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Abstract: The cold start-up of the PEMFC (proton exchange membrane fuel cell) stack from sub-zero
temperature is considered one of the significant obstacles to its expansive commercial applications. In the cold
start-up process, with the progress of hydrogen/oxygen chemical reaction, the produced water will freeze into ice,
occupying the pores of the porous electrode, thus leading to a rapid deterioration of output performance and even
making the cold start-up fail. In this work, a one-dimensional numerical model is adopted to study a cold start-up
process of the PMEFC stack starting from —30°C. The stepwise-changed current loading mode is employed in the
process. An assisted preheating method is used to explore an optimal operating condition for a successful cold
start-up. The numerical results are validated by comparing the numerical result with the experimental data in
reference, and they agree with the experimental data very well. The results show that the optimal heating power in
the studied range is 100 W. As the initial current slope increased, the current peak value increased, but the cold
start-up process failed. Also, the start-up time and ice volume fraction are highly dependent on the initial current
slope. The optimal initial current slope is 0.7 A/s. Besides, a higher initial current slope will cause a significant
inner ohmic resistance. The resistance of CLa (catalyst layer of the anode) is the key and primary part of the total
ohmic resistance. The details of the research and the analyzed results will help design the cold start-up strategy
for the PEMFC stack start-up from —30°C.
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1. Introduction

Proton exchange membrane fuel cell (PEMFC) is
regarded to be an effective alternative as a power plant
for the automobile due to the attractive advantages [1-3]
of high efficiency, low noise, and environment friendly.
However, there is a challenge for the PEMFC start-up to

overcome in the sub-freezing temperature in winter [4].
In the sub-zero weather, the product water of the
hydrogen/oxygen chemical reaction will freeze into ice,
thus occupying the pores of the porous electrolyte [5-7].
Then, the output performance of the PEMFC remarkably
deteriorates, finally, making the PEMFC shut down.
Hence, the cold start-up under a sub-freezing temperature
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Nomenclature

A effective activation area/m’

a water activity

ASR area-specific resistance/Q-m?

C mole concentration/mol-m >

o mole concentration of the none-frozen

membrane water/mol-m

[ specific heat capacity/J-kg "K'
diffusivity/m*s ™!

the equivalent weight of membrane/kg'mol™"
Faraday’s constant/C-mol '

current/A

exchange current density/A-cm
permeability/m”

thermal conductivity/W-m "K'
molecular weight/kg-mol ™'
number of the current loading cycle
pressure/Pa

quantity of generated heat/J-cm
universal gas constant/J-mol K
mass/energy sources terms
volume fraction

time/s

temperature/K

the output voltage/V

mass fraction of the vapor

Greek letters

XS NT T eRRN s g T AT ST IS

a current loading slope

y water transfer rate

0 thickness/mm

€ porosity

4 water transfer rate/s !

K intrinsic permeability/m’

A water content

u dynamic viscosity/kg:m s '
¢ stoichiometry ratio

p density/kg-m

o electric conductivity/S'm '
1) the volume fraction of ionomer
Subscripts and superscripts

a anode

act activation

convective heat transfer coefficient/W-m 2K

BP bipolar plate

c cathode

cell cell characteristic

CL catalyst

conc concentration

cond condensation process

cycle the time cycle of the current loading
eff effective

eq equilibrium

evap evaporation process

fl fluid phase

fm frozen membrane water

fusn frozen

g gas phase

GDL gas diffusion layer

H,O water

i the ith phase of water

ice ice

j the jth phase of water

1-i; phase change between liquid and ice;
l-v between liquid and vapor

load current loading

Iq liquid water

mem membrane

nernst nernst

melt represent the melting process

N the freezing temperature

n—f; phase change between non-frozen
n-v; and frozen; between non-frozen and
n—i vapor; between non-frozen and ice
nfm none-frozen membrane water
ohmic ohmic

out output

P power

PC phase change

sat saturation

sl solid phase

stack stack characteristic

T energy (source term)

vp vapor

wall surrounding wall of the stack

is a significant obstacle for the PEMFC wide commercial
applications on vehicles or other transports [8, 9].

