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bstract

An isothermal single-phase 3D/1D model for liquid-feed direct methanol fuel cells (DMFC) is presented. Three-dimensional (3D) mass,
omentum and species transport in the anode channels and gas diffusion layer is modeled using a commercial, finite-volume based, compu-

ational fluid dynamics (CFD) software complemented with user supplied subroutines. The 3D model is locally coupled to a one-dimensional
1D) model accounting for the electrochemical reactions in both the anode and the cathode, which provides a physically sound boundary con-
ition for the velocity and methanol concentration fields at the anode gas diffusion layer/catalyst interface. The 1D model – comprising the
embrane–electrode assembly, cathode gas diffusion layer, and cathode channel – assumes non-Tafel kinetics to describe the complex kinetics

f the multi-step methanol oxidation reaction at the anode, and accounts for the mixed potential associated with methanol crossover, induced

oth by diffusion and electro-osmotic drag. Polarization curves computed for various methanol feed concentrations, temperatures, and methanol
eed velocities show good agreement with recent experimental results. The spatial distribution of methanol in the anode channels, together with
he distributions of current density, methanol crossover and fuel utilization at the anode catalyst layer, are also presented for different opperating
onditions.

2007 Published by Elsevier B.V.
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. Introduction

Fuel cells are electrochemical devices that convert the chem-
cal energy of an energy carrier – typically hydrogen – and
n oxidizer – typically the oxygen of the air – directly into
lectricity and heat. In contrast to the most common pro-
on exchange membrane fuel cells (PEMFCs), operating with
ydrogen, liquid-feed direct methanol fuel cells (DMFCs) use
ethanol as energy carrier, which makes them good candi-

ates as small autonomous power sources. In fact, due to the
igh energy density of methanol, up to 100 times higher than
tate-of-the-art lithium-ion batteries, DMFCs are regarded as a
otential substitute to conventional power generating equipment
or portable electronic devices.

Nevertheless, DMFCs suffer from two fundamental prob-

ems: (i) the slow kinetics of the methanol electro-oxidation
eaction and (ii) the ability of methanol to permeate through the
olymer membrane crossing from anode to cathode (methanol
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rossover). In addition, there are several system design issues,
uch as water/gas/heat management or flow-field design and
ptimization, that still need a better understanding. The above
ifficulties, together with additional technological problems
oncerning auxiliar devices, such as pumps, fuel storage tanks,
ower conditioning devices, etc. have motivated a large body
f work in the field during the last decade, combining math-
matical and numerical modeling with detailed experimental
esearch. Particularly, the progress in DMFC modeling has been
ignificant.

Several mathematical models for DMFCs can be found in
he literature, including early one-dimensional models [1–9]
nd more recent two- and three-dimensional models [10–14].
f particular relevance is the development of models which

ccount for multiphase flow and transport phenomena, such
s the seminal work of Wang and Wang [15] or other similar
odels [16,17]. However, single-phase models such as the one

resented here have also contributed to the understanding of

he complex phenomena involved in DMFCs (see, e.g., Refs.
3–5,8,12–14,18–20]). An extensive review of this work can
e found elsewhere [21,22] and will not be repeated here for
revity.

mailto:marcos.vera@uc3m.es
dx.doi.org/10.1016/j.jpowsour.2007.05.098
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Nomenclature

a effective catalyst surface area per unit volume
(m−1)

A surface area (m2)
C molar concentration (mol m−3)
Di mass diffusivity of species i (m2 s−1)
E electromotive force (V)
F Faraday’s constant (C mol−1)
h convective mass transfer coefficient (m s−1)
i current density (A m−2)
I current (A)
K permeability (m2)
L channel length (m)
ni

d electro-osmotic drag coefficient of species i
N molar flux (mol m−2 s−1)
p pressure (Pa)
R universal gas constant (J mol−1 K−1)
Su source term appearing in the momentum equation
T temperature (K)
u (superficial) velocity vector (m s−1)
V actual cell voltage (V)
W molecular weight (kg mol−1)
x coordinate along the channel (m)
y coordinate across the channel height (m)
z coordinate across the channel width (m)

Greek letters
α overall mass transfer coefficient (m s−1)
δ thickness (m)
ε porosity
η overpotential (V)
κ experimental constant
λ experimental constant (mol m−3)
μ dynamic viscosity (kg m−1 s−1)
ρ density (kg m−3)
σ electric conductivity (S m−1)

Subscripts
a anode
ac anode chanel
acl anode catalyst layer
agdl anode gas diffusion layer
amb ambient
avg average value
c cathode
cc cathode chanel
ccl cathode catalyst layer
cgdl cathode gas diffusion layer
CO2 carbon dioxide
cross crossover
d drag
e electronic
i species i
in channel inlet
m methanol

mem membrane
O2 oxygen
p parasitic
ref reference value
w water

Superscripts
0 standard conditions
eff effective value
m methanol
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Typically, the anode of a liquid-feed DMFC is supplied with
diluted methanol aqueous solutions, while the cathode is feed
ith an oxidizer stream (air or pure oxygen) which can be either

orced by an external blower or driven by natural convection.
ue to the combined effect of both convection and diffusion the
ethanol and the oxygen reach the anode and cathode catalyst

ayers, respectively, where they undergo the overall electrochem-
cal reactions:

node: CH3OH + H2O → CO2 + 6H+ + 6e− (1)

athode: 3
2 O2 + 6H+ + 6e− → 3H2O (2)

ith standard reduction potentials E0
a = 0.02 V and E0

c =
.23 V vs. saturated hydrogen electrode (SHE), respectively.
ue to methanol crossover, reaction (1) accounts indeed for
ethanol oxidation at both the anode and the cathode, while

eaction (2) accounts for oxygen reduction at the cathode. The
rotons generated at the anode by reaction (1) diffuse across the
olymer membrane, while the electrons pass as current through
he external circuit to reach the cathode, where oxygen is reduced
ith the protons and the electrons to form water according to

eaction (2). Globally, the two electrochemical reactions are
ombined to give the overall cell reaction:

H3OH + 3
2 O2 → CO2 + 2H2O (3)

ith standard cell potential E0
cell = 1.21 V at 298 K.

Among the performance controlling components of the direct
ethanol fuel cell, the anode electrode is known to be one of

he most influential. In particular, the low activity of the electro-
xidation reaction of methanol is affected by the poisoning of
he anode catalyst by stable adsorbed intermediates of methanol
xidation, which leads to large anodic overpotentials. Thus, in
his paper we shall focus our attention on the anode side of the
ell.

