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Abstract

Fuel cells with a polymer electrolyte membrane have been receiving more and more attention. Modeling plays an important role in the
development of fuel cells. In this paper, the state-of-the-art regarding modeling of fuel cells with a polymer electrolyte membrane is reviewed.
Modeling has allowed detailed studies concerning the development of these cells, e.g. in discussing the electrocatalysis of the reactions ar
the design of water-management schemes to cope with membrane dehydration. Two-dimensional models have been used to represent real
but three-dimensional models can cope with some important additional aspects. Consideration of two-phase transport in the air cathode of
proton exchange membrane fuel cell seems to be very appropriate.

Most fuel cells use hydrogen as a fuel. Besides safety concerns, there are problems associated with production, storage and distribution
this fuel. Methanol, as a liquid fuel, can be the solution to these problems and direct methanol fuel cells (DMFCs) are attractive for several
applications. Mass transport is a factor that may limit the performance of the cell. Adsorption steps may be coupled to Tafel kinetics to describe
methanol oxidation and methanol crossover must also be taken into account. Extending the two-phase approach to the DMFC modeling is
recent, important point.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction parameters affecting the performance of single fuel cells and

fuel cell system$1].
Modeling plays an important role in the development of Fuel cells with a polymer electrolyte membrane have
fuel cells, because it allows a better comprehension of the been receiving more and more attention. The main char-
acteristics of this kind of fuel cell are the operation with-
out the generation of pollutants, less corrosion problems,

* Corresponding author. Tel.: +55 16 33739899; fax: +55 16 33739952, Nigh power density and low temperature start-up. However,
E-mail addressernesto@igsc.usp.br (E.R. Gonzalez). there are several problems to be solved, such as mem-
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Nomenclature

a

ant
b

bceII
Ca

c'(::HgoH
Cr

MMeOH

effective catalyst area per volume (ch)

heat transfer area per unit length (cm)

Tafel slope (V)

parameter (V dect)

dimensionless capacitance for the agglomera
network

methanol feed concentration (mol df)
concentration of membrane fixed-charge-si
species (mol cm®)

molar concentration df (mol c3)
concentration of water in the membran
(molcm3)

double layer capacitance (F)

parameter (V)

parameter (chA~—1)

channel height (cm)

effective mass diffusivity (crhs 1)

corrected diffusion coefficient (chs 1)
diffusion coefficient (cris™1)

parameter (V)

parameter (V)

frequency (rpm)

molar flow rate of methanol (mot$)

total molar flow rate of gas (molm s~1)
channel width (cm)

height of the active catalyst layer (m)

height of the flow channel (m)

height of the porous backing (m)

heat transfer coefficient (Wnf K1)

location of cathode catalyst layer (cm)
enthalpy gradiente (J mot)

current density (A cm?)

limiting current density (A cm?)

exchange current density (A crf)

current density (A cm?)

current density at the limiting current density
(Acm™2)

limiting current density due to limiting oxygen
diffusion (Acn2)

parasitic current density at cathode (At
(- 1)1/2

methanol mass flux (kg cnts—1)

exchange current density referenced to pu
oxygen at 1 atm (Acm? atm 1)

current density (A cm?)

hydraulic permeability (c)

electrokinetic permeability (cf

cell channel length (cm)

molality of H* (molg~1)

equivalent weigh of membrane

molar flow rate of (mols™1)

e

1]

re

molecular weight of methanol (kg not)

dM}, . /dx water condensation or evaporation

Ndrag
Niy.k
N;
Nw
Nw,c

p
P

Pc
Pw
R

Ri
Rm
Rs
Ry

L0 gge

(molem1s71)

electro-osmotic drag coefficient

molar flux ofi in k channel (molcm?2s™1)
molar flux ofi (molcm2s1)

water molar flux (molcm?s1)

water molar flux produced at cathode
(molem2s71)

hydraulic pressure (atm)

pressure (atm or Pa)

critical pressure (atm)

partial pressure of water in the membrane (atn
resistance§¢ cm?)

low frequency resistance&

membrane resistance ¢nv)

solution resistance?)

dimensionless resistance in the agglomersa
network

liquid water saturation

cell height (cm)

cell width (cm)

flooding parameter

momentum source term (kg cris—2)
species source term (mol cthis™1)
potential source term (S 'V cmi)
membrane thickness (cm)

anode thickness (cm)

cathode thickness (cm)

temperature®C or K)

temperature of the anode streai)
temperature of the cathode stred@)
temperature of the solid phas&)
velocity vector (cms?t)

overall heat transfer coefficient
(Istem2°Cc)

(1+S/M) (where S/M is the molar ratio of
steam to methanol)

velocity (cms?)

Veell, Ucell, E cell potential (V)

Voc
W

open cell potential (V)

weight of catalyst (kg)

distance (cm or m)

mole fraction ofi

mole fraction of oxygen at cathode
mole fraction of liquid water
conversion ratio of methanol
distance (cm or m)

