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This work aimed to develop lumped model for protaehange membrane fuel cells (PEMFCs). The

developed lumped model has been validated withighad experimental results. The model has been
developed depend on linear algebra equations. fioidel is used to study the effects of several

operating and design parameters on fuel cell pexdoce. The parameters have been studied their
effects on cell. These parameters are input terhperapressure, stoichiometric ratio, membrane

thickness and gas diffusion layer thickness. Timepled model has been programmed using software
MATLAB.
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1. INTRODUCTION

A fuel cell is a device that can directly transé&emical energy to electric and thermal energy.
There are different types of fuel cells. Among thigferent fuel cell types a proton exchange
membrane fuel cell (PEMFC) [1-4] has been seled®&dton exchange membrane fuel cell can be
operated at low temperature (about 80 °K) with Ipglwver density product and at same time without
impact environment. Proton exchange membrane hgh biartup system and shadow system
performance [5].

These advantages have been attended amount ofctesedast years, especially in stationary
and mobile power generators and electric vehid@gs [

Two factors have been controlled on Proliferatidrirade of fuel cell technology. They are
high performance and low cost [2]. Low cost covemtbnomy fuel cell research. Fuel cell
performance has been managed by more elementaswgerating conditions, material properties and
cell design. It is necessary understand parametfast on fuel cell performance [2]. The physicatla
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mathematical is principle device in this work. Wéethe mathematical model is important tool in
simulation and modeling [1]. The development of gibyl models allows dependable simulation
process under practical conditions parameters, aviters necessary in fuel cell development and
optimization [2].

This study presents lumped model for proton exceamgmber fuel cell. Proton exchange
membrane fuel cell (PEMFC) systems consist frormtioglynamics, electrochemistry, hydrodynamics
and mass transfer theory. So, it is very diffidoltdeign completed mathematical model. The lumped
model allow to study fuel cell model by know th@uh and output of fuel cell. The linear algebraic
equations have been used on lumped model. Paransttrily for this lumped model has been
developed. The parametric study on fuel cell penéoice has been discussed.

2. MODEL DESCRIPTION

Lumped model has been developed in this study. lagmmodel is model with zero
dimensions. The model was developed with some gssoms such as, the transport process is steady-
state which resolves coupled transport in membrathegases obey the ideal gas low, the gas flow
channels is laminar ,the catalysts is very thie thange phase of water was neglected ,the heat
transport cross solid medium as gas medium, th@ubutemperature is cell temperature. The
developed model has five major sections. Thesdadad mass transport, heat transport, electrical
characterization, water management and losses girodu

2.1. Computational domain

A computational model of an entire cell would neeglery huge computing memory and very
long simulation time. The complete computationahdm contains cathode, anode, gas diffusion layer
channels and membrane electrodeschematic diagram of a PEM fuel cell with the ateat and
product gases and ion conduction flow is shownign E.
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Figure 1. Computational domain of proton exchange membfaglecell model.
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2.2. Model equations

The developed model has been controlled by setjoatens. They are mass conversation
equation, energy balance equation, power cell atigpotential.

2.3. Mass conversation equation

First, the mass balance of cell should be estim@edause the flow calculations are important
for determining the correct fuel rate of cell [fhe mass conservation calculations are all depeaded
current flow [7]. Fig. 2 depicts the mass flow ratenput and output of fuel cell.
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Figure 2. Conservation of mass diagram illustrating two blap plates, MEA, and the product flows
between them.

Mass flow rate of hydrogen at anode can be cakedlas following:

m, =S, ®
2 @ 2°F

Where r.nH2 is the mass flow of hydrogen from anod, is the stoichiometric flow ratio of hydrogen,

I is the current flow,M, is the molecular weight an# is the faraday’s constant (9643!%%.

While the mass flow rate of oxygen from cathode caloulate as following:

1 M,
m, =S, e @

By using conservation mass low, the amount of wgéeeration can be calculated by

"My, 17 M,
2F  4F

@)

MH,,gen =

The water leaves the cell as liquid and vapor. Jd@or water was coming from vapor water
entering with air at cathode. So, the total amarinivater goes out from cell can be calculated as

following:
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(Mi0), +(Mi0), = (Mh0)ou 4)

Where (mHzo)| is the mass flow rate of water at liquid Stmzo)v is the mass flow rate of water at

vapor state. The mass flow rate of vapor waterbeanalculated as following:

I:)HZO(V) (rno;)out + (mNz)sys (5)
P. M M

cathode

Myon = M H,0

O, N

Where M, o, My , M, are the molecular weight of water, oxygen ,nitrogg, ,, is the partial

pressure of wateR,,, . IS the pressure of cathocavz'noz)out is the mass flow rate of oxygen output

from cell and(m'Nz is the mass flow rate of nitrogen .

