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Abstract

A hydrogen fuelled, 30 W proton exchange membrane fuel-cell (PEMFC) system is presented that is able to operate at an ambient temperature
between −20 and 40 ◦C. The system, which comprises the fuel-cell stack, pumps, humidifier, valves and blowers is fully characterized in a climatic
chamber under various ambient temperatures. Successful cold start-up and stable operation at −20 ◦C are reported as well as the system behaviour
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uring long-term at 40 ◦C. A simple thermal model of the stack is developed and validated, and accounts for heat losses by radiation and convection.
ondensation of steam is addressed as well as reaction gas depletion. The stack is regarded as a uniform heat source. The electrochemical reaction is
ot resolved. General design rules for the cold start-up of a portable fuel-cell stack are deduced by the thermal model and are taken into consideration
or the design. The model is used for a comparison between active-assisted cold start-up procedures with a passive cold start-up from temperatures
elow 0 ◦C. It is found that a passive cold start-up may not be the most efficient strategy. Additionally, the influence of different stack concepts
n the start-up behaviour is analysed by the thermal model. Three power classes of PEMFC stacks are compared: a Ballard Mk902 module for
utomotive applications with 85 kW, the forerunner stack Ballard Mk5 (5 kW) for medium power applications, and the developed OutdoorFC stack
30 W), for portable applications.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Portable applications are considered to be a very promis-
ng field for proton exchange membrane fuel cells (PEMFCs).
lexibility in design due to the separation of energy-storage and
nergy-conversion functions, potentially longer operation time,
nd a lower break-even cost point are seen as major advantages.
or portable applications, the current price per kW is estimated
y the US. Department of Energy to be US$ 5000 kW−1, com-
ared with a cost target of US$ 50 kW−1 [1] for automotive
pplications.

Portable PEMFC systems up to several 100 W operating
nder moderate indoor conditions have been successfully pre-
ented for mobile phones, laptop computers, digital camcorders
nd auxiliary power units [2]. A new challenge for portable fuel-
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cell systems is the ability to operate in a stable manner in outdoor
conditions with ambient temperatures between −20 and 40 ◦C.
Besides durability and maintenance, the cold-start ability is one
of the hardest technical challenges for PEMFC systems.

Little data has been reported on the operational behaviour of
PEMFCs below 0 ◦C, especially on cold start-up problems. Datta
et al. [3] reported on a successful cold start-up and operation of
a 500-W PEMFC system at the Antarctic for 10 days at −35 ◦C,
but detailed data for the system control during start-up was not
given. A 50-W fuel-cell system was operated for 1 h at −42 ◦C
by Cargnelli et al. [4]. A catalytic burner was used to assist cold
start-up.

Often problems occur with the peripheral components in the
system. Freezing of excess water forced Chu et al. [5] to stop
their fuel system after 9 h of operation at −10 ◦C, details of the
system were not given. Ice formation within the fuel-cell stack
is one the most relevant problems during a cold start-up. In the
worst case, freezing of product water could lead to a blockage of
the porous structures in the gas-diffusion layer (GDL) as found
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Nomenclature

Afront stack surface exposed to the forced convection
(m2)

Appd perpendicular stack surface (m2)
AStack stack surface (m2)
cp,Stack specific heat capacity of stack (kJ kg−1 K−1)
FC fuel cell
GDL gas diffusion layer
hi.in enthalpy of entering species (kJ kg−1)
hi,in enthalpy of leaving species (kJ kg−1)
hStack hight of stack (m)
lStack length of stack (m)
mStack mass of stack (kg)
MEA membrane electrode assembly
ncell number of cells
PEM polymer electrolyte membrane
Pnominal nominal stack power (kW)
Q̇act heat generated by active methods (W)
Q̇forced heat loss by forced convection (W)
Q̇free heat loss by free convection (W)
Q̇rad heat loss by radiation (W)
Q̇th heat generated by fuel-cell operation (W)
Tamb ambient temperature (K)
TStack stack temperature (K)
wStack width of stack (m)

Greek symbols
αforced heat transfer coefficient for forced convection

(W m−2 K−1)
αfree heat transfer coefficient for free convection

(W m−2 K−1)
σ12 radiation exchange constant (W m2 K−1)
χ ratio electrochemical surface to thermal mass