U(r1(0) +r2(0)) (mol kg *s™%)
distance (cm or m)

charge number of H

charge number of membrane fixed-charge-s
species

impedance in the electrolyt&]

ite

te
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models in which the introduction of some phenomenologi-
: cal knowledge into empirical relations can improve the pre-
éj'eamde(t?rtilc;;n _pg;jza(g)c)e(gg olkg s dictability of the empirical model. When a tool for detailed
studiesis desired, as many as possible mechanistic theoretical
Greek letters considerations must be taken into account.
aa anodic transfer coefficient The operating regime associated with the model can be
e cathodic transfer coefficient either steady-state or transient. Defining spatial dimension
P porosity and complexity is also important. \_/alidation, inturn, i; impor-
e‘é+ cathode gas porosity tant to guarantee that the model is a useful and reliable tool.
¢ potential (V)
o dc potential-independent agglomerate
diffusion parameter 2. Fuel cell modeling
r thin film diffusion parameter
n overpotential (V) Springer and Raistric}b] took into account, in the model-
A water content in the membrane ing of a porous electrode with oxygen diffusion, the “flooded-
w viscosity (gcnls1) agglomerate” approach of Giner and Hurf@rcoupled to a
e empirical constant thin-film diffusion process. The electrode structure was con-
weft effective viscosity (kg m!s™1) sidered to be a macro-microporous interconnected system,
T chemical potential of F (J mot1) with hydrophobic regions allowing reactant gas access to the
wr reduced overpotential surface of agglomerate regions. The agglomerate consists of
0 density (kg cnr3) regions of catalyst containing carbon and electrolyte, and is
Pdry density (g cn3) separated from the hydrophobic gas regions by a thin film
oeff effective ionic conductivity (S cmt) of electrolyte. Reactant gas can dissolve in the electrolyte
om membrane conductivity—* cm~1) and diffuse to_the_catalyst sites. _Transfer functions developed
o angular frequency (rad$) a}llow a combm.atu.)n ofa S|mpI|f|eq ggglomerate representa-
@a characteristic agglomerate frequency (rad)s tion with the thin film element, facilitating numerical fitting
wt characteristic thin film frequency (rad§ ofthe modelto m.ea§ured impedance d.ata. P(_erez[@l abed '
w ac potential-dependent agglomerate diffusign ~ SPringer and Raistrick approach (for simulation and analysis
parameter ofdc and ac polarization results) in studies on the electrocatal-
¢ stoichiometric flow ratio (amount of reactant ysis of the oxygen reduction reaction on platinum on carbon
in the chamber feed divided by the amount thin porous coating rotating disk electrode (TPC/RDE). The
required by the electrochemical reaction) TPC/RDE is an experimental apparatus conceptually similar
based on the reference current density of to a flooded-agglomerate, given by the electrode structure,
1Acm2. in contact with a thin film of thickness determined by the
rotation rate of the electrode. Steady-state polarization (fit-

ted using Eq(1a)) and the impedance (fitted using EKijb))

results showed a duplication of the Tafel slopég( 1a) in
brane dehydration, because of the water transport in the fuela|kaline medium (in acid medium, there is a duplication first
cell, the high catalyst cogP] and the poisonous effect of  and then a quadruplicatioRig. 1b). The duplication in alka-
contaminants. line medium and the first duplication in acid medium are due

The optimal modeling approach differs for each applica- to structural effects in the catalyst layer of the electrffje
tion. It is important to define, initially, the area of interest

of the model. It can be at the fundamental cell level, includ- i expu,(tanhl® exp(ur/2)])/[P expur/2)]
ing the inlet channels, the electrodes and the membrane, onlg 14 I'expur(tanhf@ exp(ur/2)]) /[P explur/2)]
a higher level where individual fuel cells are gathered in a

stack, or on the complete system level consisting of a fuel

cell stack with its compressor, pumps, humidifiers, ftf. Z = {expur(io/b)/(1+ I" expur/Ri)

(1a)

In Haraldsson and WipkH], the analysis is directed to the x[1/(R1 + (1/((1/(((1/2)(secR® explur/2))
evaluation of fuel cell system models. In this review, we will 1 .

mainly be concerned with modeling at the fundamental cell +(1/R1))"" — R1)) + jca(w/w@a))))

level.

4 1/4
A mechanistic fuel cell model is based on transport phe- —((" exppur/ Ra)(1 + (@7 €xp(3ur)/16))
nomenaand electrochemical relationships. On the other hand, x (tanhyy l,l/)z(tanh\/j(w/wf)/\/j(zzr/zzrf)))/
there are empirical models, developed specifically for each 2, .2
application and set of operating conditions (such as in Kim et (1+ 7 exppur(W=/(#7 exp pr))(tanhy/ )
al.[3] and Squadrito et al4]). There are still, semi-empirical (tanh\/j(w/wf)/\/j(w/wf)))]}*l (1b)
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Fig. 1. (a) Mass-transport corrected Tafel plots for oxygen reduction on
40% Pt/C in 1.0 M NaOH.%) log(1R¢) vs.E; (@) log[(lq x I)/(I¢g — )] vs.

E; (full line) fitted plot using Eq(1a)with I" — 0. f=2500 rpm (reprinted
from[7], Copyright 1998, with permission from Elsevier Science). (b) Mass-
transport corrected Tafel plots for oxygen reduction on 40% Pt/C in 0.5M
H2SOy. (x) log(1/R) vs.E; (@) log[(la x 1)/(Iq — )] vs. E; (full line) fitted

plot using Eq(1a)with I" — 0.f=2500 rpm (reprinted frorf], Copyright
1998, with permission from Elsevier Science).

In Springer et al[8], the distribution of water in a polymer
electrolyte fuel cell is calculated by considering the water
flow through two inlet channels, two gas-diffusion electrodes
and a Nafion membran€&ig. 2).
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Fig. 2. Schematic diagram of fuel cell model (reprinted fii&i Copyright
1991, reproduced by permission of The Electrochemical Society, Inc.).