Most published papers on DMFC modeling consider
utler–Volmer or Tafel kinetics for the anodic reaction. How-
ver, the methanol electro-oxidation reaction (1) is known to be
multi-step reaction that takes place as several (possibly simul-
aneous) elementary steps at the molecular level, e.g., see Refs.
11,23] and references therein.

In contrast to most early DMFC models, Meyers and New-
an [19] proposed a mechanistic model to describe complete
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on-Tafel methanol oxidation kinetics on Pt–Ru catalysts based
n the sequence of elementary steps proposed by Gasteiger et
l. [24]. An interesting feature of their model is that it appro-
riately describes the transition from first-order kinetics for low
ethanol concentrations (high overpotentials) to zeroth-order

inetics for high methanol concentrations (low overpotentials),
transition first suggested by Ren et al. [25] and recently con-
rmed experimentally by Vidaković et al. [23].

Similar kinetic models have also been used by Garcı́a et
l. [8] and Kulikovsky [26] as improved models for the elec-
rochemical oxidation of methanol. In all cases, the proposed
inetic expressions were used in the context of fully 1D, single-
hase, DMFC models. Although multi-phase flow effects play
n important role in the operation of DMFCs [15], in this paper
he flow in the anode channels and gas diffusion layer is also
escribed using the single-phase approximation, which leads to
simplified analytical description of the problem. Therefore, the
im of this paper is not to develop a mathematical model that
ully describes all the phenomena that occur in a DMFC, but
o illustrate the use a hybrid 3D/1D model that accounts for the
lectrochemical kinetics of Meyers and Newman [19].

Three-dimensional models constitute an excellent tool for
xploring the spatial distribution of reactants and current density
n the fuel cell. Thus, besides the overall cell polarization curves,
e shall also study the spatial distribution of methanol in the

node channels, as well as the local distributions of current den-
ity, methanol crossover and fuel utilization at the anode catalyst
ayer, of interest for the optimized design of future-generation
MFCs.
The structure of the paper is as follows. The mathematical

odel is presented in Section 2; this comprises model assump-
ions (Section 2.1), description of the physical domain (Section
.2), formulation of the 3D model (Section 2.3) and formu-
ation of the 1D model (Section 2.4). The solution procedure
s explained in Section 3, and the numerical results are pre-
ented in Section 4, including the validation of the model against
xperiments. Finally, the concluding remarks are presented in
ection 5.

. Mathematical model

.1. Model assumptions

In the development of the mathematical model, a number
f simplifying assumptions have been made. Some of them are
entral to our model, namely:

Carbon dioxide produced at the anode is considered to be
dilute enough to remain dissolved in the liquid phase, i.e.
single-phase flow is considered in the anode.
A large stoichiometric excess of air (or oxygen) is assumed
in the cathode.
Strictly speaking, the first assumption restricts the validity of
he model to the low current density regime, when the production
f carbon dioxide at the anode is small. However, the single-
hase model is expected to give correct parametric trends also

p
c
fi
t
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n the high current density regime. A detailed study of two-
hase flow and transport in DMFCs results in a much more
omplex modeling approach [15], which is not the aim of this
aper. On the other hand, the second assumption, discussed in
ection 2.4.1 below, allows us to impose a constant value for the
xygen ambient concentration along the cathode channel/flow
istributor, further simplifying the analysis.

The rest of the assumptions, widely used in modeling studies
f DMFCs, are the following:

The flow is laminar and steady.
The temperature is constant throughout the cell.
The reactant concentrations are constant across the anode and
cathode catalyst layers.
The concentration of methanol is sufficiently small in the
anode for the liquid phase to be a diluted methanol aqueous
solution.
The methanol that crosses over from the anode to the cathode
is completely oxidized at the cathode catalyst layer.
The effect of buoyancy in methanol transport is neglected.
The membrane (assumed to be Nafion® 117) is fully hydrated
and is impermeable to gases.
The pressure gradient across the different cell layers is
neglected.
Ohmic losses in gas diffusion layers, channels and bipolar
plates are neglected.

Some of this assumptions could be easily revised to incorpo-
ate additional effects in future extensions of the model, but will
e maintained here for simplicity.

.2. Physical domain

We shall assume a parallel channel geometry for the anode
urrent collector. Accordingly, when describing the flow in a
ingle channel we shall use periodic boundary conditions at
he channel/rib mid-planes to reduce the computational cost.
he investigation of the effect of geometry – including cross-
ection channel shape and/or flow channel geometry – on fuel
ell performance should be considered in future work.

Fig. 1 shows an sketch of the physical domain considered
ere, which can be divided into seven regions:

1) anode channel (ac);
2) anode gas diffusion layer (agdl);
3) anode catalyst layer (acl);
4) polymer membrane (mem);
5) cathode catalyst layer (ccl);
6) cathode gas diffusion layer (cgdl);
7) cathode channel (cc).

Since we are solving neither the electric field nor the tem-

erature field, we omit from the computations both the anode
urrent colector (acc) and the cathode current colector (ccc). The
gure also shows the nomenclature used for the dimensions of

he anode flow distributor (channel depth, δac, channel width,
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Fig. 1. Schematic of the modeling domains covered by the 1D and 3D models
showing the coordinate system, and the notation used for the anode channel
l
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ength, L, width, wac, depth, δac, rib width wr, and the thickness of the different
ayers of the MEA. Top: side view; bottom: cross-sectional view. The 1D model
oes not account for the detailed geometry of the cathode flow distributor.

ac, rib width, wr) and the thickness of the different layers of
he MEA.

.3. 3D model (anode channel and gas diffusion layer)

The complete Navier–Stokes equations, complemented with
he conservation equation for methanol, are solved in a
hree-dimensional (3D) domain with a control volume-based
iscretization to obtain the velocity and pressure distributions,
s well as the concentration of methanol in the anode channel
nd gas diffusion layer.

.3.1. Flow field
The Navier–Stokes and continuity equations governing the

teady motion of an incompressible fluid of constant density
nd viscosity, ρ and μ, through an isotropic porous medium
ay be written as [27]:

· u = 0 (4)
ρ

(u · ∇)u = −∇p + μ∇2u + Su (5)

ε2 ε

n terms of the porosity ε of the porous matrix. Here we shall use
he value εagdl = 0.6 for the porosity of the anode gas diffusion
ayer, while we simply set ε = 1 in the anode channel, thus

2

a

rces 171 (2007) 763–777

educing (4) and (5) to the usual Navier–Stokes equations. In
riting the above equations we have used the superficial velocity,
, based on the volumetric flow rate, and we have neglected
uoyancy effects. Since we will incorporate the effect of the
lectrochemical reactions as boundary conditions at the anode
as diffusion layer/catalyst interface, we also assume that there
re no mass sources or sinks associated with the electrochemical
eactions inside the computational domain.

