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� A 3D model for proton exchange membrane fuel cell cold start is presented.

� The model is used to study the non-uniform inflow effects of reactants/coolant.

� Obvious non-uniform inflow effects on ice formation and current density are seen.

� Parametric study about membrane hydration and stoichiometry is also carried out.
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The failure at equally distributing reactants among different channels within the stack

leads to uneven reaction and gas concentration distribution in the catalyst layers, which

consequently impacts the performance and durability of proton exchange membrane fuel

cell stacks (PEMFCs). A three-dimensional, transient, non-isothermal cold start model for

PEMFCs with parallel flow-field configuration and coolant circulation is developed in this

work to investigate the effects of non-uniform distribution of reactants/coolant inflow

rates on the cold start process. The results show that the effect of non-uniform inflow on

ice formation amount is obvious and that on the distribution uniformity of current density

is apparent over the cold start survival time. Additionally, the simulation predictions show

that the non-uniform initial membrane water content distribution due to the purge pro-

cedure can significantly increase the rate of ice growth and deteriorate the uniformity of

current density distribution in the membrane. It is found that high stoichiometry operating

condition is favorable to cold startup, but may result in drying in the membrane at regions

close to the channel inlet side. As non-uniform inflow rates issue is inevitable in actual

PEMFC stack operation conditions, our results demonstrate that the initial membrane

water content and cathode stoichiometry ratio need to be identified to moderate the effects

of reactants/coolant inflowmaldistribution and to maintain a stable cold start performance

for the PEMFC stack.
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Introduction

Proton exchange membrane fuel cell (PEMFC) is considered as

one of the promising clean and suitable power sources for

automotive applications [1,2], and also an attractive solution

for the recent environmental pollution [3], owing to its high

current density, low operating temperature, high efficiency

and zero emission. However, the ability of PEMFCs to reach a

temperature above the freezing point when it starts up from

subzero temperature is significant for its commercialization

[4]. As a result of both the electro-osmotic drag (EOD) effect

and the oxygen reduction reaction (ORR) at the cathode side of

PEMFC, the water accumulates at the cathode side. At sub-

freezing temperatures, when the accumulated water exceeds

the maximum water saturation, the water turns to ice. The

continuous formation of ice in the catalyst layer (CL) can

potentially block the reactants transport ormay cover the area

where the electrochemical reactions occur. The blockage and

accumulation of ice in the cathode CL is a significant issue

since it causes the cell voltage to drop or even shut-down [5,6].

Consequently, in order to achieve a successful self-startup

from subzero temperature without external heating it is

essential to promote the cell temperature above the freezing

point (0 �C) before the CL is entirely filled up by ice, which can

only be determined upon managing the balance between ice

formation and heat generation [7e9]. A number of numerical

and experimental studies have been carried out to elucidate

the cold start behavior [6,10e16], and self-startup strategies

for cold start have been proposed [9,17,18]. Accordingly,

several models have been developed considering single cell

[19e22] and stack configuration [23e26] to get a better un-

derstanding of the cold start behaviors.

The reactants distribution in PEMFC channels is crucial for

fuel cells performance and efficiency, because it contributes to

the water and heat management; the reactants distribution is

mainly defined by the flow-field design [27]. Therefore, various

investigations have been conducted to design and optimize the

geometry and the material of bipolar plates. However, most of

the published studies on flow-field effects considered a normal

operating temperature [28e31], and only a very limited number

of studies discussed the effects of flow and transport problem

on cold start process [32]. Santamaria et al. [33] carried out an

experimental study to investigate the interdigitated flow field

and parallel flow field at different current densities under less

extreme cold start in the range of �10 �Ce0 �C using galvano-

static start-up. Their results showed that the interdigitated flow

field has an enhanced water removal from cathode CL, thus it

exhibits a better performance under less extreme cold start. On

the other hand, in practical PEMFC stack applications the

amount of supplied reactants to each channel is not the same,

and it greatly depends on the inlet position of reactants as well

as the flow distributor design [34,35], resulting in non-uniform

inflow rate profile, which indirectly affects the local distribu-

tions of key parameters such as current density and water

production amount. However, the effect of non-uniform inflow

is simplified and neglected in most of the previous cold start

modeling studies.

