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Abstract

A one-dimensional rigorous process model of a single-cell direct methanol fuel cell (DMFC) is presented. Multi-component mass transport
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n the diffusion layers and the polymer electrolyte membrane (PEM) is described using the generalised Maxwell–Stefan (MS) eq
orous structures. In the PEM, also local swelling behaviour and non-idealities are accounted for by a Flory–Huggins model for th
f the mobile species inside the pores of the PEM. Phase equilibria between the pore liquid inside the PEM and those inside the p
atalyst layer are formulated based on literature data and activity models. Although two-phase behaviour in both diffusion layers is
he model shows good agreement to own experimental data over a wide range of operating conditions, with respect to methano
rossover fluxes as well as to current–voltage characteristics. Only for very low current densities and in the limiting current regime
eviations between model and experiments are found.
2005 Elsevier B.V. All rights reserved.
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Abbreviations:A, anode compartment (supply channel structure); AC,
node catalyst layer; ACP, polymer-phase within (AC); AD, anode diffu-
ion layer; BV, Butler–Volmer type rate expression (Table 1); C, cathode
ompartment (supply channel structure); CC, cathode catalyst layer; CCP,
olymer-phase within (CC); CD, cathode diffusion layer; dc, drag coeffi-
ient mass transport model (Table 1); dyn., dynamic (Table 1); DMFC, direct
ethanol fuel cell; eff., effective (Table 1); F, Fick diffusion model (Table 1);
, gas; irrev., irreversible (Table 1); l, liquid; M, membrane (PEM); MEA,
embrane electrode assembly (DMFC core component); MS, Maxwell–
tefan mass transport model (Table 1); NP, Nernst–Planck mass transport
odel (Table 1); PEM, polymer electrolyte membrane; PEMFC, polymer
lectrolyte membrane fuel cell; PTFE, polytetrafluoeethylene, TEFLON™;
cbm, standard cubic metre (m3 ideal gas atT = 25◦C, p = 1 bar); S,
chl̈ogl approach to convective mass transport (Table 1); SD, surface diffu-
ion mass transport model (Table 1); s.s., steady-state (Table 1); TD, ther-
odynamics (Table 1)
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K. Sundmacher).

1. Introduction

Since first direct methanol fuel cell (DMFC) systems
commercially available for special outdoor and professi
applications (e.g. from SmartFuelCell GmbH, Germany)
prospects of this type of fuel cell are gaining an even hi
interest in the consumer electronics industry. The first c
mercial systems prove the practical value and applicab
of the DMFC, but also the challenges still ahead. The
efficiencies and the power densities are still very low,
a reliable dynamic operation without a significant buffer
electrical energy (like e.g. a battery or a supercapacitor
not yet been reported.

The necessary improvements in DMFC performance
operation do not only place the demand for better ma
als, i.e. better catalysts and a polymer electrolyte memb
(PEM) less or even impermeable for methanol and w
but also for sophisticated controller designs. Only the
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Nomenclature

a activity (–)
a∗H2O water vapour activity (–)

AS cell cross-sectional area (m2)
Ai parameter in empirical correlations (–)
B transport matrix
B0 permeability coefficient (mm2)
Bi parameter in empirical correlations (–)
c molar concentration in fluid-phase (mol m−3)
c̃ molar pseudo-concentration w.r.t. total volume

(in porous structures only) (mol m−3)
Ci parameter in empirical correlations (–)
Cp mass-based heat capacity at constant pressure

(J kg−1K−1)
C̄p molar heat capacity at constant pressure

(J mol−1K−1)

RC̄p molar heat capacity change of reaction at con-

stant pressure (J mol−1K−1)
d thickness, diameter (m)
D diffusion coefficient (mm2 s−1)
Ð Maxwell–Stefan binary diffusion coefficient

(m2 s−1)
Di parameter in empirical correlations (–)
e enthalpy flux density (J m−2 s−1)
EA activation energy (J mol−1)
Ei parameter in empirical correlations (–)
F Faraday’s constant, F =

96485 A s mol−1(A s mol−1)

FG Gibbs energy of formation (from the elements)

(J mol−1)

RG Gibbs energy of reaction (J mol−1)
h specific enthalpy (J mol−1)

FH enthalpy of formation (from the elements)

(J mol−1)

RH reaction enthalpy (J mol−1)
i current density (A m−2)
j individual molar flux density (mol m−2 s−1)
k index for control volumes (discretised model)

(–)
Li friction terms (s m−2)
m mass flux density (kg m−2 s−1)
M mass (kg)
M̄ molar mass (kg mol−1)
n overall molar flux density (mol m−2 s−1)
N number of moles (mol)
N̂ mole density (loading, used only in polymer

material) (mol m−2)
NM,cu number of chain units between two polymer

cross-links (–)
p pressure (Pa)
psat saturation pressure (Pa)
P parachor (cm3 g0.25 s−0.5)

q heat flux density (due to thermal conduction)
(J m−2 s−1)

Q charge (C= As)
Q̂ charge density w.r.t. cross-sectional area

(C m−2)
Q̃ volumetric charge density w.r.t. total volume

(C m−3)
r reaction rate (mol m−3 s−1)
R ideal gas constant,R = 8.314 J mol−1 K−1

(J mol−1 K−1)
t time (s)
T temperature (K)
U voltage (V)
v velocity (m s−1)
V volume (m3)
V̄ molar volume (m3 mol−1)
(
∑
V̄ ∗) atomic diffusion volumes (cm3mol−1)

w mass fraction (–)
x mole fraction in liquid-phase (–)
y mole fraction in gas-phase (–)
z cell coordinate perpendicular to cell plane (m)
z∗ number of transferred electrons/single charges

(–)

Greek symbols
α heat transfer coefficient (W m−2 K−1)
αa, αc charge transfer coefficients (anodic, cathodic)

(–)
αVignes thermodynamic factor (Vignes method) (–)
α′ viscous selectivity factor (–)
κ ratio of specific heat capacities, chapter A.8 (–)
Γ volumetric charge production (C m−3 s−1)
ε volume fraction (pore volume fraction = poros-

ity) (–)
η overpotential (V)
ηvis dynamic viscosity (Pa s)
λ thermal conductivity coefficient (W m−1 K−1)
Λ relative water content in membrane (–)
µ chemical potential (J mol−1)
µvis kinematic viscosity (mm2 s−1)
ν stoichiometric coefficient (–)
ρ mass density (kg m−3)
τ tortuosity factor (–)
φ electrical potential (V)
χ non-ideality coefficient in Flory–Huggins ac-

tivity model (–)

Superscripts
A anode compartment (supply channel structure)
AC anode catalyst layer
ACP polymer phase within (AC)
AD anode diffusion layer
AF anode feed
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C cathode compartment (supply channel struc-
ture)

CC cathode catalyst layer
CCP polymer phase within (CC)
CD cathode diffusion layer
CF cathode feed
eff effective
M membrane (PEM)
vis viscosity
θ at standard conditions:T θ = 298 K,

pθ = 105 Pa

Subscripts
a anode
air air
BET BET surface
c cathode
carbon carbon material
cat catalyst
cat.layer catalyst layer
cell cell
cross crossover
cu polymer chain unit
CH3OH methanol
CO2 carbon dioxide
dry dry
eff effective
eq equilibrium
F feed
gas gas
(g) in gas state
graphite graphite material
H+ proton
H2O water
i counting index
j counting index
Joule Joule heating
liquid liquid
(l) in liquid state
M solid matrix in porous materials
N2 nitrogen
O2 oxygen
p at constant pressure
pores in pore(s)
P polymer
PTFE PTFE (polytetrafluorethylene, TEFLON™)
PTFE-treated Toray TORAY™ carbon paper, treated

with PTFE
sat saturated
sound sound
untreated Toray TORAY™ carbon paper, as supplied

by manufacturer
wet wet

ter could e.g. enable reliable dynamic operation with a min-
imised buffer for electrical energy, as long as no significantly
improved materials for the DMFC are available. Also, clever
control strategies could possibly enhance the power density
and thus the fuel efficiency[1].

Both tasks, material development as well as controller
design, can only be effectively addressed if realistic math-
ematical process models are available. In the field of fuel
cells in general, a number of publications address this topic,
but mainly in the area of hydrogen-fed polymer electrolyte
membrane fuel cells (PEMFC). For the liquid-fed DMFC (l-
DMFC) only a small number of mathematical models has
been published.Table 1shows a systematic comparison of
recent publications (since 1997) with respect to the key fea-
tures of mathematical fuel cell models. In the first column of
the table the respective reference numbers are given.

The second column ofTable 1shows whether the pre-
sented models are dynamic (dyn.) or steady-state (s.s.). Here
it becomes evident, that except for publications from our
group [1,2] (also including this paper), all published mod-
els are steady-state, i.e. they are used to predict steady-state
current voltage characteristics and concentration profiles.

The next block of seven columns presents the dimension-
ality of the models in the seven functional layers of a DMFC
(A = anode compartment/flow channels, AD = anode diffu-
sion layer, AC = anode catalyst layer, M = membrane/PEM,
C yer,
C ates
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C = cathode catalyst layer, CD = cathode diffusion la
= cathode compartment/flow channels). A blank indic

hat this part of the DMFC is not included in the model, a z
eans that this element is described by a lumped para
odel (usually as an ideally mixed-phase) and a “1” me

hat this element is modeled one-dimensional. In case o
ow channels (A,C) this usually means along the chan
hile for the inner layers of the DMFC this means perp
icular to the cell plane. One can see fromTable 1, that with
espect to the spatial model structure the different mo
ary significantly, depending on the focus of the respe
ork. A number of models does not account for the cath
ide gas transport to the cathode catalyst layer, assumin
ontribution not to be dominating for the respective opera
onditions[1,3–7,2]. The model to be presented in this w
overs all structural layers of the DMFC.

In the next two columns ofTable 1, the type of the applie
lectrode kinetic expressions is presented. In most l-DM
odels simple Tafel type rate expressions are applied,

ew papers use Butler–Volmer (BV) type expressions[1,5,2]
hich are also able to predict open-circuit overpotent
ome models even use more realistic, complex multi

eaction kinetics for the electrochemical methanol oxida
1,2,6,8–11].

The next two columns ofTable 1compare the descri
ion of the phase situation in the anode and cathode
tructures. It is well known that in the l-DMFC under a
iety of operating conditions, on the anode as well as on
athode side a liquid (l) and a gas (g) phase can coexis
he anode side this is due to the production of carbon d
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ide in the anode catalyst layer and the low solubility of this
gas in liquid water methanol solutions, especially at elevated
temperatures. Therefore, carbon dioxide bubbles are formed.
Whether this takes place within the porous catalyst and dif-
fusion layer structures or only within the flow channels is
still under discussion, but a variety of models assumes two-
phase flow inside the anode pore structure[4,5,8–13]. Inside
the cathode pore structure, product water may condense and
block the way for fresh oxygen. This phenomenon is usually
referred to as cathode flooding. Also here it is not fully clear,
whether such condensation can occur within the (usually hy-
drophobic) cathode diffusion layer, or only on the surface
of the diffusion layer inside the flow channels. Nonetheless,
such two-phase behaviour on the cathode side is covered by a
few models[8,12,13]. All other models assume pure liquid-
phase on the anode side, and pure gas-phase on the cathode
side of the l-DMFC.

A very important feature of each l-DMFC model are the
chosen mass transport descriptions in the anode and cathode
structures and inside the polymer electrolyte membrane. Sev-
eral types of mass transport models are applied. Simple Fick
diffusion models (F) and effective Fick models (eff.F) (us-
ing – usually experimentally determined – effective transport
coefficients instead of Fick diffusivities) do not account for
convective flow contributions[1,2,4,13,14]. Therefore, many
models feature Nernst–Planck (NP) mass transport expres-
s on-
v m
D lic
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m w
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c . An
a otic
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d ality
o flow
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t ent
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[ ses
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d ible
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e
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t ost
m side
l od-
ions, which combine Fick diffusion with a superposed c
ective flow[1–12,14]. The latter is usually calculated fro
arcy’s law using different formulations of the hydrau
ermeability coefficient. Instead of Darcy’s law, also so
odels use Schlögl’s formulation (S) for the convective flo

1,2,5,12]. This also accounts for electro-osmotic flow a
an thus also be used for mass transport inside the PEM
lternative, very simple way of incorporating electro-osm
ow in the membrane mass transport is applying so-c
rag coefficient models (dc) which assume a proportion
f the convective water and methanol flow to the proton

3,4,6,7,14]. The last popular type of mass transport desc
ion is the Maxwell–Stefan formulation for multi-compon
ixtures. But it is often only applied to gas-phase trans

8,12]. Only one model so far (except for this paper) u
his formulation also for (liquid-phase) mass transport
ide the PEM[9–11]. Rarely used for liquid flow are surfa
iffusion models (50), or models derived from irrevers

hermodynamics (irrev.TD)[8]. All mass transport mode
pplying effective transport coefficients and drag coeffici
F, eff.F, NP, S) usually only yield good approximations
xperimental data for a very limited range of operating
itions, unless the coefficients are formulated as functio

he operating conditions (most important is the tempera
ependence of all mass transport parameters).