As discussed in Section 2.1, we consider that the concentra-
ion of methanol in the anode channel is so small that it does not
lter significantly the physical properties of water. Accordingly,
and μ represent the effective density and viscosity of water,

iven in Refs. [28,29] as

= 1000 − 0.0178(T − 277.15)1.7 (kg m−3) (6)

= 0.458509 − 5.30474 × 10−3T + 2.31231 × 10−5 T 2

−4.49161 × 10−8 T 3+3.27681×10−11 T 4 (kg m−1 s−1)

(7)

n terms of the temperature T of operation, which here denotes
he absolute (Kelvin) temperature.

The laminar flow in the porous gas diffusion layer is mod-
led by the addition of a momentum source in the governing
omentum equation:

u = −
(μ

K

)
u (8)

here K is the isotropic permeability of the medium. Note that
or the typically small values of the permeability K of the porous
egions of fuel cell electrodes (we use K = 10−12 m2) the addi-
ion of this source term simply reduces (5) to Darcy’s Law. The
ource term, representing the extra resistance force suffered by
he fluid due to the presence of the porous medium, vanishes at
he anode channel.

.3.2. Methanol distribution
Due to the small methanol concentration in the anode of a

MFC, the velocity field, u, is decoupled from the methanol
oncentration field, Cm, which is governed by the convec-
ion/diffusion equation:

· (uCm) = Deff
m ∇2Cm (9)

here Deff
m is the effective diffusion coefficient of methanol in

ater, given by Yaws [30]:

eff
m =

{
Deff

m,ac = 10−5.4163−999.787/T m2 s−1

Deff
m,agdl = ε1.5

agdlD
eff
m,ac

(10)

t the anode channel and gas diffusion layer, respectively. As can
e seen, in the second expression we use the Bruggeman correc-
ion factor to take into account the extra resistance to diffusion
f the porous medium.
.3.3. Boundary conditions
Eqs. (4), (5), and (9) must be integrated supplemented with

ppropriate conditions on the boundaries of the 3D domain
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hown in Fig. 1. At the non-permeable channel walls we pre-
cribe non-slip and zero gradient boundary conditions for the
elocity and concentration fields, respectively:

= 0, n · ∇Cm = 0 (11)

here n is the outward normal vector and ∇ = ∂/∂x ex +
/∂z ez + ∂/∂z ez is the gradient operator. At the inlet of the
node flow channel we specify the velocity and methanol con-
entration:

= Uinex, Cm = Cm,in (12)

hile at the symmetry planes and channel exit we set zero gradi-
nt boundary conditions for both the velocity and concentration
elds:

· ∇u = 0, n · ∇Cm = 0 (13)

t the porous portion of the inlet and outlet boundaries a zero
radient boundary condition is prescribed for both pressure and
ethanol concentration. The internal boundary condition at the

node channel/gas diffusion layer interface is appropriately han-
led by imposing the continuity of flux and scalar variables.

The only non-trivial boundary condition is that imposed at the
node gas diffusion layer/catalyst interface, where we prescribe
he molar flux of methanol:

(u Cm − Deff
m ∇Cm)

∣∣∣
y=0

· n = Nm (14)

hich is due to methanol crossover and to the methanol con-
umption by the anodic reaction, and the normal velocity:

u|y=0 · n =
(

nw
d + 1

6

)
i

F

Ww

ρ
(15)

hich is due to the electro-osmotic flux of water across the
embrane and to the water consumption by the anodic reaction
both proportional to the local current density i generated at

he anodic reaction. Here F is Faraday’s constant and Ww is the
olecular weight of water. The electro-osmotic drag coefficient

f water nw
d appearing in (15) is defined as the number of water

olecules dragged by a hydrogen ion moving in the membrane,
nd is given by Guo and Ma [13]:

w
d = 2.9 exp

[
1029

(
1

333
− 1

T

)]
(16)

t is important to note that the local molar flux of methanol
t the catalyst layer, Nm, and the local current density, i, that
ppear on the right hand side of Eqs. (14) and (15), are not
nown a priori. The purpose of the 1D model presented below
s precisely to calculate the values of Nm and i at the active
oundary from the analysis of the remaining elements of the
ell, namely the membrane, the catalyst layers, and the cathode
ow field, thereby closing the mathematical problem.
.4. 1D model (MEA and cathode)

The 3D mathematical model for the anode flow field
escribed above will be complemented with a one-dimensional

(
t
fl
i
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1D) across-the-membrane model that provides the local val-
es of the molar flux of methanol, Nm, and current density, i,
t the active boundary in terms of the cell voltage, V, and the
ocal methanol concentration there, Cm,acl ≡ Cm|y=0. As previ-
usly discussed, this 1D model, including both catalyst layers,
he membrane, and the cathode flow field, will allow us to close
he mathematical problem through Eqs. (14) and (15).

.4.1. Transport of O2 in the cathode
Unlike ordinary polymer exchange membrane fuel cells,

MFCs are known to suffer from mass transport limitations
ostly at the anode [3]. As a consequence, the anode flow field

esign turns out to be a key element for the optimal operation of
MFCs [31]. In fact, with proper control of water crossover to

void cathode flooding, oxygen transport in the cathode is typ-
cally sufficient to sustain the – usually low – current densities
enerated in DMFCs, even in the case of air-breathing DMFC
tacks [32]. This is especially true in the low current density
egime, for which our single-phase model is expected to give
he best results.

To reduce the computational cost, we shall circumvent the
nalysis of the cathode flow field by introducing an overall mass-
ransfer coefficient to model the transport of O2 from the ambient
ir to the cathode catalyst layer. Thus, we simply write the molar
ux of oxygen that reaches the cathode catalyst layer as

O2 = α2(CO2,amb − CO2,ccl) (17)

n terms of a mass-transfer coefficient

2 =
(

1

hO2

+ δcgdl

Deff
O2,cgdl

)−1

(18)

hat includes both the convective and diffusive transport losses
hrough the mass transfer resistances hO2 and Deff

O2,cgdl/δcgdl,
espectively.

