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The start-up of the proton exchange membrane fuel cell (PEMFC) at temperatures below the freezing point is
considered one of the major obstacles hindering the widespread commercialization applications of fuel cells. In
this work, a one-dimensional transient numerical model is adopted to study the effects of five different current
loading modes on the stack start-up from —20 °C. They are constant current loading mode, constant slope ramp
loading mode, variable slope ramp loading mode, zigzag current loading mode, and stepwise-changed current

loading mode. The detailed comparative analyses are presented for a better understanding of the cold start-up
process. Three levels (good, appropriate, and inferior) are used to evaluate the performance of the current
loading modes. The results show that the stepwise-changed current loading mode is the best among the five
modes because it has the advantages of appropriate start-up time, temperature rising rate, ohmic resistance, heat
generation rate, ice volume fraction, and water production rate.

1. Introduction

The proton exchange membrane fuel cell (PEMFC) is an energy
conversion device using hydrogen and air as fuel gas. The products are
only pure water and electric power, thus it is widely used in the new
energy automobile industry [1-4]. With the support of government
policies and environmental protection requirements, the fuel cell vehicle
industry ushered in a flourishing market worldwide. One of the vital
obstacles hindering the large-scale commercial application of fuel cell
vehicles is cold start-up under a winter sub-freezing temperature [5-8].
In subzero weather, the product water will change into ice and then
occupies the pores of the porous layers [9-12]. And the freezing of water
may result in the PEMFC output performance deteriorating seriously and
the structure of porous layers being destroyed. It is necessary to study
how to conduct each cold start-up successfully to reduce the degree of
performance degradation and structural damage to the minimum.
Therefore, for different power stacks of PEMFC, the study on an optimal
strategy for the cold start-up is indispensable.

Many significant works have been carried out to explore a proper and
optimal cold start-up strategy. So far, the cold start-up strategy can be
broadly classified into two categories:self-strat-up and assisted start-up.
In the self start-up category, as reported in Ref. [13-15], the constant
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power, constant current, and constant voltage modes are the three most
widely used start-up modes. Yang et al. [15] experimentally investigated
the effects of operating conditions on the PEMFC cold start-up based on
the constant voltage mode. And optimized operating conditions used in
the constant voltage mode are obtained. Du et al. [16] explored a max
power mode based on a multiphase PEMFC stack model. By comparing
with the three basic start-up modes mentioned above, they found that
the max power mode is the optimal for the cold start-up of the PEMFC
studied. Amamou et al. [17,18] proposed an internal-based adaptive
strategy to control the PEMFC stack to maximize the generated heat and
power. Compared with the constant current and constant voltage modes,
the proposed approach has a superior performance. Recently, Zang et al.
[19] studied different current density operation modes based on a
simplified one-dimensional numerical model of a single PEMFC and
obtained the current density threshold for the successful cold start-up
corresponding to the researched modes.

Except for the above-mentioned self-starting strategy, the assisted
cold start-up strategy is also extensively reported in literatures. Sun et al.
[20] developed a cold start-up procedure that made hydrogen and ox-
ygen react to heat the fuel cell. By controlling the Hy concentration and
gas flow rate in the experiments, the cell temperature rose quickly and
stably, finally causing a successful cold start-up. Guo et al. [21] imple-
mented the anode hydrogen-oxygen catalytic reaction in a three-
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Nomenclature P density, kg m 3

o electric conductivity, S m™?
a water activity [0} volume fraction of ionomer
A effective activation area, m?
ASR area-specific resistance, Q m> Subscripts and superscripts
C mole concentration, mol m™> a anc?de .
Cnfin mole concentration of the none-frozen membrane water, act a?tlvatlon

mol m—3 bp bipolar plate

¢ specific heat capacity, J kg™! K* ¢ cathode o
D diffusivity, m? s~ cell cell c.haracterlstlc .
EW equivalent weight of membrane, kg mol ™! cycle the time cycle of current loading
F Faraday’s constant, C mol CL catalyst
h convective heat transfer coefficient, W m™2 K! conc concentration
I current, A eff effective
J* exchange current density, A cm 2 eq equilibrium
k thermal conductivity, W m ' K* f frozen
K permeability, m? fl fluid phase
M molecular weight, kg mol ™! fm frozen membrane water
n number of the current loading cycle g gas phase
p pressure, Pa GDL gas diffusion layer
Q quantity of generated heat, J cm ™2 H>0 water
R universal gas constant, J mol ™! K™* l Fhe ith phase of water
s volume fraction lce lce
S mass sources terms J the jth phase of water
¢ time, s load current loading
T temperature, K lq liquid water
v the output voltage, V mem membrane

nernst  nernst
Greek letters nfm none-frozen membrane water
a current loading slope in Case-2, Case-3, and Case-5 ohmic ohmic
p current loading slope in Case-4 out output
Y water transfer rate P power
) thickness, mm sat saturation
€ porosity sl solid phase
¢ water transfer rate, s ! stack stack characteristic
K intrinsic permeability, m? T energy (source term)
A water content threshold threshold value
u dynamic viscosity, kgm ™! s7! p vapor
£ stoichiometry ratio wall surrounding wall of the stack

dimensional cold start-up model of a single cell and achieved a suc-
cessful cold start-up from —20 °C. Luo et al. [22] developed a one-
dimensional PEMFC stack model with the hydrogen—oxygen catalytic
reaction both in anode and cathode. The anode catalytic reaction with
optimized reactants concentration was recommended for the PEMFC
stack cold start-up. Another assistance strategy is preheating by the
external energy, say electrical heating [23], before the cold start-up.
Zhan et al. [24] made the comparisons among endplates heating, air
preheating, and coolant heating in a 2 kW PEMFC stack experiments,
and the endplates heating with high efficiency stood out from the crowd.
Recently, Yang et al. [25] developed an integrated system model con-
sisting of a PEMFC stack, membrane humidifier, hydrogen pump, gas
compressor, and radiator. And, to get a successful cold start-up, three
assisted pre-heating approaches (fuel gas heating, stack heating, and
coolant heating) were adopted. They found that the power consumption
for heating coolant is enormous, and the secondary power sources are
necessary.

