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bstract

Polymer electrolyte fuel cell (PEFC) systems for light-duty vehicles must be able to start unassisted and rapidly from temperatures below −20 ◦C.
anaging buildup of ice within the porous cathode catalyst and electrode structure is the key to self-starting a PEFC stack from subfreezing

emperatures. The stack temperature must be raised above the melting point of ice before the ice completely covers the cathode catalyst and shuts
own the electrochemical reaction. For rapid and robust self-start it is desirable to operate the stack near the short-circuit conditions. This mode
f operation maximizes hydrogen utilization, favors production of waste heat that is absorbed by the stack, and delays complete loss of effective
lectrochemical surface area by causing a large fraction of the ice to form in the gas diffusion layer rather than in the cathode catalyst layer.
reheating the feed gases, using the power generated to electrically heat the stack, and operating pressures have only small effect on the ability
o self-start or the startup time. In subfreezing weather, the stack shut-down protocol should include flowing ambient air through the hot cathode
assages to vaporize liquid water remaining in the cathode catalyst. Self-start is faster and more robust if the bipolar plates are made from metal
ather than graphite.

2006 Elsevier B.V. All rights reserved.

eywords: Polymer electrolyte fuel cells; Startup from subfreezing temperatures; Automotive propulsion systems

i
t
d
n
t
h
t
a
t
a
i
d
a

. Introduction

To be competitive with the internal combustion engines, fuel
ells for light-duty vehicles must be able to start unassisted from
emperatures below −20 ◦C and produce 90% of rated power
ithin a short time, preferably less than 30 s [1]. A problem with

tartup from subfreezing temperatures is that the water produced
t the cathode from the electrochemical reaction turns into ice
nd coats the catalyst. The portion of the catalyst surface that is
overed with ice is not available to conduct the reaction. Thus, a
tage may be reached where the cathode catalyst is completely
ngulfed in ice and the electrochemical reaction shuts down.

It may be feasible to avoid ice formation at startup by running

he fuel cell under conditions at which air does not become sat-
rated. At subfreezing temperatures, however, air has a limited
apacity to hold water vapor since the vapor pressure of water
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s only 0.0028 bar at −10 ◦C and 0.0012 bar at −20 ◦C. Thus,
he cell must be operated at a very high cathode stoichiometry,
efined as the ratio of air flow rate to the theoretical amount
eeded for complete oxidation of hydrogen. High stoichiome-
ry can be achieved by operating the cell at low currents or at
igh flow rates. The maximum flow rate is always limited by
he capacity of the air management system (i.e., blower in an
mbient-pressure system or a compressor in a pressurized sys-
em). Furthermore, maintaining a high flow rate causes a large
mount of heat to be convected out and slows the process of heat-
ng the cell. Operating the cell at low currents is also counterpro-
uctive in that the corresponding hydrogen conversion is small
s is the heat generated from the electrochemical reaction. Thus,
he stack heats up slowly if it is operated at a low current density.

The purpose of this study is to investigate operating con-
itions under which a PEFC stack can be self-started from

ubfreezing temperatures. The study has been conducted by
eveloping a simple model that is capable of tracking the forma-
ion and melting of ice within the porous catalyst and electrode
tructures. The model is validated by analyzing voltage decay

mailto:walia@ne.anl.gov
dx.doi.org/10.1016/j.jpowsour.2006.06.071
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Nomenclature

a activity
A membrane area
cp specific heat
D diffusivity
E potential
f volume fraction
F Faraday constant
h enthalpy
I current density
I0 exchange current density
k mass transfer coefficient
L catalyst loading
m mass
ṁ mass flow rate
M molecular weight
N molar flow rate
P pressure
R gas constant
t time
T temperature
X mole fraction
z transverse direction

Greek symbols
α coefficient of net water transport across

membrane
δ thickness
η overpotential
λ water content of membrane
ρ density
σ conductivity
τ tortuosity

Subscripts/superscripts
a anode
ae anode electrode
c cathode
ce cathode electrode
e electronic
g gas
i ionic, ice
l liquid water
p bipolar plate
s cell structure, saturation
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ata from single-cell experiments conducted under isothermal
onditions. The validated model is then used in a parametric
tudy on non-isothermal start of an automotive stack from sub-

reezing temperatures. Some parameters included in the study
re cell voltage, initial temperature, materials of construction,
perating pressure, oxidant flow rate and the stack shut-down
rotocol.

η

Fig. 1. Nomenclature used in model formulation.