In the above expression, δcgdl is the thickness of the cathode
as diffusion layer and, using the Bruggeman correction factor,
e write the effective diffusivity of oxygen in the cathode gas
iffusion layer as

eff
O2,cgdl = ε1.5

cgdlDO2,air (19)

here εcgdl is the porosity of the porous matrix, and

O2,air = Dref
O2,air

(
T

298

)3/2(
Pamb

P

)
(20)

s the diffusivity of oxygen in air, expressed in terms of its
eference value Dref

O2,air at 298 K and 1 atm, given in Table 1.
It is worth noting that when imposing a constant value

O2,amb for the oxygen “ambient” concentration along the cath-
de channel/flow distributor, a large stoichiometric excess of air
or oxygen) is being implicitly assumed. To be consistent with
his approximation, we shall also neglect the convective loses

hO2 � ∞) when evaluating the molar flux of oxygen reaching
he cathode catalyst layer. Nevertheless, in real devices water
ooding may obstruct oxygen transport in the cathode resulting

n smaller values of hO2 and Deff
O2,cgdl (and therefore of α2) than
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Table 1
Physical constants and design parameters involved in the 3D model for the anode
channel (ac) + gas diffusion layer (agdl).

Parameter Physical description Value Reference

F Faraday’s constant 96485 C mol−1 –
Wm Molecular weight of methanol 0.032 kg mol−1 –
Ww Molecular weight of water 0.018 kg mol−1 –
εac Porosity of ac 1 –
εagdl Porosity of agdl 0.6 Assumed
Kac Permeability of ac ∞ –
Kagdl Permeability of agdl 10−12 Assumed
L Anode channel length 8 × 10−2 m Assumed
wac Anode channel width 1.5 × 10−3 m Assumed
δ −3

w
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ac Anode channel depth 1 × 10 m Assumed

r Anode land width 1 × 10−3 m Assumed

agdl Thickness of the agdl 1.5 × 10−4 m Assumed

hose considered here. This could lead, mostly for high current
ensities, to mass transfer limitations at the cathode that are not
ncluded in this simplified model.

.4.2. Mass balance of O2 at the cathode catalyst layer
The oxygen that reaches the cathode catalyst layer either com-

ines with the electrons and protons, or reacts directly with the
ethanol that crosses the membrane, to form water according to

eactions (2) and (3), respectively. Accordingly, the mass balance
f O2 at the cathode catalyst layer can be written as

O2 = i

4F
+ 3

2
Ncross (21)

ith Ncross and i given by Eqs. (23) and (27) below, respectively.

.4.3. Mass balance of methanol at the anode catalyst layer
Similarly, the methanol that reaches the anode catalyst layer

y convection and diffusion from the anode backing layer must
qual the amount of methanol consumed at the catalyst layer
y reaction (1) plus the molar flux of methanol that permeates
hrough the membrane, according to

m = i

6F
+ Ncross (22)

ith Ncross and i given by Eqs. (23) and (30), respectively.

.4.4. Methanol crossover
Methanol transport across the membrane is driven by molec-

lar diffusion, pressure gradient and electro-osmotic drag [2].
owever, the effect of pressure gradient is typically small and

an be neglected in the first approximation [15]. Then, assuming
ickian diffusion for methanol in the membrane, the molar flux
f methanol can be written as

cross = nm
d

i

F
− Deff

m,mem
dCm

dy

∣∣∣∣
mem

(23)

here nm
d is the electroosmotic drag coefficient of methanol,
efined as the number of methanol molecules dragged by a
ydrogen ion moving in the membrane, and Deff

m,mem is the effec-
ive diffusion coefficient of methanol in the membrane (Nafion®

17) assumed to be independent of the concentration, which is

c
m
c
s

rces 171 (2007) 763–777

good approximation for the low methanol concentrations that
e shall consider here.
The electroosmotic drag coefficient of methanol is given by

en et al. [33]:

m
d = Ww

ρw
nw

d Cm,acl (24)

n terms of the electro-osmotic drag coefficient of water, nw
d ,

efined in Eq. (16) above.
Although there are different expressions available in the lit-

rature for the effective diffusion coefficient of methanol in
he membrane (see, e.g., the discussion given in Ref. [34]), we
hoose that given by Scott et al. [1]:

eff
m,mem = 4.9 × 10−10 exp

[
2436

(
1

333
− 1

T

)]
(m2 s−1)

(25)

hich roughly corresponds to the temperature range covered in
his study, 298 K � T � 363 K.

Due to the fast oxidation of methanol in the cathode, the
esulting methanol concentration at the cathode catalyst layer,
m,ccl, is very small, and can be considered to be zero in the first
pproximation. Accordingly, the diffusive flux of methanol in
23) can be approximated as

Deff
m,mem

dCm

dy

∣∣∣∣
mem

� Deff
m,mem

Cm,acl

δmem
(26)

here δmem is the thickness of the membrane. In a conven-
ional cell δmem is typically small compared to the channel width
nd length. Consequently, the methanol concentration gradients
cross the membrane (i.e. in the y-direction as defined in Fig. 1)
re anticipated to be large compared to those in the x- and z-
irections. Thus, the flux of methanol through the membrane is
ainly determined by the local value of the methanol concen-

ration at the anode catalyst layer Cm,acl, as implicitly stated by
qs. (23) and (26).

.4.5. Electrochemical reduction of O2 in the cathode
We shall assume that the electrochemical reduction of oxygen

t the cathode follows Tafel kinetics with first order dependence
n oxygen concentration:

+ ip = δccl(ai0)c
CO2,ccl

CO2,ref
exp

(
αcF

RT
ηc

)
(27)

here

p = 6FNcross (28)

s the parasitic current density due to the permeability of the
embrane to methanol, i.e. the current that would be gener-

ted by the methanol that crosses-over the membrane, δccl is
he thickness of the cathode catalyst layer, ac is the effective

athodic catalyst surface area per unit volume, CO2,ccl is the
olar concentration of oxygen at the catalyst layer, αc is the

athode transfer coefficient, and i0,c is the exchange current den-
ity of the cathodic reaction, given as a function of T by Wang
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nd Wang [15]:

0,c = iref
0,c exp

[
73200

R

(
1

353
− 1

T

)]
(29)

n terms of its reference value iref
0,c at 353 K.

.4.6. Electrochemical oxidation of methanol in the anode
In this study, we adopt the Meyers and Newman [19] kinetic

odel for the oxidation of methanol on Pt–Ru catalysts:

= δacl(ai0)a
κ Cm,acl exp(αaF/RTηa)

Cm,acl + λ exp(αaF/RTηa)
(30)

here δacl is the thickness of the anode catalyst layer, aa is the
ffective anodic catalyst surface area per unit volume, i0,a is the
xchange current density of the anodic reaction, Cm,acl is the
olar concentration of methanol at the catalyst layer, αa is the

node transfer coefficient, and κ and λ are two experimentally
tted coefficients [8].