In recent years, obtaining a successful cold start-up
process with an optimal start-up strategy under
sub-freezing temperatures tends to be interesting as the
significant PEMFC research work. Many kinds of cold

start-up strategy works have been reported in the
literature [10—13]. The cold start-up strategy is divided
into two aspects [4, 14]. One is a self-heating start-up
using the heat source of the electrochemical reaction, and
another is assisted start-up with the external heat source.
The common self-heating control approach in a cold
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start-up process is the constant voltage mode, constant
current mode, and constant power mode [15-17]. Luo et
al. [16] conducted a one-dimensional stack model to
elucidate and compare the constant power, voltage, and
current cold start modes. The results showed that the
constant power mode with a low current produces less
heating than the other start-up modes. Yang et al. [17]
experimentally studied the cold start-up process by the
constant voltage mode to find the optimal operating
conditions in a single cell. Besides, ramping and
real-time adaptive modes [13, 18, 19] are also adopted in
the start-up process. Jiang et al. [10] proposed a linear
class current ramping protocol for a rapid cold start, and
found that a small initial current density combined with
an intermediate ramping rate and a large initial current
density combined with a high ramping rate can obtain a
successful cold start-up.

At some times, the self-heating is insufficient to warm
up the PEMFC stack. Thus an assisted-heating [4] cold
start-up strategy must be performed. Luo et al. [20]
developed a hydrogen-oxygen catalytic reaction-assisted
cold start method and utilized it with various start-up
modes. The results showed that a high current operating
way with a high air mole fraction is optimal and
time-efficient. Recently, Yang et al. [21] conducted a
transient system model, and then several assisted
strategies, such as gas heating and coolant heating, were
analyzed and compared. They found the power
consumption for heating coolant is substantial, and
secondary power sources are necessary.

Although an assisted-heating strategy can lead to a
successful cold start-up process, it is usually used at a
significantly lower temperature due to the requirements
of secondary power sources. There are rarely self-heating
strategies to get a successful start-up at the temperature of
—30°C in the published literature. Therefore, the cold start
at —30°C with the assisted-heating method still needs to

Anode bipolar plate

Current collector éMicro porous layer

End Plate

Catalyst layer
i Membrane

CRRAREINY SR T

Numerical Research on the Cold Start-up Strategy of a PEMFC Stack from —30°C 3

be focused on to get a proper and optimal strategy for a
successful start-up. In this work, a one-dimensional
numerical model of the PEMFC stack is adopted to
explore the successful start-up operating conditions based
on the pre-heating method with a stepwise-changed
current loading mode at the temperature of —30°C.

2. Physical and Mathematical Model

The details of the adopted one-dimensional numerical
model for the PEMFC stack cold start-up are depicted in
this part.

2.1 Model description

Generally, a single PEMFC consists of the bipolar
plate (BP), gas diffusion layer (GDL), microporous layer
(MPL), and catalyst layer (CL) at both anode and cathode
sides. A proton exchange membrane (MEM) is set in the
central location. For the PEMFC stack, a series of
single-cells are arranged with two endplates, current
collectors on both sides of the stack. The schematic of the
stack structure is shown in Fig. 1. The primary geometry
parameters are illustrated in Table 1.

For a running PEMFC stack, a highly complex process
occurs in real-time, such as fuel gas flow, hydrogen-
oxygen chemical reaction, heat and mass transfer, and ion
and electron transport. Numerical simulation for the cold
start-up process of a PEMFC stack is a transient
computation with a small time-step. Thus, using a
three-dimensional model is almost prohibited. For this
reason, the one-dimensional numerical stack model is
adopted for the research of the cold start-up process in
the references [21, 26, 27], and this practice is also
adopted in this work. The limitation of the 1D model is
that the in-plane distribution of parameters, such as
temperature and membrane water, cannot be shown. The
primary physical and chemical processes are only

Gas diffusion layer

Cathode bipolar plate

~,

v Single cell

Fig. 1 Schematic of the structure of the PEMFC stack



Table 1 Geometry and physical parameters of the PEMFC
stack

Physical parameters Value Unit

The active area of the cell [22] 25 cm?