. Model formulation

A detailed 2D model was developed to determine the electric
eld, current distribution, species concentrations and formation
nd melting of ice within a representative cell [2]. It consti-
utes the basis for formulating a simpler model that captures
he essential results and is more suitable for conducting a para-

etric study. In the simpler model, the cell voltage V is deter-
ined from the Nernst potential EN and the overpotentials η

s

= EN − ηae
e − ηae

g − ηa
e − ηa

i − ηa
g − ηa

s − ηm
i − ηc

e − ηc
i

− ηc
g + ηc

s − ηce
e − ηce

g − ηp
e (1)

n Eq. (1), the subscripts e, i, g and s denote the electronic,
onic, gas phase and activation components of the overpotentials,
nd the superscripts ae, a, m, c, ce and p represent the anode
lectrode, anode catalyst, membrane, cathode catalyst, cathode
lectrode, and the bipolar plate, respectively. With reference to
ig. 1, the various terms in Eq. (1) can be calculated from the
ollowing equations:

N = E0 + RT

2F
ln(P (0)

H2
) + RT

4F
ln(P (5)
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ln(P (5)
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permeation flux as follows:

Ix

2F
= ψH2

δm
Pa

H2
(9)
ig. 2. Correlation for Nafion conductivity as a function of temperature and
ater content.

Following Ref. [3], the ionic conductivity of the porous anode
nd cathode catalysts may be estimated from their ionomer con-
ents as

a
i = σi

[
(1 − εa)f a

m

]1.5
, σc

i = σi[(1 − εc)f c
m]1.5 (3)

The electronic conductivity of the porous catalysts similarly
ay be estimated from their carbon contents. Also, the average

onic conductivity of the membrane σm
l is given by the following

ntegral:

1

σm
i

= 1

δm

∫
dz

σi
(4)

Fig. 2 shows our approach for integrating the Nafion con-
uctivity correlation given in Ref. [4] for the 30–80 ◦C operat-
ng temperature range with the low-temperature data (−130 to
0 ◦C) reported in Ref. [5]. A λ-dependent activation energy was
erived from the low-temperature data by assigning a λ of 3 to
he type B membrane stored in air (5% H2O by mass) and a λ
f 14 to the type C membrane stored in water (20–25% H2O by
ass). In combining the two sets of data, it was assumed that

here is a jump discontinuity in σi at −15 ◦C for λ= 14 but σi is
ontinuous for λ< 3. Between λ of 3 and 14, the jump tempera-
ure, which may be indicative of freezing of excess water in the

embrane, is taken as a function of λ. We propose the following
ybrid correlation for �i (S m−1) as a function of temperature
nd water content (λ):⎧ [ (

1 1
)]

Dλ = 1

(1 + 0.0126λ)2

λ

(17.81 − 77.9a+

Dw =

⎧⎪⎪⎨
⎪⎪⎩

(−0.026λ2 + 0.81λ− 0.73) ×

3.2 × 10−6 exp

[
40
i(λ, T ) =
⎪⎪⎨
⎪⎪⎩

(0.5139λ− 0.326) exp 1268
303

−
T

T >

1.6 × 10−8 exp

[
(6890 − 45.3λ)

(
1

150
− 1

T

)]
T ≤
ig. 3. Correlation for water diffusivity in Nafion as a function of temperature
nd water content.

In order to calculate σm
i from Eq. (4) we need to determine

he λ profile in the membrane by considering water transport by
iffusion and electro-osmotic drag [4]:

ρm

Mm
Dλ

dλ

dz
+ 2.5λ

22

I

F
= αI

F
(6)

Fig. 3 shows our approach for integrating the Dλ correlation
iven in Ref. [4] for the 30–80 ◦C operating temperature range
ith the low-temperature data (−130 to 30 ◦C) reported in Ref.

6]. The combined correlation given below has discontinuity
n Dλ (cm2 s−1) with steeper temperature dependence below

15 ◦C:

2)
Dw, λ = 0.043 + 17.81a− 39.85a2 + 36a3,

exp

[
2416

(
1

303
− 1

T

)]
T > −15 ◦C

1

233
− 1

T

)]
T < −15 ◦C

(7)

We have used the Butler–Volmer equation for estimating the
ctivation overpotentials for the hydrogen oxidation reaction on
he anode and oxygen reduction reaction on the cathode [7]:

= Ia
0L

a
PtA

a
Pt

[
exp

(
2ηa

sF

RT

)
− exp

(−2ηa
sF

RT

)]
,

+ Ix = Ic
0L

c
PtA

c
Pt

[
exp

(
ηc

sF

RT

)
− exp

(−ηc
sF

RT

)]
(8)

The cross-over current density Ix may be related to the H2
(238.9 + 1.36λ)

(238.9 + 1.36λ)
(5)
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Ref. [7] may be consulted for the dependence of exchange
urrent densities on temperature and partial pressures of H2
nd O2. We assume a linear relationship between the effec-
ive electrochemical surface area (ECSA) of the Pt catalyst
nd the volume fractions of water and ice in the cathode
ayer:

c
Pt = A0

Pt(1 − f c
i − f c

l ) (10)

Finally, we solve the Stefan–Maxwell equations to calculate
he profiles of H2, O2 and H2O concentrations across the porous
atalysts and electrodes:

dXi
dz

= RT

P

∑ XiNj −XjNi

De
ij

,

e
ij = Dij

[
ε(1 − fi − fl)

]1.5
τ

(11)