For fuel cell vehicles, the constant voltage mode, constant current
mode, and constant power mode are not applicable because the condi-
tions of a running automobile are timely changed. Also, using the
hydrogen—oxygen catalytic reaction to heat the PEMFC stack may face a
significant risk that the membrane may be destroyed. Besides, pre-
heating before start-up is only used under a very low subzero

temperature because the method needs external electrical power and
makes the stack system more complex. Hence, finding a proper and
optimal unassisted strategy for the PEMFC stack cold start-up is
imperative.

Numerical simulations of the PEMFC stack cold start-up process are
mainly one-dimensional models [18,19,22,25-29], and three-
dimensional simulation models [8,14,30,31] are only used to simulate
a single cell or even a single channel [14,32] in the literature because the
transient simulations in three-dimensional space would take enormous
computation time. In the references mentioned above, researchers
mainly pay attention to the mechanisms of the water phase trans-
formation [26-29] and the cold up strategies, such as the self-heating
[18,19] and assisted heating methods [22,25].

To the authors’ knowledge, no studies have been conducted to
examine different current loading modes of the PEMFC stack cold start
up by comparing the output characteristics such as the temperature, ice
volume fraction, inner resistance, and the requirement indexes of the
cold start-up process.

The present work aims to study the effects of current loading modes
on the PEMFC stack start-up process and recommend an optimal one.
Hence, a transient one-dimensional cold start-up model of the PEMFC
stack is proposed, and the requirements for a successful cold start-up are
recommended. This is the major innovative point of the present study.
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Fig. 1. Schematic diagram of PEMFC stack structure.

Table 1
Physical parameters of the PEMFC stack.

Physical parameters Value Unit

The active area of the cell [33] 25 cm?

The width of the cell 5 cm

The length of the cell 5 cm

The depth of the channel 1 mm

Thickness of BP; GDL; MPL; CL; 2000; 200; 30; 10; 30 pm
membrane [13]

Porosities of GDL; MPL; CL 0.7; 0.4; 0.3

Contact angle of GDL; MPL; CL 120; 100; 100

Intrinsic permeability of GDL; MPL; CL. 6.2 x 1071% 6.2 x 10713; m?
[34] 6.2 x 10713

Electrical conductivities of BP; GDL; 25000; 300; 300; 300 Sm!
MPL; CL [13]

Thermal conductivities of BP; GDL; 20; 1.5; 1.2; 1.2; 0.95 Wm!
MPL; CL; mem K!

The mass density of the BP; GDL; MPL; 1000; 1000; 1000; 1000; kg m~3
CL; mem [13] 1980.0

The equivalent weight of the membrane ~ 1100.0 kg mol~?

The specific heat capacity of BP; GDL; 1580; 2000; 568; 3300; 833 J kg’1
MPL; CL [13] K!

Five current loading modes are adopted to study a specific cold start-up
situation from —20 °C. By comparatively analyzing the dynamic process
characteristics, an optimal current loading mode is recommended.

2. Model descriptions

In this section, the details of the physical and mathematical models
are described.

2.1. Physical model

A PEMEFC stack consists of several single cells and two endplates (EP)
which are set up at each side along the length direction to fix the stack.
Every single cell contains the proton exchange membrane (PEM), cata-
lyst layer (CL), microporous layer (MPL), gas diffusion layer (GDL), and
bipolar plate (BP), as shown in Fig. 1. The physical parameters of the
PEMEFC stack studied in this paper are listed in Table 1.

Fig. 2 shows the water transition mechanism in a general PEMFC cell
under the sub-zero and above-zero temperatures at atmosphere pres-
sure. In the membrane, non-frozen membrane water (also called mem-
brane water usually) will change into frozen membrane water when the
temperature is below zero, and the membrane water content is larger

Membrane osaitozen Frozen membrane water
membrane water
!
i v 1
CL IR Water vapor I Liquid wat
S membrane water . P g RIRIC water
!
v
MPLs Water vapor <—— Ice Liquid water
i
v
GDLs Water vapor <+——— Ice Liquid water
Tips: ——— Phase change process =-------- Diffusion process ======== Electro-osmotic drag process

Fig. 2. Phase change mechanism in the PEMFC stack.
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Fig. 3. Conservation equation diagram of the one-dimensional PEMFC cold start-up model.

Table 2
Operation conditions and transport properties.
Parameters Value/Equation Unit
Volume fraction of ionomer in CL wq = 0.3, w. = 0.3
Stoichiometry ratio Ea=20,&6=20
Initial stack temperature Tini = 253.15 K
Pressure at outlets Pour =1 atm
Heat transfer coefficient on endplates surface h =50.0 Wm2K!
Heat transfer coefficient on side surfaces h=20 Wm2K!
Initial ice volume fraction 0
Initial none-frozen membrane water 6.2
Initial frozen membrane water 0
Phase change rate(y) 1.0 st
Liquid water diffusivity [34] D — _qu ﬂ m?s !
T gy dsyg
Capillary pressure in porous layers [37] € o5 ) 5 5 Pa
Pe = r;cos(é})(g) [1.42(1 — s51g) — 2.12(1 —53)° +1.26(1 —559)°] (0 < 90°)
pe= acos(a)%)"-squslq ~212% +1263] (0> 90°)
Effective permeability of liquid water [34] Kty = koSO (1 — Sice) 0 m?
Equivalent water content and water activity[38] P 0.043 +17.81a — 39.58a* 4 36.0a®> (0<a < 1) _ XwDg
eq = a=—""=+2s
) _ o 14.0+1.4(a-1) (1<as3) Psar -
Effective volumetric heat capacities (PCo) g = €lsiapiq (Cp)ig + SicePice(Cp)ice + (1 — Stq — Sice) Pg(Cp),] Jm 3K
Effective thermal conductivity 1% A e Wm K