In the above expression, the anode exchange current density
s given by Wang and Wang [15]:

0,a = iref
0,a exp

[
35570

R

(
1

353
− 1

T

)]
(31)

n terms of its reference value iref
0,a at 353 K, and the molar

ethanol concentration, Cm,acl, is assumed to be uniform across
he catalyst layer, a condition that is generally satisfied due to
he small thickness of the catalyst layer and the high rate of

ethanol transport across it [26].
The kinetic model (30) was derived by Meyers and Newman

19] assuming complete methanol oxidation. Similar expres-
ions have been recently used by Garcı́a et al. [8] and Kulikovsky
26] as improved models for methanol electro-oxidation, a pro-
ess that is known to deviate significatively from Tafel kinetics.
n both cases, Eq. (30) was used in the context of fully 1D
odels.
As previously discussed, Eq. (30) describes the transition

rom first-order kinetics for low methanol concentrations and
igh overpotentials to zeroth-order kinetics for high methanol
oncentrations and low overpotentials. According to Meyers and
ewman [19], the reason for this transition is that the rate of elec-

rochemical oxidation of methanol is mainly determined by the
esorption of the reactive molecules from the catalyst surface,
xcept for sufficiently low methanol concentrations (i.e. high
urrent densities), when the diffusive transport to the catalyst
urface becomes the rate-determining step.

As a consequence, the above kinetic model can also be
erived from a simple two-step reaction mechanism that
ccounts for a slow potential-independent step of methanol
dsorption on the catalyst layer, coupled to a second step with
afel kinetics corresponding to the electrochemical conversion
f the adsorbed species [26].

It should be emphasized that the above kinetic expression

30) avoids the use of nonintuitive transitions between different
eaction orders at certain threshold concentrations. In particu-
ar, it shows that the threshold concentration depends on the
nodic overpotential according to Cthres

m,acl ∼ λ exp(αaFηa/RT ),
η

rces 171 (2007) 763–777 769

nd therefore cannot be taken as constant, as done in previous
ork [15].

.4.7. Equation for the cell voltage
The cell voltage V is determined by the equation:

= Ecell − ηa − ηc − i
δmem

σmem
(32)

here Ecell is the ideal electromotive force of the cell, ηa and
c are the anodic and cathodic overpotentials, respectively, and
he last term represents the ohmic drop across the membrane,
xpressed here in terms of the local current density, i, the thick-
ess of the membrane, δmem, and the ionic conductivity of the
embrane, σmem, assumed to be a constant, since the membrane

s fully hydrated in liquid-feed DMFCs.
The ideal electromotive force of the cell is given by Scott et

l. [1]:

cell = E0
cell + (T − T0)

(
∂E

∂T

)
liq

− �N

n

RT

F
log

(
P

Pamb

)
(33)

here E0
cell is the ideal electromotive force under standard con-

itions, i.e. Cm = 1000 mol m−3, Pamb = 1 atm, T = 298 K,
∂E/∂T )liq is the rate of change of Ecell with T, and the last
erm represents the effect of pressure in the cathode potential.

e shall assume here that the methanol and water of the overall
eaction are liquid, hence �N/n = −0.5/2.

Finally, the membrane (Nafion® 117) conductivity is given
y Scott et al. [1]:

mem = σ0
mem exp

[
1268

(
1

298
− 1

T

)]
(34)

n terms of the temperature T of operation, where σ0
mem is the

eference ionic conductivity of the membrane at 298 K.

. Solution procedure

.1. Solution of the 1D model

Although the nonlinear character of the equations involved
n the 1D model precludes an analytical solution of the prob-
em, a numerical solution can be easily obtained using iterative

ethods.
Assume that we are given the local values of Cm,acl and V at

he anode catalyst layer. These will be provided at every iter-
tion by the numerical solution of the 3D anode model. Then,
ppropriate manipulations of Eqs. (17), (21)–(23), (27), (28),
nd (30) yield the following set of analytic expressions for the
nknowns i, ηc, ηa, Ncross, ip, NO2 , and CO2,ccl as a function of
m and Cm,acl:

(N , C ) = 6F

[
Nm − Cm,aclD

eff
m,mem/δmem

]
(35)
m m,acl 1 + 6 nm

d (Cm,acl)

c(Nm, Cm,acl) = RT

αcF
ln

[
6FNmCO2,ref

δccl(ai0)c CO2,ccl(Nm, Cm,acl)

]
(36)
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ηa(Nm, Cm,acl)

= RT

αaF
ln

[
Cm,acl i(Nm, Cm,acl)

δacl(ai0)a κ Cm,acl − λ i(Nm, Cm,acl)

]
(37)

cross(Nm, Cm,acl) = Nm − i(Nm, Cm,acl)

6F
(38)

p(Nm, Cm,acl) = 6FNcross(Nm, Cm,acl) (39)

O2 (Nm, Cm,acl) = 3

2
Nm (40)

O2,ccl(Nm, Cm,acl) = CO2,amb − 3

2

Nm

α2
(41)

here the electro-osmotic drag coefficient of methanol appear-
ng in Eq. (35), nm

d (Cm,acl), is given as a function of Cm,acl by
q. (24).

Substituting Eqs. (35)–(37) in (32) provides the following
on-linear relationship between Nm, Cm,acl, and V:

(Nm, Cm,acl) ≡ Ecell − V − ηa(Nm, Cm,acl) − ηc(Nm, Cm,acl)

−i(Nm, Cm,acl)
δmem

σmem
= 0 (42)

hich can be readily solved for Nm using a Newton–Raphson
ethod for given values of Cm,acl and V. After solving for Nm,

he remaining unknowns can be obtained from Eqs. (35)–(41).
For low methanol concentrations the denominator inside the

ogarithm of Eq. (37) approaches zero, yielding high anode over-
otentials and complicating the numerical solution of Eq. (42).
n this limit, we used as initial guess for Nm the asymptotic
olution of Eq. (42) given in the Appendix, which proved to be
good technique to accelerate the convergence of the numerical
ethod.
Illustrative results from the numerical solution of the 1D

odel are presented in Fig. 2. The local current density, i, is
lotted together with the anodic and cathodic overpotentials, ηa
nd ηc, versus the local concentration of methanol at the active
ayer, Cm,acl, for different values of the cell voltage, V. As can
e seen, for small methanol concentrations i grows linearly with
m,acl, until it saturates for Cthres

m,acl ∼ λ exp(αaFηa/RT ) due to
on-Tafel effects. For higher methanol concentrations the cur-
ent density decreases first due to methanol crossover (more
rominent for low current densities and high cell voltages) and
ater to mass transport limitations at the cathode – as reflected by
he sudden rise of the cathodic overpotential – until it eventually
anishes.