The second last column ofTable 1presents, whether th
-DMFC models account for varying water contents ins
he PEM, i.e. the swelling behaviour of these materials. M
odels assume a fully hydrated PEM, as on the anode

iquid water as excess component is present. Only few m
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els skip this assumption. In one case[8] the water uptake of
the PEM is described by an empiric correlation (developed
from experimental data), in another[9–11] a thorough ther-
modynamic (TD) model is formulated based on change of
free Gibbs energy inside the PEM according to local water
content. Also in this paper, a thermodynamic model will be
presented to account for local PEM swelling.

Finally, the last column ofTable 1compares the published
l-DMFC models with respect to inclusion of energy balances.
Obviously all published models assume an isothermal cell
operation, therefore no energy balances are formulated. The
model to be presented in this paper is the first comprising a
full energy balance.

Summing up, in this work a one-dimensional model of
a l-DMFC will be presented, which is different from so-far
published models in several respects:

• The model is dynamic, allowing also to predict dynamic
operation (not presented in this paper).

• The model consequently uses a Maxwell–Stefan model
for all types of mass transport in all functional layers. This
enables to predict mass transport correctly for a vast range
of operating conditions (especially cell temperatures be-
tween ambient and 90◦C) with one single set of mass
transport parameters.

• Membrane water uptake and (local) swelling behaviour
vity

• ac-

• ures

•
• for

d in
w PEM
w riety
o 30 to
9

ruc-
t tails,
e lory–
H een
P l pa-
r al re-
s

2

fluxes
i and
a le to

influence all materials and structures within the DMFC. In
the following, the miniplant and the in-house DMFC design
will be shortly presented.

2.1. Applied in-house DMFC design

The experiments were carried out using a single cell
DMFC fed with air and liquid–methanol–water solutions. A
detailed description of the DMFC design can be found in
[15].

The identical anode and cathode monopolar plates are
made from graphite material (thickness 7 mm, material code
FU4369) supplied by Schunk Kohlenstofftechnik (Germany).
The necessary flowbed structures for the reactant distribution
over the MEA surface are millcut into the plates (Fig. 1). They
consist of parallel channels of 2 mm width and 2 mm depth,
with 1 mm wide ribs between them. A distributor (Fig. 1,
top) and collector channel (Fig. 1, bottom) connect the par-
allel channels to the inlet and outlet ports, respectively. The
media (air and methanol–water solution) are supplied in one
corner of the rectangular flowbed and leave at the opposite
corner (flow direction indicated inFig. 1). The flowbed itself
has the outer dimensions 65 mm× 40 mm, identical to the
catalyst layer on the MEAs, which leads to an active area of
AS = 26 cm2.

per
( and
2

are
p ich
t ique
r st
l )
p hey
H s%
r e
c talyst

F n in
fl

are accounted for by applying a Flory–Huggins acti
model.
Heat conduction and local heat production are fully
counted for by a complete energy balancing.

The mean simplifications of the model are:

Assumption of pure liquid-phase in the anode struct
and pure gas phase in the cathode structures.
No spatial discretisation of catalyst layers.
Application of Butler–Volmer type rate expressions
both electrode reactions.

To evaluate the model, experiments were performe
hich methanol and water crossover fluxes through the
ere measured (together with the cell voltage) under a va
f operating conditions (anode feed temperatures from
0◦C, full range of cell current densities).

In this paper, the focus will be on describing the st
ure of the model and presenting the results. More de
specially with respect to the mass transport and the F
uggins activity model of the PEM, phase equilibria betw
EM and the catalyst layers, the derivation of all mode

ameters, as well as a number of additional experiment
ults can be found in[15].

. Experiments

To be able to measure methanol and water crossover
n a DMFC, a fully automated miniplant was constructed
n own DMFC design was developed in order to be ab
As diffusion layers PTFE-coated TORAY carbon pa
TGP-H-060) is used, with a PTFE loading between 20
5 mass% with respect to the uncoated material.

Finally, the membrane electrode assemblies (MEA)
repared from NAFION™ N-105 membrane foil, onto wh

he catalyst layers are applied using an airbrush techn
efined by ZSW Ulm (Germany)[16]. The anode cataly
ayer features a catalyst loading of 5 mg cm−2 (unsupported
latinum ruthenium black (Alfa Aesar Johnson Matt
iSPEC™ 6000) and a NAFION™ content of 15 mas

elative to the metal loading (i.e. 0.75 mg cm−2). The cathod
atalyst layer has the same metal loading, but as ca

ig. 1. Photo of monopolar plate showing inlet, outlet and flow directio
owbed structure.
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(unsupported) platinum black is used (Alfa Aesar Johnson
Matthey HiSPEC™ 1000) and the NAFION™ content is
10 mass% relative to the metal loading (i.e. 0.5 mg cm−2).

The DMFC is completed by gold-plated copper plates as
current collectors and stainless steel plates for bracing the
whole sandwich structure. A torque of 5 Nm is exerted on
the screws, which hold together the steel back plates. After
assembly, each DMFC is conditioned and evaluated by oper-
ation with pure humidified hydrogen and air for three times
8 h, before it is operated on methanol solutions.

2.2. Experimental setup

For automated testing of DMFCs, a miniplant was de-
signed using the process control system PC-S7/WinCC by
Siemens. It enables automatic testing procedures, with a spe-
cial focus on dynamic operation.Fig. 2 shows a simplified
flowsheet of the miniplant. All details can be found in[15].

The DMFC cathode is supplied with dry air (dew point
∼3◦C) at flow rates between 0.4 and 5.0 scbm h−1 (mass
flow controller F101, type Mass6020 by Bürkert AG, Ger-
many) at cathode outlet pressures of ambient up to 5 bars
absolute (1.5 × 105 Pa). The air is pre-heated in a plate heat
exchanger (W101), air temperatures and pressures are mea-
sured at the cathode inlet and outlet. At the cathode outlet,

also the relative humidity of the air is measured (Q202, type
HygroClip IE by rotronic AG, Switzerland). Finally the cath-
ode exhaust air enters a condensor, where it is dried to reach a
dew point below 10◦C (condensate is collected). The dry air
is sent into a fume hood, while its oxygen and carbon diox-
ide contents are measured. The oxygen sensor (Q204) is a
paramagnetic sensor (PAROX 1000 H by MBE AG, Switzer-
land), while carbon dioxide is measured using an FT-IR-
sensor (Q203, type OEM-NDIR EGC-5% by Pewatron AG,
Switzerland).

On the DMFC anode side, a liquid recycle loop is installed.
It consists of two alternative cycles, one for methanol–water
solution and one for pure water. The purpose of this is to
enable a stepped or pulsed periodic operation of the DMFC,
where the anode feed is changed stepwise between methanol–
water solution and pure water automatically. Both branches of
the anode cycle feature vessels for pressure equilibration and
carbon dioxide removal (B1 and B2), gear pumps (P401 and
P402) and heat exchangers (W403 and W406). Flow rates
between 0.3 and 5 dm3 min−1 can be achieved. Automatic
valves (V403/V404 and V408/V409) enable a flexible and
practically immediate change between methanol–water so-
lution and pure water anode feed without causing significant
disturbances in liquid flow rate and pressure. The flow rate
is measured by a Coriolis-type sensor (F401, type MASS
Fig. 2. Flow sheet (simplified) of DMFC mini
plant with major components and sensors.



T. Schultz, K. Sundmacher / Journal of Power Sources 145 (2005) 435–462 441

2100 DI6 by Danfoss, Denmark). Like on the cathode side,
the medium temperature and pressure are measured at the
cell inlet and outlet. The methanol concentration of the an-
ode inlet medium is measured online using an ultrasound
sensor (Q401, type LiquiSonic30 by SensoTech GmbH, Ger-
many), based on the influence of the methanol concentra-
tion on the speed of sound in methanol–water solutions.
This sensor is used in a methanol concentration controller,
which as actuators uses two dosing pumps for pure methanol
(P351) and pure water (P301) (mzr-2905 by HNP Mikrosys-
teme, Germany). Methanol concentrations between 0 and
1.5 mol dm−3 can be detected and controlled. The flow rates
of the dosing pumps can be controlled in the range from 0.2
up to 18 cm3 min−1. To adjust the anode pressure and also
to strip off carbon dioxide, the recycle vessels are equipped
with a nitrogen purge/blanket. The anode pressure can be
controlled in the range between ambient and 5 bars abso-
lute (1.5 × 105 Pa). The liquid inlet temperature (which is
also the DMFC temperature due to the applied high flow
rates) can be controlled in the range between−20 and +90◦C
(253, . . . ,363 K).

The DMFC is electrically connected to a potentiostat
(HP60-50 by Wenking GmbH, Germany), which enables op-
eration of fuel cells from below 1 W up to 1 kW at a maximum
current of 50 A. Galvanostatic as well as potentiostatic op-
eration is possible, with the possibility to automatically run
u
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fl ents
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m and
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2.3. Performed experiments

The online balancing function of the miniplant allows to
measure the steady-state methanol and water crossover fluxes
through the PEM of the DMFC. These crossover fluxes (to-
gether with the current–voltage characteristics) were mea-
sured for a broad range of cell temperatures (30–90◦C) as
functions of the cell current density. The experimental results
are presented in chapter 4 (model validation) in comparison
to simulation data. All operating conditions are given there.

3. Model formulation

In this chapter, a dynamic model of a single cell DMFC
will be presented. This model represents the cross-sectional
structure of the DMFC, which is depicted inFig. 3. The model
is one-dimensional, perpendicular to the cross-sectional area
of the cell. All state variables are assumed to be constant in the
other two space coordinates. As can be seen inFig. 3, on this
level of decomposition the cell consists of seven sequentially
connected phases: anode and cathode compartments (i.e. the
flowbeds), both diffusion and catalyst layers and the PEM in
the middle.

3

ents,
a

•
• etc.)

• not
are

, comp
ser-defined load scenarios.
The array of sensors around the DMFC, i.e. potentio

ow rates, inlet and outlet concentrations of key compon
oxygen, methanol, water, carbon dioxide) enables full on
aterial balancing of these components. Assuming full

mmediate oxidation of crossover methanol on the cath
atalyst, from the sensor information also the methano
ater crossover fluxes from anode to cathode (i.e. thr

he PEM) can be calculated (for details see[15]).

Fig. 3. Schematic of DMFC layers
.1. Basic model assumptions

The basic model assumptions, which apply to all elem
re:

all gas phases obey the ideal gas law,
all inert gases (components of air, like nitrogen, argon
are merged to “nitrogen”,
in liquid phases nonideal mixing behaviour is
accounted for, variations of activity coefficients

onent mass fluxes and model structure.
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neglected due to the strong dilution of methanol in water
(this assumption is not valid in the PEM),

• in each element, only the existence of one thermodynamic
phase is assumed, i.e. on the anode side formation of
carbon dioxide bubbles is neglected, on the cathode
side the formation of a liquid-phase due to condensation
(so-called cathode flooding),

• all charge balances are quasi-stationary,
• electroneutrality is assumed in the PEM,
• and finally, ohmic losses other than in the PEM are

neglected.

To assume ideal gas behaviour seems justified, as the max-
imum system pressures do not exceed 5 bars (5× 105 Pa)
and the temperature range does not exceed 10, . . . ,90◦C
(283, . . . ,363 K). Also all components (methanol, water,
oxygen, carbon dioxide and nitrogen) have a low molecu-
lar weight.

The assumption of solely single-phase behaviour is the
major simplification of the model. Under a variety of prac-
tical operating conditions it has been observed, that liquid
water forms in the cathode compartment and gas bubbles of
carbon dioxide form in the anode compartment. The question
which phase situation is present within the porous diffusion
and catalyst layers, though, has not yet been answered satis-
factorily.
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tric potential fieldφ (V) (migration). On the right hand side
are two terms describing friction forces: the sum accounts for
the friction between speciesj and all other mobile speciesi
(x are mole fractions,n are flux densities in (mol m−2 s−1)),
and the second term represents friction between speciesj and
the (stationary) solid matrix (lower index “M”).

The most important parameters in this equation are the bi-
nary Maxwell–Stefan diffusion coefficients Ð (m2 s−1). The
lower indices denote the two respective species, an upper in-
dex “eff” means that this is an effective diffusion coefficient
taking into account the porosityε (–) and the tortuosityτ (–)
of the solid matrix, while those diffusion coefficients without
the index “eff” are valid for free space binary interactions.
For a more detailed treatment of the binary diffusion coef-
ficients refer toAppendix A.9. The other parameters of the
presented form of the generalised Maxwell–Stefan equations
are explained in the respective following sections and in the
list of symbols.

The modeling concept is based upon a finite volume
discretisation along only one spatial coordinatez. For finite
volume element simulations it is well known, that the simul-
taneous treatment of diffusive fluxes and convective flow can
lead to numerical problems if the viscous flow contribution
in relation to the overall mass transport is high. To prevent
such problems, the viscous flow term (term three on the left
hand side) of Eq.(1) is skipped and the Maxwell–Stefan
e es
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The final assumption that no ohmic drops are accou
or other than that in the PEM is based on the fact that all
ron conducting parts of the DMFC (bipolar plates, diffus
ayers, catalyst layers) are made from very good electron
ucting materials (graphite, noble metals), and that espe

he diffusion and catalyst layers are very thin, while hav
large contact area.