Equilibrium of water is assumed at the electrode/memb-
rane interface. The net flux of water through the membrane
considers the electro-osmotic and the diffusion driving forces
for water (Nw =nNgrag(2Nw,c)(A/22) — (pdry/Mm) D, (dA/d2)).
When the material balances are solved, the membrane resis-
tanceRy, = ém(l/a(k)) dz, the @ concentration at the cat-
alyst interface and the cathode overpotential (by using the
Tafel expression)=joPc(Xo,d/(1 — Xiig)) €xp[0.9n/(RgT)])
are determined. So, a potential versus current curve for
the fuel cell can be determined () =Voc— n — JRn). The
active catalyst layer is assumed to exist as a thin plane at
the electrode/membrane interface (as it is considered in the
majority of the complete cell models); the rest of the elec-
trode serves only as a gas diffusion region. The Springer et
al. model predicted the increase in membrane resistance with
increased current density and pointed out the advantage of
thinner membranes in reducing this problem.

In Bernardi and Verbrugg€d], a similar modeling of
a polymer electrolyte fuel cell is presented. The cell con-
sists of a membrane sandwiched between two gas-diffusion

the humidified fuel and oxidant streams, and by generation pressed and placed between two current collectors. Humidi-

associated with the cell reaction. Diffusion of water vapor and

fied gaseous penters the anode gas chamber, is transported

hydrogen occurs through the anode, while ternary diffusion of through the porous gas diffusion layer and dissolves in the
water vapor, oxygen and nitrogen occurs through the cathode &/€ctrolyte phase at the anode catalyst layer where it is oxi-
These diffusion processes through the porous electrodes arélized. The gaseous reactant, @nixed with nitrogen and

calculated starting from the Stefan—Maxwell equation (Eq.

(2):
dx;

dz

xiNj — )CjN,'
= RT 1 - 2
> (" @

water vapor, enters into the cathode gas chamber, is trans-
ported through the porous gas diffusion layer and dissolves
in the electrolyte phase at the cathode catalyst layer. Pro-
tons transported through the membrane participate in the
reduction of the dissolved £at catalyst sites. Bernardi and
Verbrugge assume that the system operates at constant tem-
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perature. It is also assumed steady-state operation. The) 12 s
consider a fully hydrated membrane and wet pores in the powntar % N
gas diffusion layer (assuming no interactions between liquid 1 ! i e
and gas flows). The equations constituting the mathematical e
model of the cell are derived from basic phenomenological ! E HE
relationships (such as a form of Sépl's velocity equation > 00 N HiE
(Eq. (3a)), the Butler—Volmer equation for charge transfer g
(Eg. (3b)) and the Stefan—Maxwell equation for gas-phase & os | Verirane
transport): o
07 F Ohmic
V= <k¢) zict F <d¢> — <kp> (dp) (33_) Cell potential a
n dz n dz 0.6 |
Anode
activation
F F 05 T T on o4 of o6 o5 o8 o
J = iO {exp |:0la () 77] —exp [—Olc ( ) 77]} 0 01 02 03 04 0.5‘ 06 07 08 09 1
RyT (RyT) (@ Current density, A/cm?
(3b) 12 — : : .
These, along with appropriate conservation principles of 1 e ds =050
physics allow deriving the coupled differential equations for No gas transport
the cell model. The necessary parameters and propertieswer o 08 | limitation
appropriately considered and estimated. For the base-case 3
results do not show cell polarization resulting from limitation 5 os|
on the transport of @(Fig. 3a). However, by decreasing the 8 ggd+ = 0.11
cathode gas porosity, the limited transport of oxygen through f-; oa L
the cathode diffusion layer to the reaction sites may increase
the cathode overpotentidfig. 3b).
It also showed that membrane dehydration could cause 02r
limitations on the operating current density. In this case, effi-

cient water-management schemes are necessary. 0 =5 v = 55 /
!n 199_3, FuIIe_r and Newman publlsheq a pa[jm] in ) Current density, Alcm?
which it is considered a fuel cell operating in a steady-
state regime on air and reformed methanol. The transportrig. 3. (a) Model calculations of the contributions to fuel cell potential losses
of species in the polymer electrolyte was described by a as afunction of operating current density for base case conditions (reprinted
fundamental equation that may be put in the form of the from [9],_Copyright 1992, reproduced ‘by permission of The Elect_rochem—
Stefan—Maxwell equation and combined with the appropri- ;cal Souety, Inc.).. (b) Model calc_ulatlons of the fuel cell potential as a
. . unction of operating current density for two values of cathode gas porosity
ate material balance of each species. The Stefan—MaxweII£g+ (reprinted from(9], Copyright 1992, reproduced by permission of The
equations could also be used to describe multicompo- Electrochemical Society, Inc.).
nent diffusion of gases. Electron-transfer reactions were
described by Butler—Volmer kinetics. The energy released
by the overall chemical reaction was Sp“t into electrical System forthe Oxygen Cathode and another one forthe hydro_
work, change in the enthalpy (and hence in the tempera-gen anode).
ture) of the flowing gas streams and external heat transfer  The model takes into account mass transport of water
(Eq. (4)). Heat removal is also important in the fuel cell and gaseous reactants across the membrane/electrode and
operation: along the flow channels and heat transfer between the solid
z z phases and the gases along the flow channels. The change
/ ht(T — Tambient dz + / Veelldz + FrAH =0 (4) in the number of moles (quantified by the material balances)
0 0 of a single-phase species along the channel length is due
In 1993, Nguyen and White were also concerned with the to the normal flux into or out of the membrane/electrode
water and heat management in proton exchange membran€dM;/dx=hN; y ). For water, the material balance also takes
fuel cells, which are essential features for obtaining high into account the possibility of condensation or evaporation
power densities. A water and heat management model wag(quantified by the term @I&V,k/dx)). Itis assumed that water
developed11] and used to investigate the effectiveness of leaves the channel and enters the electrode in the form of
different humidification designs. The model is a steady-state, vapor only. Liquid water is assumed to exist in the form
two-dimensional one. The model regio®sd. 4) consist of of small droplets with negligible volume. The electrodes
flow channels on both sides of the membrane/electrode (oneare considered ultrathin (gas diffusion through the electrode
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> fa Fig. 5. Schematic diagram of modeling region (reprinted ff@&], Copy-
1 l (TOP VIEW) right 1998, reproduced by permission of The Electrochemical Society, Inc.).
l——) y developed12], based on Nguyen and Whitkl], to describe
(SIDE VIEW) the temperature distribution in the solid phase along the flow
path of the anode and cathode faces of the fuel Egl. ).
Fig. 4. Schematic of modeled regions (reprinted ffaaj, Copyright 1993, The model was extended to include the ConveCt_Ne water
reproduced by permission of The Electrochemical Society, Inc.). transport across the membrane by a pressure gradient (quan-