st = ElSigktq + Sicekice + (1 = $ig — Sice )kg] + (1 — & — @)ks + Wkimem

than the saturated membrane water content. The water vapor and non-
frozen membrane water will transform to ice under proper conditions.
When the temperature rises to zero, the ice will be melt into liquid
water. The water vapor will transport to porous zones such as the
microporous and gas diffusion layers through the diffusion process. Both
desublimation and melting processes will occur in the porous layers.
When a PEMFC is in normal operation, very complicated physical
phenomena and processes occur inside the PEMFC, including fluid flow,
heat and mass transfer, electronic transportation, and chemical re-
actions. However, in the cold start-up state, the dominated process is the
diffusion of different kinds of water. These diffusion processes are
considered along the through-plane direction (x-direction) in the pre-
sent one-dimensional numerical model. As shown in Fig. 3, all five water
phase transition processes are considered inside each cell in this model.
All these mass conservation equations of different cells in the whole
stack are solved simultaneously to obtain the phase distribution along
the x-direction. And each cell temperature is gained by solving the en-
ergy conservation equation in the entire stack region. Besides, the
convective heat transfer boundary condition with a constant heat
transfer coefficient is set to the two-end surfaces of the PEMFC stack. The

detailed operation conditions and transport properties in the cold start-
up model are shown in Table 2.
The basic assumptions made in this study are as follows:

(1) The fluid flow is laminar and incompressible due to the low gas
pressure and low Reynolds number [35].

(2) The gas flow in channels is ignored;

(3) The air and fuel gas are regarded as ideal-gas;

(4) The gravity effect is neglected;

(5) Only the icing process on the cathode side is considered because
the membrane water is mainly produced on the cathode of the
cell [13];

(6) There is no ice inside the cell at the initial state, assuming that the
liquid water is entirely purged by the purge process implemented
when the stack is shut down.

It is worth noting that the first five assumptions are usual in the cold
start-up study [13,19,22,36]. As for the sixth assumption, our simulation
model can also study the non-zero initial ice situation without any dif-
ficulty. Zero ice fraction is only a representative among others.
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2.2. Conservation equations

2.2.1. Mass transport

The amount of non-frozen membrane water in the membrane and
catalytic layer can be predicted as follows. First, the governing equation
for the non-frozen water content Ausm in the membrane and catalytic
layer is solved [13,22,36]:

Prnem O @) Priom O (0" Do)
EW ot  EW ox2

+ Suin (€8]

where pprem (kg m™>) is the density, EW (kg kmol™') is the equivalent
weight of membrane, and w is the volume fraction of ionomer in catalyst
layer; Sufm (mol m~3 s~ is the mass source term of the non-frozen
membrane water, and Dpfn (m2 s’l) is the mass diffusivity in ionomer,
which is related to membrane water content and temperature. And it can
be presented in the form of a piecewise function shown by Eq. (2) [39]:

2.69266 x 107", (L,m<2)

303

anm -

nfin

1
1070.exp | 2416 =— — =
0 exp{ 6(303 T

Then the mole concentration of none-frozen membrane water in the
membrane (cyfm, mol m_s) can be obtained by Equation (3) [40]

Cop = pE";"V"z,!,m 3)

The membrane will absorb water when the non-frozen membrane
water content is less than the saturated water content (Asat). The
absorbing process is called the phase change process between non-
frozen and frozen membranes [29]. The saturated water content is
usually gained by the empirical formula derived from the experimental
tests given in[41].

4.837 (T < 223.15K)
[~1.304 4 0.01479T — 3.594 x 107572 ™"  (223.15KKT < Tjeese)
> ﬁnfm (TZTﬁ'ee:e)

ﬂsm =

4

The frozen membrane water content in the membrane can be ob-
tained by solving the frozen membrane water conservation equation, as
shown in Eq. (5).

Pimem 'a(wlfm )
EW ot

= S %)

where /g, is the frozen membrane water content, and Sg, (mol m~3 s’l)
represents the mass source term of frozen membrane water.

The mass conservation equation of liquid water and water vapor can
be expressed as Egs. (6) and (7), respectively. It is worth noting that the
discretized governing equations of the water vapor concentration are
solved by the implicit scheme. Hence a much larger time step of the
numerical simulations can be used compared with the explicit scheme
used in Refs. [13,16,22,28].

0(ep1y51q) _ & (p1,Digs1q) 8, ©)

ot ox?

11
107" exp| {2416 (@ - T) } [2.95(4 — Ayn) + 1.642454 (A — 3)], (3 < A<
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6(8(1 — Sig — Sicc)pgcvap) _ 62 (pgDvapcvap) + Sml, (7)

ot ox?

where ¢ denotes the porosity of the porous electrode, piq (kg m), pg (kg
m*?’), Dy (m? sfl), Dygp (m? s are the liquid water density, water
vapor density, water liquid effective diffusivity, and vapor effective
diffusivity, respectively; s;; and s;c, represent the local volume fraction of
liquid water and ice in the pores, respectively, and c,q, (mol m3) is the
vapor mole concentration; Syq, (kg m~2 s 1) is the mass source term of
vapor.
As for ice, the mass conservation equation is as follows,

O(epieSice) _
T - S[t‘e
where pjc. (kg m~2) is the ice density, and Sjc, (kg m~3s71) is the mass
source term of ice.