.2. Mass transport and balancing

For the description of mass transport in porous struct
he generalised Maxwell–Stefan approach is used, in th
ulation proposed by Krishna and Wesselingh[17,18]. It is
ased on a mechanical equilibrium between driving fo
cting on a speciesj and friction forces between this spec
nd all other speciesi around it:

cj

RT
∇T,pµj − cj

RT
V̄j∇p− α′

j

ÐjM
cj
B0

ηvis∇p− cjz∗j
F

RT
∇φ

=
∑
i�=j

xinj − xjni
Ðeff
ij

+ nj

Ðeff
jM

(1)

On the left hand side of Eq.(1) are four terms describin
he driving forces. Term one and two describe diffusive d
ng forces resulting from gradients in the chemical poten
j (J mol−1) (first term: at constant pressure, second te
ressure influence), term three is the driving force due
uperficial viscous flow resulting from a gradient in the t
ressurep (Pa) and the fourth term represents the electros

orce acting on charged species due to a gradient of the
quation is formulated only for the individual driving forc
cting on the speciesj (diffusion and migration)

cj

RT

(
∂µj

∂z

)
T,p

− cj

RT
V̄j
∂p

∂z
− cjzj F

RT

∂φ

∂z

=
∑
i�=j

xijj − xjji
Ðeff
ij

+ jj

Ðeff
jM

(2)

In Eq. (2) in the friction terms on the right hand side n
he overall flux densitiesnj appear but only the individu
ux densitiesjj.

The overall flux densities are then calculated from
ndividual flux densities and an additive term for the press
riven convective contribution:

j = jj + c̃jvp. (3)

ere not the molar concentration with respect to the
me of the fluid phase,c (mol m−3), is used, but a modifie
oncentration ˜c (mol m−3) with respect to the total volum

ncluding the porous matrix.vp is the convective velocit
m s−1), which is a function of the total pressure grad
ccording to Darcy’s law:

p = − B0

ηvis

∂p

∂z
. (4)

he parameters are the dynamic viscosityηvis (Pa s) of the
ixture and the hydraulic permeability coefficientB0 (m2).
he latter has to be determined experimentally, but for s
imple geometries correlations are known. The simplest



T. Schultz, K. Sundmacher / Journal of Power Sources 145 (2005) 435–462 443

is the flow through parallel straight tubular pores (Poiseuille
flow):

B0 = d2
pore

32
. (5)

In the following, this (simplifying) approach will be used.
In the implementation of the transport equations for a spa-

tially discretised model, an upwind scheme is used which
always uses the “upwind” concentrations, i.e. the concen-
trations in the left or the right neighbouring control vol-
ume depending on the direction of the convective flux,
to calculate the convective contribution to the molar flux
densities.

Using the overall flux densities, the general form of the
component mass balances is

∂cj

∂t
= −∂nj

∂z
+
∑
k

(rk · νj,k) (6)

with the reaction ratesrk of all occurring (electro-) chemical
reactions (mol m−3 s−1) and the stoichiometric coefficients
νj,k (–) of componenti in reactionk.

Finally a total mass balance can be formulated based on
the continuity equation:

∂ρ = − ∂
(ρv) (7)
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3.3. Energy transport and balancing

Within the DMFC, not only a variety of different mass
transport phenomena occur simultaneously. The same is true
for energy transport and production. As the DMFC consists
of porous layers in which mobile species are transported, en-
ergy transport can take place both due to transport bound to
the moving species and thermal conduction. The latter takes
place in the mobile phase as well as in the stationary solid
matrices in the different layers. Additionally, chemical and
electrochemical reactions take place in the catalyst layers
(AC) and (CC), and finally within the membrane (M) a spa-
tially distributed heat production, Joule heating, occurs, due
to the transport of charged species in an electric field.

To get a most simple model description of all these phe-
nomena, it makes sense to formulate two independent energy
flux densities: enthalpy flux densities

e =
∑
j

ej =
∑
j

njhj(T ) (12)

(J m−2 s−1), which are coupled to the mass flux densities
nj (mol m−2 s−1) of the mobile species and their specific
enthalpieshj (J mol−1), and heat flux densities

q = −λeff ∂T (13)
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hereρ (kg m−3) is the fluid mixture density andv (m s−1)
s the mean (superficial) mixture velocity. For compress
uids the relation between pressure and density at con
ntropy (which is the case for moderate pressures as ty

or DMFC operation) is given by

∂p

∂ρ

)
S

= v2
sound (8)

herevsound(m s−1) is the speed of sound in the fluid (s
ppendix A) andp (Pa) is the local pressure.
Finally, the product of mean mixture density and m

elocity is the total mass flux density (kg m−2 s−1):

tot = ρv (9)

Combining Eqs.(7)–(9)one can formulate the total ma
alance in terms of the pressure as variable, and its
erivative as a function of the total mass flux density:

∂p

∂t
= −v2

sound
∂mtot

∂z
. (10)

In the simulation, the total mass flux density is c
ulated simply as the sum of the component mass
ensities, which in turn are the products of the m
ux densities and the respective molecular weightsM̄j
kg mol−1):

tot =
∑
j

njM̄j. (11)
∂z

J m−2 s−1) due to thermal conduction (Fourier law).
In Eq. (13) λeff (W m−1 K−1) stands for the local effe

ive thermal conductivity coefficient. The upper index “e
enotes that it is dealt with a mixture of a fluid and a so
hase, which both contribute to the thermal conduction.
ffective thermal conductivity has to be calculated from

hermal conductivities of both phases taking into acc
heir volume fractions. These calculations can be foun
ppendix C.
The specific enthalpies of the mobile species are c

ated from the specific enthalpies of formation,
FHj, and
he mean heat capacitiesCp,j:

j = 
FH
θ
j +

∫ T

T θ
Cp,j(T ) dT ≈ 
FH

θ
j + (T − T θ) · Cp,j

(14)

By using enthalpy fluxes, all heats of reactions are
ounted for automatically without the need for a heat
uction term in the energy balances of the respective DM

ayers.
Finally, Joule heatingeJoule(W m−3) due to charge tran

ort is described by the general equation

Joule= i ∂φ
∂z
, (15)

W m−3). It is always positive and independent of the dir
ion of the charge flux.
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Combining all three energy flux densities yields the gen-
eral energy balance:

∂T

∂t
= 1

(ρ̃cp)

[
−∂e
∂z

− ∂q

∂z
+ eJoule

]
. (16)

The local effective volumetric heat capacities (̃ρcp) are
caclulated from the local porosities, concentrations and heat
capacities of the present components. The calculation is pre-
sented inAppendix D.

3.4. Charge transport and balancing

Charge transport in the DMFC is bound to protons within
the membrane material (proton conductor) and electrons
in the electrical circuit (electron conductor). Therefore, the
charge flux densityi (A m−2) within the proton conductor is
coupled to the molar flux density of protons by Faradays law
(z∗ = number of single charges exchanged per molecule):

i = z∗H+FnH+ = FnH+ . (17)

Charge production/consumption due to electrochemical
reactions is similarly linked to the reaction rates with respect
to the pore volume,rk (mol m−3 s−1), of the respective elec-
trochemical reactions (as function of the respective overpo-
tentialη (V)):
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In the PEM no charge production occurs and local elec-
troneutrality is assumed, therefore one ends up with the quasi-
stationary charge balance:

0 = −∂i
M

∂z
. (22)

3.5. Overpotentials and cell voltage

For the formulation of rate equations for the electrochem-
ical electrode reactions, one needs a definition for the elec-
trode overpotentials, which is given by:

η = 
φ −
φθi=0 (23)

The overpotentialsη (V) are defined as the difference be-
tween the real electrode potential
φ (V) (w.r.t. standard hy-
drogen electrode) and that at open circuit condition (i.e. no
cell current,i = 0) and thermodynamic standard conditions
(pressure 105 Pa, temperature 298 K, all reactants activities
equal one, upper indexθ). For the DMFC the following values
can be found in the literature:

Anodic methanol oxidation:


φθa,i=0 = 0.02 V (24)

Cathodic oxygen reduction:
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In both, the membrane and the catalyst layers, charg
nces have to be formulated accounting for the outer el
al cell current densityicell (A m−2) as well as for the abov
entioned current densities resulting from proton flux in
embrane and the charge production in both catalyst la
he general form of the charge balances is

∂Q̃

∂t
= − ∂i

∂z
+ Γ (η) (19)

hereQ̃ is the volumetric charge density (C m−3) andΓ
s the volumetric charge production (C m−3 s−1) by electro-
hemical reactions:

(η) =
∑
k

ik(η). (20)

Simplifyingly it is assumed that the charge balances
ast compared to all other balances (material and en
hich leads to quasi-stationary formulations. In the cata

ayers, when balancing the electrons, only the charge fl
r from the adjacent diffusion layer (electron conductor)
urs, which is the cell current densityicell. Within the catalys
ayers electrons are produced or consumed by the ele
hemical reactions as described above. Therefore, the
uasi-stationary charge balances have the form:

= icell −
∑
k

ik(η). (21)
φc,i=0 = 1.23V (25)

Then the cell voltage can be calculated from the rever
pen circuit cell voltage at the above mentioned standard
itions (Uθcell,i=0 ≈ 1.21V), the anode and cathode over

entials,ηa andηc (V), respectively, and the Ohmic loss
ithin the membrane represented by the total differenc

he polymer-phase electrical potentials
φM (V):

cell = Uθcell,i=0 − ηa + ηc −
φM . (26)

.6. Anode compartment (A)

The anode compartment is assumed to be a spatially
entrated phase element (ideally mixed, CSTR behav
t has one inlet (feed, index AF) and one outlet, and
onnected to the anode diffusion layer (AD). Fresh w
ethanol solution is fed at the inlet, with a supposedly

ow carbon dioxide content. Methanol and water are tr
orted through the anode diffusion layer towards the a
atalyst, while produced carbon dioxide is transporte
he opposite direction to leave the diffusion layer into (
nd on this way being removed through the anode o
seeFig. 3). The material balances are:

dcAj
dt

= 1

VA (FAFcAF
j − FAcAj + ASnAD

j (zAD = 0))

≈ 1

VA (FAF(cAF
j − cAj ) + ASnAD

j (zAD = 0)) (27)

ith j = H2O, CH3OH, CO2. In Eq. (27) FAF is the feed
olume flow rate (m3 s−1), VA is the total volume of th
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channels (m3),cAF
j are the feed concentrations (mol m−3) and

FA is the outlet volume flow rate (m3 s−1). The difference
between the two flow ratesFAF andFA can be assumed to be
small, therefore it is neglected which results in the simplified
formulation given in the second line of Eq.(27).

The anode pressurepA as well as the temperatureTA

are given as input parameters which are known from the ex-
periments. Therefore, no total mass and energy balances are
formulated here.

3.7. Cathode compartment (C)

The cathode compartment’s structure is similar to that of
the anode compartment. The inlet is fed with air with the com-
ponents oxygen, nitrogen (including all other inert gases),
water and carbon dioxide. Oxygen enters the cathode diffu-
sion layer (CD) while water and carbon dioxide produced
in the cathode catalyst layer (CC) are transported out of the
DMFC (seeFig. 3)

The material balances are:

dcCj
dt

= 1

VC (FCFcCF
j − FCcCj + ASnCD

j (zCD = dCD)) (28)

with j = N2, O2, H2O, CO2.
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It is assumed that the complete pore space is filled with
liquid methanol–water solution and soluted carbon dioxide.
Formation of a gas phase from carbon dioxide is neglected
(see assumptions in Section3.1).

For the three species water (H2O), methanol (CH3OH)
and carbon dioxide (CO2), the material balances (formulated
in molar concentrations) are:

∂cAD
j

∂t
= − 1

εAD
pores

∂nAD
j

∂z
(30)

with j = H2O, CH3OH, CO2
The total mass balance, analogue to Eq.(10), is given by

∂pAD

∂t
= −(vAD

sound)
2∂m

AD
tot

∂z
. (31)

Finally, the energy balance is

∂TAD

∂t
= − 1

((̃ρcp))AD

(
∂eAD

∂z
+ ∂qAD

∂z

)
, (32)

analogue to Eq.(16), but Joule heating due to electron trans-
port is neglected as the Ohmic resistance (and therefore the
electric potential gradient) in the carbon paper can be as-
sumed to be negligible.

In Eq.(32)the molar mixture heat capacity (̃ρcp)AD is ap-
proximated by the value for pure water (seeAppendix D).eAD
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HereF is the feed volume flow rate (ms ), V is
he total volume of the channels (m3), cCF

j are the feed con

entrations (mol m−3) andFC is the outlet volume flow rat
m3 s−1). The latter can be calculated from the inlet flow r
nd the molar fluxes exchanged with the diffusion layer (
quasi-stationary total material balance):

C = FCF + RTC

pC AS
∑
j

nCD
j (zCD = dCD) (29)

ith j = N2, O2, H2O, CO2.
The cathode pressurepC as well as the gas and the bipo

late temperatures,TC andTC
carbon, respectively (explanatio

or two temperatures in Section3.9), are input paramete
nown from experiments. Therefore, as in (A), no ene
nd no total mass balances are necessary.

