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1. Introduction
Fuel cells are static energy conversion devices and convert the
chemical energy of the input fuel directly into electrical energy.
The use of fuel cells can offer significant advantages for many
applications, such as improving efficiency, reliability, operating
characteristics, zero emission and high energy density [1–21].

Recently small fuel cells have attracted a lot of attention for
portable applications [1–9]. Small fuel cells are intended to replace
conventional batteries in portable applications [4]. For portable
applications, the fuel cell should be small and able to operate at
ambient conditions. The most promising fuel cell technologies for
portable applications are direct methanol fuel cells, air-breathing
fuel cells and proton exchange membrane (PEM) fuel cells [4–9].

The air-breathing PEM fuel cells are being developed to pro-
vide power for portable and mobile electronic systems. The
air-breathing PEM fuel cells have many unique features when com-
pared to other types of fuel cells, such as relatively, less noise, less
volume, light weight, low operating temperature and high energy
density and no need for an auxiliary fan or compressor [3]. In this
paper, a dynamic model of an air-breathing PEM fuel cell system is
presented for portable applications.
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llent potential as alternative energy sources for portable applications. One
l technologies for portable applications is air-breathing fuel cells. In this
ir-breathing PEM fuel cell (AB-PEMFC) system is presented. The analytical
e air-breathing PEM fuel cell system are verified using Matlab, Simulink
t. To show the effectiveness of the proposed AB-PEMFC model, two case
e Matlab software package. In the first case study, the dynamic behavior of

is compared with that of a planar air-breathing PEM fuel cell model. In
ation of the air-breathing PEM fuel cell-based power source is carried out
st results show that the proposed AB-PEMFC system can be considered as
rces for portable applications.

© 2008 Elsevier B.V. All rights reserved.

The analytical modeling of fuel cells is an important part to sim-
ulate the physical behavior of fuel cells. Several fuel cell models
are reported in the literature [10–21]. Numerical and experimen-
tal studies on modeling of proton exchange membrane fuel cell
components and stacks are reviewed [10]. Amphlett et al. [14,15]
used a semi-empirical approach to estimate the activation loss and
to predict the voltage output of a Ballard Mark V 35-cell stack. A

one-dimensional non-isothermal model has been presented in [16],
which includes membrane hydration, reacting gases, and phase
change of water in the electrodes. El-Sharkh et al. [19] introduced
a dynamic model for a stand-alone PEM fuel cell power plant.
Then, Uzunoglu and Alam [20] modified the PEM fuel cell model
described in [19] in Matlab and Simulink for stand-alone resi-
dential applications. Zhang et al. [21] presented the effects of the
temperature and the equivalent internal resistance on the output
characteristics of the PEM fuel cells.

Some research work involving the modeling and experimen-
tal studies on air-breathing PEM fuel cells have been reported in
the literature [22–31]. Chu and Jiang [22] presented experimental
results of an air-breathing PEM fuel cell stack and simulation results
were calculated by empirical equations under different operat-
ing conditions. Morner and Klein [23] presented an experimental
work of an air-breathing PEM fuel cell stack to investigate steady-
state and transient effects of temperature, humidity and air flow
on the stack performance. Schmitz et al. [24] developed a pla-
nar air-breathing PEM fuel cell using printed circuit boards and
then a non-isothermal two-dimensional mathematical model was
proposed for a planar air-breathing PEM fuel cell [25]. Ying et al.
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[27] performed a three-dimensional mathematical model for an
air-breathing PEM fuel cell. Recently, Wang and Ouyang [28] pre-
sented a three-dimensional heat and mass transfer analysis for an
air-breathing PEM fuel cell. Litster and Djilali [29] developed a semi-
analytical model to explain the transport of ions, heat and mass
in air-breathing fuel cells. The model includes an empirical corre-
lation for membrane conductivity to improve the accuracy of the
modeling for dry membrane condition. Fabian et al. [30] presented
experimental studies on the performance of a planar air-breathing
PEM fuel cell under different ambient conditions. Most recently,
O’Hayre et al. [31] proposed a one-dimensional, non-isothermal,
heat and mass transport model of a passive planar air-breathing
fuel cell operated on dry-hydrogen in dead-ended mode. A com-
parison is made against experimental measurements illustrated in
[30].