.1. Flow and heat transfer model

In the anode gas channel, the following equations describe
he changes in molar flow rates of H2 and water vapor due to H2
xidation, H2 permeation, O2 permeation, and water transport
hrough the membrane. It is assumed that O2 that permeates
rom the cathode side instantaneously reacts with H2 to form
ater:

dNH2

dA
= − I

2F
− ψH2

δm
Pa

H2
− 2ψO2

δm
Pc

O2
,

dNw

dA
= −αI

F
+ 2ψO2

δm
Pc

O2
(12)

Similar equations have been written for molar flow rates of
2 and water vapor in the cathode gas channel. Below 0 ◦C,

t is assumed that the source term for H2O is determined by
he transport of water vapor through the porous catalyst and
lectrode and across the gas channel. As above, it is assumed
hat H2 that permeates from the anode side instantaneously reacts
ith O2 to form water:

dNO2

dA
= − I

4F
− ψO2

δm
Pc

O2
− ψH2

2δm
Pa

H2
,

dNw

dA
=
⎧⎨
⎩

kw(ρ(4)
w − ρ

(5)
w ) T ≤ 0 ◦C

(1 + 2α)I

2F
+ ψH2

δm
Pa

H2
T > 0 ◦C

(13)

Below 0 ◦C, the fraction of water that turns into ice can be
etermined from the current density and the rates of transport
f water across the membrane, H permeation and transport
2
f water vapor to the gas channel. Let fD be the fraction of
ce that is formed in the cathode catalyst layer (CCL) and
1 − fD) the fraction that is formed in the cathode gas diffu-
ion layer (GDL). Then we can track the accumulation of ice
n the porous cathode and electrode by solving the following
quations:

l
f
p
r
s
c

wer Sources 162 (2006) 502–512 505

cδcρi
df c

i

dt
= fD

[
(1 + 2α)I

2F
+ ψH2

δm
Pa

H2
− kw(ρ(4)

w − ρ(5)
w )

]
,

ceδceρi
df ce

i

dt
= (1 − fD)

×
[

(1 + 2α)I

2F
+ ψH2

δm
Pa

H2
− kw(ρ(4)

w − ρ(5)
w )

]
(14)

Above 0 ◦C, liquid water forms in the cathode catalyst layer
nd the GDL. For brevity and because details are available else-
here [8], we have omitted the formulation used for determining

he liquid saturation profiles in the porous structures. Also, see
ef. [9] for the permeation coefficients ψH2 and ψO2 .

Under certain conditions ice may also form within the porous
node catalyst and electrode. For those cases, it is quite straight-
orward to derive an equation similar to Eq. (14) in order to track
ce accumulation within the anode structure.

Finally, the temperature profile is determined by solving the
ollowing equation:

∂

∂t
(mshs +mwhw) + ∂

∂A
(ṁchc + ṁaha)

= −
[

(1 + 2α)I

2F
+ ψH2

δm
Pa

H2
− kw(ρ(4)

w − ρ(4)
w )

]
hw − VI

(15)

here ms and mw are the mass of structure and condensate per
nit membrane area, and the enthalpy of condensate hw is given
s follows:

w =
{
h0

i + cpiT T ≤ 0 ◦C

h0
l + cplT T > 0 ◦C

(16)

.2. Method of solution

An implicit finite-difference scheme was used to solve Eqs.
1)–(15). The cell was divided into 5–50 nodes. Eqs. (14) and
15) were discretized in time and space and Eqs. (12) and
13) were discretized in space. At each time step, a marching
lgorithm was used to solve the resulting non-linear algebraic
quations from cell inlet to outlet. At each axial node, Eq. (6) was
umerically solved for transverse profile of λ across the mem-
rane and Eq. (11) for species distribution across the cathode
nd anode catalysts and electrodes.

. Model validation with isothermal data

Hishinuma et al. [10] assembled a 104-cm2 cell and investi-
ated its startup behavior from −10 to −25 ◦C at 1–2 bar. The
ell membrane electrode assembly (MEA) was formed from a
0-�m Gore-Tex membrane coated with 16-�m thick catalyst
ayers that have 1.4 × 104 cm2 cm−3 initial electrochemical sur-
ace area. Graphite fiber cloths, 470 �m in thickness and 40%

orosity, served as gas diffusion layers. Graphite plates with
ibbed channels were used to distribute gases. The assembled
ingle-cell apparatus was positioned inside an environmental
ontrol chamber to maintain a constant temperature over the
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Table 1
Critical current density above which ice is formed

T (◦C) P (atm) Flow rate (L min−1) Ic (mA cm−2)

Air H2 Test Eq. (17) Eq. (18)

−25 1 2.83 0.66 <1 2.9 (α= −0.17) 2.0 (α= −0.17)
−20 1 9.49 1.19 3 14.5 (α= −0.1) 5.1 (α= −0.15)
−
−
−

d
g
T

3

t
s
a
c
c
w
s
f
m

r
s
a
f
i
r
p
c

s
d
i
u
a
f
g
t
fi

3

f

t
a
i
t
d
t
b
e
t
(
o
W
e

f

a
c
i
b

p
(

fD = 0.85[1 − exp(−74I)][0.85 + 0.15 exp(−1.67(P − 1))]

(20)
10 1 6.33 0.79
10 1.5 6.33 0.79
10 2 6.33 0.79

uration of a test. Dry bottled gases were used to supply hydro-
en as fuel and a 79% N2–21% O2 synthetic mixture as oxidizer.
he tests monitored voltage decay at constant current.