11
107-exp {2416(— - T) } 10.87(3 = Aupn) + 2.95(Asm — 2)], (2 < A<3)

(2)

1
) } [2.563 = 0.33Ayy, + 0.026447, — 0.00067134),)], (Aum > 4)

The source terms of the above governing equations are shown in
Table 3. The source terms (S;;) from water phase i to water phase j are
listed in Table 4.

When generated by an electrochemical reaction, the water molecular
will immigrate from anode electrolyte to cathode electrolyte by
combining with the hydrogen ion (called electro-osmosis process). The
process becomes more obvious as the current increases [42]. Therefore,
the electro-osmosis drag source term Sgop is considered in the numerical
model, and it can be calculated by

Mg of
SEOD =V (Fkionv¢iou) (9)
where nq is the electro-osmotic drag coefficient and related closely to the
membrane water content:

Table 3
Source terms of mass conservation equations.
Terms Expression Unit
Non-frozen kmol m 3
membrane water st
Snfm =

—Sns (in membrane)

L Sy = Sui+ Sgop (in cathode CL)

~Sn—v — Sn-i + Skop (in anode CL)

Frozen membrane Sim = Sn-s (in membrane) kmol m~3
water st
Liquid water Sig = Si_t + Sn-iMn,0 kgm™3
-1
s
Water vapor s —Sv-i + Sn—vMh,0 (in CL) kg m
R [ (in GDL and MPL) st

Ice s - Sy_i — Si-1 + Sn-iMp,0 (in CL) kg m
ice. = S,_i — Si_; (in GDL and MPL) st
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Table 4
Phase change source terms of water transition [43].
Terms Expression Unit
-3 -1
Non-frozen membrane water — frozen membrane water S { fﬂff?];n ( Jnfn — dae) (if D > Asar) molm s
nf =
En (i Fnin < )
-3 -1
Non-frozen membrane water — water vapor Suy =& Prmem (Chogin — Aequi) (1 — Stq — Sice) molm ~s
' v = Env gy nfm = Aequi g — Sice .
Non-frozen membrane water — ice - En,i/)é"few'/" (Anfim — Asat) (1 — Sig — Sice) (if Angm > Asar) kgm3s
0 (if Anfm < Asat) 3 1
Ice-liquid water Si1 = —&_i€Sicepice  (IfT>Tn) kgm s
Water vapor-ice Pk ™ kgm 35!
&yie(1 = sig — Sice) W (if PgXp>Psar) (fT < T)
Sv-i = :
0 (if pgXp < Psar)
0 (fT>Tn)
Table 5 Vour = Vernst + Vact + Veone + Vohmic (13)
Voltage loss of the PEMFC cell. . . A . A
8 The first term on the right side of the above equation is Nernst
Voltage loss Analytical Equation Unit voltage, also known as the open-circuit voltage. And it is expressed as
Activation Vaee = v RT;
voltage loss Vierst = 1.23—0.9 x 1073(T = Ty) +—=—2In bty Poy 14
_RT, [ 2F \ pmo
oF  esi. 02Lpe(1t(1-1/8)
(1 Sice slq) j-dcr (- 2RT-Crey )
Concentration N Eln 1- I v
voltage loss one T aF Jjo
Ohmic voltage Vohmic = —ASR:j A t
art
loss
CSet parameters of each cell)
2'5411[?11
n, = —m 10
a D) 10
Initialization
2.2.2. Heat transport
The energy conservation equation is expressed as Set boundary conditions and
) # (k;»lfflT) current loading process
.\ _ S
o ((/)(‘I’)ﬂ.slT) =T +Sr 11 l

where (pcp)fe{?;l and k;{?;l denote the effective heat capacity (J kg ! K1)
and effective thermal conductivity (W m~* K1), respectively, as shown
in Table 2; Sy (W m™>) represents the thermal source term, which in-
cludes the reversible heat, the activational heat, ohmic heat, and latent
heat. The source term of different cell assembly components is expressed
as

I’ASR
Jellaer + L | Spe (in anode CL)
36cL
Jj.TAS I*ASR¢; )
~oF FJMaer t WLC, + Spc (in cathode CL)
IPASRg,
Sr= — 2Tk | S, (in GDL) 12)
6GDL
I’ASR
52 (in BP)
Opp
PASR o )
I Spc (in membrane)

where ASR; (Q m~?) is the area-specific resistance, 74 (V) is the acti-
vation over-potential, and j. (A m ) is the reaction rate.

2.2.3. The output performance of the stack

The main voltage drops of the cell are caused by the activation
voltage loss (Vg V), concentration voltage loss (Vone, V), and ohmic
voltage loss (Vonmic, V). The output voltage of the PEMFC is solved by
Equation (13).

—»CSolve the mass conservation equations of each ce@

)

Solve the energy conservation
equation of PEMFC stack

Calculate temperature of
each cell and components

t=t+ot

Tcell>273-15 or Sice,ce“:l.o

s

(Cold startup failed) (Cold startup succeed)

Si(:e,(:ell=1 .0

(Save and output dataD

|

Fig. 4. Numerical simulation procedure of the present model.
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Time (s)
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Fig. 5. Grid system independence test.

where T is a constant temperature (298.15 K); pg,, Po, and py,o are the
partial pressure of different gas species Hy, O3, and Hy0 (g), respec-
tively. The equations for determining the rest three terms are shown in
Table 5. In the present model, the Tafel equation [44] is adopted to
analytically calculate the activation loss [13,16,22,28,36]. It should be
noted that the exchange current density of electrochemical reaction is
corrected by the volume fraction of ice and water liquid, also related
closely to the stoichiometric ratio. And jp in the concentration voltage
loss equation is defined as

4F’Ch
B 4 (.5

<
Digpr,

Jjo = (15)

7
o
DCL

5uftf7L
¢
DL

+

DI?Z,L and Df{{ are effective diffusivity of water vapor inside

the GDL, MPL, and CL, respectively. The total area-specific resistance
ASR (Q) is calculated by Eq. (16), where o; denotes the electric
conductivity.

eff
where D¢,

5’"8”’

et )
UnlclnAceII

OcrAcen

Opp S OupL

(16)
OppAca

ASR = A,
! ( OmpLAceln

0GpLAcel
0.9
0.8 |
0.7 |
0.6
05}
04 r
03}
0.2

Output voltage (V)

60 80 100 120 140 160 180 200
Time (s)

0.0

20 40

(c) Output voltage

As for the PEMFC stack, the mean output voltage and power are
determined by Egs. (17) and (18), respectively. In Eq. (18), the current
changes with time (t) according to the current loading method.