The coolant flow rate is one of the key parameters to obtain

a better cold start performance. Practically, the coolant flow
rate can be adjusted by controlling the coolant circulation

pump. Recently, Wei et al. [36] numerically investigated the

effect of coolant flow rate on the cold start performance. Three

coolant flow rate values: 20, 40, 80 LPM (liter per minute), were

considered for the fuel cell stack. Applying a high coolant flow

rate of 80 LPM was found to result in more even temperature

distribution in the cell due to the faster circulation of coolant,

to some extent, beneficial to the cold start operation. How-

ever, increasing the flow rate of coolant to 80 LPM leads to

more heat to be carried away by the coolant, thus requires

more time to warm up the cell and consequently prolongs the

startup time.

In this paper, a multidisciplinary, multi-channel cold start

model is presented to accurately elucidate the effect of non-

uniform distribution of reactants/coolant inflow on the cold

start behavior. The model is then validated by cold start

experiment data that given by SAIC Motor [37]. The model

considers the coolant circulation effects on cold start perfor-

mance. The influence of key operating parameters such as

initial water content in membrane and cathode stoichiometry

is analyzed under non-uniform reactants/coolant inflow pro-

files to provide information and guidance for an optimum

operating cold start strategy.
Numerical model

A schematic description of the PEMFC computational domain is

presented in Fig. 1. The geometry is based on the practical

common PEMFC with all fundamental components, i.e. gas

channels (GCs), bipolar plates (BPs), cooling channels (CCs), gas

diffusion layers (GDLs), catalyst layers (CLs), and a membrane.

The proposed geometry is purposely designed to enable the

investigations of coolant/reactants inflow maldistribution in

PEMFC channels. In order to minimize the computational cost

and time, only half-cell model consisting of five parallel flow

channels and all the sub-components of PEMFC is considered

and parallel computation methodology is applied as well.

The present multi-channel model is developed based on

our recent work [36], and the following assumptions were

made:

� All the gas species obey the ideal gas law.

� The fluid is assumed to be incompressible due to the small

pressure gradients in flows.

� The GDLs and CLs are considered as isotropic and homo-

geneous porous layers.

� The water vapor will instantaneously de-sublimate at

saturation.

� The reactants and coolant flow rates are treated corre-

sponding to the location of the inlet and outlet of flow

channels.

� The temperature is assumed to be uniform in the cooling

tank.
PEMFC cold start model

Besides the above-mentioned assumptions, this present cold

start model fully accounts for the transient multiple transport
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Fig. 1 e Computational domain andmesh of a PEMFC (channels are marked as channel 1 to channel 5 from the bottom cell to

the middle cell).
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and electrochemical process occurring in the parallel flow

field fuel cell. The model is formulated based on the conser-

vation equations of mass, momentum, species, charge, and

energy as follows.

Mass conservation:

vðεsrsÞ
vt

þ vðεrÞ
vt

þV $ ðr u!Þ¼0 (1)

Momentum conservation:

1
ε

�
vðr u!Þ
vt

þ1
ε

V $ ðr u!u!Þ
�
¼ �VpþV $ tþ Su (2)

Species conservation:

vðεCkÞ
vt

þV $ ð u!CkÞ¼V $
�
Deff

k VCk

�
þ SC;k (3)

Charge conservation:

For proton transport

V $
�
keffV4e

�þS4;e ¼0 (4)

For electron transport

V $ ðsV4sÞþS4;s ¼ 0 (5)

Energy conservation:

v
�
rcpT

�
vt

þV $
�
rcp u

!T
�¼V $

�
keffVT

�
þ ST (6)

The source terms of governing equations for PEMFC cold

start [38] are summarized in Table 1. In the mass continuity
equation, the influence of the consumption/formation of re-

actants/product on the flow characteristics is negligible [39].

The source term of momentum equation in GDLs and CLs are

described by Darcy’s law.

The general species conservation equation for hydrogen,

oxygen, vapor, and water vapor are given in terms of molar

concentration. The species source terms account for:

� The produced water in the cathode CL due to the ORR,

which is proportional to the volumetric transfer current

density j.

� The effects of electro-osmotic drag on water transport in

PEM and CL.

� The phase change. In the CLs and GDLs, we assume that

there is no liquid water existing, but a direct phase tran-

sition from vapor water to solid ice [20,38,40]. This means

when the vapor concentration reaches the saturation

value, it will instantaneously de-sublimate. Therefore, the

phase change source term in water conservation equation

can be calculated by

Sice ¼

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

0; CH2O � CH2O
sat

rfreeze
�
CH2O
sat � CH2O

�
; CH2O >CH2O

sat and T<TH2O
freeze

rmelt

�
CH2O
sat � CH2O

�
; T ¼ TH2O

freeze and s>0

0; T � TH2O
freeze and s ¼ 0

(7)
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Table 1 e Source terms for PEMFC cold start model.