.1. Critical current density

The tests (conducted under isothermal conditions) measured
he critical current density (Ic) above which the cell voltage
teadily declined with time and below which the cell could oper-
te stably. Arguably ice is formed within the MEA only if the
urrent density exceeds Ic. We associate Ic with two limiting
onditions, the less stringent of which is that ice is formed if the
ater produced by the electrochemical reaction is sufficient to

aturate the cathode stream. With this criterion and accounting
or water transferred between the anode and cathode streams, Ic
ay be calculated from the following equation:

Ic

2F
= Xws

1 + (1 −Xws)(1 + 4α)

(
Nair

A

)
(17)

Table 1 compares the experimentally measured critical cur-
ent density with Ic calculated from Eq. (17). The comparison
hows that Eq. (17) overestimates the critical current density
nd suggests that the gas phase need not be saturated for ice to
orm. We therefore postulate a more stringent condition that ice
s formed if the flux of water produced from the electrochemical
eaction locally exceeds the rate at which it can diffuse from the
orous catalyst to the cathode gas channel. According to this
riterion, Ic may be calculated from the following equation:

Ic

2F
= kw(ρws − ρw)

(1 + 2α)
(18)

Table 1 shows that Ic calculated from Eq. (18) agrees rea-
onably well with the experimentally measured critical current
ensities. It is worth mentioning that calculating average Ic
s somewhat involved since the local vapor density (ρw) is
nknown and Eq. (18) calculates the local rather than the aver-
ge current density. We calculate ρw by integrating an equation
or water vapor density from the inlet to the outlet of the cathode
as channel. We then iteratively determine the average Ic such
hat Eq. (18) is satisfied at the cathode outlet where ice is formed
rst.
.2. Transport function

Water produced from the electrochemical reaction either dif-
uses to the gas channel and is convected out or condenses within F
10 23.5 (α= −0.1) 9.2 (α= −0.16)
15.6 (α= −0.1) 6.3 (α= −0.14)
11.75 (α= −0.1) 4.7 (α= −0.12)

he MEA. At subfreezing conditions, a fraction of the condensate
ppears as ice in the cathode catalyst layer and the remaining as
ce in the gas diffusion layer. The fraction that appears as ice in
he GDL (fD) depends on the water production rate (i.e., current
ensity), the rate at which water vapor diffuses from the CCL to
he GDL, and vapor condensation kinetics. Although it is possi-
le to calculate fD theoretically, it is simpler to infer it from the
xperimental data itself. We infer fD from the observed time for
he cell voltage to decline to zero (ts) at constant current density
I). We assume that only I in excess of Ic contributes to formation
f ice and that at t = ts the CCL is completely engulfed in ice.
ith these assumptions fD can be estimated from the following

quation:

D = 1 − εcδcρi/Mw

ts(I − Ic)/2F
(19)

Fig. 4 presents the inferred fD as a function of current density
t different temperatures and pressures. It indicates that as the
urrent density is increased a larger fraction of water appears as
ce in the GDL. It also suggests that fD decreases with pressure
ut is only a weak function of temperature.

For use in our model, fD was curve-fitted in terms of two
roduct functions, one that depends only on the current density
A cm−2) and the other on pressure (bar) as follows:
ig. 4. Empirical correlation for fD as a function of current density and pressure.
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ig. 5. Measured and calculated isothermal voltage decay profiles: (a) −10 ◦C,
b) −20 ◦C, and (c) 1–2 bar at −10 ◦C.

.3. Voltage decay profiles

With fD given by Eq. (20), Fig. 5 shows a favorable com-
arison between the calculated and observed voltage profiles.
t −10 ◦C and 1 bar, Fig. 5a indicates that the cell voltage is

table at 0.01 A cm−2, declines with time at 0.015 A cm−2, and
eclines even faster at 0.03–0.05 A cm−2. At current densities
igher than Ic the voltage decline is gradual initially but very
apid once the ice volume fraction in the CCL exceeds 0.8–0.9

n our model. The cell voltage becomes less than 0.1 V at 1200 s
1460 s in the test) at 0.015 A cm−2, 600 s (600–820 s in the test)
t 0.03 A cm−2, and 420 s (380 s in the test) at 0.05 A cm−2. The
ata from the two different tests at 0.03 A cm−2 are not entirely

e
[
s
a

ig. 6. Progressive formation of ice at −10 ◦C, P = 1 bar, I = 0.03 A cm−2.

eproducible presumably because of incomplete removal of ice
rom the MEA resulting in different initial conditions [11].
etween the tests, the ice deposited in the MEA was removed
y flowing dry gases without passing current.

