatures the ice accumulation further obstructs the
oxygen to the catalyst layer. Even though, when the ice forma-
tion is still low, the cell voltage increases due to the small rise
in the temperature from the chemical reaction and also due to
the hydrated membrane, until the ice formation reaches a cer-
tain threshold level (ice fraction in pore volume is about 1),
leading the cell to shut down. Consequently, the unsuccessful
startup from –20 �C because the temperature cannot reach the
freezing point before the cathode CL is filled up by ice [38].

Figure 3 depicts the oxygen concentration distribution in
the y–z plane at the middle of the cathode GDL along the flow

Fig. 2 Correlation between the clamping pressure and tortuosity, and
the contact pressure and contact resistance for fuel cells.
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direction for different cases. For all cases along the flow path,
from inlet to outlet the oxygen concentration continuously
decreases because of the oxygen consumption in cathode CL.
We observe that the uncompressed case shows more even dis-
tribution of oxygen due to the constant GDL properties under
land and channel. Besides, we note that when we apply a
higher clamping pressure it becomes more difficult for oxygen
to transport from gas channel to CL via GDL, especially in the
region under land, and that is mainly because of the reduced
porosity and permeability of GDL under the land.

Figures 4 and 5 depict the ice fraction contours at the center
of the cathode CL for various cases at different time instants in
y–z plane along the flow direction and x–z plane at the middle
of the cell length, respectively. In the uncompressed cases: case
2 and case 3, the ice tends to accumulate more under the land
area than under the channel area due to the higher current
density in the region under land compared to the region under
channel. A comparison of cases 1, 2, and 3 where the thick-
nesses of GDLs are reduced by 0%, 16%, and 31%, respec-
tively, further elucidates the influence of clamping pressure on
ice formation behavior in cold start process. It is found that
applying a higher clamping pressure results in slightly larger
amount of ice in the cathode catalyst layer, mainly because the
accumulated water under the land is more difficult to be
expelled due to the reduced porosities, that leads to longer
water transport path in cases 2 and 3 compared to the uncom-
pressed case.

In Case 4 where the GDL compression ratio is equal to
47%, the ice fraction accumulates faster near the channel
region (see Figures 4 and 5). This trend can be illustrated as
follows, the severe oxygen transport limitation under the land
due to the reduced GDL porosity in case 4 (see Figure 3),
greatly lowers the current density under the land (see
Figure 7), which in turn results in rela-
tively higher current density profile
under the channel region along the
flow direction owing to the imposed
constant operating current load. Con-
sequently, the higher current density
profile under the channel region
results in more water production, as
well as more ice formation rate under
the channel than that under the land.
In addition, the existence of higher
current density profile under the
channel causes the water flow from
the anode side to the cathode side via
electro-osmotic drag (EOD) effect. The
EOD effect due to the clamping pres-
sure can be clearly observed from
water content profiles for both
clamped and uncompressed cases in
Figure 6, in the clamped case owing
to the higher current density under
the FC, the EOD makes the membrane
water content decrease in the region

neighboring to the anode CL side, thus in turn leads to the
dehydration of the membrane.

The membrane current density contours under different
operating load current for various cases are plotted in Figure 7.
The current density distribution in the cell depends on both
charge and mass transport. The current density distributions
for all cases decline along the flow direction due to oxygen
depletion. Moreover, the transfer current density is higher
under the land region for case 1 and case 2. This distribution is
dominated by the transport of protons and electrons. In the

Fig. 3 Oxygen concentration contours in the y–z plane at the middle of
the cathode GDL for cases 1–4 at t = 30 s under an operating current
density of 1,000 A m–2.

Fig. 4 Ice fraction contours in the y–z plane at the center of the cathode CL for cases 1–4 at different
time (a) t = 50 s, (b) t =76 s under an operating current density of 1,000 A m–2.
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under-land region, the membrane is more humidified and
thus has smaller protonic charge transfer resistance, and in
this region the electronic charge transport has also shorter
transport distance. This situation will not change unless the

mass transport is significantly affected by the applied clamp-
ing pressure, e.g., for case 4, or a large amount of ice has
already formed in the under-land region after long time cold
start operation. In addition, it is obvious that the degree of cur-
rent density uniformity decreases as we increase the applied
clamping pressure and it is more critical under the higher
operating current load where the oxygen transport resistance
is very high. As a result, we conclude that applying an opti-
mum clamping pressure value may result in a more uniform
distribution of current density and thereby a better cold start
performance.