Neell

Viack = § Vouri
i=1

a7

Neell

Dstack = I(t) Z Vum,i (18)
i=1

2.3. Boundary and initial conditions

The heat loss from the two end surfaces by the convective heat
transfer process mentioned above is expressed as

Quoss = MAcei(Tour — Towarr) 19

where h (W m—2 K’l) represents the heat transfer coefficient, Ty, (K) is
the ambient temperature. T,,q; (K) is the temperature of the endplate
surface, which is replaced by the average temperature of BPs in this
study.

258.0
257.5
257.0
256.5
256.0
255.5
255.0
254.5
254.0
253.5
253.0

Temperature (K)

Temperature (K)

152 154 156 158 160 162 164 166 168
Time (s)
1 1 1 1 1 1 1 1

40 60 80 100 120 140 160 180 200
Time (s)
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Fig. 6. Time step independence test.
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The initial temperature is set as 253.15 K in each cell. The initial
membrane water content is set as 6.2 [45]. The current is defined by the
specified loading process.

It is to be noted here that simulating a stack with more than ten cells
only adds the simulation region and the simulation time but does not
affect the simulation approach and the numerical accuracy.

2.4. Numerical simulation procedure

The numerical simulation of the PEMFC stack cold start-up process is
conducted by self-programming code based on the commercial software
MATLAB. The details of the simulation procedure are shown in Fig. 4. In
the beginning, the parameters of every single-cell and each component
are defined and initialized. After that, the current loading process is
implemented. At every time step, the mass governing equations of five
kinds of water are solved in each single-cell. After the concentration
distributions, volume fractions, and mass source terms of different water
phases are obtained, energy source terms can be calculated according to
the source term equations. Subsequently, the energy conservation
equation is solved in the entire simulated stack region. And the tem-
perature distribution of the stack among the through-plane direction can
be achieved. The fourth-order Runge-Kutta method [13,28] is used to
solve the discretized governing equations.

For the cold start-up process, in Ref. [28], the average ice volume
fraction of the stack is used as the criterion for determining whether it is
successful or not. In this way, the cell voltage would be zero during a
period, but such a phenomenon is not allowed in an actual PEMFC stack
running. In the present study, the specific criteria for a successful cold
start-up are set as follows: the maximum ice volume fraction of CLc
should be less than 1, and the cell temperature is larger than 273.15 K in
every cell. And the voltage of every single cell must be above 0 V during
the entire cold start-up process. If the cell temperature is greater than
273.15 K, the cold start-up can be considered to be successful, otherwise
continuing the above solving procedure at the next time step. When the
monitored ice volume fraction of ice reaches to 1, the start-up process is
failed, and the simulation procedure is stopped.

3. Model validation
3.1. Grid system independence test

A proper grid system needs to be chosen to balance the accuracy and
efficiency of the numerical simulation. A single cell with a current

density of 0.05 A cm™2 is taken as the representative to test the grid
independence. The temperature and output cell voltage variation trends

Energy Conversion and Management 251 (2022) 114991

for five grid systems are shown in Fig. 5. As the total grid number is
growing, the difference in temperature and output voltage, compared
with the former grid system, is tending to be smaller. To be time-
efficiency, the grid system-3 is used to conduct the subsequent study,
and the final grid number of the MEM, CL, MPL, GDL, CH, and BP are 25,
20, 20, 20, 5, 5, respectively.

Fig. 6 illustrates the results of time step independence tests. The
output voltage and temperature show no noticeable difference under the
two adopted values (0.1 s and 0.01 s). Considering that the current
loading process must have a comparatively small time step, the final step
is set as 0.01 s in all cases.

3.2. Model validation

The one-dimensional numerical model was validated by comparing
the cell output voltage with the experimental data in Ref [45] during the
cold start-up process from —20 °C. The loading current density takes a
ramp of 0.5 mA cm 2 s~ for the first 80 s and then keeps a constant of
40 mA cm 2 until the cold start-up process is finished. The two results
are compared in Fig. 7. It can be found that most numerical results are in
good agreement with the experimental data during the loading stage,
showing the reliability of the present model and the developed code. It is
interesting to note that some appreciable deviation occurs at the shut-
down stage (after 225 s). To the authors’ knowledge, it is a common
situation between numerical simulation and test data for cold-startup of
PEMFC [28,35,36].

4. Five current loading modes

This section introduces five different current loading modes, and the
requirements for a successive cold start-up process are presented. Ac-
cording to the above model validated section, a maximum current of 1.0
A leads to a fail-down of the cold start-up. To obtain a successful cold
start-up, we enlarge the maximum current to 1.25 A for the current
loading modes.

4.1. Description of the current loading modes

4.1.1. Constant current loading mode

Constant current mode is a common way of PEMFC cold start-up in
the literature [13]. This paper considers the constant current mode a
primary case for the comparative analysis of different cold start-up
modes. The selected constant current is 1.25 A.

4.1.2. Constant slope current ramp mode

Ramp loading mode is one of the most common modes applied in the
cold start-up [46]. At the beginning stage, a lower current ramp value
can keep the loading, and the strat-up process continues. The slop is an
essential parameter in this mode. A too-large slope will cause a rapid
increase of the current, and then the stack voltage will decrease quickly,
leading to the shut-down of a stack. Therefore a suitable loading slope
must be selected before using the current loading mode.