Fig. 5b compares the calculated and measured voltage decay
rofiles at −20 ◦C and 1 bar. Compared to the results in Fig. 5a
or −10 ◦C, Ic is smaller as is the initial cell voltage at the
ame I and the voltage decays at a faster rate. For example, at
.03 A cm−2, the cell voltage becomes less than 0.1 V at about
20 s at −20 ◦C compared to 600 s at −10 ◦C.

Fig. 5c presents the calculated and measured effect of pres-
ure on voltage profiles at −10 ◦C and 0.03 A cm−2. Both the
odel and experimental data indicate faster decline in cell volt-

ge at higher pressure. In our model, the operating pressure
ffects both the critical current density Ic (see Table 1) and
he transport function fD. The higher the operating pressure the
maller the critical current density and the fraction of conden-
ate that forms in the GDL, so that ice builds up more rapidly in
he CCL.

Fig. 6 presents the modeled profiles of ice volume fraction
n CCL at different times at −10 ◦C, 1 bar and 0.03 A cm−2. As

entioned earlier, ice begins to form at the channel exit if the
verage current density equals Ic. For the operating conditions of
ig. 6, I > Ic, so that ice begins to form at an upstream location.
he portion of the MEA that has CCL covered with ice progres-
ively carries a smaller fraction of the current load. Because the
ell is being operated in the constant current mode, the current
ensity has to increase in the upstream portion so that the freeze
ront advances in time and may reach cathode inlet.

. Non-isothermal startup from subfreezing
emperatures

We have used the model described above to study the startup
ehavior of a 45-kW PEFC stack from subfreezing tempera-
ures. In combination with a hybrid battery, two of these stacks

lectrically connected in series can propel a light-duty vehicle
12]. We consider that the MEA for each cell of the stack con-
ists of a 50-�m thick, 1100-EW Nafion membrane coated with
7-�m thick anode catalyst layer and a 13-�m thick cathode
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atalyst layer. The thin-layer anode and cathode are prepared
rom carbon-supported Pt (47 wt.% Pt/C) in organic ionomer
olutions (5 wt.% 1100-EW Nafion) with an ionomer/carbon
atio of 0.8. The Pt loading is 0.4 mg cm−2 on cathode and
.2 mg cm−2 on anode. These electrodes have been well char-
cterized in Ref. [7] in terms of porosity (0.4), electrochemical
urface area (52 m2

Pt/gPt), exchange current density and other
tructural and kinetic parameters. We consider that 275-�m
oven carbon cloth is used for the gas diffusion layers and that

he flow field channels are fabricated from graphite of 2.3-mm
verage thickness. The stack consists of 230 cells (9.6 cells per
nch) with 430 cm2 cross-sectional area, 85% of which is active.
t rated power, each cell generates 195 W of electric power at
.65-V cell voltage. The stack weighs 52 kg including 13 kg for
he endplates, current collector, insulator, outer wrap and tie
olts. The weight of the stack with the coolant channels filled
ith ethylene glycol is 55 kg.

.1. Polarization curves
Fig. 7a presents the modeled steady-state polarization curves
or the pressurized stack at different temperatures. A number
f assumptions have been made in constructing the polariza-
ion curves. The operating pressure is variable and a function

ig. 7. Modeled steady-state stack behavior at constant anode (2.0) and cathode
1.4) stoichiometries: (a) polarization curves; (b) combined ohmic overpotential
n membrane, cathode catalyst layer and anode catalyst layer. The feed gases
re humidified at 60% RH and the pressure varies with flow rate.
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f air flow rate: 2.5 bar at rated (100%) flow, 2.0 bar at 75%
ow, 1.7 bar at 50% flow, 1.3 bar at 25% flow and 1.1 bar at
0% flow. Air and fuel flow rates at every operating point have
een calculated by holding oxygen utilization constant at 50%
nd fuel utilization constant at 70%. Incoming air and hydrogen
treams are humidified to 60% relative humidity at the prevailing
tack temperature and pressure. In determining the overpoten-
ials below 0 ◦C, no allowance has been made for loss in ECSA
ecause of coverage of cathode catalyst with ice. Fig. 7b shows
he average combined ohmic voltage drop in the membrane (ηm

i ),
athode catalyst layer (ηc

i ), and the anode catalyst layer ηi
a as a

unction of current density and temperature. It indicates that at a
iven current density, the decrease in cell voltage with decrease
n temperature, as seen in Fig. 7a, is primarily due to the greater
hmic overpotential.

Fig. 7a shows that the current density at the rated-power point
0.65 V, 80 ◦C) is 0.82 A cm−2. On the other hand, the short-
ircuit current densities are calculated as 0.74 A cm−2 at 20 ◦C
ell temperature, 0.41 A cm−2 at 0 ◦C, 0.17 A cm−2 at −20 ◦C
nd 0.04 A cm−2 −40 ◦C. Thus, as a percent of the hydrogen
onsumption at rated power, the maximum hydrogen consump-
ion is limited to 90% at 20 ◦C, 50% at 0 ◦C, 21% at −20 ◦C and
% at −40 ◦C.