.2. Numerical solution of the coupled 3D/1D model

For a fixed value of the cell voltage V, the coupled 3D/1D
odel was solved using the commercial finite-volume-based

FD code FLUENT®6.2. The computational domain was
iscretized using a Cartesian-structured grid generated with
AMBIT® 2.0. The total number of volume elements was
4,000 in the anode channel and 20,000 in the gas diffusion

I

w
s

ion and undiluted methanol are indicated for illustrative purposes. The dashed
ines in the upper plot represent the asymptotic solution for small values of Cm,acl

iven in the Appendix.

ayer. To ensure a good resolution at the most critical regions,
he grid points were clustered at the anode channel/gas diffusion
ayer interface and in the vicinity of the anode catalyst layer.

The boundary conditions at the gas diffusion layer/catalyst
nterface given by Eqs. (14) and (15) were implemented in
LUENT® through the use of user defined functions (UDFs).
his allowed us to solve the 1D model at every iteration using

he local value of Cm at the active boundary to obtain the corre-
ponding molar flux of methanol Nm.

Once the numerical solution was converged, the average cur-
ent density of the cell was calculated according to

1
∫

=
Aacl σacl

i dσ (43)

here the local current density i is given by Eq. (35) and the
urface integral is extended over the whole surface area Aacl of
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he anode catalyst layer. The average parasitic current density
ue to crossover, Ip, was calculated similarly. Then, another
alue of V was given and the process was repeated until the
hole polarization curve was obtained.
To check the accuracy of the numerical solution, a grid-

efinement study was performed. The refined grid was obtained
y halving the node spacing in each coordinate direction,
ncreasing by a factor of eight the total number of grid elements.
he numerical results obtained with the refined grid showed rel-
tive errors smaller than 10−3 in the numerical evaluation of the
verage current density as compared to the coarser grid. Con-
idering the inherent limitations of the model (in particular, the
ncertainties in the physical parameters) this level of accuracy
as considered to be appropriate. Using the coarse grid, the con-
ergence of a single point in the polarization curve took about
0 min of CPU time using a Pentium IV processor at 2.67 GHz
ith 1 GB RAM.

.3. Physicochemical parameters

In the development of the present model several parameters
ave been introduced, such as the effective diffusion coeffi-
ients, gas diffusion layer porosities, protonic conductivity in the
embrane, anode/cathode transfer coefficients, exchange cur-

ent densities, etc. Most of them were taken from the literature,
s summarized in Tables 1 and 2.
As a final remark, it should be noted that some parameters
o not enter individually in the model. Instead, they appear
rouped together in products such as δacl(ai0)aκ or δccl(ai0)c.
ccordingly, if we, for instance, increase the specific area while

t
r
o
fl

able 2
hysical constants, transport, kinetic and design parameters involved in the 1D model

arameter Physical description

Faraday’s constant
Universal gas constant

m Molecular weigth of methanol

w Molecular weigth of water
ref
O2,air Diffusivity of O2 in air at 298 K

O2,amb O2 molar fraction in the cathode channel

O2,amb O2 molar concentration in the cathode channel

O2,ref Reference O2 molar concentration

0 Reference pressure for CO2,ref

amb Ambient pressure

a Anode transfer coefficient

c Cathode transfer coefficient

a Anode catalyst surface area per unit volume

c Cathode catalyst surface area per unit volume
Experimental constant
Experimental constant

ref
0,a

Anode exchange current density at 353 K
ref
0,c

Cathode exchange current density at 353 K
0
mem Membrane (Nafion) conductivity at 298 K
0
cell Open circuit voltage at 298 K

∂E/∂T )liq Rate of change of E0
cell with T

acl Thickness of the acl

mem Thickness of the membrane

ccl Thickness of the ccl

cgdl Thickness of the cgdl

cgdl Porosity of cgdl
rces 171 (2007) 763–777 771

ecreasing the thickness of the catalyst layers by the same
mount, the results will remain unaltered.

. Results and discussion

.1. Case studies

The different cases under study are summarized in Table 3.
imulations were performed for different methanol feed con-
entrations, Cm,in, temperatures of operation, T, methanol flow
ates, Uin, and cathode fluid—either ambient pressure air or pure
xygen. The reference case (Case 0) corresponds to the flow of
0.5 M (500 mol/m3) methanol dilution at 1 mm/s inlet velocity
nd 80 ◦C, using ambient pressure air as the cathode fluid.

.2. Overall cell performance

Figs. 3–5 summarize the computed overall cell perfor-
ance for the different cases under study, including polarization

nd power–current curves, average parasitic current density
ue to crossover, and fuel utilization FU = 100 × I/(I + Ip)%
defined as the ratio of the electrochemically reacted fuel

nd total fuel used – as a function of cell current den-
ity. Different figures illustrate the effect of methanol feed
oncentration (Fig. 3, cases 0–3, 12), the effect of tempera-

ure (Fig. 4, cases 0, 4–7), and the effect of methanol flow
ate (Fig. 5, cases 0, 8–11). Fig. 3 also shows the effect
f using ambient pressure air or pure oxygen as cathode
uid.

for the anode catalyst layer (acl) + membrane (mem) + cathode (ccl, cgdl, cc)

Value Reference

96485 C mol−1 –
8.31 J mol−1 K−1 –
0.032 kg mol−1 –
0.018 kg mol−1 –
2.5 × 10−5 m2 s−1 Perry et al. [35]
0.21 (air) / 1 (pure O2) –
XO2,ambPamb/RT –
0.21P0/RT mol m−3 –
105 Pa –
1.013 ×105 Pa –
0.5 Murgia et al. [7]
1.2 Murgia et al. [7]
6 ×104 m−1 –
6 ×104 m−1 –
7.5 ×10−4 Garcı́a et al. [8]
2.8 × 10−3 mol m−3 Garcı́a et al. [8]
94.25 A m−2 Ren et al. [33]
0.04222 A m−2 Wang and Wang [15]
7.3 S m−1 Scott et al. [1]
1.213 V Wang and Wang [15]
−1.4 × 10−4 V K−1 Scott et al. [1]
3 × 10−5 m Assumed
1.78 × 10−4 m Assumed
3 × 10−5 m Assumed
1.5 × 10−4 m Assumed
0.6 Assumed
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Table 3
Operational parameters for the different cases under study

Case no. Cm,in (mol m−3) T (K) Uin (mm s−1) Cathode fluid

0 (reference) 500 353 1 Air
1 1000 353 1 Air
2 250 353 1 Air
3 125 353 1 Air
4 500 363 1 Air
5 500 343 1 Air
6 500 333 1 Air
7 500 298 1 Air
8 500 353 0.5 Air
9 500 353 2 Air