GDL CL PEM BP CC

Mass 0 0 0 / 0

Momentum Su ¼ � m

K
u! Su ¼ � m

K
u! / / 0

*Species SC ¼ � Sice SC ¼ � skj
nF

� V$
�nd

F
ie
�
� Sice SC ¼ � V$

�nd

F
ie
�

/ /

Charge / S4;e ¼ j 0 / /

0 S4;s ¼ � j / 0 /

Energy
ST ¼ i2s

s
þ hsgSice ST ¼ j

�
h � T

dU0

dT

	
þ i2e
keff

þ i2s
s
þ hsgSice ST ¼ i2e

keff
ST ¼ i2s

s

0

*The electro-osmotic term is only applied for water in ionomer phase, and Sice is for H2O transport only.
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where, rfreeze and rmelt are phase change rates for freezing and

melting, respectively. The freezing rate is assumed to be suf-

ficiently large to make CH2O very close to CH2O
sat regarding to the

assumption of instantaneous de-sublimation at saturation.

The melting rate is calculated by the energy conservation

equation by fixing the temperature at the freezing point until

all the ice is melt.

The effective species diffusion coefficient Dk
eff in species

conservation equation is modified by Bruggeman correlation

to account for the effects of porosity and tortuosity of porous

layers (GDL/CL) [21], as follows:

Deff
k ¼Dkε

n (8)

The blockage of species diffusion caused by ice formation

in porous layers can be simply corrected by ice fraction s, that

is:

Deff
k ¼Dk½εoð1� sÞ�n (9)

where εo is the intrinsic porosity and the ice fraction s is

defined as the volume ratio of ice to the pores in the CL.

s¼ Vice

Vpore
(10)

While the water diffusivity in the membrane phase

and the gas phase are expressed by Eq. (8) and Eq. (9),

respectively:

DH2o
g ¼Do

�
T

353:15

	3
2
�
Po

P

	
(11)

DH2o
mem ¼

8>>><
>>>:

3:1� 10�5l
�
e0:28l � 1

�
e

�
�4269

T

	
if 0< l � 3

4:17� 10�6lð1þ 161e�lÞe

�
�4269

T

	
else

(12)

The source terms in the charge conservation equations S4,s
and S4,e present the electrochemical-reaction kinetics in CLs,

i.e. the oxygen reduction reaction (ORR) in the cathode side and

the hydrogen oxidation reaction (HOR) in the anode side. The

generated transfer current density distribution in CLs based on

simplified Butler-Volmer equation can be described as:

ja ¼ aiH2
0;ref

 
CH2

CH2
ref

!1=2

exp
�aa þ ac

RT
Fh
�

(13)
jc ¼ � aiO2
0;ref

CO2

CO2
ref

exp
�
� ac

RT
Fh
�

(14)

where the surface overpotential h is defined as

h¼Fs � Fe � U0 (15)

In the energy conservation equation, heat source termmay

contain the entropic heat, irreversible electrochemical heat,

ohmic heat, and latent heat.

Numerical implementation and boundary/initial conditions

The presented cold start PEMFC model in Section PEMFC cold

start model is numerically implemented using the commer-

cial CFD (Computational Fluid Dynamics) software, Fluent©.

Therefore, the conservation equations along with the

boundary conditions and initial conditions are specified in the

user code using the code’s user defined functions (UDFs). The

grid and time-step sizes for various cold start simulation cases

of this study were determined based on the grid-

independence study performed by Wei et al. [36]. Due to the

symmetrical structure, only half of the multi-channel cell is

considered to reduce the computational time. The model also

considers the coolant effects by developing cooling channels

on the shoulder of BP at both anode and cathode sides.

The reactants concentrations at GC inlets are specified as

constant values, while the temperature of the inlet gas is

equal to that of the environment. A reference electronic phase

potential (zero) is set at the anode side and a constant flux

(current density loading) at the cathode wall, so that the

calculated electron phase potential on the cathode wall would

be the cell output voltage. Zero-flux boundary condition is also

applied to the electrolyte phase. All the other external

boundaries are assumed to be zero-flux for all the other main

variables not mentioned above.