In order to show the effect of ice on the polarization curves
t subfreezing temperatures, we present Fig. 8 in which the ice
olume fractions in the GDL and CCL are assumed to be equal
nd the cell temperature is −20 ◦C. In actual simulations the
ce volume fractions in the GDL and CCL are not equal but
re determined by solving Eq. (14). Fig. 8 clearly shows that
he mass transfer overpotentials become important in our model
hen the ice volume fraction exceeds 90%. At −20 ◦C, the short-

ircuit current is determined by the mass transfer overpotential
ather than the ohmic overpotential when fi > 0.95.

.2. Critical cell voltage for self-start
A number of simulations have been run to analyze the startup
f the stack from subfreezing temperatures. Fig. 9 presents the
esults from one set of simulations in which the stack is ini-
ially free of ice at −20 ◦C, the ambient temperature is also

Fig. 8. Effect of ice coverage on polarization curves at −20 ◦C.
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ig. 9. Effect of cell voltage on startup from −20 C at constant air and fuel
ow rates (P = 1.7 bar): (a) current density profiles; (b) ice coverage of cathode
atalyst layer; (c) cell temperature.

20 ◦C, and the air and hydrogen flows are at 50% of rated
apacity.

Unlike the results seen in Fig. 5a and b for isothermal con-
itions, Fig. 9a points to the existence of a critical cell voltage
Vc) above which self-start is not possible. The critical voltage
s a function of the initial stack temperature. The lower the ini-
ial stack temperature the lower the critical voltage. At −20 ◦C,

he critical voltage is about 0.5 V. For cell voltage above Vc the
verage current density decreases monotonically with time (see
he curve for 0.7 V) because of the buildup of ice in the cath-
de catalyst layer. For cell voltage equal to Vc (see the curve
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or 0.5 V), the current density initially increases with time as
he stack heats up but there is an intermediate period of time
75–100 s) during which the current density decreases with time
ecause of diminishing effective ECSA. At 100 s, the ice begins
o melt leading to the recovery of ECSA and the current den-
ity climbs sharply. For cell voltage below Vc (see the curve for
.3 V), the startup is faster and more robust in that the current
ensity increases monotonically with time. The startup is even
aster if the cell is operated closer to the short-circuit condition,
.g., at 0.1 V rather than at 0.3 V.

Fig. 9b tracks the buildup and disappearance of ice in the
athode catalyst layer. At 0.7 V (i.e., V > Vc), ice volume fraction
ncreases gradually. Ice builds up faster if the stack is operated
t cell voltage below Vc; however, ice volume fraction reaches a
eak value and then decreases precipitously as the stack reaches
he ice melting temperature. Below Vc, the lower the cell voltage
he smaller the peak value of ice volume fraction.

Fig. 9c presents the stack temperature as a function of time.
or V > Vc (0.7 V), the stack is heated slowly and equilibrates at
temperature below the melting point of ice. This is why the

tack cannot be self-started from subfreezing temperatures at
> Vc. The stack is heated faster and to temperature above the
elting point of ice if V < Vc. Also, the lower the cell voltage

he faster the rise in stack temperature.
There are three reasons why the startup from subfreezing

emperatures is faster at near short-circuit conditions (V ∼ 0,
∼ Isc). First, hydrogen utilization is proportional to the amount
f current that can be passed. The higher the current the larger the
mount of hydrogen consumed in the electrochemical reaction
nd the faster the rate at which the stack warms up.

Second, the higher the current density the lower the cell volt-
ge and more the waste heat that is generated. At short circuit,
he stack does not produce any electrical power. Instead all the
eat of reaction is converted into waste heat that is absorbed by
he stack.

Third, a fraction of the water that is produced at the cathode
s transported into the gas diffusion layer. Fig. 4 indicates that
he higher the current density the larger the fraction of water that
s transported to GDL. By operating at a high current density we
herefore cause a large fraction of ice to form in the GDL rather
han in the cathode catalyst layer. This provides additional time
o raise the cell temperature above the melting point of ice before
he ice can completely cover the cathode catalyst and shut-down
he electrochemical reaction.

.3. Effect of power draw

Startup from subfreezing temperatures can be made faster
nd more robust if the electric power generated by the stack is
sed to heat the bipolar plates or the stack coolant. From the
tandpoint of hardware complexity, it may be easier to elec-
rically heat the coolant rather than the bipolar plates. Fig. 10
ndicates that the stack heat up process is accelerated most

t 0.5 V—the cell voltage where the power density is high-
st. The difference is small near the open circuit (0.7 V) and
hort-circuit (0.1 V) conditions where the stack power density
s small.
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Fig. 10. Effect of power draw on startup from −20 ◦C.