For the constant slope mode, the electrical current is calculated by
Eq. (20).

I=at (20)

where a represents the ramp slope and equals 12.5 mA s~ ! in the present
study.

4.1.3. Variable slop current ramp mode

An improved current ramp mode with changing slope determined by
a specified output voltage (threshold) is studied. A larger slope is used in
this mode when the voltage is higher than the specified value, and a
smaller slope is adopted when the voltage is less than it. Several
thresholds can be specified to have a more accurate and timely control
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Table 6
Detailed parameters of five current loading modes.
Cases  Ramp slope/ Loading Waiting Voltage Maximum
mAs! cycle/s time threshold/V current/A
Case- - - - - 1.25
1
Case- a=125 - - - 1.25
2
Case- a; = az - - 0.4 1.25
3 12.5 =
8.0
Case- p1= P2 2.5 - - 1.25
4 10 =
Case- o= 2.0 1.75 0.3 0.15 1.25
5 60.0

process of the stack start-up. One threshold is used in the present work
for this mode, and the current is loaded according to Equation (21).

[ {1 + a8t (if Vourcen=Vinreshola)

. 21
(if Voutrcett < Vitreshola) (2D

1+ ay-0t

where a; and a3 are equal to 12.5 mA s'and 8.0mAs respectively,
and the threshold voltage is set as 0.4 V.

4.1.4. Zigzag current loading mode

As described in Ref. [19], zigzag loading mode adopts an alterna-
tively increasing and decreasing current density with time to reduce the
start-up time. In this mode, the current density changes by a zigzag way.
Precisely, in the present paper, the current is calculated by following
piecewise function

2
1= (22)

L1
1 _ﬁ2'6t (lf Elcyda < tload<tr_vcle>

1
I+ p,-6t (lf 0.0 < t[()uzlg_t(:y('le)

where f#; and f, represent the current increase slop and decrease slop,
respectively, 6t (s) is the time step, t.y is the time period of each loading
cycle, and tjq is the total loading time. In this study, f1, f2, teycle are 10
mAs !, 2mAs7} and 2.5, respectively. tjqoq is expressed as

t
tioaa =1 — mod <7> “Leyele (23)
cycle

4.1.5. Stepwise-changed current loading mode

In this mode, the loading current changes stepwisely. To realize this
mode, a relatively large ramp slope is adopted in a short loading cycle,
making the start-up process produce little water while the temperature
can rise. Once the current reaches a certain value, a waiting time is set to
keep the current constant after a ramp stage in one loading cycle. In this
study, the current of the loading process is expressed as Eq. (24). It can
be seen that the current loading slope is also stepwisely changed ac-
cording to the output voltage.

I=IL+adt if(0.0 < ,,<0.1tcy0) )
. lf (Voul,cell > 03)
I=1 if (0.1 teyete < tioaa<Sleyete)
1 I+1a5t if (0.0 < 11000 <0. 1yt
= 5 a [} . loa Lleycle
'3 ST (015 < Ve <0.3)
I=1 if (0. 1teyete < tioaaSteyeie)
I=1-005 if (Vour,en<0.15)

(24)

where a (A s71) is the loading slope and set as 60 in the following study,
and t.y is the current loading cycle in the process.
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Fig. 8. Current density variation of the five cases.
4.2. Requirements for a successful cold start-up
The quantity of heat generation (Qeqr, the unit is J cm™2) and the
amount of product water (mgz0, mg cm’z) [33] are two important

characteristic parameters that can be calculated by Egs. (25) and (26),
respectively.

Otear = /(Eh — Veen)ldt= (Ejy — Veer) /Idl (25)

MHZ()/
1d 2
2w )1 (26)

Muy,0 =

where Ej, represents the ideal thermal potential (1.48 V for the Hy-O,
reaction), and Mpyzo (g mol 1) is the molecular weight of water.

For a successful cold start-up process of the PEMFC stack, keeping a
higher heat generation rate and a relatively lower water production rate
is necessary. Therefore, the heat generation rate and water production
rate are regarded as the requirements of the cold start-up process.

5. Results and analysis

Five simulation cases are designed to study the output performance
of the PEMFC stack specified in Section 2 during the cold start-up pro-
cess by adopting the above five current loading modes, respectively. The
detailed information of the five cases is shown in Table 6. To save the
simulation time and ensure that the stack will not be shut down in a
short period, the maximum current is set to 1.25 A. The other parame-
ters of each case (mode) were determined from our preliminary simu-
lations. An optimal mode can be found for the five specific current
loading modes by comparing the heat generation and water production
rates. As far as each mode is concerned, their optimal parameter selec-
tion is not the focus of the present paper and will be examined in our
further research.

During the simulation process, several important dynamic output-
ting parameters are monitored to show the process characteristics
variation.

For the cold start-up process, the essential dynamic features of the
PEMFC stack are the variation of the stack temperature, ice volume
fraction, and the output voltage changing with the current loading
process. The predicted results of cold start-up processes with different
current loading modes show that the one-dimensional numerical model
could represent and describe the dynamic characteristics clearly and
timely. And the predicted output performance of the cold start-up pro-
cesses is indeed affected by the current loading modes. These results are
provided in detail in the following presentation.
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Fig. 9. Output performance of the PEMFC stack.

The following results will be presented and compared in four parts:
the output voltage and power, the water content and ice volume frac-
tion, the temperature and ohmic resistance, and the generated heat and
produced water.