The initial temperature for the whole PEMFC is set as that of

the environment. The reactant species in GCs and GDLs are

initially set to have the same molar concentration as the inlet

gas. Formost of the cases, before the cold startup, it is assumed

that a sufficiently long purge with a fixed relative humidity

value has been performed that the initial water content in

ionomer phase in CLs and in PEM is constant. For example, if

the relative humidity of the purge gas is 50%, the initial water

content in ionomer phase in CLs and in PEM is l0 ¼ 3.3 [19]. The

initial ice fraction in the cell is assumed zero [20].
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Table 3 e Materials properties.

Description Value Units

Porosity of GDL/CL (εGDL/εCL) 0.51/0.40

Permeability of the GDL/CL

(KGDL/KCL)

6.1 � 10�12 m2

Electronic conductivity in

BP (sBP)

1.4 � 106 S m�1

Electronic conductivity in

GDL/CL (sGDL/sCL)

300 S m�1

Thermal conductivity of BP

(kBP)

16 W m�1 K�1

Thermal conductivity of

GDL/CL (kGDL/kCL)

1.7/0.27 W m�1 K�1

Thermal conductivity of

PEM (kmem)

0.16 W m�1 K�1

Thermal conductivity of

coolant (kcoolant)

0.25 W m�1 K�1

Thermal mass of BP (rcp,BP) 4000 kJ m�3 K�1

Thermal mass of GDL/CL

(rcp,GDLL/rcp,CL)

230/580 kJ m�3 K�1

Thermal mass of PEM

(rcp,mem)

2300 kJ m�3 K�1

Thermal mass of coolant

(rcp,coolant)

3400 kJ m�3 K�1

Diffusivity of H2/O2 in gas

(DH2/DO2)

8.67 � 10�5/1.53 � 10�5 m2 s �1

Diffusivity of vapor in gas

(Dvapor)

1.79 � 10�5 m2 s �1

Dry membrane density

(rmem)

1980 kg m�3

Equivalent weight of

electrolyte in PEM (EW)

1.0 kg mol�1
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The cell dimensions and materials properties are listed in

Table 2 and Table 3, respectively. The proton conductivity in

the membrane, k is given by Eq. (16) [19]as:

k¼ð0:5139l�0:326Þ exp
�
2222

�
1

303
� 1
T

	�
(16)

Fig. 2 shows the reactants and coolant distribution through

the different neighboring channels. The plotted data of re-

actants/coolant inflow profiles were experimentally per-

formed by SAICMotor. The locations of the distributor and the

manifold (both the inlet and outlet locations), which are not

shown in this figure, induce the curved uneven profiles. As can

be seen, the flow rate distribution of coolant/reactants is

dependent on the channeling length. Therefore, the highest

flow rate exists on the channel with the shortest distance

between the inlet and outlet, while the flow rates values of the

gases/coolant channels with the long travelling path are

dramatically declined mainly because of the large flow resis-

tance along the pathway from the channel inlet to outlet.

The average inflow velocities in anode and cathode flow

channels can be calculated from the stoichiometric flow ratio

as:

uin;a ¼
xa

I
2FAmem

CH2
Aa;GC

; uin;c ¼
xc

I
4FAmem

CO2
Ac;GC

(17)

And the inflow velocities of both gases and coolant for each

channel are defined as:

un;gas ¼uin

�
0:9934

�
n
ntot

	2

� 1:006

�
n
ntot

	
þ 1:1825

�
(18)

un;coolant ¼uin

�
� 1:6144

�
n
ntot

	2

þ1:5491

�
n
ntot

	
þ 0:6953

�
(19)

where n is the number of channel and ntot is the total number

of channels.
Results and discussion

In this study, different current loading procedures were

applied to adopt a similar loading rate as applied in the ex-

periments. In the first 8 s the current load is gradually

increased every 2 s, which aims to hydrate the initially dry

membrane and increase the heat generation rate to create the

cell temperature rise, thus accelerating the cell warm-up, and

then the fuel cell operated under constant current load con-

dition mainly to avoid excessive ice formation in the CL [9,18].
Table 2 e Cell dimensions.