1
1
1

t
i
i
fl
a
m

m
t
(
s

(

�

a
e
p

F
i
(
l

0 500 353
1 500 353
2 500 353

As can be observed, the model reproduces appropriately
he parametric trends reported in the literature, predicting an
ncrease in cell voltage (and therefore power output) for increas-
ng inlet methanol concentration, temperature, and methanol
ow rate. As illustrated in the inset of Fig. 3, this trend is reversed
t low current densities, when the cell voltage drop due to
ethanol crossover is larger for higher methanol concentration.
Fig. 3 also shows that, within the limitations of the present
odel, the main effect of increasing oxygen concentration in
he cathode by using pure oxygen (XO2,pure = 1) instead of air
XO2,air = 0.21) is to reduce the cathodic overpotential by a con-
tant amount, which can be estimated approximately from Eq.

w
t

s

ig. 3. Computed cell performance corresponding to T = 80 ◦C, Uin = 1 mm s−1, an
ndicated): polarization curve (upper left), power–current curve (lower left), average
lower right) as a function of cell current density. Cathode fluid: ambient pressure air
ower right plot represent fuel utilization at maximum power.
4 Air
8 Air
1 <CE:BOLD>O</CE:BOLD>2

27) as

ηc � − RT

αcF
log

XO2,pure

XO2,air
= − RT

αcF
log

1

0.21
= 0.0395V

(44)

t T = 353 K, independently of the cell current density. This
ffect rises the overall cell voltage, therefore increasing the cell
ower output, but does not affect the limiting current density,

hich in our simplified model is mainly determined by mass

ransport limitations at the anode.
The parasitic current due to cross-over predicted by the model

hows also values and trends similar to those reported in the lit-

d different methanol feed concentrations, Cm,in = 0.125, 0.25, 0.5, and 1 M (as
parasitic current density due to crossover (upper right), and fuel utilization %
(—), pure oxygen (– –) (shown only for Cm,in = 0.5 M). The solid dots in the
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Fig. 4. Computed cell performance corresponding to Cm,in = 0.5 M, Uin = 1 mm s−1, and different temperatures of operation, T = 25, 60, 70, 80, and 90 ◦ C (as
indicated). See caption of Fig. 3 for details.

Fig. 5. Computed cell performance corresponding to Cm,in = 0.5 M, T = 80 ◦C, and different methanol feed velocities, Uin = 0.5, 1, 2, 4, and 8 mm s−1 (as indicated).
See caption of Fig. 3 for details.
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rature [8,15]. Thus, the leakage current density decreases by
perating the fuel cell at low methanol concentrations and low
emperatures, and decreases almost linearly with cell current
ensity. The results also show a reduction in parasitic current for
ow methanol flow rates. It is worth noting that even at the mass
ransport limited current density the model predicts a notice-
ble (i.e. non-zero) cross-over current, which is always larger
han approximately 5% of the limiting current density (so that
Umax � 95%).

It is also interesting to note that the fuel utilization at maxi-
um power output, shown by solid dots in the lower right plot

f each figure, reaches always values between 80 and 90%.
hese values, which increase with temperature and decrease
ith feeding methanol concentration, are also in agreement with
reviously reported results [25].

.3. Methanol distribution in the anode

3D models constitute an excellent tool for exploring the spa-

ial distribution of reactants and current density in the fuel cell.
igs. 6 and 7 show the distribution of methanol for the refer-
nce case at various cross-sections along the anode channel,
t the channel symmetry plane, and at the anode gas diffu-

fl
T
o

ig. 6. Methanol concentration contours (mol m−3) at various cross-sections along th
o (a): V = 0.8 V, I = 0.4 mA cm−2, (b): V = 0.4 V, I = 85 mA cm−2, and (c): V =
00 mol m−3 (0.5 M), T = 80 ◦C, and Uin = 1 mm s−1. The shaded region represents
rces 171 (2007) 763–777

ion layer/catalyst interface, corresponding to three different cell
oltages: V = 0.8, 0.4 and 0 V. As expected, due to mass trans-
ort limitations the region below the current collector shows low
ethanol concentrations. Moreover, the methanol concentration

t the catalyst layer is seen to decrease noticeably when increas-
ng the cell current density, approaching a small – but finite –
alue at the limiting cell current density.

.4. Anode flow field and water management

All the flows simulated herein exhibit Reynolds numbers of
rder unity based on the channel depth, δc, and methanol feed
elocity, U, e.g., for the reference case Re = ρUδc/μ � 2.7.
he flow is therefore steady and hydrodynamically developed
ver the entire channel, except for a short entry region of char-
cteristic length δc 
 L. Moreover, the water lost through the
as diffusion layer/catalyst interface, due to both electroosmotic
rag and water consumption at the anodic reaction, reduces the
olumetric flow of water as it evolves downstream.
For illustrative purposes, Fig. 8 shows the streamlines of the
ow at the channel symmetry plane and porous backing layer.
he streamlines, obtained numerically, correspond to the same
perating conditions considered in the previous section, i.e. the

e anode channel (x = 10, 30, 50, and 70 mm, from left to right) corresponding
0 V, I = Imax = 119 mA cm−2. Results obtained for fixed values of Cm,in =
the anode gas diffusion layer.
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Fig. 7. Methanol concentration contours (mol m−3) at the channel symmetry
plane (upper plot) and gas diffusion layer/catalyst interface (lower plot) corre-
s
T
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Fig. 8. Streamlines of the flow at the channel symmetry plane corresponding
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ponding to the cases V = 0.8, 0.4, and 0 V shown in Fig. 6(a)–(c), respectively.
he shaded region represents the anode gas diffusion layer (upper plot), and the

egion below the rib (lower plot).

eference case operating at V = 0.8, 0.4 and 0 V. In the plots,
he shaded region represents the anode gas diffusion layer, while
he thick dashed line shows the dividing streamline separating
he fluid that exits the domain through the channel exit from that
ost through the catalyst layer.

As should be expected, the fraction of fluid that is lost through
he catalyst layer grows for increasing values of the cell current
ensity, I, or decreasing cell voltages, V—in particular, the sim-
lations reveal that about 6% of the inflow is lost for V = 0.4 V,

nd up to 10% for V = 0 V, i.e. at the cell limiting current den-
ity. For increasing values of the cell current density the diffusive
ransport of methanol through the porous layer becomes, there-
ore, more and more assisted by the convective transport of water

i
R
1
δ

o the cases V = 0.8, 0.4, and 0 V shown in Figs. 6(a)–(c), respectively. The
haded region represents the anode gas diffusion layer, and the thick dashed line
hows the dividing streamline.

owards the membrane, a mechanism that probably contributes
o sustain higher limiting current densities. The numerical results
eveal that the convective flow of water through the porous layer
lso contributes to the transverse transport of methanol to the
egion below the ribs, although this effect can not be seen in
ig. 8.