.4. Critical temperature

There is a critical initial temperature (Tc) below which the
tack cannot be self-started even at short circuit. Fig. 11 presents
he average current density and stack temperature profiles for
tartup from different initial temperatures at 0.1-V cell volt-

ge. It indicates that the stack temperature can be raised above
he melting point of ice if the initial temperature is higher than

20 ◦C. Self-start is not possible from −40 ◦C because the cath-

ig. 11. Effect of initial temperature on startup at 0.1 V: (a) cell current profiles;
b) cell temperature.
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ig. 12. Effect of preheating feed gases on startup from different temperatures.

de catalyst layer is completely coated with ice (terminating
he electrochemical reaction) at 130 s when the stack tempera-
ure has reached −12 ◦C only. Similarly, the stack equilibrates
t −2 ◦C for startup from −30 ◦C initial temperature. Exter-
al assistance is needed for startup from temperatures below
20 ◦C.
Fig. 12 illustrates the effect of preheating the feed gases on

he critical temperature. Whereas self-start is not possible from
30 ◦C at 0.1-V cell voltage, the stack temperature can be raised

bove the melting point of ice by preheating air and hydrogen
eeds to 80 ◦C. Note that even with preheat, the stack cannot be
tarted from −40 ◦C. Also, preheating feeds is not an effective
ay of reducing the startup time at temperatures above Tc. For

xample, preheating feeds to 80 ◦C reduces the time to heat the
tack from −20 to 0 ◦C by less than 5 s.

.5. Effect of stack conditioning

Simulations were run to assess the effect of the stack shut-

own protocol on subsequent startup from subfreezing temper-
tures. Fig. 13 presents results from two simulations. In one
imulation (DS) the stack is initially dry because the liquid water
as been removed from the GDL and the CCL when the stack

ig. 13. Effect of shut-down protocol on startup from −20 ◦C: dry shut-down
DS) vs. wet shut-down (WS).
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s shut-down. This can be done, for example, by flowing ambi-
nt air over the cathode and vaporizing any remaining liquid
ater using the thermal energy stored in the bipolar plates. In

he second simulation (WS), no specific step is taken to remove
he liquid water which subsequently freezes. In the WS simula-
ion, it is assumed that 30% of the pore volume in the GDL and
CL is initially covered with ice. Fig. 13 shows that self-start

rom −20 ◦C at 0.3 V is difficult if 30% of ECSA in the cathode
atalyst layer is initially unavailable because of ice coverage.

.6. Metal versus graphite bipolar plates

Although corrosion is a concern, a PEFC stack can be assem-
led with metal plates that are thinner and lighter than graphite
lates. Another advantage of metal plates is that metals have
ower specific heat than graphite. For example, the specific heat
f stainless steel is 460 J kg−1 K compared to 935 J kg−1 K for
raphite. We ran simulations to investigate the startup behav-
or of a PEFC stack with 0.43-mm thick stainless steel bipolar
lates. Fig. 14 includes results from some simulations that com-
are the startup of stacks with metal and graphite bipolar plates.

t shows that a stack with metal bipolar plates (MP) can be self-
tarted from −40 ◦C at 0.1 V but a stack with graphite bipolar
lates (GP) cannot be self-started at temperatures below −20 ◦C.
ecause of smaller thermal inertia, a stack with metal bipolar

ig. 14. Effect of bipolar plates on startup at 0.1-V cell voltage: GP and MP
enote graphite and metal bipolar plates.
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Fig. 15. Effect of operating pressure on startup from −20 ◦C.

lates is also quicker to start. For example, it takes less than
0 s to heat a stack with metal bipolar plates from −20 ◦C to
he melting point of ice but almost 35 s if the stack is made with
raphite plates.

.7. Ambient-pressure versus pressurized stacks

We ran simulations to analyze the startup behavior of
mbient-pressure stacks. Fig. 15 includes results from some
imulations that compare the startup of ambient-pressure stacks
nd pressurized stack (1.7 bar at 50% flow) assuming that the
wo stacks have the same specific power. It indicates that the
mbient-pressure stack is only marginally easier to self-start
rom −20 ◦C. Although more water vapor can be convected out
ith the spent cathode air at 1 bar than at 1.7 bar, the vapor pres-

ure of water at −20 ◦C is quite low so that a majority of the
ater formed from the electrochemical reaction turns into ice

nd is deposited within the MEA.
We also ran simulations to investigate the effect of flow rate

n startup of the pressurized stack. Results show only minor dif-
erences between startup at 100% (2.5 bar) and at 50% (1.7 bar)
f the rated flow. Advantage of the higher flow rate is partially
ffset by the lower mole fraction of water vapor at saturation so
hat the fraction of water formed at the cathode that turns into
ce is nearly the same at the two flow rates. Also, a larger frac-
ion of the ice formed is retained in the cathode catalyst layer
ecause of the higher pressure at 100% flow with the net result
hat the startup time is slightly longer at the full flow than at half
ow.

.8. Warm-up time and energy

A number of simulations were run to determine the time and
nergy needed to heat the pressurized stack to the melting point
f ice without external assistance. Fig. 16a summarizes the cal-
ulated warm-up time as a function of the cell voltage and the

nitial temperature. These results are for a stack with graphite
ipolar plates. As discussed earlier, the lower the cell voltage
he shorter is the warm-up time. Also, for a given initial temper-
ture, there is a critical voltage above which the stack cannot be
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ig. 16. Effect of initial cell temperature: (a) time to warm-up to 0 ◦C; (b) warm-
p energy.

elf-started. If it is desired to minimize the time spent near short
ircuit, the critical voltage line in Fig. 16a can be followed to
aise the cell voltage as the stack warms up.