) sys

2.4. Energy balance equation

The energy balance on fuel cell is the total amafnénergy input to cell equals the total

amount of energy product from cell [6].
The general energy balance equation can be foretu&s following:

(h)in =We+ (Mo +Q (6)

Where (h )in is the total input enthalpy to cell, (h )Oul is the total output enthalpy from cel, is
electrical power andQ is the heat leaving cell by convection, radiatmmcoolant. The electrical
power can be expressed as following:

W, =1V 7)

el

2.5. Cell power

The fuel is providing cell by power as fuel powevhich can be formulated as
following:

P

fuel

=my,” LHV (8)

Where P, is the fuel power andHV is the low heating value.

The power provided by fuel in reacted hydrogendsverted into two types; electricity and
heat. Therefore,

P

fuel

=W, + heat 9)
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2.6. Cell potential

The Nernst equation allows one to determine th&agel of an electrochemical CellE). It is
derivation from thermodynamic principles. Nernsti&tpn is shown as general formal as following

[8].
E=E - E' : [PH2 [POZ]}/2 (11)

. lin
N" F P.o

2

Where R is the universal gas constaifit, is the absolute temperatune,is the charge number of the
electrode reaction andR, ,R, P, are the partial pressure of hydrogen, oxygen anderwa

respectively. WhileE is standard electrode Potential, The standardretée potential is actual cell
potentials different under standard condition, ttandard condition which mean here, there
temperature at 298 °K and pressure about 1.0tbealdulated as shown by Maher [2].

E =1229 083 10°" (T- 29815+43085 10°" T (in(R, )+ 05 lin(R, ) (11)

Once of important output a source is the electecargy. The actual cell potentgl, is lower

than the stranded cell potentigl because cell losses. Fuel cell has three typkssés are activation
loss, concentration loss and ohmic loss, whichbeoalculated as following:

Vact =E - Vactivation_ Vcon - Vohmic (12)
The activation losses can estimate from the folhawi
Vactivation: »R »T ’ In I_ + ,R ,T ’ In I_ (13)
2" F a, I, 4 F a, I
Wherei current density and is transfer coefficient.
The ohmic losses can be formulated as following:
Vohmic =1 ’ r (14)
Wherer is the resistance. It can be computed from tHeviahg equation:
S S (15)
I Aw 1 A

Where |I_,1,,
membrane ionic conductivity ,the electrode ionicnduactivity, A, ,A are the cross sections of

are the gas diffusion layer thickness, is the wembrane thick-ness,,/. is the

mit e

membrane and cross section of electrode.
The concentration loss can be calculated fromdheviing equation:



Int. J. Electrochem. Sci., Vol. 5, 2010 272

‘ P P
Vo =R Ton 2 4oy To (16)
2°F P 2 P

By solving equations (11), (13), (14), (16) in etipra(12) can get the actual volt of cell.

3. SOLUTION ALGORITHM

The previous equations have been solved by usinglTiWB software. The values of
molecular weight and range of current density awdtisiometric are used as input parameters. The
mass conversation has been solved. The mass fleev ok input/output was produced. By
Compensation on heat balance equation and with edetige fuel power and electrical power the
input/output heat was produced and the output tesype of gas can be calculated. Then losses bf cel
can be calculated with standard electrode potsnigalculations. The actual cell voltage can be
estimated and cell power too.
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Figure 3. Comparison between experimental data and modz| da

4. RESULTS AND DISCUSSION

The values of geometric details of cell are listedable 1. Table 2 shows tleéectrochemical
transport parameters values for base case opermdjtion as given by Maher A.R [ZThe results
for base case operating conditions were verifigth @xperimental results provided by Wang ef&l.

The computed polarization curve of validation lumhpeodel for proton exchange membrane
fuel cell (PEMFC) was achieved good agreement withlished experimental polarization curve as
shown in Fig.3The results for base case operating conditions weniéed with experimental results
provided by Maher A.R.[2].
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However, the lumped model has been deviated foxperanental result when current
densities in the mass transport limited region Z51A/cnf) or higher . This divergence is a common
characteristic of single-phase models where thecefdf reduced oxygen transports due to water
flooding at the cathode at high current densityncarbe accounted for [10]. In addition to this
flooding effect, anode drying can also be a coantiity factor to the reduced performance at high
current density [11].

On another hand, for simplification local curremndity has been used instead of a limiting
current density .the lumped model has been moidatati form region (current density = 1000 A.m
to 13000 A.rif). Fig. 4 shows the power curve of model with entrdensity. It was noted that with
increasing current density the power was increassiog the high power value would be in high current
density value.