.8. Anode diffusion layer (AD)

The anode diffusion layer connects the anode com
ent (A) and the anode catalyst layer (AC) (seeFig. 3). It con-

ists of a chemically inert carbon fibre material coated
certain amount of PTFE (20–25 wt.%). It supplies ed

methanol and water) to the anode catalyst and remove
arbon dioxide from there. It also collects the electrons f
he anode reaction and ensures good electric contact
he bipolar plate (current collector). All fluxes are assu
o occur only perpendicular to the surface plane (i.e.z-
irection). Data about porosity and other physical param
re given inAppendix B.
epresents the sum of the enthalpy flux densities conn
ith the material fluxes andqAD is the heat flux density du

o thermal conduction in the liquid mixture and the pore w
carbon fibres).

For constant activity coefficients and pure liquid-phase
axwell–Stefan mass transport equation, Eq.(2). simplifies

o:

cAD
tot

∂xAD
j

∂z
=
∑
i�=j

xAD
i jAD

j − xAD
j jAD

i

ÐAD,eff
ij

+ jAD
j

ÐAD ,eff
jM

(33)

ith j = H2O, CH3OH, CO2.
The total concentrationcAD

tot (mol m−3) is the sum of al
pecies concentrations:

AD
tot =

∑
j

cAD
j (34)

ith j = H2O, CH3OH, CO2
As demonstrated by Krishna and Wesselingh[18], this

ux-implicit set of transport equations can be transforme
et explicit formulations for the flux densities:

jAD) = −cAD
tot [BAD]−1∇(xAD) (35)

here the elements of the transport matrix [BAD] are:

iagonal elements :BAD
ii = 1

ÐAD,eff
iM

+
∑
k �=i

xAD
k

ÐAD,eff
ik

, (36)

ll other elements :BAD
ij(i�=j) = − xAD

i

ÐAD,eff
ij

. (37)
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Pressure-driven convective transport is described sepa-
rately by adding a term to the diffusion flux densities to get
the overall molar flux densitiesnAD

j (mol m−2 s−1), analogue
to Eq.(3):

nAD
j = jAD

j + c̃AD
j vAD

p (38)

with j = H2O, CH3OH, CO2.
The convective velocityvAD

p (m s−1) is calculated as pre-
sented in Section3.2(Eqs.(4) and (5)). As the carbon dioxide
and methanol concentrations in the liquid mixture in (AD) are
small compared to the water concentration, for the dynamic
viscosity as function of local temperature and pressure a cor-
relation for pure water is used (calculation seeAppendix A.5).

The binary diffusion coefficients related to species-species
interaction were determined from literature correlations (see
Appendix A.9). The binary diffusion coefficients related to
species–matrix interaction are unknown. But for liquid-phase
transport in large pores (in the diffusion layers the pore
diameters are in the order of 10–100�m) species–matrix
interactions are small compared to the species–species
interactions for diffusive transport. But simply skipping the
terms with the species–matrix binary diffusion coefficients
in Eq. (36) leads to numerical problems, as the resulting
transport matrix [BAD] can not be inverted by MatLab due to
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(40)

with j = N2, O2, H2O, CO2; wherejCD
j are the diffusive

mass flux densities in (mol m−2 s−1) andyCD
j are the gas

mole fractions.
The binary diffusion coefficients can be easily and quite

reliably derived from several correlations (seeAppendix A.9)
or alternatively from the kinetic gas theory. The species–
matrix diffusion coefficients are calculated using the equation
for Knudsen diffusion:

ÐCD,eff
jM = εCD

pores

τCD

dCD
pore

3

√
8RTCD

πM̄j
(41)

with j = N2, O2, H2O, CO2.
In Eq.(41)M̄j are the molecular weights (kg mol−1) and

dCD
pore (m) is the mean pore diameter in the matrix.

The mass flux densities can be obtained from the transport
equations following the same numerical method as described
for (AD). Also the calculation of the total mass, enthalpy and
heat flux densities is analogous. Only one major difference to
the anode side has to be accounted for. On the anode side, a
liquid mixture (mainly water) is pumped through the channels
of (A). Due to the high heat capacity of water and the rela-
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i at 30–
3 arly
t -
s h low
r r gas-
k ore,
o unted
f ture,
w
a
t ux)
b e ac-
c e cal-
c f the
s ough
ll conditioning (too close to singular). Therefore, the val
or the binary species–matrix diffusion coefficients w
et to values which are three orders of magnitude h
han those of the species–species interactions. Thu
umerical problem were solved while the influence of
all friction on the individual flux densitiesjAD

jF become
egligible.

The total mass flux densities, enthalpy flux densities
onductive heat flux densities are calculated as describ
ections3.2 and 3.3

.9. Cathode diffusion layer (CD)

Material and energy balances are formulated analog
AD). The mobile species are oxygen (O2), nitrogen (N2),
ater (H2O) and carbon dioxide (CO2).
The major difference to (AD) results from the fact, t

ere the mixture is an ideal gas and not a liquid. There
o total mass balance is needed and the local total pre
CD is given by the sum of the local partial pressurespCD

j

Pa):

CD =
∑
j

pCD
j = RTCD

∑
j

cCD
j (39)

ith j = N2, O2, H2O, CO2.
For diffusive one-dimensional mass transport in a mix

f ideal gases, the Maxwell–Stefan Eq.(2) simplifies to:
ively high heat transfer coefficients between the liquid m
ure and the channel walls, a uniform temperatureTA can be
ssumed. On the cathode side the situation is totally diff

n this respect, as the gas mixture has a heat capacity o

ρcp)air ≈ 1.3
kg

m3 · 1010
J

kg K
≈ 1300

J

m3 K
(42)

hich is negligible compared to that of the bipolar plate

ρcp)graphite≈ 2000
kg

m3 · 711
J

kg K
≈ 1.422· 106 J

m3 K
.

(43)

The effect of this situation, observed in the experime
s that the air pumped through the cathode bipolar p
hanges its temperature only marginally (around 1–2 K m
mum, see also basic model assumptions) and remains
5◦C, while the temperature of the bipolar plate is ne

he same as that on the anode side (up to 90◦C in the pre
ented experiments). Thermal energy is transported wit
esistance through the planar contact areas at the oute
ets and through the solid materials of the MEA. Theref
n the cathode side, two temperatures have to be acco

or as boundary/operating conditions: The gas tempera
hich nearly equals the feed temperatureTC (simplifyingly
ssumed to be equal), and the solid temperatureTC

carbon. For
he calculation of the enthalpy flux (convective heat fl
etween (CD) and (C), the gas temperatures have to b
ounted for, as the gases are the mobile species. For th
ulation of the conductive heat flux, the temperatures o
olid matrices have to be used, as thermal conduction thr
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the gas-phase can be neglected in comparison to that through
the solid materials.

But this distinction is only necessary for the energy fluxes
between (CD) and (C). Within the diffusion layer (CD) still
a uniform temperature valid for gas and solid matrix can be
assumed, as here the flow velocity is some orders of magni-
tude lower as in the gas channels of (C) and due to the small
pore diameters and high pore tortuosity an intense heat ex-
change between gas and solid can be expected. Therefore, the
temperature can also be expected to show only a slight slope
within (CD), whereas at the interface between (CD) and the
gas channels in (C) it can change dramatically, depending on
the cathode and anode feed temperatures.

3.10. Membrane electrode assembly

The MEA consists of the polymer electrolyte membrane
(M) and the anode and cathode catalyst layers (AD) and
(CD), respectively. These three layers are highly inter-
connected by the proton-conducting membrane material
content within the catalyst layers, therefore they can not be
treated separately. Strains of polymer material are running
through the catalyst layers, connecting catalyst particles to
the membrane on the ionic conductor level. These strains
not only form an ionic connection for mobile protons to the
m can
e N™
t bran
i xide,
o fact
t fluid
o nd
m ting
t

cat-
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In Eq.(44)for the polymer material the lower index “M” is
used. For each pair of species, a non-ideality parameterχj,i is
required. Crosslinking of the polymer material is accounted
for in the last term on the right hand side:NM,cu is the num-
ber of sequential single polymer chain units (i.e. monomer
units) within the main polymer chain between two cross-
links, V̄M,cu is the molar volume of such a single chain unit
in (m3 mol−1). As the molar volume of the polymer is some
orders of magnitude higher than those of the mobile species,
the term (1− V̄j/V̄i) is approximately 1. In the following,
three species are accounted for: The polymer backbone, wa-
ter and methanol. Therefore, three non-ideality parameters
are needed, which were determined from swelling experi-
ments[15] as

χH2O,M = 0.7177, χCH3OH,M = 0.1348 andχH2O,CH3OH = 1.3.

The protons, strictly speaking, are also a mobile species,
but they are treated separately, as will be presented later.

The anode phase equilibrium for water and methanol,
obtained from a dynamic mass balance model using both,
UNIFAC and Flory–Huggins activity models, can be ap-
proximated by the following fitting functions for (AC) pore
methanol mole fractions below 0.03 (i.e. typical operation
range of a DMFC)[15]:

ε

ε

Ac-
t is
s in the
F olar
v ature
f

ated
f ath-
o n the
p ation
o from
t r
c ed
s

Λ

a ned
a

a

embrane (M), but also with respect to all species which
nter the pores within this material. In the case of NAFIO

hese species are water and methanol, whereas the mem
s assumed to be impermeable for all gases (carbon dio
xygen, nitrogen). This assumption is justified by the

hat the maximum content of these gases in the pore
f the membrane is limited by their solubility in water (a
ethanol), which is very low, especially at high opera

emperatures.
As the pore volume of the polymer-phase within the

lyst layers is small compared to its surface open to the
ores within the catalyst layers, it will be furthermore
umed that, at this interface between the catalyst layer
he membrane, phase equilibrium is always established

On the anode side, the phase equilibrium can be desc
pplying a UNIFAC activity model[19] for the liquid in

he free pores of (AC), and a Flory–Huggins activity mo
17,20]for the liquid inside the polymer-phase (for a deta
escription see[15]). In the latter, the activity of a speciej

s given as a function of the volume fractionsεj of all mo-
ile species and the polymer backbone, treating the pol
ackbone and the mobile species as a liquid mixture (ty
olymers are undercooled liquids):

j = εj exp

∑
i�=j

[(
1 − V̄j

V̄i

)
εi + χj,iε2i

]

+ V̄j

2 ·NM,cu · V̄M,cu
ε

1/3
M

 . (44)
e
ACP
CH3OH = 25.4831· (xAC

CH3OH)3 + 4.2821· (xAC
CH3OH)2

+ 1.6354· xAC
CH3OH (45)

ACP
H2O = −104.9956· (xAC

CH3OH)3 + 20.9052· (xAC
CH3OH)2

+ 2.6349· xAC
CH3OH + 0.4601 (46)

The temperature influence was found to be negligible:
ivity coefficients predicted from the UNIFAC model for th
ystem show only a weak temperature dependence, and
lory–Huggins model temperature influences only the m
olumes, which are also nearly independent of temper
or liquids.

A second phase equilibrium model has to be formul
or the interface between the membrane (M) and the c
de catalyst layer (CC) pores. Here it is assumed, that i
ores of (CC) a gas-phase is predominant (i.e. condens
f water is neglected). Experimental data are available

he literature (e.g.[21,22]) for the equilibrium relative wate
ontent of NAFION™ (with respect to the number of fix
ulfonic acid groups –SO3−):

M = NM
H2O

NR−SO3
−
. (47)

s function of the “water vapour activity” (ideal gas, defi
s in the references[21,22]):

∗
H2O(g) = pH2O

psat
H2O(T )

. (48)



448 T. Schultz, K. Sundmacher / Journal of Power Sources 145 (2005) 435–462

It is possible to fit a polynomial to these data describing
the phase equilibrium here[15]:

ΛCCP = 28.5 · (a∗,CC
H2O(g) − 0.35)3

+ 5 · (a∗,CC
H2O(g) − 0.35)+ 3 (49)

with

a
∗,CC
H2O(g) = pCC

H2O

psat
H2O(TCC)

. (50)

Finally some attention is paid to viscous flow in the mem-
brane material. As the pores within NAFION™ are extremely
small (in the range of a few nanometers) the question arises
whether small pressure differences over the DMFC (typically
maximum 2 bars) can lead to a significant viscous flow con-
tribution. This question can be addressed by some simple
calculations[15]. The outcome is, that a pressure difference
of roughly
pM ≈ 25 bars would be required to obtain water
crossover fluxes of the order of magnitude, which was ob-
served in the experiments. As in real DMFC operation the
maximum pressure differences do not exceed 1–2 bars, one
can conclude that viscous flow can only contribute a few per-
cent to the measured membrane crossover fluxes. Therefore,
it is justified to neglect pressure-driven flow in the membrane
model.

3
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and is not changing significantly. Due to the very complex
reaction mechanism this rate equation can of course be only a
first approach. More realistic models of the reaction kinetics
have to account for methanol oxidation reaction intermedi-
ates and adsorption and desorption phenomena on the binary
anode catalyst. Such more detailed kinetic models were e.g.
proposed in[1,2], but the number of free model parameters to
be determined is considerable, as is the increase in required
computation time.

The concentrations of water and methanol in the polymer-
phase within (A) (denoted as ACP) are calculated assuming
phase equilibrium with the pores in (AC), as described above
(Section3.10).

