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Abstract: The commercial proton exchange membrane fuel cell (PEMFC) system needs to be equipped
with the capacity to survive a harsh environment, including sub-freezing temperatures. The cold start
of PEMFC brings about great technical challenges, mainly due to the ice blockage in the components,
which seriously hinders the multi physical transmission process. A multiscale, two-dimensional
model was established to explore the gas purging in PEMFC under different electrochemical reaction
intensities. The results indicate that the optimal case is obtained by B3-1 with a power density of
0.796 W cm−2, and the power density increases first and then decreases, followed by stoichiometric
flow ratio (ξ) changes. It is worth noting that the water mole fraction in the PEM is closely related to
the water concentration gradient. However, the differences in the initial water distribution in porous
media have little bearing on the condensed water in the gas channel, and the liquid water in the
gas diffusion layer (GDL) is preferably carried away ahead of other porous parts. The results also
show that the increase in the purge speed and temperature can remove the excess water on GDL and
the catalytic layer in a short time. For a nitrogen-based purge, the operating condition in case B3-1

is shown as the best strategy based on the output performance and economic analysis during the
shutdown and purge process.

Keywords: proton exchange membrane fuel cell; operation conditions; cold start; multi physical
transmission process; multiscale two-dimensional model; purge strategy

1. Introduction

High energy conversion and environmental protection power supply devices have
attracted extensive attention over the world due to the global energy crisis and the aggra-
vation of environmental pollution caused by traditional fossil fuels. Renewable energies
such as wind and solar energy are unstable and intermittent during generation, and fuel
cell techniques based on hydrogen are much too simple since there is no need to employ
additional energy storage systems to improve the utilization rate and stability. At the
same time, green hydrogen can be prepared by electrolysis of the water through renewable
energy access, without considering the intermittent problem [1]. Compared with other
types of fuel cells, the proton exchange membrane fuel cell (PEMFC) has advantages, such
as a low operating temperature [2,3], fast start-up speed [4–6], and modular installation [7].
It is considered to be the best alternative power supply for electric vehicles, submarines,
and various movable devices [8–12].

Nevertheless, it has great challenge for PEMFC to start and operate at subzero am-
bient temperature [13]. The water generated by electrochemical reactions in the system
is susceptible to freezing inside the stack [14], preventing the gas reaction medium from
reaching the catalytic layer [15] and even causing irreversible performance degradation of
the membrane [16–19]. It is recognized that proper purging after the shutdown of PEMFC
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in a low temperature environment can significantly reduce water content on the porous
media of PEMFC [20–22], which is heavily instrumental in the cold start process [23]. There-
fore, a detailed understanding of water transport in the gas diffusion layer (GDL), catalyst
layer (CL) and membrane is essential to establishing effective gas purge protocols to aid
the successful cold start of PEMFC.

Through comprehensive study in the cold start process of PEMFC, reaching an agree-
ment on the distribution of water is the most important factor in affecting the cold start
performance. Meanwhile, the frozen process is the direct cause of the cold start failure
and has a significant effect on the change of water in the PEMFC system, including the
initial humidity, initial temperature, starting current density, and the existence of super
cooled water [24]. However, the distribution of final liquid water caused by different initial
conditions gradually changes along the direction of the reaction gas velocity [25–29], and
the corresponding purge strategy optimization is not systematically discussed.

In this study, a multiscale two-dimensional model is developed to investigate the water
distribution in the steady state of the PEMFC under different boundary conditions, and
the transient state of water fraction changes by purging the gas channel based on different
initial conditions. The output power and water mole fraction characteristics are obtained
to predict the energy efficiency and the regularity of water distribution. Coherently, the
purge strategy optimization of PEMFC under different initial distributions is systematically
analyzed through the distribution of liquid water in gas channels, porous media, and the
proton exchange membrane. Furthermore, energy consumption criteria are applied to
evaluate the economy’s performance and the optimal purge strategy of PEMFC.