(cm2 K kJ−1)

by Weisbrod et al. [6]. During isothermal, single-cell experi-
ments, freezing processes in the electrode are associated with
a reduction of reaction surface as found in [7,8]. The volume
expansion during the phase change of water from liquid state
to ice can lead to destruction and serious degradation of the
porous catalyst layers. During thermal cycling of the PEMFC
from −10 to 80 ◦C, Cho et al. [9] observed, by means of cyclic
voltammetry, a significant loss of electrochemical active surface.
While the porous structure of the catalyst layer is highly endan-
gered by ice formation, the function of the polymer electrolyte
membrane appears not to be strongly affected. For dry Nafion
membranes, McDonald et al. [10] reported a reduction of the
mechanical properties after 385 freeze–thaw cycles from −40
and 80 ◦C. Well humidified membranes exhibited no changes
and the functionality was not affected.

To avoid degradation caused by cold start-up, several shut-
down strategies are common. Most often gas purging procedures
are applied when the fuel-cell stack is still at elevated temper-
atures. With this approach, residual water in the flow field and

the porous components can be driven out [11–13]. Another way
to prevent freezing of water in the stack is to use anti-freezing
solutions like alcohol to flood the cell before freezing [14], or to
fill the endangered small pores with inert liquids [15].

Different methods can be used for cold start-up. From a sys-
tem aspect, the most simple is a passive method. This means
that only the irreversible heat losses of the fuel-cell stack during
operation are used for heating. Here, it must be considered that
the interior heats up much faster than the outer regions like the
end-plates as modelled in [16]. Cell-reversal effects have also
to be taken into account, they give rise to channel blocking with
ice.

For a fast system start, it could be beneficial to use additional
heating for the stack. This could be done passively as reported
in [17] where a functional coating of the flow-field enables an
exothermic reaction with product water to heat up the bipolar
plate. Active methods like heating via the cooling loop of the
fuel-cell have been proposed in [13]. Several other methods,
such as the use of catalytic combustion of hydrogen/oxygen
mixtures in the fuel-cell stack or the use of electric heatings,
are summarised in [18].

In this study, a 30-W portable fuel system that is able to
operate between −20 and 40 ◦C is described. Start-up and shut-
down at sub-zero temperatures is reported. By comparison of
different fuel-cell stack concepts using a thermal stack model,
key design parameters for sub-zero operation are elucidated.

2

i
t
e
t
a
o

s
m

2

a
b
w
a
Q

Q

Q

H
t
e

. Modelling of passive cold-start of fuel-cell stacks

During a passive cold start-up, the PEMFC stack is heated by
ts own thermal losses from irreversibilities during operation. In
his approach, all peripheral components that are necessary to
nable the electrochemical reaction, e.g., pumps and valves for
he reactant supply, have to be operated. By contrast, during an
ctive cold-start, the fuel-cell stack heating can be supported by
ther methods such as catalytic combustion.

To analyse the theoretical capability of different cold start-up
trategies to heat up only the fuel-cell stack, a simple thermal
odel has been developed.

.1. Model description

The fuel-cell stack is regarded as a uniform heat source with
thermal heating power Q̇th. For active cold start-up, heat can
e generated as Q̇act. The enthalpy balance for the gas and
ater streams is included and condensation of steam is also

ddressed. Implemented heat sinks are the losses by radiation
˙ rad and losses by free convection Q̇free and forced convection
˙ forced.

The radiation losses are calculated by Eq. (1), i.e.,

˙ rad = σ12AStack

(
T 4

Stack − T 4
amb

)
. (1)

ere, σ12 denotes the radiation exchange constant and AStack is
he stack surface exchanges radiation with the environment. All
xternal surfaces of the stacks are considered.
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The free convective losses are included in Eq. (2), i.e.,

Q̇free = αfreeAppd(Tamb − TStack) (2)

αfree is the heat-transfer coefficient for free convection and Appd
as the perpendicular stack surface. The forced convection losses
are calculated with:

Q̇forced = αforcedAfront(Tamb − TStack) (3)

Afront is the stack surface which is exposed to the forced convec-
tion.