Thickness of BP; Channel; 2000; 1000; 200;

GDL; MPL; CL; membrane [23] 30; 10; 30 pm
Porosities of GDL; MPL; CL [23] 0.7;0.4;0.3
Contact angle of GDL; . . o
MPL: CL [23] 120; 100; 100
Intrinsic permeability of GDL;  6.2x107'%; 6.2x107"; o
MPL; CL [24] 6.2x107"
Physical parameters Value Unit
Electrical conductivities of BP; 25000; 300; 300; g
GDL; MPL; CL [25] 300
Thermal conductivities of BP; 20;1.5; 1.2; Womn K
GDL; MPL; CL; mem [25] 1.2;0.95
The mass density of the BP; 1000; 1000; 1000, Keom™
GDL; MPL; CL; mem [25] 1000; 1980 g
The equivalent weight of o
the membrane [25] 1100 kg:mol
The specific heat capacity of BP; 1580; 2000; 568; Jkg K

GDL; MPL; CL; mem [25] 3300; 833

Table 2 Physical parameters and operating conditions of the model

considered in the through-plane direction (x-direction, as
shown in Fig. 1). For the cold start-up process study, the
in-plane averaged parameters are sufficient.

There are phase-change processes in the CLs between
the non-frozen membrane water, vapor, ice, and liquid
water. In the MEM, under the amount of non-frozen
membrane water reaches larger than the saturated
membrane water, it will change into the frozen
membrane water. The water vapor will move into MPLs
and GDLs from the CLs and then be transformed into ice
because of the diffusion process. When the temperature
rises to 273.15 K, the ice will melt into liquid water.

The water transition mechanism is detailedly depicted
in Fig. 2. It is worth claiming that the entire process is
considered to be occurred at the cathode side due to a
large amount of non-frozen membrane water existing in

Non-frozen
Membrane <~ Frozen membrane water
membrane water

: }
Non-frozen —
membrane water Water vapor <= Ice —= Liquid water

\ f

CLs

Water vapor = = lIce —= Liquid water
Water vapor = = Ice = Liquid water

Fig. 2 Water transition mechanism of the model

Parameters

Value/Correction Unit

Effective activation area
Volume fraction of ionomer in CL
Stoichiometry ratio
Water transfer coefficient
Initial stack temperature, 7'y
Pressure at outlets, poy
Heat transfer coefficient on endplates surface, &
Initial none-frozen membrane water

Phase change rate (¢)

Liquid water diffusivity [28]

pe= 0003(0)(8/K0)0'5[1.42(1 —sq)-212(1-s, ) +126(1-s, )3] (60<90°)

25 cm
®,=0.23, ©.=0.23
ST,=2.0, ST=3.0

7.=0.5, y=0.5
243.15 K
101 325 Pa
100.0 W-m™ K
6.2
&=1.0, 67225, &m0, 60225, & =10 s
Dy, :7(Klq/lulq)(dpc/d‘glq) m?s™

Capillary pressure in porous layers [29] Pa
pe=ccos(0)(e/x,)"" (1425, - 2.1257, +1.26s),) (0>90°)

Effective permeability of liquid water [28] Kig = KoSie (1= Siee ) m’

~]0.043+17.81a-39.584° +36.0a> (0<a<])

Equivalent water content and water activity " 114.041.4 ( a— 1) (1<a<3)

[30]
a=X Py /P +25
eff
pe =g|:sl Pial o), F SicePice (€5 ). F 1= 51 = Sice ) Pe (€ }
Effective volumetric heat capacities ( ! )ﬂ’SI o ( ! )lq ( 8 )lce ( ! ) g( ! )g Jm?K!