5.1. The output voltage and power of the PEMFC stack

Fig. 8 shows the current density variation during the cold start-up of
the five simulation cases. According to the criteria set in Section 2.4, the
five modes cannot get a successful start-up for the specific situation
studied. However, analyzing the output dynamic characteristics of the
five cases can reveal the differences between them and help us to find a
mode that can meet the requirements for cold start up process and may
be recommended for other PEMFC stack running situations, such as a
lower temperature than —20 °C and more cells for a larger stack. In
addition, detailed analyses of the failed start-up process may help us
understand the shut-down mechanism and get some valuable hints for a
successful cold start-up operation.

The cold start-up operation time is defined as the time period from

10

the very beginning to the time of shut-down. The times of the five
simulation cases are 166.4, 223.7, 238.5, 355.8, and 287.6 s, respec-
tively. In addition, the time in which the current increases to the
maximum for Cases 2, 3, 4, and 5 is 100, 125, 325.4, and 208.2 s,
respectively. It can be found that Case-4 has the longest loading time,
while Case-1 obtains the shortest start-up operation time. For Case 3
during the operation time period, the output voltage did not meet the
condition shown in Eq. (21). Hence only the slope @; was used, making
the current change linearly with time.

The average voltage and voltage losses are essential dynamic char-
acteristics of the start-up operation. The voltage losses contain the
activation voltage loss (Vg V), ohmic voltage loss (Vopmic, V), and
concentration voltage loss (Vconc, V). Fig. 9(a) shows the variation of the
stack output voltage during the cold start-up operation. As can be seen,
because having the maximum current value initially, Case-1 gets the
smallest output voltage and then gradually decreases during the start-up
process. The other cases have a relatively higher voltage due to the
current rising from zero gradually. And then, the output voltage of the
other four start-up cases decreases quickly because they have a specified
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ramping slop to raise the current. Among them, the voltage reductions of
Case-2 and Case-3 are more than that of Case-4 and Case-5. Fig. 9(b), (c),
and (d) show the variation of the average activation voltage loss,
average ohmic voltage loss, and average concentration voltage,
respectively. We can find that the activation voltage occupies a large
proportion in the voltage drop compared with the ohmic and
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concentration voltage losses. As the current increases, the ohmic loss is
increasing quickly firstly and then decreasing. The concentration
voltage loss is mainly related to the ice volume fraction. When the pores
of the porous zone are nearly filled by ice, the concentration voltage loss
will increase sharply at the shut-down stage.

Fig. 10 gives the real-time voltage variation of the ten cells during the
cold start-up of the five cases, where the voltage is recorded when the
cell current reaches the maximum current value of 1.25 A cm 2. It can be
seen that the ten cells in the stack almost have the same output voltage at
different time instants. However, from the enlarged figures shown in the
left-bottom place of each figure, we can find some differences: the two
side cells (Cell-1 and Cell-10) of the stack have a smaller output voltage
due to lower cell temperature than that of the middle cells. This varia-
tion pattern can be observed clearly in Fig. 11, where voltage variation
along the x-direction is presented.

Another essential dynamic output parameter of the PEMFC stack is
the volume power density (P, W cm™3). Fig. 12 shows the variation of
the volume power density during the start-up operation. We can find
that Case-1 has the largest power density at the beginning stage and then
decreases with the reducing output voltage. On the contrary, the other
four cases have an increasing trend starting from zero at the initial stage.
When the current rises to the maximum value, the volume power density
begins to decrease slightly. As the voltage drops quickly, the power
density also reduces sharply.

5.2. The water content and ice volume fraction

The membrane water content (infm) is a critical intermediate
parameter, and it changes with the current. Many physical variables are
related to it, such as the effective membrane water diffusion coefficient
[47]. Fig. 13 illustrates non-frozen water content variation trends in the
representative regions during the cold start-up for the five simulation
cases. The water content changes show a similar tendency in the same
region, but there is a significant difference between different cases at the
same time step. As shown in Fig. 13(a), at the beginning stage, the water
content of the membrane water in the cathode catalyst layer begins to
increase rapidly with the current loading, and the increasing rate of
Case-1 is larger than the others due to the largest current value in a
whole cold start-up process. As mentioned in the second section, when
the water content is greater than the saturated water content, the ice
would produce inside the pores of catalyst layers. Therefore, the water
content increasing rate is changing to be slower.

Fig. 13(b) shows the non-frozen water content variation in the anode
catalyst layer. Contrary to the changing trend in the cathode catalyst
layer, in the beginning, the water content decreases quickly due to the
role of the electro-osmotic drag process. When the water content reaches
the minimum value, it increases due to the back diffusion process.
Fig. 13(c) gives the water content changing trend in the membrane, and
there is also a minimum during the entire cold start-up process. It is
roughly the same as the changing trend of the anode catalyst layer. The
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membrane water content firstly decreased and then increased under the
roles of the electro-osmotic drag process and back diffusion process. The
transform between the non-frozen membrane and frozen membrane
water also helps to reduce water content in the membrane.

The volume fraction of ice variation with the start-up time under
different current loading modes is plotted in Fig. 14. We can find that the
cathode catalyst layer has a much higher ice volume fraction; hence the
primary freezing process occurs in this component. Since the diffusion
coefficient is relatively low at subzero temperatures, the amount of
water vapor in the MPLc and GDLc diffused from the cathode catalyst
layer is minimal. Then the ice volume fraction transformed from
diffused water vapor is also tiny. Nevertheless, the existence of the MPLc
helps to reduce the quantity of ice production in the CLc due to the fact
that pore volume provides the space for ice which is transferred from
water vapor and makes the start-up process continue. It is easy to see
that Case-1 has the fastest ice production rate while Case-5 has the
lowest.

Regarding membrane water content and ice quantity, the constant
current loading mode (Case-1) is not proper for the PEMFC cold start-up
process because of the fast ice production rate in pores, while Case-4 and
Case-5 are better to balance the water content and ice volume fraction.