All these heat sinks are summarised as the heat loss Q̇loss.
Consequently, the time-dependent temperature change of the
fuel-cell stack could be expressed by an energy balance, i.e.,

mStackcp,Stack
dTStack

dt

=
∑

i

ṁi,inhi,in +
∑

i

ṁi,outhi,out + Q̇loss + Q̇th (4)

This differential equation can be solved analytical by the devel-
oped thermal stack model. Here, mStack is the mass and cp,Stack
is the specific heat capacity of the stack. Comparable thermal
models for fuel cells are also used in [18–20].

2.2. Model evaluation
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Fig. 2. Heat capacity has a strong influence on the velocity of cold start-up of
fuel-cell stacks.

The heat capacity was varied using the model parameters from
Fig. 1 for comparison (TBasis). The mass of the fuel-cell stack is
0.4 kg with a specific heat capacity of 0.8 kJ kg−1 K−1.

The heat capacity is a function of mass. As shown in Fig. 2,
when the mass is doubled it takes 5 min to reach 0◦C. For exam-
ple, when the mass is halved, it takes 1.4 min. This implies that
lightweight materials should be used for the fuel-cell stack, such
as thin, metallic bipolar plates instead of graphite plates.

2.4. Stack cell number

The influence of end-plates on the cold start-up behaviour
is not negligible, as Fig. 3 indicates. The more cells that are
included in a stack, the faster is the cold start-up. For the sim-
ulation, the number of cells is doubled/halved. The evaluation
stack comprised of six cells.

2.5. Ambient temperature

The influence of ambient temperature on the cold start-up
is significant. Simulations are conduced for varying external
temperature between −20 and −5 ◦C. The results are shown
in Fig. 4. The simulation demonstrates that it takes only 1.2 min

F

The thermal model is evaluated with passive cold start-up
easurements of portable fuel-cell stacks in a climatic cham-

er. The forced convection velocity from the climatic chamber
irculation fan is 1.6 ms−1. In Fig. 1 a passive start-up of a 6-
ell stack is shown. After 4 min, the average single cell voltage
s ∼0.55 V at a current of 4 A. Within 28 min, the stack tem-
erature increases from −10 to 26 ◦C. Simulation of the stack
emperature with the same input parameters shows a good corre-
ation with the experimental values. The evaluated thermal stack

odel can be used to develop basic design rules for cold start-up
f the fuel-cell stack.

.3. Stack heat capacity

The heat capacity of the fuel-cell stack has a very strong
nfluence on the cold start-up velocity, as indicated in Fig. 2.
ere, a simulation of the increase in stack temperature is shown.

ig. 1. Passive cold start-up of 6-cell fuel cell stack from −90◦C and simulation
f the stack temperature.
 ig. 3. The higher the cell number, the faster is the increase in temperature.
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Fig. 4. Ambient temperature influence the cold start-up.

to increase the stack temperature from −5 to 0 ◦C. The time
consumptions for the start-up from −20 to 0 ◦C takes 6.6 min.

2.6. Theoretical comparison of different stack concepts

The velocity of passive cold start-up of a fuel-cell stack
depends strongly on the thermal heat generated in the stack.
Different designs of stack have a strong impact on the cold-start
ability. To determine which design parameters are important for
cold start, three different stack concepts from different power
classes were compared using the thermal model. The stacks
are a 85-kW Ballard Mark 902 module for automotive appli-
cations, its forerunner model the 5-kW Ballard Mark 5 stack,
and the portable 30-W OutdoorFC stack. The parameters used
for thermal simulation are summarized in Table 1. The following
assumptions were made.

• Each single cell has the same initial performance, i.e.,
0.125 A cm−2 at 0.5 V. In this case, all stacks produce the
same specific heat. This performance data is realistic for the
portable OutdoorFC stack at −20 ◦C. It is assumed that the
Ballard stacks have better performance at low temperature,
but detailed data could not be found in the literature. There-
fore, the same performance as measured for the OutdoorFC
stack is assumed.
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Fig. 5. Passive cold start-up of different fuel-cell stacks.

• The ambient temperature is −20 ◦C the gas pressures are
1.013 × 105 Pa and the air entering the stack is fully humidi-
fied.

• The stacks are operated with a gas stoichometry of 1.5 for
hydrogen and 2.0 for air.