tified by the termcy (kp/11)(dPy/dy)) and the heat removal

porous layer is neglected). The molar flux of each compo- PY Neat exchangers. A pressure gradient between the cath-
nent is proportional (depending on the stoichiometry of the ode and anode can increase the water back transport across
electrochemical reactions) to the local current density, which the membrane (although it can be demonstrated that the fuel
varies along the channel length as the membrane conduccell pressunzathn _mvolves an energy cost that hardly com-
tivity and the overpotential of the electrodes change. The Pensates the gain in performance—De Souza and Gonzalez
net water flow in the membrane is associated to migration [13]), While using appropriate heat exchangers can be amply

(water molecules carried by protons) and diffusion effects. effective for heat removal and distribution. Dannenberg et al.
Adequate expressions to estimate important parameters, suchl4] Presented a modeling work according to an approach
as the water diffusion coefficient and the electro-osmotic drag V€'Y S|m|Ia}r to those of the previously cited Nguyen and col-
coefficient, were used. The energy balance equation for thel2Porators” works.

anode and cathode gaseous streams takes into account water N the work of Sena et gJ15], a simplified model is used

condensation and evaporation (proportional[&d,\pk/dx) in to describe the water transport in a polymer electrolyte mem-

the flow channel and heat transfer due to the temperature graPrane of a H-0, fuel cell operating at low temperatures;

dient between the solid phase and the interior of the channels 2 diffusion mechanism is considered for water back trans-

The cell potential is calculated accounting for the membrane POrt- Combined with the Tafel equation, itled to an analytical

resistance and the electrode polarizations. Modeling results€XPression for the description of the cell potential as a func-

showed that at high current densities, the back diffusion of tion of the cgrrept densny. Additionally, limiting effects due

water from the cathode side of the membrane is insufficient to 1 ©Xygen diffusion were included (E()):

keep the membrane hydrated. Water injection into the anode I

flow channel can improve the cell performance for supplying £ = E° — blogl + blog (1 - <IOZ>) —RI (5)

the humidification to maintain the anode hydrated, and also L

for contributing to the heatremoval. When airis used (instead ~ Results showed that for Nafion 115 and 117 membranes,

of pure oxygen), the cathode stream must also be humidified.water transport through the membrane is a limiting factor. For
In the previously cited Nguyen and White's wofkl1], Nafion 112, on the other hand, oxygen diffusion effects (in

the temperature of the solid phase (flow channel plates,the gas diffusion electrode) dominate the potential-current

electrodes and membrane) was considered uniform and con+elationship.

stant. In practice, a temperature gradient in the solid layers  In Gurau et al[16], atwo-dimensional model for the entire

along the flow channels of the fuel cell may exist (the term sandwich of a O, proton exchange membrane fuel cell

Unt@nt(Tsolid — Tchanne) @ccounts for the energy transported was developed. Standard momentum, energy transport, con-

from the fluid to the solid layer), and this gradient can affect tinuity and species concentration equations were solved in

the temperature distribution of the fluid in the flow channels the gas channels, while the porous media model was used for

and also the hydration state of the membrane along the flowthe equations describing transport phenomena in the mem-

path. To better deal with these problems, a new model wasbrane and the gas diffusion electrodes (in particular, with
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12 —rTTr T T T In a subsequent work, Um and Wah$8] present a
(8l — 10%H, /90% N, . three-dimensional modeF{g. 7) to cope with some addi-
LR o o 20% H, /80% N, . tional aspects, such as the study of a mass-transport limi-
S N 50% H, /50% N, 1 tation not discussed in Um et dlL7], the rib effect. The
% 0.8 —-= PureH, . ] two-dimensional simulation overpredicts the current den-
g o7F - £=28@ 1 AemforPure H, | 4 sity, because the landing area obstructing the gas transport
o 06f R 1 is neglected18]. The design of an innovative flow field,
8 05F N - called interdigitated, was also studied. Yi and Nguy&®]
04F R 1 attempted to develop a two-dimensional model for this flow
03f S ""--“.“j\.\ 1 field. De Souza and Gonzalfl3] demonstrated experimen-
02p . N tally the advantages of the interdigitated flow field. In this
01p 1 flow field, the reactant gas is forced by convection to pass
0.0 | AL 1 L [ L - | A Nl

through the porous gas diffusion layer in order to leave the
system (inlet and outlet channels are not connected).