2. Materials and Methods

As shown in Figure 1a, a multiscale, two-phase model of a PEMFC, including a water
transport process, is employed by means of COMSOL Multiphysics 5.6, which encompasses
all the main elements of a PEMFC. The flow medium inside cathode and anode gas channels
(GC) is a reaction gas that combines with humidified water. The gas diffusion layer (GDL)
and catalytic layer (CL) of the cathode and anode are conductive mediums with a porous
structure, which is conducive to the flow field of reaction gas and water. Importantly, there
are four kinds of water transport approaches in proton exchange membrane (PEM), electro-
osmotic drag (EOD), back diffusion (BD) and hydraulic permeation (HP), respectively [30].
In addition, the phase transition and water production reaction are considered in the
mathematical model to better describe the distribution of water. All models analyzed
in this study have the same common dimensions of 20 mm × 2.96 mm (the geometric
parameters of PEMFC are chosen and listed in Table 1), and the boundary heat transfer
conditions are provided in Figure 1b.
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Table 1. Geometric parameters of the PEMFC.

Component H (mm) L (mm)

GC 1 20
GDL 0.38 20
CL 0.05 20

PEM 0.1 20

The complete electrochemical model is formulated based on the conservation princi-
ples of mass, momentum, and energy, as well as electrochemical reactions, to simulate the
multi-physical transport and electrochemical processes occurring in the interior of a fuel
cell. However, some reasonable assumptions [31] are given before the calculation:

(1) Ideal gas law is assumed for gas mixtures in low pressure environment.
(2) Laminar and incompressible flow was considered for the gaseous phase.
(3) Ignoring the influence of gravity in micro-channels.
(4) The performance of electrode materials remains stable.

Then, all the conservation equations [32] during electrochemical reactions are briefly
described as follows:

Mass conservation equation:

∂(ερ)

∂t
+∇·(ερu) = Sm (1)

Momentum conservation equation:

∂(ερu)
∂t

+∇·(ερuu) = −ε∇p +∇·(εµ∇u) + Su (2)

Energy conservation equation:

∂
(
ερcpT

)
∂t

+∇·
(
ερcpuT

)
= ∇·

(
ke f f∇T

)
+ Sq (3)

Component conservation equation:

∂(εci)

∂t
+∇·(εuci) = ∇·

(
De f f

i ∇ci

)
+ Si (4)

Electrochemical equations:
The Butler-Volmer equation is used to describe dynamic reaction on CL surface [33].

The equation based on over-potential and exchange current density is as follows:

Sa = ja,re f

(
cH2

cH2,re f

)γa(
e

αa Fηa
RT − e−

αc Fηc
RT

)
(5)

Sc = jc,re f

(
cO2

cO2,re f

)γc(
−e

αa Fηc
RT + e−

αc Fηa
RT

)
(6)

The potential of PEMFC can be artificially defined by form of existence as a solid-
phase potential and a membrane-phase potential. Interface conditions involving the inlet
and outlet of GC and Walla and Wallc of the PEMFC. The inlet boundary is given by molar
fraction of the reaction gas and temperature [32,34,35]:

uin =
ξ

x
I0 A1

nFA2

RT0

p
(7)



Processes 2023, 11, 290 4 of 17

{
Xin = X0
Tin = T0

(8)

The outlet boundary is set as back pressure:

P0 = 0 (9)

Except for convective heat exchange between Walla and Wallc of the PEMFC and the
environment, the remaining boundaries are set as adiabatic.

q0 = h(Text − T) (10)

where h is the convective heat transfer coefficient. Text is the environmental air temperature,
which set as Text = 243 K to study PEMFC performance under extreme cold conditions.
Moreover, the detailed description of operating parameters in the equation is shown in
Table 2.

Table 2. Operation conditions and physical properties.

Parameter Value Ref.