+(17$7w)ps(cp)s +wpmem(cp)

mem

Effective thermal conductivity iceice

ki = g[slqqu +5 ko + (1 —Siq — Sice )kg} +(1-&— o)k, + ke, W-m K
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CLc, while a relatively lower quantity in CLa. And mass
governing equations are solved inside every cell, and
then the energy conservation equation is solved with
several source terms among the entire PEMFC stack.

Our preliminary computations have found that the
pre-heating process only affects the two to three cells
close to the bipolar plate on both sides of the PEMFC
stack. Thus, to save the simulation time, we choose five
cells.

Some physical and operating parameters in the
one-dimensional numerical model are represented in

Table 3 Governing equations
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Table 2. The value or correction formulas are given
precisely and then utilized in the after study of the cold
start-up strategy.

2.2 Governing equations and output performance

The water states and energy transport processes are
solved using the five mass conservation equations and an
energy conservation equation. There are none-frozen
membrane water, frozen membrane water, liquid water,
water vapor, ice, and energy governing equations,
respectively, as listed in Table 3.

Terms

Equations

None-frozen membrane water

Frozen membrane water

Liquid water

Water vapor

Ice

Energy

Output voltage

Activation voltage loss Vi ==

Ohmic voltage loss

Concentration voltage loss

Prmem a(a)ﬂ’nfm) _ Prmem | o (WI.SDnlinﬂ“lh]) S
EW o  EW o> nfin

Pumem .6((1) ) _

EW o fm

8(£p,qs,q) _ 0* (pqu]qslq) s
o ‘q

6(5(1 ~81q " Sice )chvp) _ o (pgDvpcvp) +S
or oA P

a ( ‘gpiccsicc )
ot

=S

ice

3 . kst
5[(/)61’)112 T}: (ajzl )+ST

Voul = Vnemsl + Vacl + Vconc + Vohmic

RT 1
—In
ak (1 )0.5 s 021-p, - [1+(1-1/&)]
~ Sice =S -J
. o 2RT -c,y
Vohmic= 7ASR]

Veens = R 1-L
aF Jb

The diffusion coefficient Dz, in the governing equation of non-frozen membrane water is corrected by temperature

and water content, as expressed in Eq. (1).

2.692 66x107"° At <2
_ BN

107 exp| 2416| ——— | [ 0.87(3 = A5, ) +2.95( Ay, —2 2< A <3

p i (303 T)_ [ ( nfm ) ( nfm ):' nfm

Dy =9, i 1 1] M
11071 exp _2416(%—?).[2.95(4—,1nfm)+1.642 454 (Ayim —3) | 3< Ay <4
-10 i 1 1) 2 3
1070 exp 2416[%—Fj (2.563-0.33 7,5, +0.02644,5,” =0.000 671 32,5.° ) gy > 4




The output voltage is solved analytically by the Tafel
representation [31] by considering the activation,
concentration, and ohmic voltage loss (the correction
formulas are presented in Table 3). As for the output
voltage, Viemse denotes the Nernst voltage, as expressed
as Eq. (2).

|4

nernst

=1.23-0.9x107 (T -T;)
+ﬂln Pu, " Po, @)
2F Pu,0

ASR (Q) in the ohmic voltage loss equation is the total
area-specific resistance, calculated by Eq. (3).

1) 1)
ASR = Acell [ BP GDL
OgpAeel  TGDLAce
3)
5MPL 5CL + 5mem ]
OmpPL Acell OcL Acell O mem Acell

Jp in the concentration voltage loss equation is defined
as

where o, denotes the electric conductivity; Db, ,

DX and DE are effective diffusivity of water vapor

inside the GDL, MPL, and CL, respectively.