In this paper, we propose a new dynamic model for a planar
air-breathing fuel cell that is based on the combination of the one-
dimensional model described by O’Hayre et al. [31] and a dynamic
model described by Uzunoglu and Alam [20]. The new model is
compared against the simulation results presented by O’Hayre et
al. [31]. Then, the model is examined for powering a portable device
such as a laptop computer. The power requirement of a laptop
computer varies significantly under different operating conditions.
The dynamic model of air-breathing PEM fuel cells is improved for
portable applications. The effectiveness of the proposed model has
been verified via extensive simulation using the Matlab software
package.

2. Modeling of the air-breathing fuel cells

Small fuel cell stack provides an alternative solution for small
power sources where low weight and simple system configura-
tion are needed. The air-breathing PEM fuel cell technology is one
of the most promising fuel cell technologies for portable applica-
tions. The mathematical modeling of the air-breathing PEM fuel
cells is an important part to simulate the physical behavior of fuel
cells. Therefore, some fuel cell models are reported in the litera-
ture [22–31]. Recently, the air-breathing fuel cell model, which is a
one-dimensional, steady state, non-isothermal, combined heat and
mass transport model, was developed by O’Hayre et al. [31].

In the O’Hayre’s model [31], the following assumptions are used:

• one-dimensional transport;

• fuel cell operates in the steady state;
• single phase flow;
• effects of liquid water accumulation are not treated;
• dead-ended anode;
• dry hydrogen supply;
• no water accumulation in the anode;
• no net water transport through the membrane;
• water activity is uniform across the membrane and is in equilib-

rium with the water vapor activity at the cathode catalyst layer;
• cathode catalyst layer is infinitely thin.

In this paper, the dynamic model of the AB-PEMFC is developed
based on the O’Hayre’s model [31]. The analytical modeling of the
AB-PEMFC is verified by developing detailed simulation software
using Matlab, Simulink and SimPowerSystems Blockset for portable
applications. A simple block diagram of the air-breathing PEM fuel
cells is shown in Fig. 1 which involves four main blocks: tempera-
ture block, ohmic over voltage block, activation over voltage block,
and the Nernst voltage block. The current delay time constant is
assumed to be 0.05 s for a small fuel cell. The fuel cell current for
the AB-PEMFC is limited by a current limiter according to total fuel
Fig. 1. A simple block diagram of the air-breathing PEM fuel cell.

cell power. The outputs of the proposed Matlab fuel cell model are
the molar flow of hydrogen (qH2), the output voltage (Vcell) and the
power output of the AB-PEMFC. This model is used for defining the
behavior of the fuel cell stack. In Fig. 1, No represents the number
of series fuel cells in the stack.

The output voltage of a single fuel cell can be expressed as

Vcell = E − �act − �ohm (1)

where E is the Nernst voltage, �act is the activation over voltage and
�ohm is the ohmic over voltage. The Nernst voltage may be written
as [2]:

E = E0 + RT

2F

(
ln(PH2 ) + 1

2
ln(PO2 )

)
(2)

where E0 is the standard reversible fuel cell voltage, R is the univer-
sal gas constant, T is the fuel cell temperature and F is the Faraday

constant. PH2 and PO2 are hydrogen and oxygen partial pressures,
respectively. Fig. 2 illustrates the block diagram of the Nernst volt-
age.

The fuel cell temperature has been assumed to be constant in
some previous works [19,20]. But the fuel cell temperature is an
important effect on the dynamic behavior of the fuel cell output.
The characteristic of the temperature described by Zhang et al. [21]
is modified for the proposed dynamic model. The dynamic char-
acteristics of the fuel cell temperature variation may be expressed
as

T = TicIfc + Trt e(tIfc/Tit)) (3)

where Tic, Trt and Tit are constant parameters for the fuel cell tem-
perature and Ifc is the fuel cell current.