Inlet mass fraction of Hydrogen wH2 0.743 [32]
Inlet mass fraction of Anode waterwH20 0.257 [32]
Inlet mass fraction of Oxygen wO2 0.228 [32]
Inlet mass fraction of Nitrogen wN2 0.749 [32]
Inlet mass fraction of Cathode water wH20 0.023 [32]
Reference pressure P(Pa) 101,325 [32]
GDL/CL porosity εcl 0.5 [35]
Thermal conductivity of GDL kgdl

(
Wm−1 K−1

)
1 [36]

Thermal conductivity of kpem

(
Wm−1 K−1

)
0.95 [36]

Conductivity of GDL σgdl

(
S m−1

)
222 [32]

Conductivity of CLσcl

(
S m−1

)
10,000 [32]

Reference hydrogen and oxygen concentration cre f
H2

; cre f
O2

(
mol m−3

)
41; 41 [37]

Reference exchange current density of anode and cathode

ire f
0,a ; ire f

0,c

(
A m−2

) 2000; 0.00001 [37]

Water vapor transport in porous media plays a critical role in the gas purging of a
PEMFC. During the purging process, a large amount of water vapor in the porous medium
diffuses to the interface between GDL and GC under different concentration gradients.
The purging gas in GC and water vapor converge and diffuse to the interface of the
porous medium by convective movement. The dynamic equation of water vapor in GDL
is as follows:

δgdlεgdl
dcgdl

dt
= Jcl→gdl − Jgdl→gc (11)

Jgdl→gc =

(
cgdl − cgc

)
0.5δgdl

De f f (12)

For the governing equation of water vapor purging, the convective term is discretized
by a fast scheme, and the diffusion term is discretized by a central difference scheme [37].

3. Results and Discussion
3.1. Grid Independency

To evaluate the water distribution of a PEMFC in a severe cold environment under
different initial conditions, the most critical factors affecting water distribution, namely
inlet moisture content, stoichiometry flow ratio, and heat transfer coefficient (as shown in
Table 3), are selected as variables for this work. However, grid independence verification
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is required before calculation. It can be seen from Table 4 that the corresponding current
density at each operating voltage remains constant after the grid number reaches 57,944.
Therefore, the model with 57,944 grids is selected for subsequent calculation and analysis.

Table 3. Cases under different initial conditions for the electrochemical model.

Moisture Content (%)/ξ

h (W m−2K−1)
10 30 50 100

20/1 Case A1 Case A2 Case A3 Case A4
60/1 Case B1 Case B2 Case B3 Case B4

100/1 Case C1 Case C2 Case C3 Case C4
60/2 - - Case B3-1 -
60/5 - - Case B3-2 -

60/10 - - Case B3-3 -

Table 4. Variation of current density of Case B3 for different grid numbers.

Operating
Voltage

Current Density under Different Grid Numbers (A cm−2)

38,456 48,306 57,944 65,342

0.8 V 0.13 0.14 0.14 0.14
0.6 V 0.96 0.99 1.01 1.01
0.4 V 1.65 1.67 1.68 1.68

3.2. Output Characteristics of PEMFC under Subzero Temperatures Conditions

The polarization curve is an important parameter for describing the performance
of the fuel cell system. The experimental and simulated values of case C4 are shown in
Figure 2. It can be seen that the simulated value is consistent with the experimental value
from the literature [38]. Therefore, it is reasonable to conclude that the distribution of
reactants and products obtained by subsequent calculation is accurate.
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Figure 2. Validation of the electrochemical model by comparing with the experimental results.