This forced convection mechanism facilitates the trans-
Fig. 6. Effect of the inlet hydrogen mole fraction on cell polarization curves POrt of reactants and products. Two-dimensional models are
(reprinted from[17], Copyright 2000, reproduced by permission of The  limited in their capability to represent the three-dimensional
Electrochemical Society, Inc.). nature of the interdigitated flow. The three-dimensional sim-

ulations are again based on a single-domain fuel cell model.
the velocity field provided by a generalized form of Darcy's The model consists of non-linear, coupled partial differential
law, obtained from the standard Navier-Stokes equations).equations representing the conservation of mass, momentum,
By solving the transport equations, as well as relationships species and charge with electrochemical reactions. Again, the
for the electrochemical reactions, polarization curves under cgnservation equations were discretized and solved by using
various operating conditions were obtained. In contrast to g general-purpose CFD algorithm.
the approach of Gurau et al., which used separate differential | putta et al[20], two-phase transport is also neglected.
equations for different subregions, Um et[al7] considered In Jansseri21], a two-phase water transport model is pre-
a single-domain approach, in which a single set of equa- sented, but it results in equations that are difficult to imple-
tions valid for all subregions is used. The fuel cell operation ment in a general purpose CFD algorithm. In Wang et al.
considering isothermal conditions is described by conserva-[22], the so-called Multiphase Mixture Mod¢23,24] is
tion principles of mass, momentum, species and charge (Edsapplied to study the two-phase water transport in the porous

02 04 06 08 10 12 14 16 18 20
Current Density [A/cm?]

(6a)—(6d): air cathode of a proton exchange membrane fuel cell. Water
3(ep) condensation in the porous cathode is a usual phenomenon
% = —V - (epit) (6a) at high current densities. As the current density (and the

water generation) increases, water is present first as vapor

d(epit) _ . eff o= only. When the water vapor density at the membrane/cathode
P (epuitt) = eVP +V - (ep Vi) + Su - (6b) interface reaches the saturation value corresponding to the
3ecy) operating temperature, liquid water begins to appear. With
K _v. (sticy) + V - (Dl‘fﬁvck) + Sk (6¢) further increase in the current density, the two-phase zone
ot expands and its front propagates towards the flow channel
0=V (c*"V¢) + S (6d)  (Fig. 3.

In the mixture approacf23,24] the differential balances

The momentum source term is used to describe Darcy’s are applied to a phase mixture (and appropriate additional
drag for flow through the porous electrodes and the mem- algebraic relationships allow to obtain information on each
brane. The species and potential source terms, in their turn,single phase). The momentum balance equation reduces to
are related to generation (or consumption) of species and thean extended Darcy’s law for two phase flow in porous media.
creation of electric current (kinetic expressions were derived The equation for the transport of species is applicable to
from the Butler—Volmer equation). The boundary conditions oxygen as well as water. The mixture model is mathemat-
are required only at the external surfaces of the spatial domainically equivalent to the standard two-phase model used in a
due to the single-domain approach used. The conservationarge number of applications of transport in porous media,
equations were discretized and solved by using a general-such as petroleum exploitation problems; however, the mix-
purpose CFD (computational fluid dynamics) algorithm. The ture model is easier to implemef3,24] In Wang et al.
model could showKig. 6) that in the presence of hydrogen [22], the cell temperature was considered constant, and the
dilution in the fuel stream, hydrogen is depleted at the reac- model isothermal (however, an energy equation may improve
tion surface, resulting in substantial anode mass transportthe analysis—Berning et a[25]). Inside the two-phase
polarization (this study can be of interest when considering zone, the transport of liquid water is controlled by capillary
reformed gas as the anode feed). action.



R. Sousa Jr, E.R. Gonzalez / Journal of Power Sources 147 (2005) 32-45 39

Current A o >
Collecting : & o 0.
land PR ¢ .

/ +,

Fuel
Current
Collecting
s Land
-
Fuel Air
z3 \ 2
)
X &
Flow Backing Catalyst Catalyst Backing Flow

Channel Layer Layer,"""‘5"“’“"“.g Layer Layer Channel

( PEM ) @ATQODE)

Fig. 7. Three-dimensional schematic diagram (reprinted {8 Copyright 2004, with permission from Elsevier Science). Straight and interdigitated flows
are studied by changing the flow inlet and outlet locations.

In Pisani et al[26], a semi-empirical model is presented, fuel cells arise in the cathode:
which predicts the cell-potential versus current density (Eq.
(7). The derivation had the objective of characterizing Veel = E® — RI — bIn(J)
the largest number of mechanism-based fitting coefficients, ]
instead of purely empirical ones (such as in Kim efajland +aln <1 - () S"C(l(’/ll))> (1)
Squadrito et al[4]). It was based on the fact that the main

non-linear contributions to the cell potential drop in-tair

Iy

In Mazumder and ColR27], a three-dimensional model is
presented, which carefully extracts the good elements from
the existing models in the area. In some aspects, changes
and improvements were made. The modeling is based on
the solution of conservation equations. Electrochemical reac-
tions inside the porous electrodes are described by using
Butler—Volmer equations. The catalyst layer is treated as a
finite sized region rather than a thin plane or a boundary. The
resistance to the diffusion of the gaseous species imposed
by the electrolyte (at the catalyst) is quantified by using an
effective diffusion coefficient and considering that the overall
i porosity of the active catalyst layer is smaller than that of the
gas diffusion layer. The model is non-isothermal. There are
some fundamental points in the modeling.

0.08

Yy, cm
_—

0.04 -

I Porous media transport

Conservation equations of momentum and mass in a
porous media: The momentum equation is of the type of
0 0.5 1 ' o > a Darcy’s equation.

X, cm Conservation equation for energy: Electrical work, Joule
heating and energy interactions because of phase changes

Fig. 8. Liquid water saturation contoursinthe porous cathode and flowchan- gre considered, besides the irreversible reaction losses due
nel at the current density of 1.4 Actf. The evaporation front separating to the conversion of chemical energy into heat.

the two-phase zone from the single-phase region is approximately repre- S . tion: The t t of .
sented by the contour sf=0.01 (reprinted fronf22], Copyright 2001, with pecies conservation: Thefransportor species in gaseous

permission from Elsevier Scienceg)<0.07 cm, flow channely>0.07 cm, regions is quantified by using the Stefan—Maxwell equa-
porous cathode. tions.
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Polarization Curve for 323K and 1/1 atm term to account for membrane ageing); Maggio e{2]

‘-01 (in which simulation results allow a comparison of different
0.9 ¢  Experiment membranes); Rowe and [36] (in which a model is devel-

. ?)'i | ___sz:::o:;gz(cLD)(L) oped to study thermal effects); Ge and [$i7] (in which

2 osh a model is used to compare counterflow mode to coflow

§ o5k regime); Yerramalla et al.38] (in which a fuel cell stack

S o4l system is also simulated).

