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� Effect of cell order on air-cooled stack performance can be neglected.
� Thickness and PTFE content in GDL are founded with optimization values.
� Temperature distribution should remain at proper range.
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a b s t r a c t

Air-cooled proton exchange membrane fuel cells (PEMFC) simplify the traditional cooling and air supply
system. Three air-cooled stacks are assembled with different cells to investigate the effect of the poly-
tetrafluoroethylene (PTFE) content in the gas diffusion layer (GDL), air flow rate, as well as the stack
temperature on the stack performance. The results show that GDL with appropriate thickness and PTFE
content can optimize the stack operation performance. The effect of the cell order on its performance can
be neglected. A thermal equilibrium resulting from the heat generation and loss in the stack is achieved
near the ambient temperature at low current density of 150 mA cm�2. The output power increases with
the increase of air flow rate. However, when the air flow rate exceed 44.7 L min�1 or the stack tem-
perature is higher than 65 �C, the stack performance decreases.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Proton exchange membrane fuel cell (PEMFC) is an energy
conversion device that directly converts the chemical energy
stored in hydrogen and oxidant into electrical energy. The PEMFC
is a promising alternative to batteries as a power supply for con-
sumer electronics, sensors and medical devices, and it is consid-
ered to be the first choice for the 21st century clean, efficient
power generation technology [1e8]. The efficiency of conventional
PEMFC stack is about 50% and the rest of the energy is released in
the form of heat [9e13]. The PEMFC stack temperature would
increase rapidly if the generated heat cannot be efficiently
removed from the stack continuously. The increased temperature
of the cell makes the membrane dehydrated and lowers the
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proton conductivity of the membrane, causing poor performance
of the fuel cell and eventually leading to irreversible damages.
Thus adequate attention must be paid to the design of an efficient
cooling system for PEMFC stack [14e18]. In order to achieve higher
efficiency, the membrane of PEMFC should be kept at a certain
hydrated level to facilitate proton transport and the conventional
PEMFC stack should have a special humidification system to keep
the reaction gas at certain humidity. Consequently, additional
auxiliary system must be applied to the PEMFC stack, which in-
creases the complexity of PEMFC system and limits its application
as a portable power system. Air-cooled PEMFC stack could simplify
the cooling system, humidification and air compressor or pump
system. Special channel has been designed to combine air supply
and cooling system to make its applications more convenient in
the field of portable power systems [19,20].

Extensive research efforts, both numerical modeling [21e25]
and experimental investigations [26e31], have been conducted
on air-cooled PEMFC stack. Ying [21] investigated the effect of
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channel configuration on air-breathing fuel cell performance, and
the results showed that an optimal performance could be
obtained in the cell with cathode channel width of 3.0 mm (open
ratio of 75.9%). Schmitz et al. [26,27] investigated an air-
breathing PEM fuel cell and demonstrated that the inlet size of
the cathode and the wetting properties of the GDL have an
important effect on stack performance. It was revealed that the
cathode flow with the 80% opening ratio is the optimal value. The
hydrophilic or hydrophobic property of GDLs has little effect on
stack performance. Finally, the authors gave two design rules for
air-breathing PEMFCs. Ous [28] studied the water management
in an air-breathing PEMFC. Their result showed that the gas
stoichiometry had little effect on the water removal from the
channels. Hottinen [29] studied the cold-start behavior of free-
breathing PEMFC. They found that the freezing of product
water inside the cell would damage the stack irreversibly at low
temperature. The free-breathing PEMFC stack can start success-
fully at �5 �C when the cell was initially dry. Air-breathing PEM
fuel cell stack has low power density and poor power output,
which limits its application. In contrast, air-cooled PEM fuel cell
stack usually uses an air fan at the edge of the open cathode
manifolds to force air flow which guarantees sufficient oxidant
supply and cools the stack, resulting in a wide power output
range from 300 W to 4 kW. Wu [30] designed an air-cooled single
PEM fuel cell and a 5-cell air-cooled stack to investigate the
effects of critical operating conditions on the output perfor-
mance. It was indicated that the cell temperature and hydrogen
humidifier play important roles in reducing the fuel cell ohmic
resistance. It was also observed that a hydrophilic treatment of
Fig. 1. Graphite bipolar-pla
the cathode flow field channels could improve the water man-
agement. Rosa [31] studied the influence of different operating
parameters on the performance of the stack in an 8-cell air-
cooled PEM fuel cell stack. They concluded that the stack
performance could be significantly increased while operated
with forced air convection instead of natural convection and the
stack performance was practically not affected by hydrogen
partial pressure. Sohn [32] analyzed the effect of relative hu-
midity, the temperature of the stack, the utility ratio of the
reactant gas on the performance of an air-cooling PEMFC. Kim
[33] studied the effects of the cathode channel size and operating
conditions on the performance of the air-blowing PEMFC. It was
found that the output of the PEMFC stack could be improved
with the decrease of the cathode channel size at the normal
operating temperature. Massive flooding limits the decrease in
the cathode channel size. Transition current density between the
humidification and the flooding region decreased with
decreasing cathode channel size and operating temperature.