3.2.1. Electrochemical Characteristics of PEMFC under Different Initial Conditions

The simulated polarization curves under different boundary heat transfer coefficients
or ξ are compared in Figure 3. Seen from Figure 3a–c, the wake heat transfer conditions
on the boundary are not conducive to the output performance of the PEMFC, even in
extremely low temperature environments. It can be shown that obvious polarization of the
concentration occurred, particularly in cases with low levels of heat transfer coefficients.
However, there is little increase in the maximum output power density at a cell voltage of
0.5 V as the heat transfer coefficient exceeds 50 Wm−2 K−1 for each moisture content case.
Through quantitative analysis, the optimal output power density of case B3 is 0.748 W cm−2,
which is only 2.74% higher than that of case A3 (0.728 W cm−2), and 8.56% higher than that
of case C3 (0.689 W cm−2). Therefore, the high inlet humidity in a cold environment can
ameliorate the performance of PEMFC. Similarly, the increase in ξ contributes to increasing
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the inlet velocity. As described in Figure 3d, it easily falls into an obvious concentration
polarization under a heat transfer coefficient of 50 Wm−2 K−1, and power density increases
first and then decreases with ξ changes. The optimal value appears in case B3-1 with a
power density of 0.796 Wcm−2, which is 6.42% higher than case B3 and 15.53% higher than
case C3. For case B3-2, the maximum output power density of 0.748 W cm−2 is similarly
obtained when the operating voltage is 0.5 V, which is also slightly higher than case B3.
However, the output performance gradually decreases when the inlet velocity is further
increased in GC.

Processes 2023, 10, x FOR PEER REVIEW 7 of 18 
 

 

 

Figure 3. Effects of heat transfer coefficients or ξ on polarization curves under different moisture 

content of (a) 20%, (b,d) 60% and (c) 100%. 

3.2.2. Water Distribution under Different Initial Conditions 

The liquid water in the porous area of the PEMFC is easily frozen in a severe cold 

environment, blocking the transport of reaction gas and ultimately resulting in a rapid 

decline in cell performance in the start-up stage. Therefore, the porous electrode and liq-

uid water distribution in the gas diffusion layer are extremely important to the purging 

process after shutdown. The water mole fractions of different interfaces in GDL and PEM 

for cell voltage = 0.5 V are depicted in Figure 4. Critically, the water mole fraction in PEM 

is closely related to the water concentration gradient between the two domains. As 

shown in Figure 4a, the liquid water concentration at the inlet and outlet ends of PEM is 

0.26 and 0.50 in case A3, respectively. The water distribution in the membrane has an in-

flection point at a position of x = 0.003 m, after which the concentration change rate 

sharply decreases due to a reduction in the water concentration difference on both sides. 

For case B3, as shown in Figure 4b, the liquid water concentration at the inlet and outlet 

sides increased to 0.44 and 0.55, respectively, and there was no increase after the point of 

x = 0.012 m. With a further increase in moisture content at the inlet, as shown in Figure 4c, 

the water mole fraction at the outlet remains almost unchanged, while the water mole 

fraction at the inlet increases to 0.49. Meanwhile, the water mole fraction in the PEM 

shows no further increase after x = 0.009 m. 
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3.2.2. Water Distribution under Different Initial Conditions

The liquid water in the porous area of the PEMFC is easily frozen in a severe cold
environment, blocking the transport of reaction gas and ultimately resulting in a rapid
decline in cell performance in the start-up stage. Therefore, the porous electrode and liquid
water distribution in the gas diffusion layer are extremely important to the purging process
after shutdown. The water mole fractions of different interfaces in GDL and PEM for
cell voltage = 0.5 V are depicted in Figure 4. Critically, the water mole fraction in PEM is
closely related to the water concentration gradient between the two domains. As shown in
Figure 4a, the liquid water concentration at the inlet and outlet ends of PEM is 0.26 and 0.50
in case A3, respectively. The water distribution in the membrane has an inflection point at
a position of x = 0.003 m, after which the concentration change rate sharply decreases due
to a reduction in the water concentration difference on both sides. For case B3, as shown in
Figure 4b, the liquid water concentration at the inlet and outlet sides increased to 0.44 and
0.55, respectively, and there was no increase after the point of x = 0.012 m. With a further
increase in moisture content at the inlet, as shown in Figure 4c, the water mole fraction at
the outlet remains almost unchanged, while the water mole fraction at the inlet increases
to 0.49. Meanwhile, the water mole fraction in the PEM shows no further increase after
x = 0.009 m.
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The influence of inlet velocity on the concentration difference of the water mole frac-
tion between the cathode and anode is opposite to that of the moisture content. Figure 5b
displays water mole fraction curves for ξ = 2, which increase along the flow direction,
and the absolute difference between the inlet and outlet side of the water mole frac-
tion in the membrane is less than that in other cases. It can be found that the water
mole fraction in PEM at the outlet end (0.51) is 7.84% lower than that at the ξ of 1 (In
Figure 5a). Continuing the increase in the inlet velocity can further reduce the water mole
fraction at both components, as depicted in Figure 5c. Since the increase in velocity in the
flow channel can cause water in the porous medium to be discharged outward under a
greater capillary driving effect, the water mole fraction in the inlet section is significantly
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reduced. Nevertheless, the water mole fraction increases only by 0.03 in the region of x
from 0.007 m to 0.02 m, which is extremely small compared with the previous region, which
increased by 0.21 from 0 m to 0.007 m. The results indicated that the influence of back
diffusion on the water distribution is dominant compared with other mechanisms of water
transport in membranes.
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3.3. Purging Strategy under Different Initial Distribution Conditions
3.3.1. Model Validation