Generally, the GDL compression improves the electronic
conductivity of the GDL because it increases the interfacial
contact between neighboring components, hence decreasing
the contact resistance between the GDL and bipolar plate, e.g.,
the contact resistance was 10 mW m2 in case 1 but when the
assembly pressure was applied in case 4, the contact resistance
was dropped very sharply to 3.79 mW m2. This enhanced elec-
tronic conductivity is expected to improve the cell perfor-
mance. However, the reduced GDL properties such as thick-
ness, porosity and permeability due to GDL compression
cause the transport limitation through the GDL. We can
observe clearly from Figure 8 that the cold start performance
is decreased, and consequently the case with higher clamping
pressure exhibits lower cold start performance. In addition,
Figure 8 shows that the cold start performance is slightly

Fig. 5 Ice fraction contours in the cathode CL for cases 1–4 in the mid-y x–z plane at time instants of (a) t = 50 s, (b) t =76 s
under an operating current density of 1,000 A m–2.

Fig. 6 A comparison of water content profiles between case 1 and case
4 in the MEA at the middle of the fuel cell length along x-direction under
an operating current density of 1,000 A m–2.
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decreased under clamping pressures in a
range of 0.5–1.0 MPa. Conversely, applying a
clamping pressure of 1.5 MPa has shown a
severe degradation on the voltage curve of
cold start process.

This implies that the decreased porosity of
GDL due to applied clamping pressure is one
of the key factors that influence the PEFC
cold start performance. Although the gener-
ated heat in the cell under different clamping
pressures are expected to have a more evi-
dent effect, but it shows a small increase in
the clamped cases due to the applied quasi-
isothermal boundary conditions, and it will
be further discussed on a non-isothermal
study in future work. More importantly, it is
found that under cold start operating condi-
tions the clamping pressure lowers the over-
all performance and decreases the uniformity
in the current density distribution. In addi-
tion, the numerical simulation results show
much higher cold start performance with the
uncompressed case, which overestimates the
cell performance, because that does not exist
in actual fuel cell performance [39]. Hence,
clamping pressure effects on GDL should be
considered in cold start fuel cell research.

It is worth mentioning that the trend of
cell performance degradation due to clamp-
ing pressure was also observed under normal
PEFC operating conditions. And the non-
deformed case (case 1) was found to have the
best cell performance compared to the

clamped cases [26, 40, 41]. The clamping pressure was
reported to have a direct influence in the reactants transport
that caused by the reduced porosity and thickness of GDL. As
a consequence, the uniformity of the current density distribu-
tion in the membrane was decreased [42, 43].

4 Conclusions

To understand the cold start behavior of PEFC under var-
ious clamping pressures, a three-dimensional cold start model
is upgraded and further developed, and eight cases are simu-
lated.

The simulation results show that the uncompressed case
shows more even distribution of oxygen due to the constant
GDL properties under land and channel. It is found that
applying a higher clamping pressure increases the degree of
non-uniformity in the ice formation contours and current den-
sity profiles. Correspondingly, applying a higher clamping
pressure results in slightly larger amount of ice in the cathode
catalyst layer and the ice tends to accumulate more under the
channel region than under the land region owing to the higher
current density distribution under the channel, which caused

Fig. 7 Current density distribution in the y–z plane at the center of the membrane under
operating current load of (a) 1,000 A m–2, (b) 3,000 A m–2 at t = 30 s.

Fig. 8 Cell voltage evaluation curves for different clamping pressures
under an operating current density of 1,000 A m–2.
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by the sever oxygen transport limitation under the land
region. Furthermore, the existence of higher current density
under the channel is found to increase the dragged water by
EOD, which exacerbates the dehydration of the membrane in
the anode side and results in lower cold start performance. We
conclude that applying an optimum clamping pressure value
may result in a more uniform distribution of current density
and thereby a better cold start performance.

It is interesting to note that the mass transport limitation
under clamping pressure plays a dominating role by decreas-
ing the overall performance of cold start process. Although
the influence of clamping pressure was neglected in previous
published cold start studies, this work reveals that the clamp-
ing pressure has a considerable influence in cold start behav-
ior. Additional efforts are underway to consider an inhomoge-
neous deformation of GDL in order to capture its effect on
cold start performance.
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List of Symbols

A Area; electrode area / m2

C Species concentration / mol m–3

D Diffusivity / m2 s–1

E Elasticity modulus / MPa
EW Equivalent weight of dry membrane / kg mol–1

F Faraday constant / C mol–1

i Current density / A m–2

j Transfer current density / A m–3

K Permeability / m2

nd Electroosmotic drag coefficient
p Pressure / Pa
_q Water desublimation rate / mol m–3 s–1

R Universal gas constant / J mol–1 K–1

s Ice fraction
S Source term
t Time / s
T Temperature / K
u Superficial fluid velocity / m s–1

Greek Symbols

e Porosity
l Water content in membrane
F Phase potential / V
m Viscosity / Pa s
x Stoichiometric flow ratio

r Density / kg m–3

h Overpotential / V
k Proton conductivity / S m–1

Superscripts/ Subscripts

e Electrolyte
eff Effective
gs Vapor-solid phase transition
i Species
mem Membrane
0 Initial
ref Reference
s Solid phase
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