In the block diagram of Fig. 2, the hydrogen partial pressure PH2
can be written as [18–20]:

PH2 = 1/kH2

1 + �H2 s

(
qin

H2
− 2Ifc

4F

)
(4)

where �H2 is hydrogen time constant (s), kH2 is hydrogen valve
molar constant (mol/atm s), Ifc is the stack current (A) and qin

H2
is
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ram of the Nernst voltage.

where Acell is the cell active area, Relec is the electrical resistance of
the cell and Rmem represents the resistance of the cell membrane.
Fig. 3 illustrates the block diagram of the ohmic over potential. The
resistance of the cell membrane is defined as

Rmem =
(

ımem

Acell�a,T

)
(12)
Fig. 2. The block diag

hydrogen molar flow (mol/s). The relationship of the molar gas flow
through the valve with its partial pressure is expressed as [19]:

qH2

PH2

= kan√
MH2

= kH2 (5)

where kan is anode valve constant and MH2 represents molar mass
of hydrogen. The hydrogen time constant can be defined as [19]:

�H2 = Van

kH2 RT
(6)

where Van is volume of the anode. The hydrogen molar flow can be
written as [19]:

qH2 = I

2F
= 2KrI (7)

where Kr represents a modeling constant. The oxygen concentra-
tion is written by [2]:
xO2 = x0
O2

− ıGDL
jRT

4FPDeff
O2

(8)

where j is the current density, P is the total pressure, ıGDL repre-
sents the cathode gas diffusion layer (GDL) thickness and Deff

O2
is the

effective diffusivity which is described by

Deff
O2

= DO2,air
ε

�
(9)

where DO2,air is the binary diffusivity of O2 in air, ε represents the
GDL porosity and � is the GDL tortuosity. We can calculate the oxy-
gen partial pressure, PO2 by using the relation between the oxygen
concentration and the oxygen partial pressure [2]. The activation
over potential is obtained by

�act = RT

˛nF
ln

(
j

j0

)
(10)

where ˛ is charge transfer coefficient and j0 is the reference
exchange current density. The ohmic over potential is calculated
as [31]:

�iR = jAcell(Relec + Rmem) (11)
 Fig. 3. The block diagram of the ohmic over potential.
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Table 1
Parameters in the air-breathing PEM fuel cell model

Parameter Representation Value

No Number of cells in series in the
stack

25

E0 Standard reversible fuel cell
voltage at 303 K and 1 atm
pressure

1.23 V

R Universal gas constant 8.315 J/(mol K)
Fig. 4. Polarization curves for proposed AB-PEMFC system and O’Hayre model [31].
where ımem is Nafion thickness and �a,T represents the conductivity
of Nafion, given by

�a,T = (3.46a3 + 0.0161a2 + 1.45a − 0.175) × (e1268((1/303)−(1/T)))

(13)

In Eq. (13), the water vapor activity a in the system can be defined
as [2]:

a = PH2O

Psat
(14)

where pH2O is the partial pressure of water vapor and Psat is the sat-
uration water vapor pressure for the fuel cell system at the operated
temperature. The saturated water vapor pressure can be expressed
as

log(Psat) = (−2.1794 + 0.02953T − 9.1837 × 10−5T2 + 1.4454

×10−7T3) (15)

Fig. 5. Activation over voltages of proposed AB-PEMFC system and O’Hayre model
[31].
Tic, Trt and Tit Constant parameters for fuel cell
temperature

8.5, 11.2 and 1500

F Faraday’s constant 96,500 C/mol
P Ambient pressure 101,000
DO2,air Binary diffusivity of O2 in air 2.1 × 10−5 m2/s
DH2O,airr Binary diffusivity of H2O in air 2.6 × 10−5 m2/s
L Characteristic dimension of fuel

cell device (square)
0.07 m

La Length of active cell side (square) 0.03 m
Acell Cell active area 0.0009 m2

ımem Nafion thickness 5.2 × 10−5 m
ıGDL GDL thickness 3.0 × 10−4 m
ε GDL porosity 0.40
� GDL tortuosity 3.0
kGDL GDL thermal conductivity 10 W/m K
Relec Cell electrical resistance 0.012 �
J0 Reference exchange current 1.0 × 10−5 A/cm2
density
˛ Charge transfer coefficient 0.28
U Utilization factor 0.7
�H2 Hydrogen time constant 0.3096 s
kH2 Hydrogen valve constant 3.62694 × 10−5 kmol/

(s atm)

Using Eq. (8), a similar equation for the water concentration can
be derived as [2]:

xH2O = x0
H2O + ıGDL

jRT

2FPDeff
H2O

(16)

where Deff
H2O is the effective diffusivity of H2O which is described by

Deff
H2O = DH2O,air

ε

�
(17)

where DH2O,air is the binary diffusivity of H2O in air. We can calcu-
late the partial pressure of water vapor to use the relation between
the water concentration and the water partial pressure [2].