In order to verify this model, the volume average high frequency resistance (HFR) is
usually used as an indicator for monitoring the water content of the membrane in PEM in
the experiment, which can be calculated by the following formula:

tpem

HFR
=

1
Vpem

∫ 1

σ
e f f
pem

dVpem (13)
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where tpem and Vpem refer to the thickness and volume of PEM, respectively. The HFR
evolution predicted by this mathematical model is compared with an experiment conducted
by Tajiri et al. [39]. The verification results are presented in Figure 6, and it can be observed
from the figure that the predicted evolution characteristics of HFR are highly consistent
with those in literature, which including slow rise, rapid rise, and membrane equilibrium
periods [39].
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Figure 6. Verification of HFR in the membrane with time at 343 K.

3.3.2. Characteristics of the Dryness Process in GC of Different Cases

It can be concluded from the previous analysis of electrochemical characteristics that
the output power has a heat transfer coefficient of 50 W m−2 K−1, so the subsequent analysis
is based on case B3, case B3-1, and case B3-2. In addition, nitrogen with a humidity of 40% is
selected as the purging gas to ensure humidification in the membrane. Proton conductivity
is influenced by water content in the proton exchange membrane because hydrophilic
groups absorb water and the membrane has a certain water uptake value. Furthermore,
the sulfonic acid groups can dissociate and produce protons only when the membrane is
hydrated [40]. As is well known, the shorter the time required for shutdown and purging
in a cold environment, the less likely a freezing procedure will occur in the PEMFC. Thus,
the unsteady distribution of liquid water under different purge speeds is firstly analyzed in
GC. Figure 7 plots the liquid water saturation distribution in the entire 2D model (as shown
in Figure 1b) under different initial conditions with a purging speed and temperature of
0.5 ms−1 and 343 K, respectively. The results show that the water vapor of the purge gas
contacting the inner wall surface tends towards condensation because the temperature of
the channel is low after shutdown at the initial stage of the purge process. As the purging
process continues, the liquid water is gradually taken away by the unsaturated gas and
finally remains stable. However, it can be drawn from the analysis of stable liquid water
saturation at every moment that the different initial water distribution in porous media has
little effect on the condensed water in the channel. Therefore, the liquid water distribution
on the wall of the GC in various cases is only related to the initial conditions of purge gas.
It is noteworthy that regardless of the humidity of the inlet gas, the liquid water in GDL is
carried away earlier than that in CL and PEM, which is consistent with previous research
results [36].
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3.3.3. Characteristics of the Dryness Process in GC of Different Cases