Description Value

Cell length 0.28 m

Width of anode/cathode GC 0.9/1.2 mm

Width of anode/cathode CC 1.1/0.8 mm

Depth of GC 0.4 mm

Thickness of BP (dBP) 0.1 mm

Thickness of GDLs (dGDL) 0.2 mm

Thickness of CLs (dCL) 0.015 mm

Thickness of PEM (dmem) 0.018 mm
The initial water content is 3.0, the stoichiometry values in the

cathode and anode sides are 3 and 2.89, respectively. The

initial ice fraction is 0 in the cathode CL. The cold start

modeling results have been compared with the experimental

results for cases starting from sub-zero temperature of�20 �C.
The operating conditions in the proposed multi-channel

model are defined corresponding to the experiments in Refs.

[37]. More detailed descriptions of the cell stack experiments
Fig. 2 e The flow rate distribution of reactants and coolant

in a practical PEMFC stack.
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Fig. 3 e Comparison between the model prediction and

experimental data [36,37].
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can be found in our recent work in Ref. [36]. The simulated

results are found to be in good agreement with the experi-

mental data as shown in Fig. 3, indicating the validity of the

presented cold start model. The uniform and non-uniform

cases (case 1 and case 2) are shown to have cell voltage

curves with little difference.

The results of this work are presented and discussed in

three sub-sections: the first sub-section (Section Cold start

behavior under varied flow rates) explores the cold start be-

haviors of the newly developed parallel multi-channel model,

including cell voltage performance, temperature distribution,

and ice formation. In the second and third sub-sections (Sec-

tion Effect of initial water distribution and Section Effect of

flow stoichiometry), we investigate the influence of key pa-

rameters such as the initial membrane water content and

cathode stoichiometry ratio on cold start process in termof ice

formation rate and current density distribution. Therefore,

five simulation cases were conducted in this study as pre-

sented in Table 4.

Cold start behavior under varied flow rates

All the simulated cases achieved a successful self startup,

thereby they stopped when the temperature reaches 0 �C.
Fig. 3 shows that the multi-channel cell could realize a rapid

startup from subzero temperature of�20 �C, it also shows that

it takes 21 s for the multi-channel cell with non-uniform

inflow (Case 2) to reach 0 �C and 27 s when uniform inflow
Table 4 e Simulation cases.

Case # Initial
water (l)

Cathode CL
Stoichiometry ratio (xc)

Comments/Purp

Case 1 3.0 3.0 Uniform inflow profi

Case 2 3.0 3.0 Non-uniform inflow

Case 3 5.0 3.0 Non-uniform inflow

initial membrane wa

Case 4 Average (4.1) 3.0 Non-uniform inflow

initial water content

Case 5 3.0 1.2 Non-uniform inflow

Stoichiometry opera
(Case 1) was applied. Although the startup time of one case

prolongs, the voltage output exhibits no noticeable change. To

gain more insight into the internal behavior of cold start

process under both uniform and non-uniform applied inflow

rates, the characteristics of temperature and ice formation for

multi-channel cells are explored in this section.

Fig. 4 displays the temperature profiles along the z-line

crossing the middle of cathode outlet at different time in-

stants of 13s, 17s, and 21s, respectively, for Case 1 and Case 2.

The highest temperature gradient over the cold start duration

is found to be in Case 2 (non-uniform case) at the first channel

(end channel) and slightly decreased from the first channel to

the fifth channel (middle channel) mainly due to the varied

inflow rates of reactants/coolant in different channels. The

reactants inflow rate is an important factor that determines

the reaction intensity distribution in the cathode CL. There-

fore, the higher flow rate of reactants in the end channels

improves their reaction rate and promotes the temperature

rise. In addition, the fifth channel of Case 2 shows the lowest

temperature difference over cold start duration owing to its

higher coolant flow rate [36], indicating that middle channels

have more even temperature distribution compared with end

channels. In contrast, the temperature distribution in the

uniform inflow rate case (Case 1) with constant relative

volumetric flow rate of 1 shows no much difference between

the neighboring channels. Interestingly, a comparison of the

temperature profiles of the two cases releases that the higher

reactant flow rate of the end channels in Case 2 progressively

promotes the temperature rise as we can see in Fig. 5, while

the higher coolant flow rate in the middle channel of Case 2

lowers the temperature rise rate in this channel, signifying the

importance of considering the effect of non-uniform inflow

rate in future cold start simulation.

