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bstract

The main objective of this work is to extract information on the internal behavior of three small polymer electrolyte membrane fuel cells under
tatic and dynamic load conditions. A computational model was developed using Scilab [SCILAB 4, Scilab—a free scientific software package,
ttp://www.scilab.org/, INRIA, France, December, 2005] to simulate the static and dynamic performance [J.M. Correa, A.F. Farret, L.N. Canha,
n analysis of the dynamic performance of proton exchange membrane fuel cells using an electrochemical model, in: 27th Annual Conference
f IEEE Industrial Electronics Society, 2001, pp. 141–146] of this particular type of fuel cell. This dynamic model is based on electrochemical

quations and takes into consideration most of the chemical and physical characteristics of the device in order to generate electric power. The model
akes into consideration the operating, design parameters and physical material properties. The results show the internal losses and concentration
ffects behavior, which are of interest for power engineers and researchers.

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

In the last decade, a group of researchers [5,6] published a
eries of papers on electrochemical problems relating to PEM
uel cells, from modeling to the problems of poisoning of
he cell, their work aimed at the need for a model based on
lectrochemical equations to correctly model this new elec-
rical power source. Almost 10 years later another group of
esearchers has focused on electrochemical reaction model-
ng [4], but like previous publications, their model is based
n the assembling of a prototype fuel cell and laboratory
xperiments.

More recent work by Souza and Gonzales [15] has presented

mathematical model for the PEM Fuel Cell, and their modeling
as allowed detailed studies. They discussed the electrocatalysis
f the reactions and the design of water-management schemes to

∗ Corresponding author. Tel.: +55 34 3239 4734; fax: +55 34 3239 4704.
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te; Steady state; Scilab

ope with membrane dehydration. Mishra, Yang and Pitchumani
18], did a detailed numerical investigation of the transport and
lectrochemical phenomena involved in the operation of a sin-
le proton exchange membrane (PEM) fuel cell with reformate
eeding with a view to developing optimal design and operating
onditions.

Along with a large number of methodologies, Cheddie and
unroe [16] did a review of recent literature on proton exchange
embrane fuel cell modeling, and they have categorized them

s analytical, semi-empirical or mechanistic. Mechanistic mod-
ling has received the most attention in the literature. In mecha-
istic modeling, differential and algebraic equations are derived
ased on the physics and electrochemistry governing the phe-
omena internal to the cell.

Mehta and Cooper [17] did an extensive review and analysis
f PEM fuel cell designs and manufacturing. Their work had

n important influence on the work we present here, Goveli-
glu and Stenger [19] developed research on computational fluid
ynamics modeling of PEM fuel cells. They used a finite ele-
ent method to solve the transport model coupled with flowing

http://www.scilab.org/
mailto:jrcamacho@ufu.br
dx.doi.org/10.1016/j.jpowsour.2006.04.149
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Nomenclature

A anode (or cathode) area/cell useful area (cm2)
c∗

H2
hydrogen concentration in the interface electrode

membrane (mol cm−3)
Cion,m membrane ionic concentration (mol cm−3)
E0 open circuit voltage (V)
F Faraday constant (96487 C mol−1)
�FEa anode reaction activation energy (J mol−1)
�FEc cathode reaction activation energy (J mol−1)
�G Gibbs free energy variation (−237.165 J)
�H variation of enthalpy (−285.823 J)
iop operational cell current
iL electrode current limit
iL,a electrode current limit in the anode
iL,c electrode current limit in the cathode
Iop operational electrical current (A)
jop cell operation current density (A cm−2)
j0 exchange current density in the electrode

(A cm−2)
k0 reaction degree intrinsic constant (cm s−1)
l membrane thickness (cm)
mair mass flow of air (dimensionless)
mH2 mass flow of hydrogen (dimensionless)
mO2 mass flow of oxygen (dimensionless)
n number of moles involved in a reaction for each

mol of H2 (dimensionless)
na number of moles of reagent in the anode
nc number of moles of reagent in the cathode
PH2 partial pressure feeding for hydrogen (atm)
PO2 partial pressure feeding for oxygen (atm)
R universal constant of gases (8314 J K mol−1)
Rcj resistance of gas spreaders and separating plates

(�)
Rm resistance of the electrodes (�)
�S variation of entropy (−163.2 J K−1)
Top operational temperature (K)
Tref reference temperature (298.15 K−1)
Vatv activation voltage drop (V)
Vcon concentration voltage drop (V)
Vohm Ohmic voltage drop (V)
Vop operational voltage (V)

Greek letters
α electronic transference current (around 0.4 for the

cathode and 1.0 for the anode)
αc cathode load transference coefficient (dimension-

less)
αa anode load transference coefficient (dimension-

less)
γ membrane ionic conductance (S cm2 mol−1)
δc cathode Nernst diffusion layer thickness (cm)
δa anode Nernst diffusion layer thickness (cm)
λair stoichiometry of air (dimensionless)
λH2 stoichiometry of hydrogen (dimensionless)

λO2 stoichiometry of oxygen (dimensionless)
ρm electrical resistivity of the membrane (� cm)
φH2 relative humidity of hydrogen (%)
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φO2 relative humidity of oxygen (%)

n a porous medium, charge balance, electrochemical kinetics,
nd a rigorous water balance in the membrane.