§ 03l ) Most of the fuel cells use hydrogen as a fuel. Besides
02k . 2D safety concerns, there are problems associated with produc-
o1} o . . o tion, storage and distribution of this fuel. Methanol, as a
0.0 L 4 4 liquid fuel, can be the solution to these problems, although it

0.0 0.2 04 06 08 1.0 1.2 14 16 1.8

) presents some problems of toxicity and the performance of
Current density (A/cm?)

methanol fuel cells is lower than that of hydrogen fuel cells.
Fig. 9. Comparison of experimentally measured perform§2@&0] with MemanOI can be steam reformed to £&nd H; at the
numerical predictions with and without liquid water formation and transport Sa@me time, some of the methanol decomposes to CO and
(reprinted from[28], Copyright 2003, reproduced by permission of The Hp. The reforming reaction can be described by a first order
Electrochemical Society, Inc.). kinetic equatiom (in relation to the methanol concentration)
and the decomposition one by a zero order reactionrgate
Electrochemical reactions and coupling to mass and current [39]. According to Raboy40], the problem can be treated
transport analytically by taking the methanol conversion ratio as the
Electrochemical reactions occur at the interface of the variable of interest, and expressing the first order kinetic
catalyst clusters and the polymer electrolyte. It is where the quation as a function of the conversion ratio (through the
gas comes in contact with the catalyst clusters and at thesedependence of the methanol concentration on its conversion
points, the diffusion flow is exactly balanced by the reaction ratio). The needed catalyst weight for a given methanol flow
flow. The charge transfer current density is obtained from and conversion fraction can be calculated as a function of

the Butler—Volmer equation. temperature and pressure (E8)):
The solution of the set of conservation equations was per- Us 2Ys Ys 2Xmet
. ; =F||l—=+—=]I - (8)
formed within the framework of a commercial CFD code. Zs 7% Ys — xmetZs Zs

In Mazumder and Col§8], formation and transport of
liquid water in the proton exchange membrane fuel cell is  The equation can also be inverted to calculate the methanol
included. The model is based on the multiphase mixture feed-flow rate necessary for a determined catalyst weight and
model (such as in Wang et gR2]). The model base is a given conversion fraction.
an additional equation for the formation and transport of  Direct methanol fuel cells (DMFCs) are attractive for
liquid water. Such equation includes mainly transport associ- several applications. The structure of a single DMFC is an
ated with electro-osmotic drag, influence of surface tension, assembly of two porous electrodes on either side of a proton
phase change (condensation or evaporation). Liquid waterexchange membrane. Nowadays, a significant performance
can also reduce the diffusivity of the gaseous species. Thehas been achieved by using an anodic catalyst based on Pt-
“real” porosity for the gas phase species is called wet poros- Ru, while for the oxygen cathode the more important catalyst
ity (andis a function of the liquid saturation of the pore, which is Pt.
is defined as the volume fraction of the total pore space occu- Jeng and Chef#l] present a mathematical model only
pied by the liquid). The inclusion of liquid water formation for the anode of a DMFC. This model accounts for the mass
and transport improved the predictive capability of the model transport in the flow channel (methanol transport, from the
(Fig. 9. feed stream to the diffusion layer, due to the concentration

Knudsen diffusion (which occurs when the pores are very gradient), transport in the diffusion layer (water transport and
tiny) was neglected, and it is worth mentioning that Wohr et methanol transport by diffusion and convection), transport in
al.[31] are one of the few that attempted to take into account the catalyst layer with a finite thickness (transport similar to
Knudsen-diffusion when considering the diffusion layer of that in the diffusion layer) and transport in the membrane
an electrode, but no discussion is presented. (water transport, by diffusion and electro-osmotic drag, and

Additional references regarding modeling of proton methanol transportin a similar way as in the diffusion layer).
exchange membrane fuel cells are: Eikerling and Kornyshev The electrochemical reaction rate in the catalyst layer could
[32] (in which a homogeneous model for the cathode is con- be described by using a kinetic Tafel expression. In Nord-
sidered); Kulikovsky et a[33] (in which some local features  lund and Lindbergtj42], an agglomerate model (in which
generated by geometric aspects, e.g. the low concentrationgach agglomerate is modeled as a sphere with a content of
of reactants in front of current collectors, are studied); Mann ionomer and catalyst on a carbon carrier) is used and kinetic
et al.[34] (in which an interesting feature of the model is a equations based on areaction mechanism(@pare derived
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1

for methanol oxidation in the anode of a DMFC (adsorption 0,31 - T y 30 &
steps coupled with Tafel kinetics). In fact, the kinetic model %
represents a simplified mechanism derived fromamore com- ;41 125 £
plex one (Hamneti43]): S 9 & 663 g,
~ -— 5 o %0 {2,0 LEJo
k. =% 029} o 4 9 <
k/ o ! et
1 o) o T
ks g o028t g
CH3OHadgs—> COags+ 4HT + 4e~ ©) = o 110 €
k o o O
HyO < OHags+ HT + € 027} iR los @
kg des Cop @
kg + _ g
H H 1 ] 1
COuds + OHags— CO2 +H™ +e 026 0 400 800 1200 1600 %
. . . . L Time, t/[s] =
Since heat is easily transported in a liquid fuel, tempera-
ture gradients are small and, therefore, considered negligible.  0.31 T T T ‘ n 30
Simulations showed that mass-transport limitations within p
the agglomerates are small and the model can be simpli- 30l
fied (concentration gradients within the agglomerates can be =
neglected). ;‘“’
In Birgersson et al[44], a one-phase model for mass, = %#7
momentum and species transport in the anode of a DMFC ;«?’