Fig. 6 depicts the ice fraction profiles along a z-line at the

middle of cathode CL in Case 1 and Case 2. As can be seen in

Fig. 6, the regions under the lands of individual channel part

show larger amount of ice formation compared with the re-

gion under gas flow channels. That is mainly because the

higher water transfer resistance and lower electric transport

resistance (which means higher current density) in the region

under-lands [36]. Furthermore, the peak of ice formation is

shown toward the end channels for Case 2, which may be

caused by the higher reactants flow rate in these channels,

and consequently stronger reaction intensity and higher

water production rate. To conclude from Figs. 4e6, the coolant

flow rate contributes to affect the ice formation and
ose of the case The operating flow rate of
reactants/coolant

le H2 ¼ 0.02 LPM

Air ¼ 0.05 LPM

Coolant ¼ 0.02 LPM (these values for the single

cell and they are used in all the cases)

profile

profile and higher

ter content

profile with uneven

profile and Low

ting condition
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Fig. 4 e Cell temperature profiles along the z-line crossing

the middle of cathode outlet in Case 1 and Case 2. Tmin

denotes the minimum temperature on the line.
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temperature distribution, however, the effect of reactants

flow rate profile is more dominant during the cold start pro-

cess. It is noteworthy that there is little difference at the ice

fraction profiles between different channel parts for Case 1, as

expected.

The ice formation, water uptake in CL and membrane

share the same generated water. Fig. 7 shows the water bal-

ance map of the first and fifth gas flow channels during the

cold start of case 2. The positive and negative values represent

water generation and water consumption in cathode CL,

respectively. The generated water mainly goes to the mem-

brane and the ionomers in cathode CL [38]. The accumulated

water in cathode CL starts to freeze once the water content

reaches the maximum and the water vapor is fully saturated.

The water balance map does not show big difference between

the two channels. Thewater balance of Case 1 is not presented

here because it is very similar to Case 2. However, the water

production rate is found to be equivalent with the water
Fig. 5 e Maximum and minimum temperature values on

the z-line crossing the middle of cathode outlet at time

instants of 13s, 17s, and 21s in Case 1 and Case 2.
removal rate in terms of ice formation or accumulated water

in CL and membrane, to a great extent, verifying the accuracy

of the presented multi-channel model.

Effect of initial water distribution

On the early stage of cold start process (before the ice start to

form) the cell operating voltage is dominated by the proton

conductivity of the membrane [41]. To maintain high proton

conductivity, the membrane needs to be hydrated [42].

Therefore, the membrane water content determines the pro-

ton conductivity and thus influences the cold start perfor-

mance [12]. In this section we investigate the impact of initial

water content on the cold start process using the present

multi-channel cell model with non-uniform reactants/coolant

inflow profiles. Three initial water content values of l0 ¼ 3,

l0 ¼ 5, and varied-value content (where l ¼ 4.1 as average

value) are considered, corresponding to Case 2, Case 3, and

Case 4, respectively. Case 4 aims to capture the uneven dis-

tribution of initial water content in themembrane after purge.

Normally, larger amount of water accumulates under the

lands region than under the gas flow channels. Hence, an

initial water content of 3 is assumed under gas flow channel

region for all channels. On the other hand, the membrane

water content value under the land region is gradually

increased from 4 (in the first channel) to 6 (in the fifth chan-

nel). The average value of initial water content in Case 4 is 4.1.

Fig. 8 compares the cell voltage evaluation curves of Cases

2, 3, and 4. The three cases were started up successfully. Case

3 (l0 ¼ 5) shows a considerable increase in the output cell

voltage in both early and latter stages of the cold start process.

This is mainly due to its enhanced proton conductivity under

the higher initial membrane water content and consequently

its lower ohmic losses for proton transportation in the mem-

brane and catalyst layers.

Fig. 9 shows the current density distribution in the mem-

brane of themulti-channel cell at different time instants of 3 s,
Fig. 6 e Effects of non-uniform inflow rates of reactants/

coolant on the ice formation in cathode CL of Case 1 and

Case 2. The monitoring line is a z-line at the middle of

cathode CL.
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Fig. 7 e Evaluation of water balance of the 1st and 5th

channels during case 2 cold start process.
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9 s, and 15 s for Cases 3 and 4. The current density contours

obviously show that the non-uniform initial water content

case (Case 4) has an evidently enlarged range of current den-

sity values at time instants of 3 s and 9 s compared to Case 3,

demonstrating the stronger non-uniformity effects in Case 4.