.5. Current density, methanol crossover, and fuel
tilization distributions in the anode catalyst layer

Fig. 9 shows the predicted distributions of current density,
ethanol crossover, and fuel utilization in the anode cata-

yst layer for the reference case, operating at V = 0.4 V, I =
5 mA/cm2. As a consequence of the uneven distribution of
ethanol at the catalyst layer, the reaction occurs mainly below

he gas channel, while the region below the current collector
emains relatively inactive due to the low values of the methanol
oncentration there. On the other hand, the high methanol con-
entrations imposed near the inlet by the feeding stream induce
igh cross-over currents there, which locally lowers the fuel
tilization.

.6. Experimental validation of the numerical model

To validate the mathematical model we performed a series
f simulations to compare the numerical results with the exper-
mental data reported by Sundmacher et al. [18]. During the
alidation, the geometric parameters were varied from those

n Table 1 so as to reproduce the experimental conditions in
ef. [18], namely: L = 3 × 10−2m, wac = 2 × 10−3m, wr =
× 10−3 m, δac = 2 × 10−3 m, δagdl = δcgdl = 0.3 × 10−3 m,

mem = 0.178 × 10−3 m. The operating conditions were also
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Fig. 9. Local distributions of the current density, i, methanol flux due to
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rossover, ip, and fuel utilization, i/(i + ip), at the anode catalyst layer for
he reference case, Cm,in = 500 mol m−3 (0.5 M), T = 80 ◦C, Uin = 1 mm s−1,
perating at V = 0.4 V, I = 85 mA cm−2.

hosen so as to reproduce those in Ref. [18], i.e. T = 343 K,
in = 0.54 mm/s, Pamb = 2.5 barg. The specific catalyst surface

rea, a = 2 × 104 m−1, and the kinetic parameter, λ = 1.25 ×
0−2 mol m−3, were also modified from the values shown in
able 1 in order to fit the experimental data.

Fig. 10 shows the experimental polarization curves given in

ef. [18] together with the numerical results provided by the
athematical model. As can be seen, the proposed model fits

atisfactorily the experimental data in the low current density

ig. 10. Comparison of the experimental results reported by Sundmacher et al.
18](symbols) and the results provided by the mathematical model (solid lines)
nder similar operating conditions, for different methanol feed concentrations:
�) 0.125 M; (�) 0.25 M; (©) 0.5 M; (♦) 2 M.
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egime, where the cell voltage is mainly determined by activation
olarization losses. However, multi-phase flow at both the anode
nd the cathode, which is not accounted for in this simplified
odel, may be partially responsible for the lack of quantita-

ive agreement between experimental and numerical results for
he high current densities reached for large methanol concentra-
ions (2 M). Note, however, that even for the highest methanol
eed concentrations the numerical results are very similar to
hose reported by Xu et al. [20] in the same parallel channel
onfiguration.

As a final remark, it is worth noting that the model results
lightly overpredict the cell voltage for near open circuit condi-
ions. The reason is that we are considering irreversible kinetic
aws for both the electro-oxidation of methanol at the anode, Eq.
30), and the reduction of oxygen at the cathode, Eq. (27), while,
ndeed, for sufficiently low current densities the reverse reactions
tart to play a role. Accordingly, we can not expect the model
o predict accurately open circuit voltages. A detailed account
n the modeling and operation of a DMFC under open-circuit
onditions can be found elsewhere [36,37].

. Conclusions

A novel 3D/1D, isothermal, single-phase model has been
eveloped for liquid-feed direct methanol fuel cells (DMFC).
he mathematical model accounts for several physicochemi-
al processes that limit the performance of DMFCs, namely
he 3D convective/diffusive transport of methanol in the anode
hannel and gas diffusion layer, the parasitic electro-oxidation
f methanol at the cathode due to methanol crossover, and the
omplex non-Tafel kinetics of methanol electro-oxidation at the
node, simulated using the kinetic model introduced by Mey-
rs and Newman [19]. Although this model has been previously
ismissed due to its complex non-linear nature [7], we were
ble to implement it in a computationally efficient way by using
ppropriate initial guesses based on asymptotic expansions.

When applied to the steady-state operation of a single cell
MFC with straight channels the model was able to predict
ethanol concentration distributions, polarization and power-

urrent curves, local current density profiles, local and total
ater crossover, as well as effects of inlet temperature, methanol

oncentration and methanol flow rate.
The mathematical model was solved using a commercial CFD

ackage, leading to polarization curves for different methanol
eed concentrations, temperatures and volumetric methanol flow
ate that are in agreement with the experimental results found in
he literature.

Further model improvements, including multi-species trans-
ort, multi-phase flow, electronic and protonic potentials, and
ater and heat management are worth future investigation to

mprove the predictive capabilities of the complex physicochem-
cal phenomena involved in liquid-feed DMFC.
cknowledgements
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ppendix. Asymptotic solution of the 1D model in the
imit of low methanol concentrations

The asymptotic solution to Eq. (42) in the limit Cm,acl → 0
s given by

m � Nmax
m − δacl(a i0)a κ

6Fλ2

×
[

6FCO2,ref

δccl(a i0)c CO2,amb

(
δacl(a i0)a κ

6Fλ
+ Deff

m,mem

δmem

)]αa/αb

×C2+(αa/αb)
m,acl exp

[
−αaF

RT
(Ecell − V )

]
(45)

here

max
m =

[
δacl(a i0)a κ

6Fλ
+ Deff

m,mem

δmem

]
Cm,acl

+
[
δacl(a i0)a κ

Fλ

Wwnw
d

ρw

]
C2

m,acl (46)

s the maximum molar flux of methanol that can be sustained
or a given methanol concentration. The expression for Nmax

m
as obtained by equating to zero the denominator of the frac-

ion inside the logarithm in Eq. (37). Notice that to reach the
aximum flux of methanol the cell may require the application

f negative voltages, which is impossible in practical devices
here V must be always positive.
Once Nmax

m is known, the deviation of the molar flux of
ethanol below its maximum value can be calculated by substi-

uting Nm = Nmax
m − Ψ in Eqs. (35)–(41) and expanding (42)

s an asymptotic series for small values of Ψ . The zeroth
rder term of the resulting expansion involves two logarithmic
ingularities, coming from (36) and (37), that must be coun-
erbalanced by Ψ . Imposing that the zeroth order term must
anish in order to kill the logarithmic singularities, we obtain
q. (45).

Finally from Eq. (35) we may write the local current density
or small methanol concentrations as i � 6FNm, with Nm given
y Eq. (45).
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