Although both air-breathing and air-cooled PEM fuel cells
have been studied, little attention has been devoted to the sys-
tematic development of cell components characteristic and
operating conditions, such as GDL characteristics, air flow rate
and stack temperature. In this work, a study of several crucial
parameters, such as the GDL thickness, PTFE content of GDL, air
flow rate, and cell temperature, was carried out on the perfor-
mance of an air-cooled PEM fuel cell stack, and the results can
provide in situ diagnostic data for the maintenance of stable
power generation station equipped with air-cooled PEM fuel
stack.
te of air-cooling stack.
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2. Experimental system

2.1. The experimental materials

Fig. 1(a) shows the structure of the flow field used at the
cathode, which consists of several parallel straight channels.
Each channel is 2.0 mm in width, 1.8 mm in depth and the land is
1.2 mm. For the anode plate, a 2-channel serpentine flow field
(1.0 mm in width and 0.4 mm in depth with a land with of
1.0 mm) is designed as shown in Fig. 1(b). The membrane elec-
trode assembly (MEA) active area is 100 cm2 prepared by WHUT
technology with Nafion� 211 membrane and TORY carbon paper
as gas diffusion layer (GDL). The stack system includes an addi-
tional air fan (SUNON PMD2409PMB1-A) controlled by a rheo-
stat. In this study, the cell and stack are all operated in a vertical
position. The dry air flows from upper to bottom and its flow rate
in the cathode flow field is adjusted by changing the fan voltage,
as shown in Fig. 2.

2.2. Air-cooled PEM fuel cell stack test

The experiments were performed on a commercial fuel cell test
station (FCATS G500) purchased from Canadian Greenlight Com-
pany, which was equipped with mass flow controllers, reactant gas
humidification, dew point temperature, and a programmable
electric load. FCATS G500 supplied hydrogen to the stack while the
air supply was an accessorial fan controlled by a rheostat. To avoid
the damage of MEA, the load was set to be automatically discon-
nected once the minimum voltage of any signal cell drops to 0.2 V
or the voltage decreases rapidly in 4 s. The polarization curves were
measured by scanning the current density ranging from 0 to
800 mA cm�2. Each stepwas applied for 5min and the steady-state
individual cell voltage, output power, cell temperature and flow
rate were then recorded automatically. The sketch of the test
system is shown in Fig. 3

3. Results and discussion

3.1. Effect of GDL thickness on the stack performance

To keep high performance of the stack, the membrane should
have sufficient water and the stack should be supplied with enough
reactant gas [34]. He [35] developed a fractal model to predict the
permeability and liquid water relative permeability of the GDL. The
results revealed that the water relative permeability in the
Fig. 2. Structure of the air-cooling stack.
hydrophobic case is much higher than that in the hydrophilic case.
A hydrophobic GDL is good for liquid water removal from the
cathode. LaManna [36] investigated the effect of GDL thickness on
the effective water vapor diffusion coefficient. It was realized that
thickness had a negligible influence on the effective diffusion co-
efficient measurement as expected since thickness is accounted for
diffusion calculations. Chun [37] performed numerical modeling
and experimental study of the influence of GDL properties on
performance in a PEMFC. It was concluded that the cell perfor-
mance decreased with the increase in GDL thickness, attributed to
the rapid liquid water saturation and the decreased oxygen con-
centration near the catalyst layer with increasing GDL thickness. In
an air-cooled stack, thinner GDL is preferred for water and gas
transfer in principle. However, it can also result in rapid water
evaporation in membranes and less physical support to the MEA
[38]. In contrast, thicker GDL can prevent water evaporation from
the GDL surface and is good for retaining water in the air-cooled
PEMFC stack. However, too thick GDL requires much longer diffu-
sion time for oxidant from gas channel to catalyst layer, which in
turn leads to the decrease of the stack performance. Thus, an
optimum GDL thickness is very important for air-cooled PEMFC
stack.
3.1.1. Performance of the stacks with different thicknesses of GDL
An 8-cell stack was fabricated to investigate the effects of GDL

thickness on stack performance. The MEAs of the stack were pre-
pared with different thickness of GDL (PTFE content 30%) and
numbered as shown in Table 1. Data were obtained at room tem-
perature (20 �C), the stoichiometry of the dry hydrogenwas 1.5, and
the flow rate in the cathode was 20.0 L min�1. Fig. 4 shows the
voltage of each single cell in the stack at different current densities.
It can be observed that voltages of cell #5 and #2 were higher than
other cells and the lowest voltage was observed in cell #8 at
different current densities. As all the cells were operated in the
same operating condition, the GDL thickness of 0.6 mm in cell #5
and #2 should be the optimal value.
3.1.2. Changing the cell order
In order tominimize the performance difference due to different