During the purging process of the PEMFC, the water in the GC and the porous media,
such as GDL and CL, must be strictly removed to satisfy the request to eliminate ice
blockage at low temperatures. Therefore, it is necessary to conduct a contrastive study
on the liquid water distribution of both components. Figure 8 gives the end purge times
for the inner wall of GC under case B3 for different purge temperatures. As shown in
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Figure 8a, it gradually condenses into liquid water and adheres to the wall surface along
the flow direction at a purge temperature of 283 K because the inner wall surface of GC
contains saturated water vapor. The liquid water on the wall surface of the outlet section
accumulates the most seriously, which corresponds to the previous water distribution
analysis. Owing to permeation under the effect of water concentration differences from
the cathode to anode side after shutdown, the mole fraction of water in the anode during
the purging is higher than that at the cathode side. It can be seen that after 65 s, the molar
fraction of liquid water on the wall surface of the outlet part is lower than 1, which indicates
that the considered water in GC is been drained up. Since there is no literature to specify
the minimum value of water fraction in the porous medium during the purging process,
the water proportion below 0.1 is taken as the maximum allowable value in this study.
Notwithstanding, the mole fraction of water on the surface of the membrane is still at a high
level for a purge time of 65 s. Figure 8b shows water distribution at a purge temperature
of 313 K. The increasing purge temperature can significantly reduce drainage time in GC,
and the molar concentration of water on the membrane surface decreases to below 0.1 at
the cathode side. When the purge temperature is further increased to 343 K, as shown
in Figure 8c, the drainage time in GC is shortened to 12 s, and the water fraction on the
membrane surface by the cathode and anode sides is both less than 0.1. It can be concluded
that the drainage process in GC is easier than that in porous medium. It is difficult to
remove water in GDL and CL in a short period of time in a low-temperature environment.
However, the increasing purge temperature can efficiently remove both the excess water
on GC and the membrane surface in a short time.

The purge performance in different cases is shown in Figure 9. It can be illustrated
from Figure 9b,c that the purge time of case B3-1 and case B3-2 is the same for 10 s, which is
shorter than that of case B3, and the maximum mole water fraction of the inner wall surface
of the GC and both sides of the membrane at the completion time is lower. Some difference
from case B3 is be found that the water fraction on cathode side of case B3-1 and case B3-2
are higher than that on anode side. The reason can be found in Figure 7, which states that
the water fractions in GDL and CL between the cathode and anode sides in case B3-1 and
case B3-2 have little apparent difference. Therefore, less liquid water permeates from the
cathode to the anode side during the shutdown purge process, and the water fraction on
the cathode side is still higher than that on the anode side.

3.4. Analysis of Energy Consumption under Different Purge Conditions

Shutdown purging in cold environments is more energy consuming compared with
room temperature environments. Therefore, it is crucially important to analyze the power
consumption during gas purges in different cases. Based on the above analysis, the effective
purge time in case B3 is summarized by 143 s for a temperature of 283 K and 12 s for a
temperature of 343 K. Likewise, the effective purge time in case B3-1 is obtained in 132 s,
31 s, and 10 s for the temperatures of 283 K, 313 K, and 343 K, respectively. Due to a small
pressure drop in GC, the compression power and pumping power are ignored, and only
energy from the purge gas heating from the ambient temperature is considered. The energy
consumption for purging gas is calculated as follows:

WEC = 2ρpurgeupurge ACp(Tin − Text)tpurge (14)

where Cp is the specific heat capacity purging gas. ρpurge and upurge are density and purge
speed of the purging gas. tpurge denotes to the purging time. A is the cross-sectional
area of GC.
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From Figure 10, it can be observed that the energy consumption gradually decreases
with the increase in the purge temperature, especially in the stage where the purge tem-
perature rises from 283 K to 313 K for the case B3-1. Moreover, the energy consumption of
case B3-1 is lower under the same purge temperature compared with other cases, and the
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lowest value of 2.61 J m−2 is observed at the purge temperature of 343 K by a lower limit
time of 10 s. It can be concluded that although the raising purge temperature can increase
the temperature difference from the ambient, it can greatly shorten the purge time and
therefore decrease the total energy consumption. Thus, operating conditions by case B3-1 in
a subzero environment can not only achieve the best output power performance but can
also improve the drainage effectiveness during the shutdown and purge process.
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4. Conclusions