Source terms of the governing equations are
summarized in Table 4. The source term of the
electro-osmotic drag process is calculated as

n
SEOD =V (Fdl(i?)fgvﬂon) (5)

eff

where, V¢ . is the ionic potential and xj,, is the

effective ionic conductivity. ny (number of the molecules
dragged per hydrogen ion through the electrolyte) is the
electro-osmotic drag coefficient and is highly related to
the membrane water uptake of the MEM [32]:
ng=2.5A05m /22 6)
The phase change source terms of the five water states
are detailedly illustrated in Table 5. Ay represents the
saturated membrane water content, which determines the
phase change process between non-frozen membrane

4F -c .
Jp= h 4 water and frozen membrane water in MEM and the
SGpL , OmpL ScL h -fi b t d
off + off +0.5 off change process among non-irozen memorane water an
DgpL  Dypr Der ice. It is calculated by Eq. (7).
4.837 (T <223.15K)
-1
A =1(~1304+0.014 797 -3.594x107°T7) (22315 K< T < Ty, 7
> ﬂ“nfm (T 2 Tfreeze)
Table 4 Source terms of mass conservation equations
Terms Expression Unit
=S, (in membrane)
Non-frozen membrane water Spfm = e _ S,y =S, +Sgop  (in cathode CL) kmol-m -5
2F
=S, =S, +Skop (in anode CL)
Frozen membrane water Sin =S+ Sy My,0 kmol-m*-s™
Liquid water S]q =8-S kg-m’3-s’1
-8, +S,_ M, (inCL)
Water vapor Sp = ] o kgm s
=S, (in GDL)
S +8, My, (in CL)
Ice e = . kg'm s
S, (in GDL)
2
JoTlaer + TASRe, +Spe (in anode CL)
CL
. 2
_LTAS | JiTlaet TASRg Spe  (in cathode CL)
2F 300,
I’ASR .
Energy Sp=4——9BL 1S (in GDL) W-m?
5GDL
2
TTASRyy (in BP)
§BP
2
TASR e +Spe (in membrane)
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Table 5 Phase change source terms of water states [32]
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Terms Expression Unit
gnff M(ﬂnfm - ﬂ’sat) (lf /’{nfm > /152:1)
Non-frozen membrane water _ EW 3
Sof = mol'm™-s
«—frozen membrane water Prmem .
Socr Wﬂ‘nfm (f Ay < A
Non-frozen membrane water _ Prem _ o R
«<>water vapor Sn—v - é:n—v EW (//i'nfm /?“eq )(1 Slq S)ce) mOI m S
Yo, .
e (g = A )L =5, — s, if g, > A
Non-frozen membrane water«ice S, = S EW (Ao Sal)( X 'ce) (F i > Ar) kgm>s!
0 (f Ay < Aar)
7 tusnE514P (f T <Ty)
Liquid watereice S.= el . R kg'm>s!
Y metESicePice (FT 2Ty)
PXyp = P )M .
J’condg(l —Syq _Sice)% (if PeXyp 2 Psa)
o GfFT>Ty) .
Water vapor«liquid water S = (p X, — Ps )MH kgm™s
o, g Tt H0 Gf p.X.. <p.)
7cvap Iq RT pg vp Piat
0 GfT <Ty)
2.3 Boundary and initial conditions -
There is no ice in the porous zones initially, and the e v
. . Initialize the parameters of each cell
membrane water content is set as 6.2 [22] for a relatively v
lower initial inner resistance. The initial temperature of Set boundary conditions
the stack is 243.15 K. According to our published paper +
. . . . . Set current loading method
[23], the time step is 0.1 s to get a highly time-efficiency ;s
simulation that can also guarantee the simulation’s i Shilve (e mrses ComeErE o
accuracy. The convective heat transfer boundary is set to equations of single cell
both sides of the endplate surface, and the heating loss is Y
Get the source terms and
calculated by middle parameters
Qloss = hAcell (Tsur - Twall) (®) M .
. . . . Solve the energy conservation
where £ is the heat transfer coefficient; T, is the ambient (=15t equation of PEMFC stack
temperature, and set the value a constant of 243.15 K. v
Get temperature of each cell
2.4 Simulation procedure U SO
v
The one-dimensional model is coded in MATLAB
. . No Te>273.15 K or
software. Fig. 3 shows the calculation flow process. Sieser=1.0 01 Vear=0 V
Before starting, the PEMFC stack is heated with a P Yes
specific power for 30 s, wherein the heating pad is v
located between the current collector and BP. The current il Tw>273.15K
loading mode will be performed after the initialization. It ) s
is important to note that the mass conservation equations Start failed Start succeed

