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bstract

In this paper, voltage sensors were developed to explore the voltage distribution characteristics inside the fuel cell under both steady and transient
tates. The effects of air stoichiometry and current density on the voltage distribution under steady state were discussed, and the dynamic voltage
esponse due to the load change under transient state was also investigated. Results showed that under transient state, the fuel cell would experience
temporary voltage fluctuation due to the air starvation. Thus could probably lead to the degradation of materials, such as the catalyst, membrane,

tc. To lessen the degree of air starvation, a method of pre-supplying certain amount of air before loading was adopted. The relationship between
he voltage response at the loading transient and the amount of pre-supplied air was also studied, and a minimum value of the pre-supplied air was
btained. The experimental results of this paper could be applied to the optimization of vehicular fuel cell system.

2007 Elsevier B.V. All rights reserved.

e
t
w
f
o
m
t
H
t
t
w
a
s

eywords: PEMFC; Voltage distribution; Dynamic operation; Air starvation

. Introduction

The proton exchange membrane fuel cell (PEMFC) has
eceived a lot of attentions in recent years due to its compact
ize, high efficiency, environmental benefits and mild opera-
ion conditions. It has been regarded to have a great potential
o replace the internal combustion engine due to the shortage of
ossil fuels [1,2]. Although it has made enormous developments
nd successfully been used in some demo electrical vehicles,
here are still some critical issues that need to be solved to make
EMFC more competitive, so that it can be finally commercial-

zed. One of the issues is the durability and reliability of fuel cell
3,4]. Until now, PEMFC has already achieved a relatively stable

teady state performance. However, as a promising candidate to
e used in automobiles, PEMFC must suffer from many dynamic
perations, such as start-up, shut-down, acceleration, and decel-
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ration, etc., and during which, since the air response rate lags
he loading rate, the air starvation may occur inside the fuel cell,
hich will significantly affect the durability and reliability of the

uel cell [5]. In order to better understand the dynamic behaviors
f fuel cell, researchers in the past resorted to elaborate mathe-
atical models to simulate the dynamic behaviors of PEMFC, as

he experimental diagnostic techniques were very complicated.
owever, with the fast development of mathematical models,

here is an increasing need to verify these models and unveil
he weaknesses with experimental data, but few experimental
orks about the dynamic behaviors have been reported [6–14],

nd among them, even fewer have been concentrated on the air
tarvation phenomena during dynamic loading.

The voltage distribution of PEMFC is conventionally
ssumed to be uniform, as the carbon paper is a good electric
onductor with low resistivity. However, for the PEMFC with

arge surface area, there are slight differences among the local
oltages of PEMFC on the fuel cell level, and they could be used
o indicate the local oxygen concentration differences, which is
main focus of this study.

mailto:houming@dicp.ac.cn
dx.doi.org/10.1016/j.jpowsour.2007.12.049
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In this paper, the voltage distribution under steady state and
he voltage response of PEMFC under transient state were stud-
ed, and a method was developed to lessen the degree of voltage
uctuation due to air starvation during dynamic loading.

. Experimental

.1. Measurement system

The tested PEMFC was a 135-cell stack, each cell with
70 cm2 active area. It was assembled by metal composite bipo-
ar plates [15] and MEAs. The metal composite bipolar plates
ere made up of thin metal plates and parallel channel flow
elds formed by expanded graphite plates. The MEAs consisted
f Nafion® 212 membranes, catalyst layers with the total Pt
oading of 0.8 mg cm−2 and Toray paper as diffusion layers.
his experiment was conducted in auto mode with a 36 kW Fuel
ell Test Station (FCATS-H36000, Hydrogenics, Canada). The

uel cell stack was controlled and measured by a water-cooled
lectronic load system from TDI (WCL488400-1000-12000).
he dynamic response of the electronic load system from 0 to
00 mA cm−2 was less than 0.1 s. The air flow rate was adjusted
y a smart mass flow controller (Brooks), and the hydrogen was
xhausted by the method of pulse purge to assure the sufficient
upply of hydrogen during the dynamic operation. The operation
emperature of the fuel cell stack is kept at 60 ◦C. Air and hydro-
en were humidified by high-pressure steam, and the humidity
as adjusted by changing the dew point temperatures.

.2. Installation of voltage sensors
At the eleventh cell of the stack, three voltage sensors were
laced on the surface of cathode diffusion layer, and two on
he surface of anode diffusion layer, the detailed structure as
escribed in Fig. 1. The voltage sensors used in this study were
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ig. 1. Schematic of the detailed places of voltage sensors: (a) two voltage sensors o
f cathode diffusion layer.
ources 179 (2008) 292–296 293

ade of copper wires with insulating paint outside. The total
iameter was 0.08 mm. For each voltage sensor, the insulating
aint was removed for about 1 mm at the end of being placed on
he diffusion layer, and then silver was plated there to avoid cor-
osion. Therefore, the voltage sensors were capable of indicating
ocal voltages. Because the hydrogen was sufficient, the anode
oltage was assumed to be stable. The mean value of the two
ocal voltages on the anode side could be taken as a reference.
n this experiment, three multi-meters were used to measure the
ocal voltages of cathode inlet region, cathode middle region and
athode outlet region (hereinafter referred as inlet, middle and
utlet) respectively against the reference.