The steady electrochemical model, which also includes the heat transfer and phase
change and transient purge model, is built to examine gas purging in PEMFC under dif-
ferent distributions of initial water. The sensitivities of parameters such as gas flow rate,
relative humidity, heat transfer coefficient, and inlet temperature are comprehensively
considered to study the output power efficiency and water removal performance. The char-
acteristics of the water mole fraction and content change have been predicted. The limited
purge time and energy consumption are adopted to investigate the purging performance
on various cases. The main conclusions are as follows:

1. The poor heat transfer conditions on the boundary are not conducive to improving
the output performance of the PEMFC, even in the severely cold environment. Furthermore,
the high humidity of the inlet gas is an impediment to ameliorating the performance
of a PEMFC in a sub-zero temperature environment with the obvious polarization of
concentration. After comprehensive comparison, it is concluded that the optimal case is
obtained by B3-1 with power density of 0.796 W cm−2, and the power density increases first
and then decreases with ξ changes.

2. The steady-state water distribution is different under different electrochemical
reaction intensities, and the overall water mole fraction gradually decreases with the
rise of ξ. Importantly, the water mole fraction in the PEM is closely related to the water
concentration gradient between the two domains. However, the increase in the inlet velocity
can further reduce the water mole fraction at both cathode and anode, especially in the
inlet section.

3. It can be concluded from the analysis that the different initial water distributions in
porous media have little effect on the condensed water in the channel, and the liquid water
in GDL is carried away earlier than that in CL and PEM. Furthermore, the water can be
purged out of the GC more effectively by increasing the inlet speed and temperature of the
purge gas.

4. The accumulation of liquid water on the wall surface of the outlet section is the
most significant, but the drainage process in the GC is smoother than that in the porous
medium. Interestingly, the mole fraction of water in the anode during purging is higher
than that at the cathode side in B3 but lower in B3-1 and B3-2. Moreover, increasing the
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purge temperature can also efficiently remove the excess water on GDL and CL in a
short time.

5. The purge time of each component is shortened with the increase in purge tempera-
ture. It is noteworthy that the lower limit time in GDL and CL is shorter than the superior
limit time of PEM, and it is impossible to purge effectively for the components under the
enough water content of proton conduction in case B3-2. Correspondingly, the operating
condition in case B3-1 is evaluated as the best strategy based on the output performance
and economic analysis during the shutdown and purge processes.
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Nomenclature

A area, m2

c molar concentration, mol m−3

D diffusion coefficient, m2 s−1

F Faraday’s constant, C mol−1

h heat transfer coefficient, W m−2 K−1

j reference exchange current density, A m−2

I cell current density, A m−2

k thermal conductivity, W m−1 K−1

M molar mass, kg mol−1

p pressure, Pa
R universal gas constant, 8.314 J mol−1 K−1

s liquid water saturation
S source term of governing equations
t time, s
T temperature, K
J molar flow, mol m−2 s−1

u velocity vector, m s−1

x, y, z coordinate, m
i species
Abbreviations
sat saturated
ref reference
eff effective
eq equilibrium
cl catalytic layer
gc gas channel
gdl gas diffusion layer
pem proton exchange membrane
ohm ohmic heat
EW equivalent weight, kg mol−1

l−v liquid to vapour
cl→gdl catalytic layer to gas diffusion layer
PEMFC proton exchange membrane fuel cell
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Greek Symbols
α transfer coefficient
ε porosity
ξ stoichiometric flow ratio
η overpotential, V
λ membrane water content
γ concentration index
µ viscosity, kg m−1 s−1

ρ density, kg m−3

σ electrical conductivity, S m−1

δ thickness, m
β resistance coefficient, kg−1 m4

ϕ volume fraction of polymer
φ potential, V
Superscripts
a anode
c cathode
in inlet
ext external
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