The total mass balance in (AC) is given by

dpAC

dt
= −v

2
sound

dAC

(
mM

tot(z
M = 0) −mtot(z

AD = dAD)
)

(54)

As the cell is operated galvanostatically (i.e. the cell cur-
rent densityicell is a known operating parameter), the charge
balance can be formulated quasi-stationary:

0 = icell − iM(zM = 0). (55)

Due to the quasi-stationarity of the charge balance, the
mass and charge balances are not coupled. Therefore, the
c s
o
k

i

t y re-
c

een
( ted
f

3
ted

b . The
m arbon
d

w
en

r direct
m

.10.1. Anode catalyst layer (AC)
In the anode catalyst layer one finds several phases w

re highly interconnected: free pores, polymer-phase
lectron conductor. Water, methanol and carbon dioxid

he mobile species within the free pores. The catalyst la
re modelled as concentrated parameter systems. The s
ass balances of (AC) are given by:

dcAC
j

dt
= nAD

j (zAD = dAD) − nM
j (zM = 0)

εAC
poresd

AC + νa,j ra (51)

ith j = H2O, CH3OH, CO2 and the stoichiometric coef
ients of the anodic electrochemical methanol oxidation

a,CH3OH = −1 νa,H2O = −1

a,CO2 = +1 νa,H+ = +6 (52)

The rate of the electrochemical methanol oxidation is
ulated as a Butler–Volmer equation:

a = ka

[
xAC

CH3OH exp

(
αa6F

RTAC ηa

)
− xAC

CO2
exp

(
− (1 − αa)6F

RTAC ηa

)]
. (53)

In Eq. (53) ka is the rate constant (mol m−3 s−1) (value
or simulation:ka = 6 × 10−3 mol m−3 s−1),αa is the charg
ransfer coefficient (set toαa = 0.1) andηa is the anode ove
otential (V). The water mole fraction is not included in
53)due to the fact that it can be assumed to be close to
s

urrent density of the anodic reaction,ia, expressed in term
f the anodic rate expression, Eq.(53), is identical to the
nown cell current density:

a = dAC · εAC
pores· 6 · F · ra(ηa) = icell. (56)

From Eq.(56) and the anodic rate expression, Eq.(53),
he anode overpotential can be calculated numerically b
ursion.

Finally, the energy flux densities at the interfaces betw
AC) and (AD) and (AC) and (M), respectively, are accoun
or in the energy balance of (AC):

dtAC

dt
= −

((eM(zM = 0) − eAD(zAD = dAD))

+ (
qM(zM = 0) − qAD(zAD = dAD)

)
)

(ρ̃cp)ACdAC . (57)

.10.2. Cathode catalyst layer (CC)
Very similar to (AC) also in (CC) spatially concentra

alances for mass, charge and energy are formulated
ass balances for oxygen, nitrogen, water vapour and c
ioxide in terms of molar concentrations are:

dcCC
j

dt
= nM

j (zM = dM) − nCD
j (zM = 0)

εCC
poresd

CC

+ νc,jrc + νcross,j rcross (58)

ith j = N2, O2, H2O, CO2
In Eq. (58) not only the desired electrochemical oxyg

eduction has to be accounted for, but also the undesired
ethanol oxidation:
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(a) Oxygen reduction (consumes H+ and e−):

1.5 O2 + 6H+ + 6e− → 3H2O (59)

(b) Methanol oxidation (produces H+ and e−):

CH3OH + 0.5O2 → CO2 + 4H+ + 4e− (60)

The stoichiometric coefficients of these reactions are

νc,O2 = −1.5 νc,N2 = 0 νc,H2O = +3

νc,CO2 = 0 νc,H+ = −6

and

νcross,O2 = −0.5 νcross,N2 = 0 νcross,H2O = 0

νcross,CO2 = +1 νcross,H+ = +4.

It is known that the reaction mechanism of the electro-
chemical oxygen reduction is complicated with several pos-
sible intermediates. However, as in (AC), in order to keep the
number of unknown parameters small, again a Butler–Volmer
type equation is applied:

rc = kc

( pCC
O2

105 Pa

)1.5

exp

(
− αc6F

RTCCηc

)
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As at the cathode two electrochemical reactions take place
simultaneously (oxygen reduction with the charge production
raterc, and methanol oxidation with the charge production
ratercross), a charge balance has to be formulated either for
the electron or the proton conductor-phase. For the electron
conductor phase this quasi-stationary charge balance is given
by:

0 = icell + (icross+ ic). (65)

In Eq. (65) the current density of the cathode oxygen re-
duction reaction is given by

ic = dCCεCC
pores6Frc (66)

(6 exchanged electrons per net reaction) and the current den-
sity of the oxidation of crossover methanol analogous by

icross= dCCεCC
pores4Frcross. (67)

(4 exchanged electrons per net reaction). From Eqs.(65)–
(67) together with the cathode rate expression, Eq.(61), the
cathode overpotentialηc can be determined numerically in a
recursion, similar to the anode overpotential.

Finally, analogue to (AC), the energy balance for (CC) is
formulated as:

((eCD(zCD = 0) − eM(zM = dM))

3
like

t for
w

w
phe-

n con-
s local
w t
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b at
r r con-
d dif-
f sses
a ass
b nstant
o tion
m rea of
t
a
a

N

− exp − (1 − αc)6F

RTCC ηc  . (61)

In Eq. (61) kc is the rate constant (mol m−3 s−1) (value
or simulation:kc = 1.27× 10−21 mol m−3 s−1), αc is the
harge transfer coefficient (set toαc = 0.5) andηc is the cath
de overpotential (V).

Methanol is assumed to be immediately consumed w
oming into contact with the cathode. Therefore, its con
ration in (CCP) and (CC) drops to zero. Under these
itions the rate of the direct oxidation of methanol at
athode,rcrossis proportional to the methanol flux from (M
o (CC):

cross=
nM

CH3OH(zM = dM)

dCCεCC
pores

. (62)

The concentration of water in (CCP) is calculated fr
he equilibrium condition presented in Section3.10.

The overall pressurepCC is calculated from the conce
rations of all four gas speciescCC

j according to the ideal ga
aw:

CC = RTCC
∑
j

cCC
j (63)

Following the same argumentation as for (AC), the t
harge balance is formulated quasi-stationary, and is d
led from the mass balances as the cell is operated gal
tatically:

= icell − iM(zM = dM) (64)
dtCC

dt
= − + (qCD(zCD = 0) − qM(zM = dM)))

(ρ̃cp)CCdCC . (68)

.10.3. Polymer electrolyte membrane (M)
The PEM (M) is a one-dimensional transport element

he diffusion layers (AD) and (CD). The mass balances
ater and methanol are given by:

∂cMj

∂t
= −∂n

M
j

∂z
(69)

ith j = H2O, CH3OH.
But the material structure and the occurring physical

omena are much more complex. The PEM has not a
tant porosity, but one that strongly depends on the
ater and methanol content. The relative water contenΛ,
q. (47), can have values betweenΛ = 0 (totally dry mem
rane) andΛ ≈ 30 (fully swollen with water and methanol
oom temperature), depending on temperature and othe
itions. Different water and methanol contents result in

erent degrees of swelling, and therefore different thickne
nd porosities. Therefore, it is not suitable to formulate m
alances in molar concentrations, as these refer to a co
verall volume. It is more convenient to use a concentra
easure which refers to the constant cross-sectional a

he cell,AS (m2). This molar densitŷNj (mol m−2) is defined
s quotient of the total molar amount of speciesj, Nj (mol),
nd the cell cross-sectional area:

ˆ
j = Nj

AS . (70)
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For the mass transport equations (see below) a variety
of other concentration measures are needed. The necessary
conversions are given inAppendix E.

Using this introduced molar density, the mass balances for
the control volumes (indexk) in the discretised model have
the form

dN̂M
j,k

dt
= nM

j,k − nM
j,k+1 (71)

with j = H2O, CH3OH.
In Eq.(71), swelling of the membrane is assumed to be in

the steady state. A total mass balance is not formulated, as
pressures are not discussed within the membrane.

The charge balance is considered in steady state (quasi-
stationary):

0 = −∂i
M

∂z
. (72)

As the mass balances, the energy balance is quite similar
to that in the diffusion layers. The only difference is that it has
to account not only for convective and conductive heat fluxes,
but also for Joule heating resulting from the electric resistance
of the membrane caused by friction between mobile charged
species and the immobilised counter charges at the pore walls.
The heat production due to Joule heating,eMJoule(J m−3 s−1), is
p t
o

e

ergy
a ed in
t sing
t done
f lex
f irst,
t obile
s esent
w s to
a bile

species within the membrane pores, i.e. the gradients of
the chemical potentials have to be used as driving force,
which are equal to the gradients in the species activities
(calculated using the presented Flory–Huggins activity
model). The pressure-dependency of the chemical potentials
as well as viscous flow due to pressure differences across the
membrane can be neglected as was shown in Section3.10.

All this leaves the following form of the Maxwell–Stefan
equations for the mobile species (j = H+, H2O, CH3OH):

−cMj
1

aM
j

∂aM
j

∂z
− z∗j cMj

F

RTM

∂φM

∂z

=
∑
i�=j

xM
i n

M
j − xM

j n
M
i

ÐM,eff
ij

+ nM
j

ÐM,eff
jM

(75)

In Eq. (75), as superficial viscous flow due to pressure
gradients is not accounted for, the total molar flux densities
ni appear in the friction terms on the right hand side of the
equation. Three of the six binary diffusion coefficients ÐM,eff

ij

are taken from the literature[23] as a starting point, using the
general expression

Ðeff
ij (T,ΛM) = ÐθijΛ

M exp

[
−E

A
ij

R

(
1

T
− 1

T θ

)]
(76)

w f
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A
ij (kJ m

H 0.54 (*
H 0.25 (*
H 0.54 (*
C
C
C

roportional to the electric current densityiM and the gradien
f the electric potentialφM:

M
Joule= iM ∂φ

M

∂z
. (73)

With all this, the energy balance finally is

∂TM

∂t
= 1

(ρ̃cp)M

[
−∂e

M

∂z
− ∂qM

∂z
+ iM ∂φ

M

∂z

]
. (74)

In the following, transport equations for mass and en
re formulated for (M). The charge transport is express

erms of the proton flux. Mass transport is described u
he Maxwell–Stefan approach, as has already been
or the diffusion layers. But in the PEM, a more comp
ormulation of the driving forces has to be chosen. F
he migration term has to be included, as one of the m
pecies (protons) is charged and an electric field is pr
ithin the membrane. Second, the diffusive term ha
ccount for the highly non-ideal behaviour of the mo

able 2
arameters for calculation of binary diffusion coefficients in Nafion™

pecies pair (i/j) Original (* =[23]) parameters

Ðθij (m2 s−1) E

2O/H+ 0.85× 10−10 (*) 1

2O/M 0.55× 10−11 (*) 2
+/M 0.22× 10−10 (*) 1
H3OH/H+ Identical to H2O/H+
H3OH/M Identical to H2O/M
H3OH/H2O 1.25× 10−12 –
ith the reference temperatureT θ = 298 K. The values o
he standard diffusion coefficients and the activation ene
re given inTable 2. The two additional binary diffusion c
fficients for methanol/pore wall and methanol/protons

ormulated in the same way, using the literature value
ater/pore wall and water/protons as a first estimate, re

ively. The coefficient for methanol/water is calculated us
he free solution correlation of Hayduk and Minhas for so-
utes in aqueous solutions[34d]:

CH3OH,H2O ≈ D∞
CH3OH,H2O

= 1.25 · 10−12(V̄−0.19
CH3OH − 0.292)T 1.52(ηvis

H2O)ε∗ (77)

ith ε∗ = 9.58

V̄CH3OH
− 1.12.

All details on derivation of the binary diffusion coefficie
re given inAppendix A.9.

resents solid matrix/pore wall)

Adjusted parameters

ol−1) Ðθij (m2 s−1) EA
ij (kJ mol−1)

) 0.15× 10−10 10.54
) 0.20× 10−11 50.25
) 0.22× 10−10 10.54

0.60× 10−10 8.43
5.00× 10−11 25.13
5.00× 10−12 –
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As the flux density of protonsnM
H+ is given by the electric

current densityicell using Faraday’s law

nM
H+ = iM

F
= icell

F
, (78)

only the flux densities of water and methanol have to be de-
termined. In this case, the flux-implicit transport equations,
Eq. (75), can be easily transformed into a flux-explicit form
by rearranging:

nM
CH3OH = LH2O + LCH3OH − nH+L1 − nH2OL2

L3
(79)

nM
H2O =

LH2O − nH+ (L4 − (L1L6/L3))

− (L2 + L3)(L6/L3)

L5 − (L2L6/L3)
(80)

with

LH2O = − c
M
H2O

aM
H2O

∂aM
H2O

∂z
, (81)

LCH3OH = − c
M
CH3OH

aM
CH3OH

∂aM
CH3OH

∂z
, (82)

L1 = − xH2O

Ðeff
H+,H2O

− xCH3OH

Ðeff
H+,CH3OH

, (83)

L

L

L

L

L

-
b roton
fl the
M

w

L

L

L8 = − xH+

Ðeff
H+,H2O

and (92)

L9 = − xH+

Ðeff
H+,CH3OH

. (93)

The problem with Eq.(89)is, that for the protons no Flory–
Huggins non-ideality parameters are known. Therefore, in the
above equations, the activity of protons is approximated by
the mole fraction of protons in the pore liquid,xM

H+ .
For the energy balance in (M), transport equations are

needed for thermal conduction and convective heat transport.
Both are similar to the equations for (AD) and (CD):

Conductive heat flux :qM = −λM,eff ∂T
M

∂z
, (94)

Enthalpy flux (convective heat flux) :eM =
∑
j

nM
j hj(T

M).