of each water state are solved in every cell, and thus the
water distribution and various source terms can be
obtained. The temperature distribution will be received in
succession by solving the energy conservation equation
in the entire stack region.

The present research studied the effects of pre-heating
power and initial current loading slope on the cold
start-up process. According to Refs. [16, 21, 33], if the
maximum volume fraction of ice is more than one or the
minimum output voltage is less than 0, the simulation

b 4
Save the results

/7%7
(_Stop )

Fig. 3 Calculation flow chart of the simulation model

process will shut down, which means the cold start-up
process is failed. In contrast, if the temperature of every
cell is larger than the freezing temperature, the cold
start-up process is successful.



3. Results and Discussion

In this section, the optimal initial current loading slope
and the heating power will be explored based on the
above-mentioned numerical models and methods.

3.1 Model verification

The numerical model is validated by comparing the
output cell voltage with the experimental data in Ref.
[22]. Fig. 4 shows the comparison of the cell output
voltage between the numerical result and the
experimental data. The current loading method is the
same as the experiment in the reference. The initial
current ramp is 0.5 mA-cm s for 80 s, and then the
current is set as a constant until the end of the start-up
process. It can be seen that as the current rises, the output
voltage decreases quickly, and the maximum error is
9.2% at the ramping stage. The numerical result agrees
very well with the experimental data when the current is
kept constant. At the end stage, the numerical data show
a noticeable difference. This is a pervasive situation
between numerical results and test data for the PEMFC
cold-startup [24, 34] to the authors’ knowledge. However,
the start-up time is close to the experiment duration.
Hence, the one-dimensional numerical model can be used
in the following research cases.

@  Experimental data in Ref. [22]
Numerical results in this work

o
o0

Current, I/A

Output voltage, V,./V
=) =3
N [«

S
)
T

0 1 x 1 i 1 1 1 I il 0
0 20 40 60 80 100 120 140 160 180 200

Start-up time, #/s

Fig. 4 Comparison between the numerical result and

experimental data

3.2 Analysis of the simulation results

As been studied in our published work [23], the
stepwise-changed current loading mode shows better
output performance for a PEMFC cold start. Thus, in the
present research, we study the PEMFC cold start under
—30°C based on the current loading mode. Several slope
values are designed to use in a cold start-up process of
the PEMFC stack to get an optimal initial current
ramping slope. The current loading strategy is detailedly
illustrated in Fig. 5.

3.2.1 Determination of heating power

As mentioned in the first section, self-heating without
external heating is unachievable for the PEMFC cold
start-up from -30°C. Therefore, external power is
adopted to help to heat the PEMFC stack before the
current loading. To select a proper heating power, six
different values of the heating power are utilized in the
corresponding six PEMFC cold start-up processes. The
initial current ramping slope is set as 1.0 A‘s™' in the six
cases. The details of the cold start-up processes are
shown in Table 6.