In Case 3, the current density is higher under land due to

the higher electric conductivity therein. At early stages of cold

start (i.e. t ¼ 3s), along the flow direction, the current density

decreases due to the oxygen consumption. While among the

channels along z-axis, the first channel exhibits the highest

current density distribution. The current density distribution

slightly decreases from the first channel toward the fifth

channel along z direction, which is mainly due to the

decreased inflow rate of reactants, indicating that the reactant

flow rate and electric conductivity are the dominant factors

for determining the current density in Case 3. At the latter

stages of cold start of Case 3, the high current density distri-

bution region is shifted from the inlet region to the interme-

diate region and finally to the outlet region along the flow
Fig. 8 e Cell voltage evolution curves for Cases 2e4.
direction. This relocation of current density distribution is

related to the water and heat production, and the ice forma-

tion. A similar trend was found in Ref. [36,43].

In Case 4, a non-uniform initial water content distribution

is implemented. The current density is higher in the region

under land. In contrast to Case 3, the highest current density

distribution is located in the fifth channel due to the highest

initial water content (l0 ¼ 6 under land), indicating that the

current density distribution between channels is mainly

determined by the degree of the membrane hydration in Case

4, while the reactant inflow rate distribution has no much

influence on the current density distribution among individ-

ual channels, as it appears in Fig. 9. At the latter stages of cold

start, the higher coolant flow rate in the fifth channel results

in more even current density distribution in Case 4, which is

consistent with the results obtained in Ref. [36].

Fig. 10 depicts the ice formation and distribution in the

cathode CL at time instants of 15 s and 21 s for Cases 3 and 4.

The ice fraction grows faster in the region under the land due

mainly to the higher current density therein. It is found that

the contour plots of Case 4 show more non-uniform ice for-

mation with the highest ice fraction value in the 5th channel

region.

To sum up, the non-uniform inflow rates of reactants and

coolant under various applied initialmembranewater content

show different current density and ice formation distribu-

tions. The non-uniformity of initial water content in mem-

brane may significantly change the pattern of the effects of

non-uniform inflow rates of reactants and coolant.

Effect of flow stoichiometry

The stoichiometry is a key parameter influencing PEMFCs

performance [44]. A high stoichiometric ratio results in an

enhanced reactants transport rate. However, too high stoi-

chiometric ratios may cause membrane dehydration. On the

other hand, a further decrease of stoichiometric ratio pro-

motes the water flooding [45]. A recent study investigated the

impact of cathode stoichiometry on normal PEMFCs perfor-

mance [46]. It is found that using a suitable cathode stoichi-

ometry benefits to prevent both themembrane dehydration in

the near inlet region and flooding in the near outlet region.

The cathode stoichiometry is usually supplied under the

range of 1.5e3.0 [47,48]. Two different stoichiometry factors

for oxygen are considered in order to examine the cold start

performance under varied reactants/coolant supplying con-

ditions. Fig. 11 shows the cell voltage at stoichiometric co-

efficients of 1.2 (Case 5) and 3 (Case 2) under cold start

temperature of �20 �C. It is clearly seen that increasing the

stoichiometry factor from 1.2 to 3 results in a slight increase of

the cell output voltage due mainly to the improved oxygen

transport rate in the cathode CL under higher stoichiometry

factor [49].

Fig. 12 demonstrates the oxygen concentration along the

flow direction for Cases 2 and 5 at time instant of 15 s. The

oxygen concentration gradually decreases along the flow path

for both cases due to the oxygen consumption by the cathode

electrochemical reaction. It is clearly seen that the oxygen

https://doi.org/10.1016/j.ijhydene.2020.03.031
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Fig. 9 e Current density contours in the membrane for Cases 3 and 4 at various time instant of 3 s, 9 s, and 15 s. The

monitoring plane is the yz plane in the middle of the membrane.
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concentration in Case 5 (with lower stoichiometry factor)

shows a sharper decrement than Case 2, whichmay affect the

current density distribution. In addition, the oxygen concen-

tration in the fifth channel is found to be slightly lower

compared with the first channel, in accordance with the

applied flow rate boundary conditions.

Fig. 13 describes the current density distribution in the

membrane central yz-plane for Cases 2 and 5 at different time

instants of 9 s, 15 s and 21 s. It is obvious that the current

density is clearly influenced by the oxygen concentration of
each channel. Accordingly, the first and second channels

show higher current density distributions.