(95)

4. Simulation results

The presented DMFC model was implemented in MatLab
using the solver ode15s to carry out dynamic simulations into
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p of
2 = xH+

Ðeff
H+,H2O

+ 1

Ðeff
H2O,M

and (84)

3 = xH+

Ðeff
H+,CH3OH

+ 1

Ðeff
CH3OH,M

, (85)

4 = − xH2O

Ðeff
H+,H2O

, (86)

5 = xH+

Ðeff
H+,H2O

+ xCH3OH

Ðeff
H2O,CH3OH

+ 1

Ðeff
H2O,M

and (87)

6 = − xH2O

Ðeff
H2O,CH3OH

. (88)

The electric potential gradient∂φM/∂z in the mem
rane material, due to the transport resistance to the p
ux (“Ohmic drop” over membrane) is obtained from
axwell–Stefan equation for the protons as:

∂φM

∂z
= − RT

M

cMH+F
(LH+ + nH+L7 + nH2OL8 + nCH3OHL9)

(89)

ith

H+ = − c
M
H+

aM
H+

∂aM
H+

∂z
, (90)

7 = xH2O

Ðeff
H+,H2O

+ xCH3OH

Ðeff
H+,CH3OH

+ 1

Ðeff
H+,M

, (91)
teady state at a variety of operating conditions. The pa
ters which were varied are the anode feed temperatureTAF

nd the cell current densityicell. Fig. 4presents some of th
esults of these steady state simulations and correspo
xperimental data for anode feed temperatures from 3
o 90◦C at varying cell current densities. All other operat
onditions are given in the figure. It has to be emphasise
ll simulation results are obtained using the same set o
ameters (presented in the preceding sections and the re
ive appendices). The parameters for the calculation o
inary diffusion coefficients are based on those found in

iterature[23], but have been slightly adjusted in order to
better fit of the experimental data (values given inTable 2).
he activation energies used (right column inTable 2) are in

he typical range for diffusive transport. Interesting is the h
alue for the pair water/membrane. Here possibly additi
hermal effects are reflected, like those related with solva

As one can see fromFig. 4, in general a reasonable a
roximation to the experimental steady state results has
chieved. The simulation results for the membrane cros
ux densities as well as for the current–voltage curves
n the orders of the experimental data. Also the trends
redicted correctly, i.e. water crossover fluxes increase
urrent density and methanol crossover fluxes decrease
urrent density. Especially for the methanol crossove
imulation results are within or close to the error bars o
xperimental data (error bars based on evaluation of th
uracy of the sensors used to determine the crossover
15]). As the methanol crossover plays a key role for
erformance of the DMFC, its correct prediction is one
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Fig. 4. Experimental (symbols) and simulated results (lines) for a single-cell DMFC. Left: crossover flux densities (lefty-axis: H2O, right y-axis:
CH3OH); right: current–voltage-curves (TAF = 30, . . . ,90◦C, pA = pC = 1.7 bar, cAF

CH3OH = 1 mol dm−3, cAF
CO2

= 1�mol dm−3, FAF = 0.5 dm3 min−1,

FCF = 0.5 scbm h−1, cathode feed: air with dew point 3◦C at 1 bar).

the most important benchmarks of any mathematical DMFC
process model.

Significant deviations from the experimental observations
exist for the crossover water flux densities at very low and

very high temperatures. The experimental crossover water
fluxes through the membrane show an increasing gradient
with increasing current density. Such a behaviour can not
be explained by the Maxwell–Stefan model, as the model
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allows an utmost only linear dependency between flux and
current density. Also the binary diffusion coefficients within
the membrane material are formulated such, that they are
increasing linearly with the local relative water content (a
very recent publication supports this assumption[24]). Fur-
ther optimisation of the parameters for the calculation of the
binary diffusion coefficients can be expected to yield even
better approximations to the experimental crossover fluxes.
For this purpose, numerical optimisation methods can be ap-
plied. But for this task, first the computational time of the
model should be reduced by either optimising the source
code, or implementing the model in other, faster solver tools
than MatLab. Finally, also the applied Flory–Huggins activ-
ity model influences the simulation results in terms of the
membrane crossover fluxes. The Flory–Huggins model was
originally formulated for mixtures of uncharged polymers
and uncharged solvents, therefore its application to a poly-
mer electrolyte demands further discussion.

After analysing the simulated crossover fluxes, now
the simulated current–voltage curves, overpotentials and
potentials drops over the membrane are discussed. The
results are presented in the left column ofFig. 4. Generally
it can be observed that the cathode overpotentials are very
high, even for open circuit conditions. This is due to the
oxidation of crossover methanol at the cathode, and the
resulting mixed potential formation. The influence of the cell
c ll. In
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situation at both electrodes, would significantly enhance the
prediction of the current–voltage curves.

Nonetheless, for moderate cell current densities, the model
predicts slopes of the current–voltage curves, which are close
to the experimental results. In this regime, the cell behaviour
is dominated by mass transfer phenomena within the mem-
brane, which seems to be reasonably represented by the
model.

At high cell current densities, finally, the predicted cell
voltages are much higher than the observed experimental val-
ues. Also, the experimental results show a typical limiting
current behaviour (breakdown of the cell voltage), while the
model shows such limiting current behaviour only for signif-
icantly higher cell current densities (not shown in the plots in
Fig. 4). Here it becomes evident that the model is based on
severe simplifications with respect to mass transport in both
diffusion layers. The model does not account for the possi-
ble coexistence of two phases (gas and liquid) within both
diffusion and catalyst layers, although it is well-known from
various experimental observations. Carbon dioxide bubbles
are released from the anode diffusion layer[25,26], conden-
sation of water can occur inside the cathode pore structure
(so-called cathode flooding)[8]. Both phenomena lead to in-
creased transport resistances for the fuel (methanol) and ox-
idant (oxygen) to the respective electrodes and they are both
most important for high current densities, i.e. for the limit-
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n s are
urrent density on the cathode overpotential is only sma
ontrast to this, the anode overpotential varies significa
ith the cell current density. At open circuit conditio

he anode overpotential is close to zero, for high cur
ensities, values around 0.25 V are found. Finally, the
otential drop over the membrane shows a nearly li

ncrease with only a small slope. What seems remarka
he fact, that it is not zero at open circuit conditions. T
an be explained with the diffusive flux of water through
embrane, which also takes place when there is no elec

urrent flow. The water molecules exert a drag on the pro
n the membrane, but the protons are withheld by ele
tatic forces between them and their counter-ions b
o the membrane material. An electric field is produced
his phenomenon, which is often referred to as strea
otential.

Another observation fromFig. 4 is, that the experiment
pen circuit cell voltages increase with the cell tempera
hile the model predicts a decrease. This is to a large e
ue to the fact, that in the model the open circuit cell vol

s calculated from thermodynamics using some simplify
ssumptions[15]. These thermodynamic relations exhib
ecrease of the open circuit cell voltage with increasing
erature. The difference between the thermodynamic an
eal behaviour results from the fact, that in reality not a o
tep total methanol oxidation takes place at the anode
ssumed in the thermodynamic considerations), but a
omplex, multi-step network of adsorption and desorp
rocesses and reaction intermediates exists. A better p

ion of the open circuit voltage, based on a more rea
ng current behaviour. Such two-phase transport beha
as therefore to be included in a DMFC model if a real
imulation of the limiting current behaviour is to be achiev

As the model is one-dimensional perpendicular to the
lane, profiles through the DMFC are obtained for con

rations, temperature, pressure and all presented fluxe
mplarily selected steady state profiles are presented iFig.
for an anode feed temperature of 60◦C and a cell curren
ensity of 200 mA cm−2. All other parameters are the sa
s those given inFig. 4. In Fig. 5the ordinates show the re
ell geometry with respect to the thicknesses of the diffe
ayers of the DMFC. The vertical lines represent the limit
he control volumes, illustrating the spatial discretisatio
oth diffusion layers (AD, CD) and the membrane (M). O
an see that both diffusion layers are represented by five
rol volumes each, and that the membrane is discretised
en control volumes. It is also apparent that the thickne
i.e. the volumes) of the diffusion layer control volumes
onstant, as these layers consist of a rigid solid matri
ontrast to this, the thicknesses (and therefore also the
olumes) of the membrane control volumes change due t
erent water and methanol contents, representing the sw
ehaviour of the membrane material. Simplifyingly, in
odel all volume changes due to swelling only influence

hicknesses of the control volumes along the model co
ate perpendicular to the cell plane. It has to be menti

hat the thicknesses of the anode and cathode channe
nd (C), respectively, do not represent their real dimens

One can see that for the diffusion layers,(AD) and (C
early linear concentration and partial pressure profile
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Fig. 5. Simulated steady state profiles (TAF = 60◦C, icell = 200 mA cm−2, all other operating conditions as inFig. 4). Ordinate represents real cell geometry,
vertical lines are limits of control volumes (abbreviations A, AD, etc. used to denote the DMFC layers, see list of symbols).
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obtained. The slopes of the partial pressure profiles in (CD)
are only small. Also the total pressure differences between
the supply channels and the respective catalyst layers are
only in the order of a few mPa. Obviously, according to the
here applied model, mass transport in the diffusion layers
is quite fast, especially on the cathode (i.e. gas) side (as was
already pointed out above referring to the limiting current
behaviour).

Shown inFig. 5are also the phase equilibria for water and
methanol within the catalyst layers between the free pore
concentrations and the equilibrium concentrations within the
membrane material (as described in chapter 3). One can see
that on the anode side the methanol concentration in the mem-
brane pores is slightly higher than that in the free pores, while
the water concentration in the membrane pores is a little lower
than that in the free pores (see circles in the upper two plots of
Fig. 5). The phase equilibrium for water in the cathode cata-
lyst layer (CC) is also highlighted by circles in the respective
plots.

The most interesting concentration profiles develop within
the membrane (dashed concentration profiles in the upper two
diagrams ofFig. 5). The methanol pore concentration shows
a strongly bent profile in the direction of the overall flow, i.e.
towards the cathode. This makes sense as methanol is dragged
along with the water flow (diffusion and electro-osmosis).
Also the water profile is slightly bent in the same manner due
t ains
t ost
i een
a the
a ched,
o his is
d tes.
W layer
( ne
a
c sing

thickness of the membrane control volumes from anode
to cathode.

The conductivity of the membrane is given by the friction
exerted on the moving protons. This friction is represented
by the binary diffusion coefficients, which in turn are func-
tions of the local water content. Therefore, also the proton
conductivity is a function of the local water content and thus
varies locally. The same is true for the potential gradient in
the membrane.

Finally, the temperature profile exhibits only very small
gradients over the inner layers of the DMFC. The total tem-
perature difference between anode channels and outer side of
the cathode diffusion layer (CD) is less than 3 K. Only the air
in the cathode channels has a much lower temperature close
to its inlet temperature, due to the short residence time and
the small heat exchange coefficients between channel walls
and gas (see discussion in Section3.9).

From the simulation results, it is possible to evaluate
the importance of the different mass transport contributions
(driving forces and friction) in the generalised Maxwell–
Stefan framework, Eq.(1). Table 3presents the quintessence
of this evaluation. In the top line, the complete Eq.(1) is
given. In the following rows the importance of the individual
terms of the generalised Maxwell–Stefan equation is indi-
cated for each of the three mass transport related layers of the
DMFC and each mobile species by “++” (very important),
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term is only relevant for applications with extremely high
pressure differences as they can be found e.g. in reverse
osmosis and pervaporation processes. On the gas side of
the presented model, i.e. in the cathode diffusion layer
(CD), it is also negligible due to the very low pressure
gradient.

The third driving force is pressure-driven convection. This
is accounted for in both diffusion layers and has shown to play
an important role especially for the excess components in the
respective fluid mixtures, i.e. water in (AD) and nitrogen in
(CD). Within the polymer electrolyte membrane this term is
neglected due to the low hydraulic permeability.

Finally, the electric field as driving force only applies to
protons as the only mobile charged species.

5. Conclusions

Based on a systematic approach, a one-dimensional pro-
cess model of a DMFC has been developed. In this model,
mass transport within the different porous structures of the
DMFC is described using the generalised Maxwell–Stefan
equations. For the membrane an activity model based on
the Flory–Huggins approach is used accounting for swelling
phenomena, related non-idealities and phase equilibria at
t talyst
l to
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• node

• Influence of pressure differences between anode and
cathode on the water and methanol transport through the
membrane: can the respective term for pressure-driven
convection in the Maxwell–Stefan equations really be
neglected? Several experimental studies (also own, yet
unpublished, results) have shown an increase in cell
performance when on the cathode side of a DMFC a
higher pressure is applied than on the anode side. Is this
due to decreased methanol crossover, or due to the higher
oxygen partial pressure at the cathode?