It can be found that, as the heating power increases,
the start-up time tends to be decreased as well as the
maximum ice volume fraction in the cathode catalyst
layer. Simultaneously, the start-up process is failed when
the heating power is less than 120 W. For the two failed
cases, the maximum ice volume fraction is 1.0. Still, it
gets a relatively lower temperature (the maximum
temperature in the stack) than the successful start-up case
(The heating power is 120 W). Considering the PEMFC
stack is working with a temperature close to 80°C under
a normal operation situation, a higher temperature will
cause the membrane to dry out and degrade the PEMFC
performance. Due to the heating pad being usually used
to heat the stack until the end of the cold start-up, the
temperature of the stack will rise continually during the
entire start process. Hence the heating power must be
small to obtain a lower temperature. When the heating
power is 150 W, the cold start-up gets a successful
procedure with a lower ice volume fraction and tempera-
ture, but the current is smaller than those in other cases.

Table 6 Details of the cold start-up processes under different heating power

Heating power, Start-up time, Succeed (S) or The maximum The maximum ice The maximum
P/W t/s Failed (F) temperature, Tra/K volume fraction, Sice, max current, I /A

100 71.9 F 402 1.0 6.31

110 66.4 F 404 1.0 6.19

120 63.9 S 419 0.94 6.26

130 60.9 S 420 0.79 6.05

140 58.5 S 417 0.66 5.57

150 56.6 S 407 0.54 4.0




LEI Le et al.

When the current value is the aim of the cold start-up
strategy, the larger heating power is inapplicable for the
cold start-up process.

The heating power is 100 W in the following research
cases and then explores an optimal current loading
strategy.

3.2.2 The influences of current ramping slope

Nine values are designed to conduct nine numerical
simulation cases of the PEMFC cold start process to find
an optimal initial current ramping slope. The initial
conditions are the same except for the initial current
ramping slope in all cases.

Fig. 5 shows the current value and average output
voltage of the PEMFC stack. Fig. 5(a) shows that the
current peak value increased during the cold start-up
process as the initial current slope increased. Besides,
when the slope is larger than 0.5 A-s™', the current
increasing trend will be slow after a rapidly growing
stage, and then the current will decrease due to reaching
the output voltage threshold for the current decreasing

a=0.2
a=0.3

Current, I/A

0 10 20 30 40 50 60 70 80 90
Start-up time, #/s
(a) Current
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stage. As shown in Fig. 5(b), the average output voltage
is dropped more seriously with the increase of the initial
current slope. When the rise of the current trend is slower,
the output voltage decreases slightly until the sharply
dropping process is in the final stage. We can find that
the voltage will re-increase when the initial current slope
is no more than 0.7 A-s™".

The variation of the single-cell voltage during the cold
start-up process is shown in Fig. 6. For the successful
case, the initial current slope is 0.7 A-s’'. While, for the
failed case, the initial current ramp is 0.8 A-s™'. It can be
found that the output voltage of the cell changed to
re-rise during the end-stage for the successful cold
start-up process, while in the failed case, the voltage of
the cell-3 dropped to zero, thus causing the cold start-up
process to shut down. Therefore, the optimal initial
current slope is 0.7 A-s"'. Besides, the voltage of cell-1
and cell-5 decreases during the end-stage because the
activation voltage loss increases with the temperature
rising.

0.8

o
B
S

Average output voltage, V,,/V

0.6

04

Average output voltage, V,,/V

02

30 35 40 45 50 55 60 65 70 75 80
Start-up time, #/s
(b) Average output voltage

Fig. 5 Current and output voltage under the different initial current slope
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Fig. 6 Output cell voltage for a successful and a failed case
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Fig. 7 shows the average ice volume fraction in the
cathode under the different initial current slopes. During
the pre-heating stage, there no ice is formed. While,
when the current is loading, the ice volume fraction is
quickly increasing. Obviously, the volume fraction of the
ice is closely related to the current. As the current
decreases at the end-stage, it also decreases. The higher
initial current slope causes a large amount of ice. It is
disadvantageous to the fuel gas diffusion in the pores of
the porous electrolyte and thus gets a higher
concentration voltage loss.
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Fig. 7 Average ice volume fraction in the CLc under the

different initial current slope
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Fig. 8