Fig. 6. Ohmic voltage loss of proposed AB-PEMFC system and O’Hayre model [31].
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Fig. 7. The fuel cell temperature of proposed AB-PEMFC system and O’Hayre model
[31].

One of the most important values to affect the fuel cell output
voltage is the fuel cell temperature. The Nernst voltage, the oxygen
concentration, the activation over potential, the water concentra-
tion and the resistance of the cell membrane (Eqs. (2), (8), (10)–(16))
are related to temperature. Therefore, we calculated the dynamic
characteristic of the fuel cell temperature variation using Eq. (3) to
determine precisely the fuel cell output voltage.

3. Simulation results

The analytical modeling and simulation of the air-breathing PEM
fuel cell system are verified using Matlab, Simulink and SimPower-

Fig. 8. General diagram of the AB-PEMF
er Sources 182 (2008) 168–174

Systems Blockset. In this section, we will present two case studies:
the dynamic behavior of the proposed AB-PEMFC system is com-
pared with that of the O’Hayre model [31] in the first case study;
and the validation of the air-breathing PEM fuel cell-based power
source is carried out for portable applications in the second case
study.

3.1. Case study 1

O’Hayre et al. [31] compared their simulation results against
experimental measurements of a 3 cm × 3 cm air-breathing fuel cell
device [30]. In this paper, we compared the behaviors of the pro-
posed AB-PEMFC model and O’Hayre model [31]. A simple block

diagram of the air-breathing PEM fuel cell system is given in Fig. 1.
Table 1 shows the model parameters of the air-breathing PEM fuel
cell which are taken from [31]. The hydrogen valve constant and the
hydrogen time constant are determined using Eqs. (5) and (6) for
the air-breathing PEM fuel cell system assuming the temperature
parameters Tic, Trt and Tit remain constant.

The polarization curves of the proposed AB-PEMFC system and
O’Hayre model [31] are shown in Fig. 4. The proposed model nicely
predicts the behavior of the air-breathing fuel cell. The fuel cell
output voltages obtained using the proposed model are very similar
to those of the O’Hayre model as depicted in Fig. 4.

The activation over voltages of the proposed AB-PEMFC model
and O’Hayre model [31] are illustrated in Fig. 5. A good agreement
between simulated activation over voltages of the proposed model
and O’Hayre model [31] is clearly seen from Fig. 5. The ohmic volt-
age losses of the proposed AB-PEMFC model and O’Hayre model
[31] are shown in Fig. 6. The proposed model nearly predicts the
behavior of the ohmic voltage loss of the air-breathing fuel cell as
seen in Fig. 6. The ohmic voltage loss of the model is calculated by
Eq. (11) which includes Rmem the resistance of the cell membrane
and Relec the electrical resistance of the cell. The resistance of the

C system for a Laptop computer.
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Fig. 9. Power demand.

cell membrane is strongly related to the conductivity of Nafion, the
membrane water content and membrane temperature as described
by Eqs. (12)–(16). The membrane conductivity is not linear with the

current density shown in [29,30]. Therefore at higher current den-
sity, the proposed model has higher ohmic voltage loss than the
result of the O’Hayre model [31].

The fuel cell temperature is an important parameter for calcu-
lating the fuel cell output voltage as indicated earlier. Therefore,
the characteristic of the fuel cell temperature is predicted by Eq.
(3) in the proposed AB-PEMFC system. Fig. 7 shows the compari-
son of the fuel cell temperature of the proposed AB-PEMFC system
and O’Hayre model [31]. The fuel cell temperatures obtained using
the proposed AB-PEMFC system are similar to that of the O’Hayre
model as shown in Fig. 7.