• Heat losses by forced convection are excluded.
• All stacks have the same specific heat capacity of

0.8 kJ kg−1 K−1. A comparable value can be found in [19] for
the Ballard Mark 5 stack. Experimental determination of the
specific heat capacity of the OutdoorFC stacks confirmed this
assumption. For the current generation of fuel-cell stacks, the
bipolar plates are generally made of graphite-based materials,
so this assumption was also made for the Mark 902 module.

The simulated temperature increase for the different fuel-cell
stacks is shown Fig. 5. The Ballard Mark 902 module reaches
0◦C within 1.5 min, followed by the OutdoorFC stack (5 min)
and the Ballard Mark 5 stack (11.5 min). The reason for these
performances is the that the ratio χ of the electrochemical reac-
tion surface of the stack and its thermal mass is very different
for each stack. The higher the value of χ the more thermal heat
is produced per thermal mass. This can be deduced from the
ratio of the active material utilization and the inactive area of
the bipolar plate for each stack. The calculated values for each
stack are given in Table 2.
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U

able 1
tack data as used in thermal model for passive cold start-up simulation

arameter Unit FhG ISE
OutdoorFC

Ballard
Mark 5

Ballard
Mark 902

ec cm2 33 232 [22] 300

Stack kg 0.4 43 96

Stack·cp,Stack kJ K−1 0.32 35 76.8

Stack m 0.100 0.21 0.805

Stack m 0.060 0.21 0.375

Stack m 0.036 0.38 0.25

cell – 6 35 440 [23]

nominal kW 0.03 5.0 85

ata for Ballard Mark 5 are taken from [19] and for Ballard Mark 902 from [21]
nless otherwise noted.
.7. Design rules for fuel-cell stacks: passive cold start-up

Key design rules for passive cold start-up can be elucidated
sing the stack model.

able 2
atio (χ) of electrochemical active surface and thermal mass, and percentage
se of active bipolar plate area

atio Unit FhG ISE
OutdoorFC

Ballard
Mark 5

Ballard
Mark 902

cm2 K kJ−1 619 232 1719
sed bipolar plate area % ∼70 ∼50 ∼80



670 M. Oszcipok et al. / Journal of Power Sources 157 (2006) 666–673

• For a fast heat up, a high utilization of the bipolar plates for
the electrochemical reaction must be achieved. By that more
heat per thermal mass can be produced.

• The economic use of materials and lightweight construction
speed start-up.

• The simulation shows that stacks with a higher number of
cells are favourable because this reduces end-plate effects.

In contrast to large automotive fuel-cell modules, portable
fuel-cell stacks do not easily fulfil these demands. Often, the
number of cells to necessary meet the power requirements of
the applications is low such that the impact of the end-plates
on the thermal dynamics is high. Thus, alternative methods for
portable fuel-cell stacks must be considered for cold start-up.

3. Analysis of active heating

To support the cold-start capability of portable fuel-cell sys-
tems, additional heating could be beneficial. The thermal mass of
the end-plates and of the peripheral components (such as valves)
must be taken into account. Most importantly the fuel-cell stack
should be above 0 ◦C before start-up because of severe degrada-
tion effects, e.g. ice formation [9,14,24,8], cell reversals (which
means a local electrolysis) and channel blockage [25] caused by
freezing of water droplets.
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Fig. 6. Comparison of energy consumption between passive- and active-assisted
cold start-up methods for fuel-cell stacks.

The energy consumption of the catalytic burner to heat up the
stack to 0◦C is more than 20 Wh, because of its low efficiency.
While the start-up time for all three methods is comparable
(about 10 min to reach 0 ◦C) the energy consumption differs
strongly. The active electric cold start-up consumes 4.5 Wh (incl.
a battery load efficiency of 85% and a fuel cell efficiency of
52%), and for the passive start-up 10 Wh are required. The rea-
son is that during the latter start-up, all peripheral components
have to be operated. Furthermore, the reaction gases carry heat
out of the stack and this is not the case for the active-supported
cold start-up. Consequently, the cold start option with a heating
foil is preferred.