Fig. 16b presents the corresponding results for the minimum
arm-up energy as a function of the cell voltage and the initial

emperature. Just as for warm-up time, the lower the cell voltage
he smaller is the amount of energy consumed in warming up the
tack to 0 ◦C. Also, the warm-up time and energy can be reduced
y using the generated power to electrically heat the stack
or the coolant) or by using metal rather than graphite bipolar
lates.

. Conclusions

Rapid start of a PEFC stack from subfreezing temperatures
navoidably involves formation of ice within the porous cath-
de catalyst and electrode structure. Managing buildup of ice is
he key to obtaining a successful self-start. The stack temper-
ture must be raised above the melting point of ice before the
ce completely covers the cathode catalyst and shuts down the
lectrochemical reaction. Results from our model suggest that
or rapid self-start it is desirable to operate the stack near short-

ircuit conditions. This mode of operation maximizes hydrogen
tilization, favors production of waste heat that is absorbed by
he stack, and delays complete loss of electrochemical surface
rea by causing a large fraction of the ice to form in the GDL

[

[
[
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ather than in the cathode catalyst layer. Other conclusions from
his study are highlighted below:

For a given initial temperature, there exists a critical cell volt-
age above which self-start is not possible. Conversely, for a
given cell voltage, there is a critical temperature below which
the stack cannot be self-started.
Preheating the feed gases to the normal operating tempera-
tures can raise the critical cell voltage but does not signifi-
cantly reduce the time needed to heat the stack to 0 ◦C if the
stack is operated near short circuit. Using the power generated
to electrically heat the bipolar plates or the coolant leads to
similar results.
In subfreezing weather, the stack shut-down protocol should
include flowing ambient air through the hot cathode passages
to vaporize liquid water remaining in the GDL and the cathode
catalyst.
The coolant in the stack should be isolated from the balance
of the coolant in order to minimize the thermal mass that has
to be heated during the startup time.
Because metal plates can be made thinner and generally have
lower specific heat, self-start is faster and more robust if the
bipolar plates are made from metal rather than graphite.
Operating pressure has only a small effect on the ability to
self-start or the startup time.
To minimize the time spent near short circuit, the cell voltage
can be raised as the stack warms up.

cknowledgements

This work was supported by the U.S. Department of Energy’s
ffice of Energy Efficiency and Renewable Energy, Office
f Hydrogen, Fuel Cells, and Infrastructure Technologies. Dr.
ancy Garland is the program manager at USDOE.

eferences

[1] Hydrogen, Fuel Cells and Infrastructure Technologies Program: Multi-
Year Research, Development and Demonstration Plan, available at:
http://www.eere.energy.gov/hydrogenandfuelcells/mypp, 2005.

[2] R.K. Ahluwalia, X. Wang, E.D. Doss, R. Kumar, Fuel cell systems analysis,
in: Proceedings of Hydrogen Fuel Cells and Infrastructure Technologies
Program Review Meeting, Crystal City, VA, 2005.

[3] J.J. Baschuk, X. Li, J. Power Sources 86 (2000) 181–196.
[4] T.E. Springer, T.A. Zawodzinski, S. Gottesfeld, J. Electrochem. Soc. 138

(1991) 2334–2341.
[5] M. Cappadonia, J.W. Erning, U. Stimming, J. Electroanal. Chem. 376

(1994) 189–193.
[6] M. Saito, K. Hayamizu, T. Okada, J. Phys. Chem. B 109 (2005) 3112–

3119.
[7] H.A. Gasteiger, J.E. Panels, S.G. Yan, J. Power Sources 127 (2004)

162–171.
[8] U. Pasaogullari, C.Y. Wang, J. Electrochem. Soc. 151 (2004) A399–

A406.
[9] A.Z. Weber, J. Newman, J. Electrochem. Soc. 151 (2004) A311–A325.

10] Y. Hishinuma, T. Chikahisa, F. Kagami, T. Ogawa, JSME Int. J. Ser. B 47

(2004) 235–241.
11] Y. Hishinuma, F. Kagami, personal communications, November 2005.
12] R.K. Ahluwalia, X. Wang, A. Rousseau, J. Power Sources 152 (2005)

233–244.

http://www.eere.energy.gov/hydrogenandfuelcells/mypp

	Rapid self-start of polymer electrolyte fuel cell stacks from subfreezing temperatures
	Introduction
	Model formulation
	Flow and heat transfer model
	Method of solution

	Model validation with isothermal data
	Critical current density
	Transport function
	Voltage decay profiles

	Non-isothermal startup from subfreezing temperatures
	Polarization curves
	Critical cell voltage for self-start
	Effect of power draw
	Critical temperature
	Effect of stack conditioning
	Metal versus graphite bipolar plates
	Ambient-pressure versus pressurized stacks
	Warm-up time and energy

	Conclusions
	Acknowledgements
	References