3.2. Case study 2

In the second case study, the dynamic performance of the air-
breathing PEM fuel cell-based power source was tested under
various load conditions of a laptop computer, which is a Dell Insp-
iron 8000. Assume that the rated power of the AB-PEMFC system is
70 W. The fuel cell stack consists of 25 cells. The model parameters
of the air-breathing PEM fuel cell system are shown in Table 1. The

Fig. 10. Load current.
Fig. 11. Load voltage under different operation conditions.

hydrogen valve constant and the hydrogen time constant are deter-
mined using Eq. (5) and (6) for the 70 W air-breathing PEM fuel cell
system.
Fig. 8 shows the general diagram of the air-breathing PEM fuel
cell system for a Laptop computer. The proposed system consists of
the AB-PEMFC model, a boost dc/dc converter, a feedback controller,
a laptop load and a load control and measurement unit. The model-
ing and simulation of the air-breathing PEM fuel cell-based power
source are verified using Matlab, Simulink and SimPowerSystems
Blockset for a simulation time of 180 s.

The output voltage and current of the ac adapter of Dell Inspiron
8000 are 20 V and 3.5 A, respectively. The dc power consumptions
of Dell Inspiron 8000 have been measured using a power quality
analyzer. The laptop load is modeled in Matlab using the experi-
ment results obtained from the power quality analyzer for dc power
consumption.

The boost dc/dc converter is used to adjust output voltage of
the AB-PEMFC system to 20 V. The gate pulses of the boost dc/dc
converter are produced by a feedback controller based on a discrete
PID controller. The most appropriate parameters of the discrete PID
controller are determined as: 1 for proportional gain constant, 10
for integral gain constant, and 0.0002 for derivative gain constant.
In the PID controller, the output voltage is compared with the refer-

Fig. 12. Fuel cell output voltage under different operation conditions.
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ence voltage and the difference between them is used as the input
of the discrete PID controller.

The load control and measurement unit is employed for measur-
ing load currents and load voltages. The measured data is used to
supply the appropriate feedback current to the AB-PEMFC and the
load voltage is provided to the PID controller to produce the trig-
ger signal for the dc–dc converter thyristor. The power demands of
the laptop computer may vary significantly under different oper-
ational conditions. Fig. 9 shows the change of dc power demand
and the dc power consumption of the laptop may vary from 25.2
to 49.6 W. Fig. 10 illustrates the change of the load current of the
laptop and the current may vary from 1.31 to 2.46 A. It is clear
from Figs. 9 and 10 that the power consumption of the laptop com-
puter varies significantly when the laptop is operated at different
operational conditions.

From Fig. 11, we observe that the feedback control system keeps
the load voltage at 20 ± 0.2 V under various operational conditions.
The errors in power output of the model versus what the laptop
requires depend on the load voltage variations. The output voltage
of the AB-PEMFC system is illustrated in Fig. 12 and it is obvious that
the FC stack voltage is changed slightly under various operation
conditions. The AB-PEMFC produces output powers and voltages
according to the feedback currents.

4. Conclusion

In this paper, an air-breathing PEM fuel cell-based system is
proposed for portable applications. The dynamic modeling and
simulation of the AB-PEMFC system were verified using Matlab,
Simulink and SimPowerSystems Blockset. In the first case study, the
comparison of dynamic behavior of the proposed AB-PEMFC sys-
tem and O’Hayre model has been carried out. The results obtained
from the proposed AB-PEMFC system are similar to those of O’Hayre
model. The fuel cell temperature is an important role for calculat-
ing the fuel cell output voltage and is predicted in the proposed
model. In the second case study, the validation of the air-breathing

PEM fuel cell-based power source was performed for portable
applications. The simulation results demonstrate that the power
consumption of a laptop varies significantly depending on vari-
ous operational conditions. The feedback control system keeps the
load voltage at a desirable level, i.e., 20 V under various operational
conditions of the laptop computer. The proposed system supplies
adequate power at constant voltage for the laptop computer. The
proposed AB-PEMFC system can be considered as a viable alterna-
tive energy sources for portable applications.
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11] F. Barbir, T. Gómez, Efficiency and economics of proton exchange membrane
(PEM) fuel cells, Int. J. Hydrogen Energy 22 (1997) 1027–1037.

12] H. Görgün, Dynamic modelling of a proton exchange membrane (PEM) elec-
trolyzer, Int. J. Hydrogen Energy 31 (2006) 29–38.

13] J. Hamelin, K. Agbossou, A. Laperrière, F. Laurencelle, T.K. Bose, Dynamic behav-
ior of a PEM fuel cell stack for stationary applications, Int. J. Hydrogen Energy
26 (2001) 625–629.