. Results and discussion

.1. The voltage distribution under different current
ensities

Fig. 2 shows the voltage distributions inside PEMFC under
ifferent current densities at fixed air stoichiometry of 2.5 (with
egard to the current densities 100, 200, 300, 400, 500, and
00 mA cm−2 respectively). It can be seen that with the increase
f current density, the voltage distribution is more non-uniform.
or the current densities from 100 to 300 mA cm−2, the volt-
ges of middle and outlet are only slightly lower than that of
nlet, and almost the same. However, when the current density
eaches above 400 mA cm−2, the voltages of middle and outlet
re obviously lower than that of inlet, and that of outlet is the
owest. This phenomenon is illustrated more clearly in Fig. 3,
hich is a plot of the voltage differences between inlet and out-

et corresponding to Fig. 2. As shown, when the current density

s 600 mA cm−2, the voltage of outlet is about 6 mV lower than
hat of inlet. This may be attributed to the non-uniform oxygen
oncentration distribution, and the lower oxygen concentration
t outlet under higher current density. As is well-known, the in-

n the surface of anode diffusion layer; (b) three voltage sensors on the surface
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ig. 2. The voltage distributions under different current densities at fixed air
toichiometry of 2.5 (with regard to the current densities 100, 200, 300, 400,
00 and 600 mA cm−2 respectively).

lane resistivity of Toray carbon paper used is about 5.8 m� cm,
o when the voltage difference between inlet and outlet is 6 mV,
he in-plane current could be calculated and is approximately
mA.

.2. The voltage distribution under different air
toichiometries

Fig. 4 depicts the voltage distributions under different air
toichiometries (with regard to 500 mA cm−2) at fixed current
ensity of 500 mA cm−2. As shown in this figure, at fixed current
ensity, with decreasing air stoichiometry, the voltage decreases,
nd the voltage distribution becomes more non-uniform. Fig. 5
hows the voltage differences between inlet and outlet corre-
ponding to Fig. 4, when the air stoichiometry is as low as 2.2,
he voltage distribution is highly non-uniform, and the voltage

ifference between inlet and outlet reaches about 10 mV. With
he increase of air stoichiometry, this difference lessens. The
henomena of these two figures might suggest that at low air
toichiometry, the air supply could not meet the demand in the

Fig. 3. The voltage difference between inlet and outlet relating to Fig. 2.
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ig. 4. The voltage distributions under different air stoichiometries (with regard
o 500 mA cm−2) at fixed current density of 500 mA cm−2.

iddle and outlet regions, and consequently the oxygen concen-
rations there are low, thus cause the decrease of voltages there.

ith the increase of air stoichiometry, the oxygen concentration
ecomes more uniform, so the voltage difference between inlet
nd outlet lessens. In short, low air stoichiometry could cause
he voltage distribution to be more non-uniform.

.3. Voltage changes under transient state

When loading dynamically, the load following mode is usu-
lly adopted with fixed air stoichiometry. However, if the fuel
ell experiences a fast dynamic load change from idle state (cor-
esponding to 50 mA cm−2 in this experiment) to a high current
ensity (specified as 500 mA cm−2 in this experiment), the air
esponse rate will lag the loading rate, which will make the fuel
ell suffer a temporary air starvation, and the air starvation can

ause many damages to fuel cell. A well-known method to pre-
ent the occurrence of air starvation is to supply air with enough
toichiometry before loading, which however, will result in the

Fig. 5. The voltage difference between inlet and outlet relating to Fig. 4.
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Fig. 6. Voltage change of PEMFC with time when loading dynamically from
5 −2
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Fig. 8. Voltage change of PEMFC with time when loading dynamically from
50 to 500 mA cm−2; the pre-supplied air stoichiometry is 1.5 with regard to
5
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0 to 500 mA cm ; the pre-supplied air stoichiometry is 1.1 with regard to
00 mA cm−2, and the load following air stoichiometry is 2.5 with regard to
00 mA cm−2.

arasitic power consumption and the system efficiency lowering.
n our work, in order to find a minimum value of the pre-supplied
ir and mitigate the energy loss from the pre-supplying method,
e investigate the relationship between the voltage response and

he amount of pre-supplied air.
In this part, the mean value of the three local voltages is

onsidered as the voltage of PEMFC. Fig. 6 provides the voltage
hange of PEMFC over time when loading dynamically from 50
o 500 mA cm−2. The pre-supplied air stoichiometry is 1.1 with
egard to 500 mA cm−2, and the load following air stoichiometry
s 2.5 with regard to 500 mA cm−2.
As shown, the voltage of fuel cell firstly drops to a quite low
alue, which means that the pre-supplied air is not sufficient
nough for the fuel cell to operate at 500 mA cm−2, and the fuel
ell suffers a temporary air starvation. When the load following

ig. 7. Voltage change of PEMFC with time when loading dynamically from
0 to 500 mA cm−2; the pre-supplied air stoichiometry is 1.3 with regard to
00 mA cm−2, and the load following air stoichiometry is 2.5 with regard to
00 mA cm−2.
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00 mA cm−2, and the load following air stoichiometry is 2.5 with regard to
00 mA cm−2.

ir reaches the reaction site of the fuel cell, the voltage starts to
ncrease, and finally arrives at the steady-state value.