• Is osmotic pressure (which has not been discussed in
this paper at all) intrinsically accounted for using the
Flory–Huggins activity model?

• More realistic models for the anode and cathode re-
action kinetics accounting for reaction intermediates,
adsorption/desorption phenomena etc.

Appendix A. Physical properties of pure substances

A.1. Densities

The densities of all liquid and solid materials are assumed
to be independent of temperature and pressure. They are col-
lected inTable 4. All gases are assumed to be ideal, therefore
t l gas
l

ρ

w
[

lated
f s:

ρ

A

F gen,

T
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C

L
L
C

T
D
P
R

he boundary between membrane material and ca
ayer pores. The model yields good approximations
xperimental data with respect to mass transport (cross
nd also reasonable results with respect to steady
urrent voltage characteristics. It has to be pointed
hat all simulations were carried out with one single se
arameters.

The most significant deviations between simulated an
erimental crossover fluxes occur for high current dens

n the limiting current regime. To get more realistic simula
esults in this respect, two-phase flow in the anode (ca
ioxide bubble formation) and cathode (condensation o

er = cathode flooding) pore structures has to be acco
or in an improved model.

Also significant deviations exist for the current–volta
haracteristics. This can be attributed to the use of si
utler–Volmer rate equations for both electrode reacti
s the real reaction mechanisms are known to be c
lex reaction networks with several intermediates,
nd parallel reactions and coupled adsorption/desor
henomena, a Butler–Volmer approach means a signi
implification, and thus can lead to less realistic simula
esults, especially in the kinetically dominated region
he current–voltage curves (i.e. for low current densi
seeTables 4–11).

Summing up, further model refinement and analysis
ddress the following issues:

Coexistence of two phases (gas and liquid) in the a
and the cathode diffusion and catalyst layers.
he density of dry air can be calculated using the idea
aw:

air(p, T ) = Mair

Vair
= p

RairT
(A.1)

ith the specific gas constant of airRair = 287.22 J kg−1 K−1

31], temperature T in (K) and pressurep in (Pa).
The density of the mixed anode catalyst can be calcu

rom the mass fractionsw of both metals and their densitie

PtRu = wPtρPt + wRuρRu = 0.66 · 21400+ 0.34 · 12400

= 18300 kg m−3 (A.2)

.2. Heat capacities

Literature data for pure substances are given inTable 5.
or air as a standard mixture of mainly nitrogen and oxy

able 4
ass densities

omponentj Densityρj (kg m−3)

iquid water, H2O (l) 997[27d]
iquid methanol, CH3OH (l) 791[27d]
arbon/graphite (base material
of TORAY™ carbon paper)

2000

eflon™, PTFE 2190[28]
ry Nafion™ 1970[30]
latinum, Pt 21400[29]
uthenium, Ru 12400[29]
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Table 5
Heat capacities

Componentj Heat capacity

C̄p,j (J mol−1 K−1) Cp,j (J kg−1 K−1)

Liquid water, H2O (l) [27b] 75.29[27b] 4183[27b]
Carbon/graphite (material of

TORAY™ carbon paper)
8.23[32] 685[32]

Teflon™, PTFE – 1010[28]
Platinum, Pt – 130[29]
Ruthenium, Ru – 238[29]
Oxygen, O2(g) 29.36[27b] –
Nitrogen, N2(g) 29.13[27b] –
Water vapour, H2O(g) 33.58[27b] –
Carbon dioxide gas, CO2(g) 37.11[27b] –

a mean heat capacity can be assumed:

C̄p,air = 0.79 · C̄p,N2 + 0.21 · C̄p,O2 = 29.18 J mol−1 K−1.

(A.3)

The mass-based value can be obtained by accounting for
the molar masses of oxygen and nitrogen:

Cp,air = 0.79 · C̄p,N2

M̄N2

+ 0.21 · C̄p,O2

M̄O2

= 1015 J kg−1 K−1.

(A.4)

A.3. Thermal conductivities

For liquid water and air data for different temperatures
are given in the literature (e.g. for water:[33a], for air:
[33b]). The thermal conductivity is showing a nearly linear
increase with temperature. Linear regressions yield the fol-
lowing simple expressions (with temperatureT in (K) andλj
in (W m−1 K−1)):

λH2O(l) = 0.341+ 9.26× 10−4 · T (A.5)

λair = 0.0034+ 7.6 × 10−5 · T (A.6)

For wet Nafion™, in the literature a value of

λ

i

A

c lpies

T
P

C

W 00
M 50
C 97

Table 6
Standard enthalpies of formation[27b]

Componentj 
RH
θ
j (kJ mol−1)

Liquid water, H2O (l) −285.83
Oxygen, O2(g) 0
Nitrogen, N2(g) 0
Water vapour, H2O (g) −241.82
Carbon dioxide gas, CO2 (g) −393.51

of formation,
FH
θ
j (J mol−1 K−1) at standard tempera-

ture T θ = 298.15 K, and the specific heat capacities̄Cp,j
(J mol−1 K−1):

hj = 
FH
θ
j + C̄p,j(T − T θ). (A.8)

The values for the heat capacities are given in Section
A.2. The standard enthalpies of formation are presented
in Table 6.

For liquid methanol, no standard enthalpy of formation
was found, but absolute values of the specific enthalpy for
different temperatures[33c]. A linear regression and conver-
sion from mass to molar basis yields the expression

hCH3OH(l) = −3726+ 48.8T (A.9)

with hCH3OH(l) in (J mol−1) andT in (K).

A.5. Viscosities

According to[34a] the viscosity of pure liquids in (Pa s)
can be calculated from expressions of the type

ηvis
j = 10−3 exp

(
Aj + Bj

T
+ CjT +DjT 2

)
(A.10)

with temperatureT in (K). Table 7presents the values of the
parameters for water, methanol and carbon dioxide as well
a

f
m f the
p lues
f
a y lin-
e linear
r

η

w in
( es is
b

wet Nafion= 0.43 W m−1K−1 (A.7)

s reported[23].

.4. Specific enthalpies

The specific enthalpieshj (J mol−1 K−1) of the fluid
omponents are calculated from the standard entha

able 7
arameters for calculation of liquid viscosities[34a]

omponentj T (◦C) Aj

ater, H2O(l) 0 to +370 −24.7
ethanol, CH3OH(l) −40 to +239 −39.3
arbon dioxide, CO2(l) −56 to +30 −3.0
Bj Cj Dj

4209 0.04527 −3.376× 10−5

4826 0.10910 −1.127× 10−4

48.86 0.02381 −7.840× 10−5

s the temperature range, for which they are valid.
At pressures well below 10 bars (106 Pa), the viscosity o

ost gases and gas mixtures is nearly independent o
ressure, but only a function of temperature. For air va

or different temperatures (at a pressure of 1 bars = 105 Pa)
re available in the literature. These data show a nearl
ar dependence between viscosity and temperature. A
egression yields the expression

vis
air = (4.65+ 0.0464· T ) · 10−6 (A.11)

here the temperatureT is in (K) and the viscosity results
Pa s). The relative error compared to the literature valu
elow 0.4%.
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Table 8
Antoine equation parameters for calculation of vapour pressures[32]

Temperature range Aj Bj Cj

Water, H2O
304–333 K 5.20389 1733.926 −39.485
334–363 K 5.07680 1659.793 −45.854

Methanol, CH3OH
288–356.83 K 5.20409 1581.341 −33.500
353.4–512.63 K 5.15853 1569.613 −34.846

A.6. Vapour pressures

The vapour pressures of water and methanol can be cal-
culated using the Antoine equation[32]

log10

(
psat,j (bar)

) = Aj − Bj

(T (K)) + Cj (A.12)

The parametersAj, Bj, Cj are given inTable 8.

A.7. Liquid molar volumes

For water and methanol, literature values are available
[34b]:

V̄H2O = 18.7 × 10−6 m3mol−1 (A.13)

V̄CH3OH = 42.5 × 10−6 m3 mol−1. (A.14)

The value for carbon dioxide can be calculated using the
method of Schroeder[34c] as

V̄CO2 = (3 + 2) · 7 cm3 mol−1 = 35× 10−6 m3mol−1.

(A.15)

Applying the same method, a proton has a molar volume
of

V −6 3 −1
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The speed of sound in water in the respective temper-
ature and pressure range is nearly constant at a value of
vsound,H2O = 1500 m s−1.

A.9. Diffusion coefficients

Two types of binary diffusion coefficients are necessary
for the modeling of mass transfer using the Maxwell–Stefan
approach: One for each pair of the mobile species and one for
each mobile species’ interaction with the wall of the porous
structure. In general, all binary diffusion coefficients depend
on the temperature and the overall composition.

A.9.1. Diffusion coefficients in the polymer electrolyte
membrane (M)

For Nafion™, extensive studies have been made to de-
termine those diffusion coefficients from experimental data.
In [23] such expressions are presented. But as most re-
search in polymer electrolyte membrane fuel cells is focused
on hydrogen-consuming cells, these expressions are not ac-
counting for methanol but just water within the ionomer
pores. The expressions are of an Arrhenius type to account
for the temperature influence. As only composition influence,
the relative water contentΛM as ratio between water and
sulfonic acid groups’ mole fraction is accounted for. As the
s , it is
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H̄+ = 7 × 10 m mol . (A.16)

.8. Speed of sound

For ideal gases the speed of sound is related to the
f the specific heat capacitiesκ = Cp/Cv, the temperatureT

n (K), the molar mass̄Mj in (kg/mol) and the universal g
onstantR = 8.314 J/(mol K)[33e]:

sound,j =
√
kjRT

M̄j
. (A.17)

For air, the heat capacity ratio in the important tempera
ange (300, . . . ,400 K) and pressure range (1.5 × 105 Pa) is
early constant at a value of 1.4[33f].

The molar mass of air can be approximated assumin
onsisting only of oxygen and nitrogen with the respec
ole fractionsyO2 = 0.21 andYN2 = 0.79:

¯air ≈ yO2M̄O2 + yN2M̄N2 = 28.84 g mol−1. (A.18)
ulfonic acid groups at the pore walls are not balanced
ore convenient to use the proton mole fraction instead (

roneutrality). The general expression for the binary diffu
oefficients in (m2 s−1) according to[23] is:

eff
ij (T,ΛM) = ÐθijΛ

M exp

[
−E

A
ij

R

(
1

T
− 1

T θ

)]
(A.19)

ith the reference temperatureT θ = 298 K. The values of th
tandard diffusion coefficients and the activation energie
iven inTable 2.

As in the case of the DMFC also methanol is present w
he membrane pores, three more binary diffusion coeffic
re necessary for the pairs (CH3OH/H2O), (CH3OH/H+) and
CH3OH/M). As for the latter two no literature data are av
ble, they have to be estimated and fitted. As the meth
oncentration is very low compared to that of water, an
or in these two diffusion coefficients should have on
eak influence on the diffusion of water and protons.

he diffusion of methanol is of course severely depen
n these three values. Nonetheless, as methanol is in
espects not so different from water (highly polar, small c
act molecule) as a first approach it is assumed that met
as the same diffusion properties as water, consequent
ame parameters are used as starting point for the fitting
edure. They are shown inTable 2.

The remaining binary diffusion coefficient for the p
H2O/CH3OH) is calculated assuming a free solution
ethanol in water at infinite dilution (correlation of Hayd
nd Minhas for solutes in aqueous solutions[34d], diffusion
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coefficient in (m2 s−1)):

ÐCH3OH,H2O ≈ D∞
CH3OH,H2O

= 1.25× 10−12(V̄−0.19
CH3OH − 0.292)T 1.52(ηvis

H2O)ε∗ (A.20)

with the exponent

ε∗ = 9.58

V̄CH3OH
− 1.12, (A.21)

the molar volume of methanol̄VCH3OH = 42.5 cm3 mol−1

and the viscosity of pure waterηvis
H2O in (cP= 103 Pa s).

A.9.2. Diffusion coefficients in the anode diffusion layer
(AD)

The binary diffusion coefficients of the mobile species
in the anode diffusion layer (AD) are calculated using the
Tyn-Calus method[34e]for diffusion coefficients in liquid
solutions at infinite dilution (in (m2 s−1)):

D∞
ij = 8.93× 10−12

(
V̄i

V̄ 2
j

)1/6(
Pj

Pi

)0.6
T

ηvis
j

. (A.22)

Here componenti is the solute andj is the solvent. The
molar volumesV̄j are in (cm3 mol−1), the viscositiesηvis

j in

(cP= 103 Pa s) and the temperatureT in (K). Pi andPj are
so-called parachors, which are related to the liquid surface
t ution
m d
c

P

P

P

ara-
c (wa-
t

s
a car-
b thre
b al-
u usin
t

Ð

o-
d e-
h

Ð

As the mass transport takes place within a porous ma-
trix, effective diffusion coefficients are needed. To convert
the gained values into effective coefficients, it has to be ac-
counted for the morphology of the solid matrix represented
by the porosityε and the tortuosity coefficientτ [18]. (Note
that there is a mistake in the mentioned reference: there both
diffusion coefficient’s indices have been confused.)