These papers have contributed greatly to comprehension
f the global electrochemical processes in a fuel cell, but
id not improve understanding of the fuel cell as an electri-
al energy source, and that is our proposal in this work, i.e.
o make a model [1] suitable for use with power electronics
ardware.

The basic physical structure of a fuel cell used in the computer
odel consists of an electrolyte and a polymeric membrane, with
typical thickness of between 12 and 210 �m, which separates

he porous anode and cathode from each other; they have a thick-
ess of between 5 and 15 �m. The porous and slender electrodes,
ake it possible to assemble a membrane electrode assembly

MEA). In a typical fuel cell, a flux of fuel which is rich in hydro-
en (liquid or gaseous) is fed continuously through channels that
eep it in contact with the anode and, simultaneously, a flux of
n oxidant (in general the oxygen in the air) are also fed through
ifferent and separate channels, which make the contact with the
athode [2]. The layers in between are responsible for the gas
iffusion process in the electrodes, with a thickness between 300
nd 400 �m, they are made of an electrical conducting material,
ike porous carbon paper, a carbon based fabric with a Teflon®

ayer that prevents water adherence and make possible the fast
iffusion of gases [3].

The process that takes place is a natural reaction, however
ue to its slow speed it is necessary to use a catalyst for the
eaction to be efficient, the element used as catalyst at the present
s platinum. The other two important elements in the fuel cell
re, firstly the separating plates, to give mechanical stiffness
nd to direct the flow of gas through the cell, and secondly the
ooling elements that have the function of extracting heat from
he exothermal reactions, the ratio used for interspersing the
ooling elements are used in a proportion that varies from 1:1
o 1:5 [5].

. Mathematical modeling of the PEM fuel cell

A mathematical model that presents the correct answers for
he fuel cell is of paramount importance, since it allows the devel-
pment of electronic systems for feeding and control of fuel cells
ithout the need for a great number of experimental prototypes.

lectrically speaking, a fuel cell works basically as a current
ource. The voltage response for the cell will be studied from
he current variation required by the load. The main operational
arameters are: the operational electrical current, temperature,
nd the characteristics of gas transportation.
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.1. Activation losses

.1.1. Cathode activation losses
The consideration on the effect of operating variables in the

alue of i0 in the cathode can be taken as [6]:

0c = ncFAk0(C∗
proton)1−αc (C∗

H2O)αc (C∗
O2

)1−αc e(�FEc/RTop),

(1)

orking mathematically in the previous equation we can have
or the cathode the following value for the activation voltage [4]:

atvc = ξ1 + ξ2Top + ξ3Top ln(C∗
O2

) + ξ4Top ln(i) (2)

here

1 = �FEc

ncαc
(3)

2 = R

ncFαc
ln(4Fk0) + R

ncFαc
ln(A) + R

ncF
ln(C∗

H2
) (4)

3 = R(1 − αc)

ncFαc
(5)

4 = R

ncFαc
(6)

.1.2. Anode activation losses
With a more detailed Eq. (1), taking in consideration the effect

f operational variables in the value of i0 at the anode as [6]:

0,a (A) = naFAk0C∗
H2

e(−�FEa/RTop) (7)

he activation voltage [4] in the cathode can be given by:

atv,c (V) = ξ5 + ξ6Top ln(C∗
H2

) + ξ7Top ln(i) (8)

here

5 = �FEa

naFαa
(9)

6 = −R ln(naFAk0)

naFαa
(10)

7 = R

naFαa
(11)
s previously stated, the activation voltage at the anode will
ave lower values compared with the activation voltage at the
athode, and can be neglected in the operating behavior of the
EM fuel cell fed with pure hydrogen.

2

c

able 1
ypical thickness of Nafion® membranes

embrane Nominal thickness (mm) Thickness when dry (mm)

afion 117 0.178 0.183 ± 0.003
afion 115 0.127 0.141 ± 0.003
afion 113 0.089 0.091 ± 0.002
afion 112 0.051 0.050 ± 0.002
er Sources 161 (2006) 1176–1182

.2. Resistive losses

To illustrate the empirics to obtain fuel cell operating param-
ters, the first part of the resistive losses (Rohm) is given by
he polymeric membrane and the second part by the electrodes,
preaders and other series components.