order of the single cells, an 8-cell stack was reassembled to inves-
tigate the performance. Table 2 showed the new serial number of
each single cell. GDL with thickness of 0.6 mm was used in cell #1
and #8, and 1.0 mm GDL thickness was used in cell 5 in the reas-
sembled stack. Compared with Fig. 4, as shown in Fig. 5, cells with
0.6 mm GDL remained the best performance, and cells with 1.0 mm
GDL still showed the worst performance in the reassembled stack.
Moreover, cells fabricated with GDL in other thicknesses (0.2 mm,
0.4 mm, and 0.8 mm) were also operated at the same voltages
under different current densities. Thus, it can be concluded that the
voltage of the same single cell has little relationship with its
different order in the stack. Fig. 6 shows the relationships between
the cell performance and GDL thickness. With the increase in the
GDL thickness, the performance of the cell improves until it
reached its optimal value of 0.6 mm, and then the operation voltage
drops. The main reason is that thinner GDL leads to membrane
dehydration due to the enhanced water evaporation with the air
flow. GDL with thickness of 0.6 mm could maintain the water
balance in the membrane, and catalyst layer will be flooded when
the thickness exceeds 0.6 mm.

As a consequence, thinner GDL would increase the contact
resistance between the GDL and the bipolar plates, leading to the
decreased performance. Contrarily, coupled effect of the poor gas
diffusion and water removal ability would appear at the excess
thickness of GDL.



Fig. 3. Sketch of the test system.

Table 1
Serial number of single cell GDL.

MEA serial number 1# 2# 3# 4# 5# 6# 7# 8#

GDL Thickness (mm) 0.2 0.6 0.2 0.8 0.6 0.4 0.8 1.0

Table 2
Serial number of single cell GDL of reassembly stack.

MEA serial number 1# 2# 3# 4# 5# 6# 7# 8#

GDL thickness (mm) 0.6 0.2 0.4 0.8 1.0 0.2 0.8 0.6
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3.2. Effect of PTFE content of GDL on stack performance

Currently, the GDL was treated with polytetrafluoroethylene
(PTFE) to enhance water and gas management [39e41]. GDL with
proper PTFE content helps remove the water when the cells are
under flooding conditions. A 10-cell air-cooled stack with the same
flow field and GDL thickness (0.6 mm) was fabricated to investigate
the effect of PTFE content in GDL on the cell performance. EachMEA
with different PTFE content was numbered as shown in Table 3. To
avoid the effect of the cell order in stack on the performance, GDL
with different PTFE contents in single cell was placed symmetri-
cally on the cycle circuit. Fig. 7 shows the voltages of each single cell
in the stack at different current densities. It was clear that the
voltages of cell #2 and #7with the PTFE content of 40%were higher
than other cells and cell #10 without hydrophobic disposal
exhibited the lowest voltage value at different current densities.
The difference between the maximal and minimum voltage in this
Fig. 4. Single cell voltage with different thicknesses of GDL.
stack increases with the increase in current density. The results
revealed that elevated PTFE content in GDL could enhance the cell
performance, especially at higher current densities where more
water is generated and needs to be removed from the cell. Simul-
taneously, the voltage differences between the cells equipped with
the same PTFE content in different positions were �0.01 V, which
could be also deduced in Figs. 4 and 5. Contrarily, the differences
between the cells with different PTFE contents increased to 0.11 V
at 600 mA cm�2. Thus, PTFE content in GDL plays a very important
role in cell performance of air-cooled PEM stack, and the cell order
has negligible effects on the cell voltage. Fig. 8 showed the rela-
tionship between PTFE content of GDL and cell voltage. Cell voltage
increased to the peak value while the content of PTFE in GDL
increased to 40%. As the carbon paper was treated by PTFE, porous
skeleton in the carbon paper can be covered, leading to the
decrease of pore size. Therefore, higher PTFE content would reduce
the porosity in GDL and the resistance for reaction gas spreading
from gas channel to catalyst layer increased. Meanwhile, GDL
Fig. 5. Cell voltage of reassembly stack.



Fig. 6. Relationship between cell voltage and GDL thickness.

Table 3
Serial number of GDL with different PTFE content.

Cell serial 1# 2# 3# 4# 5# 6# 7# 8# 9# 10#

PTFE content 20% 40% 30% 10% 0 20% 40% 30% 10% 0

Fig. 8. Effect of PTFE content on stack performance.