Table 1. Geometrical and operational parameters for base @anditions

Parameters Unit Value
Channel lengt m 0.0f
Channel weight m le-3
Channel heigt m 1e-3
Gas diffusion layer thickness m 0.26e-3
Membrane thicknes m 0.23¢3
Hydrogen reference mole fraction - 0.84639
oxygen reference mole fraction - 0.17774
Intel pressur: atrr 3
Intel temperature K 353.15
Humidity % 10C
Air stoichiometric flow ratio - 2
Fuel stoichiometric flow ratio - 2

Parameters Unit Value

Electrode electronic conductivity| S 100
m

Membrane ionic conductivity S 17.12
m

Anode transfer coefficient - 0.5

Cathode transfer coefficient - 1.0

Anode reference current density| A | 1.8e-3
m2

Cathode reference current density A | 2465.5
m2

Table 2.Electrode and membrane parameters for base casgtingeconditions
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4.1. Temperature effect on PEMFC Performance

The temperature has basic effect in the differaarisport phenomena inside the fuel cell, and
open circuit voltage. The composition of the incogigas streams depends strongly on the
temperature. Fig 6 shows I-V curve at different penature values 353.15°K, 353.15 °K, 333.15 °K,
313.15 °K and 293.15 °K.
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Figure 4. Power density of PEMFC Versus cell current density

It was found that at temperature increasing thé wmdtage increasing due to losses voltage
decreasing. The activation loss decreases witteasing temperature. This is due to the exchange
current density of the oxygen reduction reactiooreases rapidly with temperature due to the
enhanced reaction kinetics, which reduces actimdtiesesAt the same time, the open circuit voltage
(E) is function on temperature and pressure .So, wém@perature increasing the open circuit voltage
increasing. It was observed that at temperatuneasing by 20 ° K the voltage increasing by about
0.2V.
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Figure 5. PEMFC performance at different fuel cell tempemtu
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4.2. Pressure effect on PEMFC Performance

Pressure is one of effective basic operating paemsenilar to the temperature. The operating
pressure has an effect on many transport parantbtdrare important for the fuel cell operationeTh
saturation pressure of water vapor depends onlyhentemperature and it remains constant for a
variation of the inlet pressure. The open circwlt s function on input temperature and input
pressure. From equation described in previousmsedtiwas found that the change in pressure effect
in open circuit volt ,but the variation would bevbeasmall effect because the pressure factor malipl
very small number. The pressure has major effecarmount of water vapor water product from
cathode and amount of vapor water enter with hyelnogt anode side. Pressure would be increasing
leads to mass flow rate increasing in due to irginggin output heat. Fig.6 shows I-V curve for
different pressure values 2, 3, 5 bar variatioceditpolarization curve. It was noted that the \ation
losses decreases when pressure increasing, doeréasing the cell voltage with pressure increasing
On another hand, unlimited pressure increasingdcowlt achieve higher voltage. Because, with
increasing pressure the cell voltage increasing wmall value. Furthermore, the cost used for
increasing pressure doesn’'t produce higher voleegexpected. And, the cell could be damaged in
case pressure more than 12 bars.

4 3. Effect of membrane thickness on PEMFC Performance

The effect of membrane thickness has been studiethe fuel cell Performance. From relation

between the membrane thickness and cell resistangas observed that the major effect of thickness
variation would be appeared at ohmic losses. Theioloss is function on membrane thickness,
current density, cross section area, electronideotivity and ionic conductivity.
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Figure 6. PEMFC performance at different fuel cell pressure

Fig.6 shows the effect of membrane thickness on cellagel It was observed that with
increasing of membrane thickness of PEMFC leadadeeasing of ohmic cell losses .Consequently
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decreasing the cell output voltage. It was fourat the effect of membrane thickness on polarization
curve has been cleared starting from the ohmi@®ssgion to end of polarization curve.

Figure 7. PEMFC performance at different fuel cell membrtmekness

Figure 8. PEMFC Performance at different GDL

4.4. Effect of gas diffusion thickness (GDL) on PEMEddtmance

Gas diffusion layer is important key affected irlfgell performance. The major effect of gas
diffusion layer has been appeared in cell lossescpéarly at ohmic losses. Because, ohmic losses i
function depend on gas diffusion layer, membramkttess and thermal conductivity, current density
and cross section area. Fig. 8 despites the rebuwtriation of gas diffusion layer thickness orll ce
voltage. It was noted that with increasing gasudifin layer thickness leads to cell losses incnegsi
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lead to cell voltage drop. And, it was found threg tlivergence has been cleared at ohmic lossesregi
on polarization as is shown in the figure. Therether loss has been affected by variation gas
diffusion layer. It is concentration losses, beeaosncentration losses are losses of proton transpo
which depends on gas diffusion layer.

5. CONCLUSIONS

Lumped model for proton exchange membrane fuel k@ been developed. The lumped
model has been validated by published experimeamsults. Good agreement has been obtained
between lumped model and experimental data. Itbees observed that there is small deviation at
higher current density .This deviation is commoralhpolarization curve at 1.25 A/énor higher
.Because the oxygen transport reduced due to ther ilaoding at cathode at high current density
cannot be accounted-for. Beside that, anode dryargalso be a contributed factor to the reduce
performance at higher current density. Parameftiet @ptimization study using this model has been
performed. The study quantifies the impact of ofiregaand design parameters on fuel cell
performance. It was observed that, (1) the voliaigkiel cell has been increased with increasing the
input temperature of fuel cell. (2) Increasing ptee of gases leads to increase of the voltage and
power of cell. (3) At increasing membrane thicknesgias diffusion layer, the voltage of cell ansl it
power were decreasing.
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