Ðeff
ij = ε

τ
Ðij. (A.28)

To describe the ratio between tortuosity coefficient and
porosity, many approximations exist. According to[18],one
of the most commonly used is based on the approximation
that the tortuosity is only a function of the porosity (and not
of the size of the mobile species):

τ = ε−1.5. (A.29)

A.9.3. Diffusion coefficients in the cathode diffusion
layer (CD)

In the cathode diffusion layer it is assumed that all mobile
species (oxygen, nitrogen, water vapour and carbon dioxide)
are ideal gases. The diffusion coefficients describing the in-
fluence of the pore wall are calculated using the Knudsen
equation (according to[18]),

ε d
√

8RT

kes
pa-
gas
lcu-
at

ion

are
and

ts

tab-

nts
fit to
ightly
ension, but can also be estimated from a groups contrib
ethod developed by Quayle[34e]. For water, methanol an

arbon dioxide, this method leads to parachor values of

H2O = 2 · PH + P-O- = 2 × 15.5 + 20

= 51 cm3 g0.25 s−0.5, (A.23)

CH3OH = PCH3 + P-OH = 55.5 + 29.8

= 85.3 cm3 g0.25 s−0.5, (A.24)

CO2 = PC + 2 · PO = 9 + 2 × 20 = 49 cm3 g0.25 s−0.5.

(A.25)

According to the literature, if water is the solute, the p
hor and molar volume values of water shall be doubled
er is treated as a dimer).

With the help of Eq.(A.22), all six diffusion coefficient
t infinite dilution for the three species (water, methanol,
on dioxide) can be calculated. To get the necessary
inary diffusion coefficients, each pair of the former six v
es belonging to the same two species are combined

he method of Vignes[34f]:

ij ≈ Dij = αVignes[(D
∞
ij )xj (D∞

ji )xi ]. (A.26)

Both mole fractionsxi andxj are set to 0.5, the therm
ynamic factorαVignes is assumed to be 1 (ideal mixing b
aviour of the two species), leaving the expression

ij = (D∞
ij D

∞
ji )0.5. (A.27)
e

g

Ðeff
jM =

τ

pore

3 πM̄j
, (A.30)

although here, strictly speaking, no Knudsen diffusion ta
place due to the big mean pore diameter in the carbon
per which is some orders of magnitude bigger than the
molecule diameters. It turns out that the coefficients ca
lated from Eq.(A.30)are of such an order of magnitude, th
in the end there is no significant influence of the wall frict
on diffusion.

The pair diffusion coefficients of the mobile species
calculated according to the method of Fuller, Schettler
Giddings in free gas phase[33d](in (m2 s−1)):

Ðij ≈ Dij =
10−7T 1.75

√
(M̄i + M̄j)/M̄iM̄j

p[(
∑
V̄ ∗)1/3i + (

∑
V̄ ∗)1/3j ]2

. (A.31)

Here the temperatureT is in (K), M̄ are the molecular weigh
in (g/mol), p is the pressure in (atm= 105 Pa) and the sum
terms are sums of atomic diffusion volumes, which are
ulated for many simple gases (Table 9). To get effective dif-
fusion coefficients, also here Eq.(A.28) is used.

In the simulations, the presented diffusion coefficie
were used as starting values. In order to get a better
experimental data, some of these values have been sl
adjusted, as presented inTable 2.
Table 9
Parameter values for Eq.(A.31)(atomic diffusion volumes taken from[33d])

O2 N2 H2O CO2

Mj (g mol−1) 32 28 18 44
(
∑
V̄ ∗)j (cm3 mol−1) 16.6 17.9 12.7 26.9
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Table 10
Physical properties of TGP-H-060 carbon paper[35]

Thickness (�m) Electrical resistivity (m= cm) Thermal conductivity (W m−1 K−1) Porosity (–) Bulk density
(g cm−3)

Through plane In plane Through plane (20◦C) In plane (20◦C) in plane (100◦C)

190 (170)a 80 5.8 1.7 21 23 0.78 0.44

aOwn measurement used for further calculations.

Appendix B. Porosities and volume fractions

The major physical properties of TORAY™ paper TGP-
H-060 (according to data sheet supplied by Toray Deutsch-
land GmbH) are given inTable 10. As the carbon paper is
PTFE treated prior to use in the DMFC, the real porosity has
to be calculated as a function of the PTFE content. The to-
tal volume of the carbon paper is the sum of the carbon, the
PTFE and the free pore volume:

Vtot = Vcarbon+ VPTFE+ Vpores (B.1)

The carbon volume can be expressed by the porosity of
the untreated carbon paper (seeTable 10):

Vcarbon= (1 − εuntreated Toray
pores )Vtot (B.2)

The carbon volume fraction is consequently

ε
untreated Toray
carbon = ε

PTFE−treated Toray
carbon

= 1 − εuntreated Toray
pores = 0.22. (B.3)

The PTFE mass fraction

wPTFE = mPTFE

mcarbon+mPTFE
(B.4)

can be rearranged to get the PTFE mass

m

and
r

V

V

) of
t

ε

m on

and PTFE,>PTFE = 2.19 g/cm3 and>carbon= 2.0 g/cm3 the
porosity of the PTFE-treated TORAY™ paper results as

εPTFE−treated Toray
pores = 0.71. (B.9)

The PTFE volume fraction is then finally

ε
PTFE−treated Toray
PTFE = 1 − εPTFE−treated Toray

pores

− εPTFE−treated Toray
carbon = 0.07. (B.10)

Also the porosity of the catalyst layers has to be deter-
mined. It can be calculated as the sum of the volumes of
all dry materials within the catalyst layer (i.e. catalyst and
NAFION™) divided by the total volume of the catalyst layer.
The catalyst and NAFION™ volumes are calculated from the
masses and the densities:

ε = total volume− catalyst volume− NAFION volume

total volume
(B.11)

One ends up with an equation using the catalyst and
NAFION™ loadingswcatandwNAFION, and the catalyst layer
thicknessdcat.layer:

1/AS(V cat.layer
tot − (mcat/ρcat) − (mNAFION/ρNAFION))
PTFE = wPTFE

1 − wPTFE
mcarbon (B.5)

Substituting masses by bulk densities times volumes
earranging we get the PTFE volume

PTFE = wPTFE

1 − wPTFE

ρcarbon

ρPTFE
Vcarbon. (B.6)

Substituting the carbon volume using Eq.(B.2) one gets

PTFE = wPTFE

1 − wPTFE

ρcarbon

ρPTFE
(1 − εuntreated Toray

pores )Vtot. (B.7)

The resulting porosity (i.e. the pore volume fraction
he PTFE-treated material is then

PTFE−treated Toray
pores

= Vpores

Vtot
= εuntreated Toray

pores

− wPTFE

1 − wPTFE

ρcarbon

ρPTFE
(1 − εuntreated Toray

pores ). (B.8)

With the parameters given inTable 11, the typical PTFE
ass contentwPTFE = 0.25 and the bulk densities of carb
ε =
1/AS(V cat.layer

tot )

= dcat.layer− (wcat/ρcat) − (wNAFION/ρNAFION)

dcat.layer . (B.12)

Table 11
Physical properties of catalyst layers and calculation of porosities

Property AC CC

Thickness (dcat.layer) 35�m 35�m
Catalyst loading (wcat) 5 mg cm−2 5 mg cm−2

Catalyst density (ρcat) 0.66× 21.4 + 0.34×
12.4 = 18.3 g cm−3

(Pt:Ru mass ratio
66:34)

21.4 g cm−3 (Pt)

NAFION™ loading
(wNAFION)

0.15wcat =
0.75mg cm−2

0.10wcat =
0.5 mg cm−2

NAFION™ density
(ρNAFION)

1.97 g cm−3 1.97 g cm−3

Calculation of volume fractions
Catalyst
(solid metal)

0.08 0.07

NAFION™ 0.11 0.07
Free pore
space= porosity (ε)

0.81 0.86
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For the applied MEAs the resulting calculations are shown
in Table 11.

Appendix C. Effective thermal conductivities

From Toray Corporation a value for the through-plane
thermal conductivity is available (seeTable 10). But this value
is only valid for the pores being filled with air, at 20◦C. There-
fore, this value is not applicable for the anode diffusion layer
(AD) where the pores are filled with water (and traces of
methanol and carbon dioxide). Also, as the thermal conduc-
tivity of air is temperature dependent, using this value for the
cathode diffusion layer seems problematic. Therefore, first
the thermal conductivity of the carbon fibres alone shall be
calculated. Generally, assuming parallel thermal conduction
through all present materials, the effective thermal conduc-
tivity can be calculated from

λeff =
∑
j

εjλj. (C.1)

Using this expression for TORAY™ paper at 20◦C we get
the (assumed temperature-independent) thermal conductivity
of TORAY™ paper in the vacuum (i.e. the contribution from
the carbon material only):

λ

E
e

f osity
( be
c and
f

med
t of
w bon
d

λ

lue
E

med
t c-
t

λ

Appendix D. Volumetric effective heat capacities

In the energy balances of the simulation model, the vol-
umetric overall heat capacities in all control volumes are
needed. These are calculated from the densitiesρj (kg m−3),
the mass-based heat capacitiesCp,j (J kg−1 K−1) and volume
fractionsεj (–) of all present materials and reactants:

(ρ̃Cp) =
∑
j

εjρjCp,j. (D.1)

The pores in the anode diffusion layer (AD) are assumed to
be filled with liquid water and small amounts of methanol and
carbon dioxide. As the mole fractions of the latter two are each
well below 0.05, their influence on the overall heat capacity
is neglected. It is only accounted for the carbon material and
the PTFE forming the solid porous structure as well as the
water inside the pores:

(ρ̃Cp)AD = ε
PTFE−treated Toray
carbon ρcarbonCp,carbon

+ εPTFE−treated Toray
PTFE ρPTFECp,PTFE

+ εPTFE−treated Toray
pores ρH2O(l)Cp,H2O(l). (D.2)

The identical equation is applied to the cathode diffusion
layer (CD). The only difference is that the pores are filled
with air instead of liquid water.

ode
c ater.
M e the
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t ure
p

A
P

PEM
m ume
Toray = λ
eff,20◦C
Toray+ air − εuntreated Toray

pores λ20◦C
air

1 − εuntreated Toray
pores

= 7.63 W m−1 K−1 (C.2)

The thermal conductivity of air at 20◦C is calculated from
q.(A.6). The other values are taken fromTable 11.
Using the value calculated in Eq.(C.2) and the volum

ractions of carbon fibres and PTFE as well as the por
see Appendix B), the effective thermal conductivity can
alculated accounting for the material filling the pores
or the temperature.

In the anode diffusion layer (AD) the pores are assu
o be filled with a liquid mixture, which mainly consists
ater. For simplicity, the influence of methanol and car
ioxide is neglected. The resulting expression is

eff,AD = ε
PTFE−treated Toray
carbon λToray + εPTFE−treated Toray

PTFE λPTFE

+ εPTFE−treated Toray
pores λH2O(T ) (C.3)

For the thermal conductivity of water, the literature va
q.(A.5) is used.
In the cathode diffusion layer (CD) the pores are assu

o be filled with air. Eq.(A.6) is used for the thermal condu
ivity of air.

eff,CD = ε
PTFE−treated Toray
carbon λToray + εPTFE−treated Toray

PTFE λPTFE

+ εPTFE−treated Toray
pores λair(T ) (C.4)
As in the anode diffusion layer (AD), all pores in the an
atalyst layer (AC) are assumed to be filled with pure w
ethanol and carbon dioxide are again neglected. Her

olid matrix is formed from the catalyst particles and iono
Nafion™):

ρ̃Cp)AC = εAC
PtRu(ρ̃Cp)PtRu+ εAC

Nafion(ρ̃Cp)Nafion

+ εAC
poresρH2O(l)Cp,H2O(l) (D.3)

ith the heat capacity of the PtRu catalyst calculated f
he mass fractions of both metals:

ρ̃Cp)PtRu = 0.66ρPtCp,Pt + 0.34ρRuCp,Ru

= 2.84× 106 J m−3K−1 (D.4)

In the literature[23] for wet NAFION™ one finds a vo
metric heat capacity of

ρ̃Cp)Nafion = 2.4 × 107J m−3K−1. (D.5)

For the cathode catalyst layer (CC) the same rea
ng is valid as for the anode catalyst layer (AC), exc
hat the pores are filled with air, and the catalyst is p
latinum.

ppendix E. Concentration measures within the
EM

To convert the concentration measures used in the
odel, the concentration with respect to the total vol
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including the polymer backbone ˜ci (mol m−3) is useful. It
can be calculated from the molar densityN̂M

j,k in the spatially
discretised model as

c̃Mj,k = N̂M
j,k


zMk
(E.1)

with j = H2O, CH3OH, H+, where the thickness
zMk (m)
of the respective control volumek is calculated from


zMk = dM,dry

ncvM +
∑
j

(
N̂M
j,kV̄j

)
. (E.2)

This thickness is also needed for the various flux calcu-
lations to calculate the distances between the centres of the
control volumes. From ˜cj, all other concentration measures
can be easily calculated:

volume fractions :εMj = c̃Mj V̄j. (E.3)

concentrations within the pores :cMj = c̃Mj

εMpores
, (E.4)

with

εMpores=
∑
j

εMj = εMH+ + εMH2O + εMCH3OH. (E.5)
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