14] J.C. Amphlett, R.M. Baumert, R.F. Mann, B.A. Peppley, P.R. Roberge, Performance
modeling of the Ballard Mark IV solid polymer electrolyte fuel cell. I. Mecha-
nistic model development, J. Electrochem. Soc. 142 (1995) 1–8.

15] J.C. Amphlett, R.M. Baumert, R.F. Mann, B.A. Peppley, P.R. Roberge, Performance
modeling of the Ballard Mark IV solid polymer electrolyte fuel cell. II. Empirical
model development, J. Electrochem. Soc. 142 (1995) 9–15.

16] A. Rowe, X. Li, Mathematical modeling of proton exchange membrane fuel cells,
J. Power Sources 102 (2001) 82–96.

17] S. Pasricha, S.R. Shaw, A dynamic PEM fuel cell model, IEEE Trans. Energy Con-
vers. 21 (2006) 484–490.

18] J. Padulles, G.W. Ault, J.R. McDonald, An integrated SOFC plant dynamic model
for power systems simulation, J. Power Sources 86 (2000) 495–500.

19] M.Y. El-Sharkh, A. Rahman, M.S. Alam, P.C. Byrne, A.A. Sakla, T. Thomas, A
dynamic model for a stand-alone PEM fuel cell power plant for residential
applications, J. Power Sources 138 (2004) 199–204.

20] M. Uzunoglu, M.S. Alam, Dynamic modeling, design, and simulation of a com-
bined PEM fuel cell and ultracapacitor system for stand-alone residential
applications, IEEE Trans. Energy Convers. 21 (2006) 767–775.

21] Z. Zhang, X. Huang, J. Jiang, B. Wu, An improved dynamic model consider-
ing effects of temperature and equivalent internal resistance for PEM fuel cell
stack, J. Power Sources 83 (1999) 128–133.
23] S.O. Morner, S.A. Klein, Experimental evaluation of the dynamic behavior of an

air-breathing fuel cell stack, J. Solar Energy Eng. 123 (2001) 225–231.
24] A. Schmitz, C. Ziegler, J.O. Schumacher, M. Tranitz, E. Fontes, C. Hebling,

Modelling approach for planar self-breathing PEMFC and comparison with
experimental results, Fuel Cells 4 (2004) 358–364.

25] C. Ziegler, A. Schmitz, M. Tranitz, E. Fontes, J.O. Schumacher, Modeling planar
and self-breathing fuel cells for use in electronic devices, J. Electrochem. Soc.
151 (2004) A2028–A2041.

26] T. Hottinen, M. Mikkola, P. Lund, Evaluation of planar free-breathing polymer
electrolyte membrane fuel cell design, J. Power Sources 129 (2004) 68–72.

27] W. Ying, Y.J. Sohn, W.Y. Lee, J. Ke, C.S. Kim, Three-dimensional modeling and
experimental investigation for an air-breathing polymer electrolyte membrane
fuel cell (PEMFC), J. Power Sources 145 (2005) 563–571.

28] Y. Wang, M. Ouyang, Three-dimensional heat and mass transfer analysis in an
air-breathing proton exchange membrane fuel cell, J. Power Sources 164 (2007)
721–729.

29] S. Litster, N. Djilali, Mathematical modelling of ambient air-breathing fuel cells
for portable devices, Electrochim. Acta 52 (2007) 3849–3862.

30] T. Fabian, J.D. Posner, R. O’Hayre, S.W. Cha, J.K. Eaton, F.B. Prinz, J.G. Santiago,
The role of ambient conditions on the performance of a planar, air-breathing
hydrogen PEM fuel cell, J. Power Sources 161 (2006) 168–182.

31] R. O’Hayre, T. Fabian, S. Litster, F.B. Prinz, J.G. Santiago, Engineering model of
a passive planar air breathing fuel cell cathode, J. Power Sources 167 (2007)
118–129.


	Dynamic modeling and simulation of air-breathing proton exchange membrane fuel cell
	Introduction
	Modeling of the air-breathing fuel cells
	Simulation results
	Case study 1
	Case study 2

	Conclusion
	Acknowledgment
	References