H. Pei et al. / Applied Thermal Engineering 63 (2014) 227e233 231
treated with PTFE is hydrophobic that greatly affects the water
management of the cell [42,43]. Both the PTFE content and porosity
of GDL play an important role in stack performance. The porosity of
GDL mainly affects the mass transfer performance, and the PTFE
content of GDL affects water removal from catalyst to channel,
predominantly [42,43]. To achieve good performance of the stack,
PTFE content and porosity of GDL should be treated in an optimized
value. As a result, water convection with the dry flow air was
constrained and sufficient generated water was maintained near
the membrane to enhance the proton conductivity.

3.3. Effect of air flow rate on stack performance

Air flow rate is a key parameter to the operation of an air-cooled
stack. According to the results above, a 19-cell stack with the PTFE
Fig. 7. Single cell voltage uniformity with different PTFE content.
content of 40% and thickness of 0.6 mm in GDL was assembled to
investigate the effect of air flow on stack performance. In the test,
the hydrogen stoichiometry was 1.2 without humidification and
the ambient temperature was 20 �C. Air flow was set as
27.0 L min�1, 31.7 L min�1, 35.3 L min�1, 40.0 L min�1, 41.7 L min�1,
44.7 L min�1, and 47.3 L min�1. Fig. 9 shows the polarization curves
of air-cooled stack at different air flow rates. The power density
initially increases as the air flow rate increases, and reaches the
peak value of 295 mW cm�2 when the current density is
600 mA cm�2 and the air flow rate is 44.7 L min�1. Three regions
were observed due to the effect of air flow rate. In the first region,
the single cell voltage decreased rapidly with the air flow rate
varied from 27.0 L min�1 to 31.7 L min�1, and the stack became
unstable as the current density increased to 350 mA cm�2. In the
second region, the maximum operated current density could reach
550mA cm�2 when the air flow rate increased from 35.3 L min�1 to
41.7 L min�1. The operated current density could reach
650 mA cm�2 when the air flow rate increased to 47.3 L min�1 in
the third region. However, in the third zone, the maximum output
power appeared at the air flow rate of 44.7 L min�1, but not
47.3 L min�1. The main reason is that water flooding is the domi-
nant effect on the performance at low air flow rate and the
generated water is not effectively removed from the membrane in
this situation. With the increase in the air flow rate, the water
removal ability improves and the stack could reach the maximum
output power when the air flow is 44.7 L min�1. However, excessive
Fig. 9. Performance of stack at different air flow rates.
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air flow rate causes water to evaporate from the membrane and
results in membrane dehydration, leading to the decreased per-
formance of the stack.
3.4. Effect of temperature on stack performance

The electrode reaction kinetics could be enhanced with the in-
crease in operating temperature. On the other hand, the elevated
temperature of the cell could cause membrane dehydration and
eventually lead irreversible damage. Fig. 10(a) shows the variation
of air-cooled temperature at different current densities and air flow
rates. The stack temperature increases as the current density
increases. It was also observed that the stack voltage became
instable when the temperature was higher than 65 �C. The
maximum power density of the stack appeared at the stack tem-
perature of 65 �C in Fig. 9. Fig. 10(b) shows the current density of
the stack as a function of air flow rate under different temperatures.
The effect of the increased air flow rate on the stack temperature
could be neglected at low current density, and the stack tempera-
ture began to decrease rapidly with increasing air flow rate, espe-
cially at high current density. The reason is that heat generated due
to the electrochemical reaction is less at low current density and it
can be easily removed by the air flow due to convection heat
transfer. Accordingly, the stack performance would remain near
ambient temperature. Heat generated in the cell and removed by
Fig. 10. Relations between current density and stack temperature.
the air flow was equal and heat balance could be achieved inside
the stack at 65 �C. Accordingly, the stack reached its optimal
operating state in this situation. With further increase in air flow
rate, the air flow plays a dominated role in the stack temperature,
and the stack temperature decreases rapidly at the elevated air flow
rate, leading to reduced performance.

4. Conclusions

Three air-cooled PEMFC stacks were developed and studied at
several crucial operation conditions. The effects of the PTFE content
in GDL, air flow rate and cell temperature on the performance were
investigated in detail. The conclusions can be drawn as follows:

(1) Optimization of the thickness and PTFE content in GDL can
improve the performance of the air-cooled stack, and the
effect of the cell order on the performance can be neglected.

(2) Elevated air flow rate is helpful for the water management in
the air-cooled stack. However, excess air flow rate would
make significant water evaporation from the membrane,
resulting in the membrane dehydration and the decreased
performance of the stack.

(3) Heat generated in the stack and removed by the air flow
reached the thermal balance at an optimal value near the
ambient temperature at low current density. The stack
temperature decreases rapidly at over-elevated air flow rate
and results in decreased performance.
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