is considered. The equations and boundary conditions were< 0,28 -
non-dimensionalized, and by recognizing that the ratio of &

Methanol Feed Concentration,c®, ., /[mol/dm?]

the heights of the flow channel, porous backing and active © 0271

catalyst layer to the anode length is much smaller than one ' ™ 199
(i.e., /L <1, hp/L < 1 andhy « 1), a reduced model was

derived. The reduced model requires less computing time, a  0.26 ) 200 300 1500 T509°
factor that makes it suitable for inclusion in studies where Time, t[s]

computational time may be a central matter. Besides, the
study of the effect of design and operating parameters onFig. 10. Cell voltage response to periodically pulsed methanol feed con-
the system behavior can be based on some of the non-centrations: experimental data (top) and simulated data (bottom) (reprinted
dimensional parameters that arise from the analysis. from [46], Copyright 2001, with permission from Elsevier Science).
In Scott et al.[45], a DMFC model is reported, which
accounts for the influence of methanol mass transport and ofxigation at the Pt-Ru catalyst:
the CQ flow on the performance of the fuel cell. The model
considers the hydrodynamics in the flow channels associated3Pt+ CH3OH <> Pts — COH+ 3H™ + 3¢~
with the production of C@ and methanol mass transport 3Ru+ 3H,O <> 3Ru— OH 4 3HT + 3e~

in the diffusion electrode and the polymer membrane. The py, _ cOH4+2RU— OH <> Pt— COOH+ HyO+2Pt-2Ru

model also incorporates a semi-empirical equation for the
open circuit potential in the presence of methanol crossover Pt— COOH+ Ru—OH « COz + H20 + Pt+ Ru (10)

(in practice, a model of the effect of methanol on the mixed
potential is required). Experimental data are used for valida-
tion. Mass transport at the anode is a factor that may limitthe ~ The mixtures at the anode were treated as a pure liquid
performance of the fuel cell. phase mixture. To complete the model, mass balances for
In Sundmacher et a[46], a mathematical model was the anode compartment and the anode catalyst layer, and
developed to describe and analyze the behavior of a DMFC.charge balances for the anode and cathode catalyst layers
The main phenomena are: convective mass transport in thewere formulated. The model of the effect of methanol oxida-
anode compartment; methanol oxidation in the anode cat-tion at the cathode considers a parasitic current proportional
alyst layer; oxygen reduction in the cathode catalyst layer; to the methanol transport through the membrane (instanta-
methanol and C&mass transfer through the anode diffusion neous methanol oxidation at the cathode). Experimentally,
layer; methanol crossover and undesired methanol oxidationthe authors observed that the cell voltage response to dynamic
at the cathode catalyst layer as a result of methanol crossoverfeeding showed a significant voltage increase after a sud-
A multi-step reaction mechanism (E{L0), in which the den decrease in the methanol concentration in the feed. By
methanol dissociative chemisorption was assumed to be thesimulation studiesKig. 10, it was possible to verify that
slow-step) was used to describe the electrochemical methanomethanol crossover can be reduced by periodically pulsing
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the methanol feed concentration, resulting in an increased 1
cathode potential (and an increased cell voltage).

The authors affirm that some further model sophistications
are necessary, such as considering ®@bble formation in 0.8
the anode.

In Meyers and Newmald 7—49] a series of papers regard-
ing the simulation of a DMFC is presented. Modeling of = 4
transport and kinetic phenomena is considered. The model &
describes the multi-component transport of species in the
membrane by taking into account a thermodynamic frame-
work developed inthe first paper of the sefi€g]. The frame-
work provides a means to quantify, in the second p§fe;
the gradients in electrochemical potential (for hydrogen ions,
for exampleuy+ = RgT Inmy+ + zy+ F) for speciesinthe
membrane when describing the driving forces for the multi-
component transport. Besides, a kinetic model (considering
reaction steps very similar to those presented in Nordlund and Sy —— 0.6 0.8 1
Lindbergh[42]) is developed to describe methanol oxidation Cell current density, A/cm?
on the catalystf18]. In the third paper of the seri¢49], the
mathematical model is used to simulate the direct methanolFig. 11. Polarization curves with different methanol feed concentrations
fuel cell and quantify general aspects of its design. (reprinted from(53], Copyright 2003, reproduced by permission of The

In Argyropoulos et alf50], a semi-empirical model based ~ E'ectrochemical Society, Inc.).

gyrop £50], p

on Tafel-like kinetics for the methanol oxidation and oxygen
reduction reactions and on effective mass transport coeffi-ing with small methanol feed concentrations suffers from
cients is presented, which predicts the cell potential versuslow limiting current densities. In the medium current density