.2.1. Polymeric membrane resistive losses
The resistance in Ohm for this membrane (Rm) which rep-

esents the resistance for transference of protons through the
olid membrane [14], and can be computed by the two follow-
ng equations:

m (�) = ρml

A
(12)

he resistivity values for the Nafion® [9] membranes (produced
y DuPont) to complement the ohmic resistance can be com-
uted through the following equation:

m (� cm) = 181.6
[
1 + 0.03(iop/A) + 0.0062(Top/303)2(iop/A)2.5

]
[
λ − 0.634 − 3(iop/A)e4.18((Top−303)/(Top))

]
(13)

For the Nafion® membrane, the typical thickness in each case
s indicated in Table 1 [8,12].

Therefore, λ is the ratio of the number of water moles for
ach sulfonic group in the membrane. The value of λ indicates
he membrane relative humidity, being regulated by the feeding
ases relative humidity, their stoichiometries and assembling
haracteristics involved in the efficiency of the gas transportation
nd membrane humidity maintenance. The literature indicates a
alue of approximately 14 for λ corresponding to a membrane
n humidified air at 100%, and approximately to 22 the value
orresponding to a water immersed membrane [4].

.3. Concentration losses

.3.1. Concentration losses at the cathode
The value for the current limit at the cathode (IL,c) will be

dopted [13] through the following equation:

L,c (A) = RTopAγCion,m

ncFδc
(14)
.3.2. Concentration losses at the anode
They will be simulated as in Eq. (14), and the value for the

urrent limit at the anode (IL,a) will be adopted through the fol-

Thickness when wet (mm) Thickness when MEA (mm)

0.208 ± 0.005 0.148 ± 0.002
0.161 ± 0.003 0.100 ± 0.002
0.111 ± 0.002 0.075 ± 0.003
0.058 ± 0.003 0.040 ± 0.002
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fixing the temperature and changing other operating parameters.

Fig. 2 shows the behavior of the cell with the variation of
temperature for the first prototype with constants described in
Table 2 [20]:

Table 2
Design characteristics for the first prototype

Description Symbol Amount

Area of the cell Acel 5 cm2

Number of cells Ncel 1
Fig. 1. Typical elemental operat

owing equation:

L,a (A) = RTopAγCion,m

naFδa
(15)

.4. PEMFC cell under dynamic load change

When a variation occurs in the load fed by a fuel cell, this is
he cause for a variation in the cell operating voltage. However,
transient state exists due to the capacitance generated in the

olymeric membrane due to an internal physical process called
double layer effect”. [7]

The equation that represents the voltage behavior during load
ransients can be expressed as:

(t) (V) = v(∞) + [v(0+) − v(∞)]exp
(
− t

τ

)
(16)

here v(∞) is the final value to which the voltage will go after
he load variation, and v(0+) is the voltage initial value, before
he variation of the load fed by the PEM fuel cell. The time
onstant (τ) is a measure of the necessary time for the transient
nalysis in RC circuits, computed by the following equation:

(s) = RthCdc, (17)

nd Rth is the Thevenin equivalent resistance of the circuit seeing
rom the capacitance.

. Methods

In order to develop this study, computational modeling tools
ere built up to model the fuel cell behavior through a detailed

heoretical base taking into consideration assembling and oper-
ting parameters.

With this purpose; to build the fuel cell simulator besides

he operating parameters already mentioned (Top, Iop, PH2 , PO2 ,

H2 , φO2 , λH2 , λO2 , or λair), the constructive parameters (elec-
ronic transference coefficients, electrode reaction level con-
tants, and the physicochemical properties of electrodes and

M
E
E
R

heme for a PEM fuel cell stack.

embrane), and the dimensioning parameters for the fuel cell
tack (number of cells, cell area and membrane thickness) were
lso considered. The simulation results are compared with prac-
ical experiments.

The experimental tests were made through controlled pro-
esses using different models and prototypes of PEMFC fuel
ell stack as the system shown in the basic scheme of Fig. 1.

Under normal operation a frequency inverter is used to feed
c energy due to the voltage regulation showed by the fuel cell.
n electronically controlled resistive load was used in order to
ake possible a better control of the necessary electrical load

uring laboratory experiments.