5.3. The temperature and ohmic resistance

The stack (or cell) temperature is a vital monitoring parameter in a
cold start-up process. Fig. 15(a) shows the real-time temperature vari-
ation of the PEMFC stack. As can be seen, the stack temperature rises
quickly in Case-1 initially. However, in other cases, the temperature is
increasing gradually with Case-4 having the lowest temperature. At
time = 100 s, the average stack temperature difference between the five
cases is about 7 °C. Fig. 15(b) shows the cell temperature distribution
along the x-direction during the cold start-up process (except Case-1, the

time of data statistics is the time to reach the maximum current). It is
evident that the cells at both sides of the PEMFC stack have a lower
temperature than the middle cells since the convective heat transfers
with the cold environment. Because of the longer loading time, the cell
temperature in Case-4 is higher than in other cases.

A proper temperature rising rate is needed for the cold start-up
process to keep a shorter start-up time and a smaller ohmic voltage
loss. Thus, Case-2, Case-3, and Case-5 are better than others.

The ohmic heat source is a significant one at the initial start-up
process, closely related to the ohmic inner resistance of the cell com-
ponents and loading current. Fig. 16 shows the variation of averaged
ohmic resistance of the stack and the membrane.

At the initial time, the ohmic resistance is 20 mQ calculated ac-
cording to the initial water content and temperature, and when the
current is applied, the resistance begins to rise. It can be seen that Case-1
gains a fastly growing rate, while the other cases have a less and
different increasing trend. The water content of Case-1 is quickly
increasing (as shown in Fig. 13(a)), leading to a rapid increase of
resistance. Because of the largest current at the start time, the electro-
osmotic drag process is also more severe to reduce the water content
in the CLa (as shown in Fig. 13(b)) and then increase the ohmic resis-
tance. Different from Case-1, the ohmic resistances of the other cases are
growing slightly at the beginning stage. Also, the function of the electro-
osmotic drag process is weak under a very low current value. Under the
combined role of the two weakly processes, the ohmic resistance is also
increasing gradually. In all cases, the resistance increase is attributed to
the decreasing water content, while the decrease is due to the temper-
ature rising quickly under a relatively high current. It must be stated that
the total ohmic resistance of the stack is no more than 70 mQ, and the
ohmic resistance of the membrane is reducing to below 10 mQ at the
shut-down stage.

The ohmic resistance should not be too large to ensure that ohmic

Table 7
Comparisons of five modes.
Terms Current loading modes
Case-1 Case-2 Case-3 Case-4 Case-5
Constant current Constant slope Variable slope Zigzag Stepwise
Start-up time Good Appropriate Appropriate inferior Appropriate
The ice volume fraction in CLc inferior Appropriate Appropriate Appropriate Good
Temperature rising rate Good Appropriate Appropriate inferior Appropriate
The ohmic resistance inferior inferior inferior Good Appropriate
Rate of heat generation Good Appropriate Appropriate inferior Appropriate
Rate of water production inferior Appropriate Appropriate Good Appropriate
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voltage loss is relatively lower at the beginning time of cold start-up.
Therefore, Case-1 can not meet the need. Although the ohmic resis-
tance of the stack at the initial stage can be reduced by reducing the
current loading value, it will significantly increase the start-up time.
Considering the requirement of temperature rising rate, lower
voltage drop, and gradually increasing resistance at the initial stage, the
current loading mode of Case-5 is the proper current loading mode.

5.4. The quantity of generated heat and amount of produced water

As claimed before, the quantity of generated heat and the amount of
produced water are two important parameters of the cold start-up pro-
cess. Fig. 17 shows the variation of the two parameters under the five
simulation cases. Fig. 17(a) gives the quantity of generated heat and the
amount of produced water. It can be found that Case-4 obtains the most
significant heat production, also gains the largest water production,
while Case-1 has the smallest amount of heat and water.

Since the start-up operation time period is different among the five
cases, it is not suitable to use heat generation quantity and water pro-
duction amount in the whole time period for comparison between
different modes, rather the heat generation rate and water production
rate should be used. The results are shown in Fig. 17(b). Obviously,
Case-1 obtains the largest production rates of heat and water because of
the shorter continuing time of the start-up operation process, Case-2 and
Case-3 followed, while Case-4 gains the smallest. According to the re-
quirements stated in Section 4-2, Case-5 is the best one among the five
cases (modes).

The above comparative studies are summarized in Table 7. The three
levels (good, appropriate, and inferior) are used to mark the perfor-
mance. The start-up time and the ice volume fraction in CLc, tempera-
ture rising rate, ohmic resistance, heat generation rate, and water
production rate are used as comparison indices. Case-5 (stepwised cur-
rent loading mode) is the best among the five modes for the PEMFC cold
start-up process.

6. Conclusions

In the present work, a transient one-dimensional cold start-up model
of the PEMFC stack is developed and used to study the effects of current
loading modes on the dynamic output characteristics to find an appro-
priate current loading mode. Five different current loading modes are
designed and implemented. There are constant current loading mode,
constant slope ramp loading mode, variable slope ramp loading mode,
zigzag current loading mode, and stepwise-changed current loading
mode. Some conclusions are obtained by monitoring and comparatively
analyzing the output voltage, voltage losses, several intermediate pa-
rameters, and two requirements. The major findings are as follows:

(1) The constant current loading mode (used in Case-1) can not fit the
requirements of the cold start-up process of the PEMFC stack due
to its most significant ice production rate and a higher ohmic
resistance caused by a high current value at the beginning stage.
The ohmic resistance of the PEMFC stack is closely related to the
water content and temperature. In the cold start-up process, the
ohmic resistance increases firstly and then decreases, finally
reaching a minimum value at the end of the process.

The zigzag current loading mode is unsuitable for the PEMFC cold
start-up process due to its longest time and lowest heat generation
rate.

Take the above comparison results and the requirements for cold
start-up into account, the stepwise-changed current loading mode
(used in Case-5) is the best for the cold start-up process.
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