The average inner ohmic resistance of the stack under
the different initial current slopes is shown in Fig. 8. The
ohmic resistance is 85 mQ with the initial membrane
water content set as 6.2 as suitable at the initial time. In
the pre-heating stage, the resistance decreases, and this is
because the temperature increases and then causes the
rise in ionic conductivity. When the current is starting to
be loaded, the ohmic resistance decreases slightly and
then increases sharply to the peak value, then reduces
with start-up time. The peak value of the resistance is
growing with the initial current slope. For the successful

cold start-up processes (a<0.8 A-s'), the final ohmic
resistance is lower than 38 mQ.

Fig. 9 demonstrates the inner resistance of the PEMFC
assembly components. The resistance of the Cla and
MEM increases when the current is loading during the
initial loading time (after 30 s). This is caused by the
electro-osmotic drag process resulting in the membrane
water content reduction in the Cla and MEM. As the
current increases to a higher value, the amount of
membrane water in the CLc becomes more extensive,
thus enhancing the membrane water diffusion process.
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Fig. 9 Inner resistance of the PEMFC assembly components
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Hence, the membrane water content in the Cla and MEM
tends to increase and increase the ionic conductivity, then
reduce the resistance. While the resistance for the CLc
decreases prominently during the start-up time except for
the pre-heating time. It is worth noting that the
percentage of the resistance in the CLa, MEM, and CLc
are almost 70%, 20%, and 10%, respectively.

The average temperature of the stack is shown in Fig.
10. At the pre-heating time, the temperature rises with a
nearly linear tendency. The effects of the initial current
slope on the temperature tend to be significant during the
end-stage: the temperature increases when the current
slope is close to the optimal value (0.7 A-s™). Fig. 11
shows the variation of the single-cell temperature with
time, in which the initial current slope is 0.7 A-s™". It can
be found that the temperature of the middle cell (cell-3)
is challenging to rise, while the cells located on both
sides of the stack have a higher temperature.
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Fig. 10 Average temperature of the stack under the different
initial current ramp
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Fig. 11 Variation of the single-cell temperature with start-up

time

The impact of the initial current slope on the cold
start-up process is shown in Fig. 12. It can be found that
the start-up time is decreasing with the increase of the
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initial current slope, while the ice volume fraction is
rising. When the initial current slope is more significant
than 0.7 A-s’!, the start-up is failed. So, the optimal
initial current slope is 0.7 A-s' for the cold start-up of
the PEMFC stack.
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Fig. 12 Variation of maximum ice volume fraction and

start-up time with current slope
4. Conclusions

In the present work, a one-dimensional cold start-up
model of the PEMFC stack is adopted to explore optimal
operating conditions of current and the pre-heating power.
The numerical model is validated by comparing the
numerical result with the experimental data in the
reference. Several initial current slopes and pre-heating
power are designed to analyze the effect of the factors on
the cold start-up process. Simultaneously, average ice
volume fraction, temperature, output voltage, and inner
ohmic resistance are comparatively depicted and
analyzed. The following conclusions are obtained.

(1) The stack temperature increases continually during
the cold start-up process due to the external heating
power; thus, the heating power must be small to obtain a
lower temperature. The optimal heating power in the
studied range is 100 W.

(2) As the initial current slope increases, the current
peak value increases during the cold start-up process, and
an too-high initial current slope will make the cold
start-up process fail. For the problem studied, the optimal
initial current slope is 0.7 A-s .

(3) A higher initial current slope will cause a
significant inner ohmic resistance. At the initial time, the
ohmic resistance is 85 m€. Meanwhile, it changes with
the rising of current and start-up time.

(4) The resistance of CLa is the primary part of the
total ohmic resistance. For the case study, the resistance
percentages in the CLa, MEM, and CLc are
approximately 70%, 20%, and 10%, respectively.
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