4. Outdoor fuel-cell system

4.1. Fuel-cell stack design

The OutdoorFC system has a 6-cell stack with an internal
membrane humidity exchanger. For thermal management of
the stack, cooling ribs are incorporated in the end-plates (alu-
minium). For cold start-up assistance, an electric heating foil is
attached to the stack. Each bipolar plate is contacted with a pin to
monitor single-cell voltages for system control. The OutdoorFC
stack is shown in Fig. 7.

The bipolar plates are made of graphite with an active surface
a 2

F
r

Here, two alternative methods have been investigated to heat a
uel-cell stack above 0 ◦C. A prototype of a catalytic burner plate
hich can be integrated into the fuel-cell stack is developed. The
late consists of graphite with a milled channel structure. The
latinum-coated channels can be purged with hydrogen and air
an diffuse through the open end of the channel to combust with
he hydrogen. A 10.7 W catalytic H2 burner demonstrated this
pproach, but its efficiency was poor, i.e., 8.3% (higher heating
alue of hydrogen). Nevertheless, the results obtained by experi-
ents were used in the thermal model to compare the efficiency

f this catalytic burner for heating a fuel-cell stack. The sec-
nd method considered was to heat up the stack with an electric
eating foil. In preliminary experiments, such a foil was incor-
orated into a bipolar plate and several experiements to heat up
stack were performed. As the developed OutdoorFC system is
hybrid system with a battery, this method is well suited.

.1. Efficiency analyses

With the thermal model, an efficiency analysis was under-
aken to compare the energy consumption for a passive cold
tart-up with the above described active methods. For the anal-
ses, the energy consumption of all peripheral components that
re necessary during the heating phase are included. For the
assive cold start-up, a thermal heat production of 11.4 W is
ssumed, which represents 50% efficiency of the fuel cell stack.
or the comparison with an active electrical cold start-up, a
eating power 11.3 W is assumed and the heating power of the
atalytic burner plate was 10.7 W. The energy consumption of
he described methods when heating up a 6-cell OutdoorFC fuel-
ell stack from −20 ◦C to higher temperatures is shown in Fig. 6.
rea of 30 cm for each cell. The nominal power is 30 W and the

ig. 7. Outdoor fuel-cell stack with internal humidiffier, electric heating, cooling
ibs and single-cell contact pins for monitoring.
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Fig. 8. Polarization curve and power for OutdoorFC stack measured during
autonomous operation of the system at 60 ◦C stack temperature and 20 ◦C ambi-
ent temperature.

peak power is 65 W. A polarisation curve and the power char-
acteristic of the OutdoorFC stack during autonomous system
operation are presented in Fig. 8.

4.2. System design

The complete hydrogen/air operated system comprises the
fuel-cell stack (see Fig. 7) as described, a Li-ion battery (6 Ah,
90 Wh), an anode and cathode pump, a water seperator with
a purging valve and two inlet valves for the hydrogen supply.
Single-cell voltages, current, power and several temperatures are
monitored including the ambient temperature. To avoid over-
heating, the fuel-cell stack is equipped with a cooling fan that is
turned on when the stack temperature increases 65 ◦C. A flow
chart of the system is shown in Fig. 9.

To realize a fast start-up, the packaging of the peripheral com-
ponents is critical. As can be seen in Fig. 10, the valves and the
water separator are thermally connected to the fuel-cell stack to

Fig. 10. System packaging in plexigals demonstration housing. Valves and water
separator are thermally connected to stack and electrical heating foil.

prevent freezing of water which could lead to blocking of the
gas lines and therefore to a malfunction of the system. The sys-
tem is thermally insulated and integrated into a housing with the
dimensions 40 cm × 30 cm × 18 cm. The system output voltage
is 12–16.5 V at a nominal power of 15 W and a peak power of
30 W. It can be operated between −20 and 40 ◦C ambient tem-
perature.

4.3. System control

The system is completely digitally controlled by a printed-
circuit board with an integrated Digital Signal Processor (DSP)
that includes RS232 interfaces for data transfer. All relevant
system data are monitored, namely, gas pressures, temperatures,
single-cell voltages, and current. A low-volume boost converter
has been developed by means of 180 ◦C phase delayed pulsing.

f the
Fig. 9. Schematic sketch o
 outdoor fuel-cell system.
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Fig. 11. DSP controller for digital control of the fuel-cell system. All relevant
system data can be displayed.