. Results

.1. PEM fuel cell with a load in steady-state

Fig. 3 shows the behavior of a cell with net area of 5 cm2,
ed by hydrogen and pure oxygen with feeding pressures of
atm, stoichiometries of 1.1, humidification 100% under operat-

ng temperatures of 40, 60 and 80 ◦C for a defined loading, being
he curves assembled from the cell voltage response according to
he current requested by the load. Similar curves can be obtained
embrane – Nafion® 112
lectronic transfer coefficient (cathode) αc 0.43
lectronic transfer coefficient (anode) αa 1.0
eaction grade constant (cathode) k0

c 2.7 cm s−1
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Fig. 2. Behavior of a PEM fuel cell under static load with the temperature.
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Table 4
Design characteristics for the third prototype

Description Symbol Amount

Area of the cell Acel 80 cm2

Number of cells Ncel 2
Membrane – Nafion® 112
Electronic transfer coefficient (cathode) αc 0.43
E
R

4

o
5
T
s

t
d
o

c
n
c
s

c
c
[
d

on the cathode. With a decrease in concentration of the fuel gas,
the maximum possible current in this electrode decreases [11].
Additionally the experiment was at a relatively low temperature
(50 ◦C), which makes the cell response curve for high current
ig. 3. Behavior of a PEM fuel cell under static load with the gas pressure.

Fig. 3 shows the behavior of the cell with the variation of
ressure for the second prototype with constants described in
able 3 [20]:

The third prototype was used for experimental and dynamic
imulation tests, it is a fuel cell stack built from two cells, assem-
led in a test bench with main design characteristics as shown
able 4 [20].
able 3
esign characteristics for the second prototype

escription Symbol Amount

rea of the cell Acel 20 cm2

umber of cells Ncel 1
embrane – Nafion® 112

lectronic transfer coefficient (cathode) αc 0.43
lectronic transfer coefficient (anode) αa 1.0
eaction grade constant (cathode) k0

c 3.5 cm s−1
lectronic transfer coefficient (anode) αa 1.0
eaction grade constant (cathode) k0

c 1.3 cm s−1

.2. Utilization of air instead of pure oxygen

For this analysis the second prototype was used with air or
xygen as a cathode reagent with an operating temperature of
0 ◦C. The other cell parameters are the ones specified in Table 2.
he values obtained experimentally and through computational
imulation are indicated in Fig. 4 [20].

The result above shows the developed model efficiency and
he success in the collection of constructive parameters, and also
emonstrates the influence of the use of atmospheric air and pure
xygen.

Practically, this substitution, although showing loss of effi-
iency, is advantageous for commercial projects, avoiding the
eed for oxygen transport and storage, since one of the major
hallenges for the PEM fuel cells is to find an efficient way to
tore bulky amounts of gaseous fuels like hydrogen and oxygen.

The decreasing efficiency is due to the lower oxygen con-
entration in the composition of atmospheric air, and to the
onsequent increase in the cathode concentration effect (Fig. 5)
20]. The ohmic voltage drop and activation effect are not depen-
ent on this parameter.

A second reason for this variation is the concentration effect
Fig. 4. Behavior of a PEM Fuel Cell for pure oxygen and air.
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Fig. 5. Ohmic and activation losses when comparing feeding of pure oxygen
and air.
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[9] T. Suzuki, H. Murata, T. Hatanaka, Y. Morimoto, Analysis of the Catalyst
Layer of Polymer Electrolyte Fuel Cells, R&D Review of Toyota CRDL,
volume 39, number 3, 2003.

[10] J.B. Benziger, et al., The Auto Humidification Polymer Electrolyte Mem-
ig. 6. Concentration effects when comparing feeding of pure oxygen and air.

ensities close to the saturation limit (the oxygen concentration
n the membrane–electrode interface is close to zero). This phe-
omenon occurs in a region where the power is decreasing.

Fig. 6 shows also that the anode concentration effect is mini-
al, and due to this very small value, is irrelevant to the process

20].

. Conclusion

As can be seen from this investigation, the coupling of a fuel
ell with an inverter to produce ac current is not as simple as
t seems. The fuel cell as an energy source changes its internal
arameters dynamically for each load or operating point. The

nverter design is not simple since its characteristics should be
n agreement with the fuel cell variable parameters.

The study of the dynamic behavior shows that the electrical
C constant can change considerably with the control setup for

[

er Sources 161 (2006) 1176–1182 1181

he stack with all internal parameters and inputs, and also shows
hat for a certain operating point, the RC constant during the
oad increase is larger than during the load decrease; opposite to
he fact that the resistance in general increases with the value of
urrent and temperature.

The implementation of this model allows the assembling of
ifferent sizes of PEMFCs, and shows the effects of variations
n the many components of the performance of the cells.

Anode concentration and activation effects proved to be much
ess dependent of the type of feeding (air or pure O2) than the
ffects at the cathode, as can be seen in Fig. 6. Ohmic volt-
ge drops have a non-linear dependency with current and can
e smaller than the anodic activation losses for a given operat-
ng current density.The developed computational simulator was
emonstrated to be an efficient and valuable tool in the develop-
ent of polymeric membrane fuel cell stacks; making possible

n estimation of the cell performance [10].
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