In comparison of Case 2 and Case 5, during the cold start

survival time of the two cases, the higher current density

distribution region is shifted from the near inlet to the near

outlet region. Besides that, at t ¼ 15e21 s in the two cases, we

can observe that the current density is clearly decreased to-

ward the inlet, practically under GCs, and the decrement is

more critical in Case 2. This behavior may be due to the high

speed gas flow [46] and lower gas temperature at the inlet

https://doi.org/10.1016/j.ijhydene.2020.03.031
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Fig. 10 e Ice fraction contours in the cathode CL for Cases 3 and 4 at time instants: 15 s and 21 s. The monitoring plane is the

yz plane in the middle of the cathode CL.
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region during last stages of cold start, and thus it is more

critical under higher stoichiometry factor (Case 2). Also the

effect of flow rate can be recognized through the decreased

current density distribution among different channels.

Generally, the maximum current density is larger for Case 2

compared with Case 5, which is mainly owing to its better

oxygen availability at cathode CL. The oxygen availability at
Fig. 11 e Comparison of cell voltage evolution curves in

Cases 2 and 5.
cathode CL reduces the activation and concentration losses

[44], thus results in a better fuel cell performance [50].

Fig. 14 displays the ice fraction distribution in the central

yz-plane of cathode CL for Cases 2 and 5 at time instants of 15s
Fig. 12 e Oxygen concentration distributions in cathode CL

along the flow direction for Cases 2 and 5 at t ¼ 15 s. The

monitoring y-line is in the middle of cathode CL of the

corresponding channel part.
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Fig. 13 e Current density contours in the membrane central yz-plane for Cases 2 and 5 at different time instant of 9 s, 15 s

and 21 s.
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and 21s. Although, Case 5 shows a relatively lower maximum

current density in Fig. 13, the ice fraction growth is found to be

slightly faster in both under land and under GC regions. This

behavior occurs because thewater removal capability by gas is

relatively better in Case 2 owing to its larger stoichiometry

ratio [45], hence slightly more water accumulation and ice

formation appear in Case 5 compared with Case 2.

Finally, by increasing the stoichiometry factor from 1.2 to 3,

the cold start performance is slightly improved. The case with

higher stoichiometry factor (Case 2) is found to have higher

current density distribution and lower ice formation rate,
mainly due to its better oxygen availability to the cathode CL

and higher water removal rate. However, it is found that the

current density distribution in the region near the inlet is very

low, particularly under GCs, which may result in less water

production in this region, and thus ends up with drying of the

membrane. The results indicate the importance of consid-

ering an adequate stoichiometry ratio that ensures more

uniform current density distribution and prevent the drying of

the membrane near the inlet region in order to achieve a

better cold start performance of PEMFCs and prolong their life

time.
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Fig. 14 e Ice fraction contours in the central yz-plane of cathode CL for Cases 2 and 5 at time instants of 15 s and 21 s.
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Conclusions

The reactants and coolant distributions in PEMFC channels

are crucial for PEMFC performance. In actual PEMFC stack

applications the inflow rate for each channel greatly depends

on the inlet position of reactants distributor and manifold. A

three-dimensional, non-isothermal, multi-channel cold start

model is developed to numerically investigate the effects of

non-uniform inflow reactants/coolant flow rates on cold start

process. The simulated and measured voltage curves were

found in good agreement over the cold start duration,

demonstrating the validity of the model. In addition, it is

found that the reactants flow rate profile is more dominant

during the cold start process. The channels share a similar

water production and ice formation rates. However, the dis-

tribution uniformity of ice formation and current density is

noticeably varied over the cold start duration. Furthermore, a

detailed investigation was carried out to examine the effect of

the initial membrane water content and stoichiometry ratio

on cold start behaviors. The cell voltage performance, ice

formation rate and current density distribution at different

channelswere presented and analyzed.We reported that after

the purge process, the initial non-uniform water content in

membrane may further worsen the uniformity of the formed

ice and thus probably causing a serious damage to the struc-

ture of MEA. While higher cathode stoichiometry ratio
improves the cold start capability due to the improved oxygen

availability to the cathode CL, but may result in partially

drying-out of the membrane close to the channel inlet region,

and thus causes the performance degradation.
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Nomenclature

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
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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 characters

ε 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

a Anode

c Cathode

e Electrolyte

eff Effective

gs Vapor-solid phase transition

k Species index

mem Membrane

o Initial

ref Reference value

s Solid phase
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