The highly efficient converter transforms the fuel-cell voltage
to load a 4-cell Li-ion battery in a constant current–constant
voltage mode (CC–CV). The battery temperature and single-cell
voltages data also are monitored. The circuit board for the control
of the system with the LCD-display and the DSP controller is
shown in Fig. 11.

Before and during operation of the fuel-cell system, the elec-
tronic control conducts (i) extensive safety checks, e.g., the
correct function of the valves, and (ii) system leakage tests to
guarantee the correct operation of the system. The front panel
includes switches for system on/off, consumer on/off, LCD dis-
play, start/stop, a RS 232 interface and a connection for the
consumer.

4.4. Cold start-up

The most critical issue for use of the fuel-cell systems at
ambient temperatures is the cold start-up. For portable fuel-cell
systems where the thermal mass of the peripheral components
is not negligible, a passive cold start-up is not reasonable. The
system presented here is therefore heated (with a power of 30 W)
before the fuel cell is started. When the temperature of the anode
purging valve is 15 ◦C, it is found that the stack temperature
has reached 0 ◦C. Hence, this was used as a control criteria.
A repeated cold start procedure for the fuel-cell system from
− ◦

p

F
f

Fig. 13. Single-cell voltages are widely spread as long as the fuel-cell stack is
below operating temperature.

For shut down, the stack was dried by reaction gases when still
above 0 ◦C to blow out residual water from the flow-fields and
the porous structures of both the gas diffusion layer and the cat-
alyst layer. Even when the stack delivers 30 W after it has been
started there is a significant single-cell voltage distribution. This
is due to the development of temperature gradients in the stack,
i.e., the temperature in the centre of the stack is higher than in
the end cells. Due to thermal losses over the end-plates, flood-
ing effects occur in the cells. The stack is operated at constant
power and each cell delivers the same (stack) current and, there-
fore, the single-cell voltage is the varying operational parameter.
This effect is clearly demonstrated in Fig. 13 which shows two
cold start-ups and the single-cell voltages of cell 1, which is
the upper end-cell adjacent to the end-plate and cell 3 which is
a middle cell. After the stack temperature has reached 65 ◦C,
the single cell voltages converge because the condensed water
in the end-cells evaporates as the stack temperature approaches
uniformity.

4.5. Long-term operation

To evaluate the outdoor capability of the developed system,
it was operated in a climatic chamber between −20 and 40◦C.
The result of a long-term operation for 3 days at 40 ◦C is given
in Fig. 14. The system delivered continuously 30 W. Even at
−
F
o
o

F
i

20 C is presented in Fig. 12.
After the stack is operated, it immediately delivers an out-

ut power of 30 W, and even more during dynamic operation.

ig. 12. Repeated cold start-ups from −20◦C to operating temperature of the
uel-cell stack (65 ◦C).
20 ◦C, the system shows constant performance, as indicated in
ig. 15. Over 3 days, the output power stayed stable. No freezing
f water occurred in the fuel-cell stack, the critical purging valve
f the anode loop or other peripheral components.

ig. 14. Performance data during 3 days of operation of outdoor fuel-cell system
n climatic chamber at 40 ◦C.
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Fig. 15. Low-temperature operation at −20 ◦C for 3 days. The system delivers
constant output power.

5. Conclusions

A series of key design rules for portable fuel-cell systems
have been developed. This has been achieved with the aid of
a thermal model. Using these design rules, it is found that a
passive cold start-up of a portable system is not viable due to
the thermal mass of the peripheral components and to end-plate
losses. Consequently, active support to heat up the portable fuel-
cell stack to 0 ◦C is recommended because of two considerations:
(i) freezing of water can lead to severe degradation in the fuel cell
(as confirmed by earlier studies [8]) and (ii) energy consumption
could be lower for active heating systems than for passive ones.
These theoretical results are used to design a 30-W fuel-cell
system which is able to able to operate at −20 up to 40 ◦C. The
cold start-up is assisted by electrical heating. Stable operation
is demonstrated for more than 3 days in a climatic chamber
at −20 ◦C without any freezing problems. Because the system
is equipped with an internal membrane humidifier, operation at
40 ◦C is also successful. The autonomous operation is controlled
by a digital signal processor which enables continuous outdoor
operation of a hydrogen-powered, portable PEMFC system.
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