Fig. 7 depicts the voltage change of PEMFC over time when
oading dynamically from 50 to 500 mA cm−2. The pre-supplied
ir stoichiometry is 1.3 with regard to 500 mA cm−2, and the load
ollowing air stoichiometry is 2.5 with regard to 500 mA cm−2.

As shown in Fig. 7, when the pre-supplied air increases, the
oltage of fuel cell drops only a little during dynamic loading,
nd the degree of air starvation is lessened. When the stoichiome-
ry of the pre-supplied air further increases to 1.5, it can be seen
rom Fig. 8 that no air starvation has occurred at the loading
ransient.

Above all, when the fuel cell is loaded in the load follow-
ng mode, the degree of air starvation will be lessened with the
ncrease of the pre-supplied air stoichiometry. In this study, when
he pre-supplied air stoichiometry could reach 1.5, the fuel cell
ill not suffer from any air starvation at the loading transient.

. Conclusions

Voltage sensors were successfully developed to investigate
he voltage distribution characteristics of fuel cell. In this work,
he voltage distribution of fuel cell under steady state was stud-
ed under a variety of operating conditions. It was found that the
oltage distribution was non-uniform, and current density and
ir stoichiometry had significant effects on it. With the increase
f current density and the decrease of air stoichiometry, the volt-
ge difference between inlet and outlet increased. When loaded
ynamically in the load following mode, since the air response
ate lagged the loading rate, the fuel cell would suffer a tempo-
ary voltage fluctuation due to the air starvation. In this paper,
he method of pre-supplying certain amount of air before loading

as adopted to lessen the degree of air starvation. Experimental

esults demonstrated that with the increase of the pre-supplied
ir stoichiometry, the degree of air starvation during dynamically
oading was lessened. When the pre-supplied air stoichiometry
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as 1.5, the fuel cell would not suffer from any air starvation
t the loading transient. These results could be used to optimize
ehicular fuel cell system.

cknowledgments

This work was financially supported by the National High
echnology Research and Development Program of China (863
rogram, No. 2007AA05Z127), and the National Natural Sci-
nce Foundations of China (No. 20636060).

eferences
[1] P. Costamagna, S. Srinivasan, J. Power Sources 102 (2001) 242–252.
[2] R.A. Lemons, J. Power Sources 29 (1990) 251–264.
[3] B.C.H. Steele, J. Mater. Sci. 36 (2001) 1053–1068.
[4] S. Kim, S. Shimpalee, J.W. Van Zee, J. Power Sources 135 (2004) 110–121.

[
[

ources 179 (2008) 292–296

[5] Z. Liu, L. Yang, Z. Mao, W. Zhuge, Y. Zhang, L. Wang, J. Power Sources
157 (2006) 166–176.

[6] J. Hamelin, K. Agbossou, A. Laperriere, F. Laurenfuel Celle, T.K. Bose,
Int. J. Hydrogen Energy 26 (6) (2001) 625–629.

[7] S.O. Morner, S.A. Klein, J. Solar Energy Eng. 123 (3) (2001) 225–231.
[8] S. Kim, S. Shimpalee, J.W. Van Zee, J. Power Sources 137 (1) (2004)

43–52.
[9] Q. Yan, H. Toghiani, H. Causey, J. Power Sources 161 (1) (2006) 492–502.
10] X. Yan, M. Hou, L. Sun, H. Cheng, Y. Hong, D. Liang, Q. Shen, P. Ming,

B. Yi, J. Power Sources 163 (2007) 966–970.
11] M.M. Mench, C.Y. Wang, M. Ishikawa, J. Electrochem. Soc. 150 (8) (2003)

A1052–A1059.
12] Q. Dong, J. Kull, M.M. Mench, J. Power Sources 139 (2005) 106–114.
13] S. Basu, M.W. Renfro, B.M. Cetegen, J. Power Sources 162 (2006)
14] D. Natarajan, T. Van Nguyen, AIChE Journal 51 (9) (2005) 2587–2598.
15] M. Hou, H.F. Zhang, Y.Y. Jiang, B.L. Yi, H.M. Zhang, Metal bipolar plate

with graphite flow field for proton exchange membrane fuel cell, Patent
CN02101385.3, 2002.


	The voltage characteristics of proton exchange membrane fuel cell (PEMFC) under steady and transient states
	Introduction
	Experimental
	Measurement system
	Installation of voltage sensors

	Results and discussion
	The voltage distribution under different current densities
	The voltage distribution under different air stoichiometries
	Voltage changes under transient state

	Conclusions
	Acknowledgments
	References