Methanol feed concentration

Cell voltag
o
N

current density (Eq11)): range, an increase in methanol feed concentration led to a
small decrease in cell voltage for methanol concentrations
Ecell = Efy — beennlogl — RI + C1In(1 — C21) (1)) below 1 M. For a feed concentration larger than 2 M, the cell

voltage was greatly reduced by excessive methanol crossover

In Divisek etal[51], atwo-dimensional modelofaDMFC  and the maximum current density was limited by the oxygen
was developed and tested. The model considers a calculatiordepletion at the cathode (resulting from excessive parasitic
domain divided into different zones, with the diffusion layers oxygen consumption).
as water—gas systems. The authors assume that the transport Additional references regarding modeling of methanol
of water follows a standard two-phase flow mechanism. This fuel cells are: Baxter et al[54] (in which kinetic and
can be seen as a generalized Darcy’s law. The pore modekransport limitations are studied); Kulikovsig5] (in which
for the transport of gases describes the interactions betweersome local features due to geometric aspects, e.g. the low
the gases and their interactions with the pore walls, incorpo- concentrations of reactants in front of current collectors, and
rated into the two-phase flow modeling approach. Regarding mechanisms of methanol transport are studied); Fan et al.
the dissolved species, a standard transport model is consid{56] (in which some local features generated by geometric
ered. For charged species, the appropriate potential equationaspects are also studied); Murgia et[al7] (in which the
are used. Energy considerations are derived from the Fouriereffects of varying some empirical parameters are examined).
law, with convection caused by the flow of fluids and gases. Some works consider a vapor feed DMFC, such as Scott et
The reaction models account for the methanol (according to al. [58] (in which methanol permeation through the polymer
Kauranen et a[52]) and oxygen kinetics. Condensation and membrane and the caused mixed potential are studied);
evaporation processes are considered. The final equations arBohle et al.[59] (in which the impact of methanol perme-
discretized in time and space with the objective of numeri- ation through the electrolyte membrane is also considered);
cally solving the problem. Kulikovsky et al. [60] (in which a new type of current

In Wang and Wand53], two-phase modeling is consid- collector, inside the backing and catalyst layers, which
ered (such as in Wang et gR2]) in the cathode and in  does not produce shaded regions in the catalyst layers, is
the anode (due to CCevolution) of a DMFC. Tafel kinetic  considered).
equations are considered to describe the oxygen reduction Although discussing modeling of polymer electrolyte
and methanol oxidation reactions (if necessary, adsorptionmembrane fuel cell stacks is beyond the scope of this paper,
steps may be included to describe methanol oxidation). Thewe would like to point out the papers of Baschuk anali],
model also takes into account the mixed potential effect of Hamelin et al[62], Jiang and Chi{i63], Lee and Lal64],
methanol oxidation at the cathode as a result of methanol Thirumalai and Whitg65] and Amphlett et al[66]. Con-
crossover. Simulation results showdedg, 11) that operat- cerning the modeling of methanol fuel cell stacks, important
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> > gas diffusion electrode) may influence the potential—current
HNQ ‘ Mrew —> H'—> 0] relationship. In the presence of hydrogen dilution in the fuel
e lggacteria A N = o stream, hydrogen is depleted at the reaction surface, resulting
Mox <V HO in substantial anode mass transport polarization (which can
> ,0 €— ; T
HNQH : be of interest when considering reformed gas as the anode
Anode Substraté ~ Membrane:  Cathode feed). Two-dimensional models have been used to represent

reality, but three-dimensional models can cope with some

Fig. 12. Reaction diagram of the microbial fuel cell (reprinted friatg], (important) additional aspects Consideration of two—phase

Copyright 1995, with kind permission of Springer Science and Business

Media). transport in the air cathode of a proton exchange membrane
fuel cell seems to be very appropriate (considering a non-

references are Argyropoulos et f87—69] Scott et al[70] isothermal model may improve the analysis); the inclusion

and Simoglou et a[71]. of liquid water formation and transport can improve the pre-

Considering briefly related types of fuel cells, the possi- dictive capability of the model. Knudsen diffusion has been
bility of extracting electricity from low cost and abundant neglected in the majority of the papers.
fuels by using either living microorganisms or their isolated Regarding direct methanol fuel cells, mass transport is a
enzymes, in biochemical fuel cells, is a fascinating point.  factor that may limit the performance of the cell. Adsorp-
In a microbial fuel cell, the direct conversion of bio- tion theory may be coupled to Tafel kinetics to describe
chemical energy into electricity is accomplished. Basically, methanol oxidation. Methanol crossover must also be taken
microbial fuel cells are divided into three typ€&2]: the into account (which can be reduced by periodically pulsing
first one involves the direct use of electroactive metabolites, the methanol feed concentration). Extending the two-phase
such as hydrogen, produced by microbial metabolism from approach to the DMFC modeling is a recent, important point.
the substrate; the second type involves the use of mediatorsTwo-phase modeling may be considered both in the cathode
for electron transport from a certain metabolic pathway to and in the anode of a DMFC.
electrodes (direct contact with the electrode surface is not Regarding other types of fuel cells that may also oper-
required); the third one involves the use of microorganisms ate with a polymer electrolyte, the possibility of extracting
that may grow as a biofilm on the electrode surface (media- electricity from low cost and abundant fuels by using living
tors are not necessary). When only enzymes instead of livingmicroorganisms, in biochemical fuel cells, is a fascinating
microorganisms are used, in vitro systems are characterizedpoint. In contrast to the increasing experimental approaches,
In Zhang and Halm¢§73], a bacterial fuel cell consisting  few authors have reported simulation studies of this kind
of a fuel cell device and a bioreactor is considereid (12). of system. The study of biochemical fuel cells by applying
The mediator used was a proper quinone. In a microbial proper modeling techniques (coupled to experimental stud-
fuel cell, besides the biochemical processes themselves, therés) can help developments in this area, and certainly should
are electrochemical and mass transport processes. In Zhange more explored in the future.
and Halmg73], the biochemical processes included a series
of enzymatic reactions that could be modeled by Monod-
like equations. Redox reactions were considered as first orderAcknowledgement
processes. All mass transport processes were assumed to be
fast enough when compared to biochemical and redox reac- The authors thank FAPESP for the financial support.
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