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Abstract

In the present study, a mathematical model describing the transport of multi-component species inside porous SOFC anodes is developed.
The model considers the reaction zone layer as a distinct volume rather than a mere mathematical surface (boundary condition) as treated in the
existing models. The reaction zone layer is a relatively thin layer in the vicinity of electrolyte where electrochemical H, oxidation takes place
to produce electrons and water vapor. The model also incorporates the effect of Knudsen diffusion in the porous electrode and reaction zone
layers. Simulations are performed using multi-component ethanol reformate fuel to predict the distribution of multi-component species in the
electrode and reaction zone layers at different loads (current densities). In addition, the effect of shift reaction on the concentration overpotential
is examined. Moreover, the effect of treating reaction zone layer as a discrete volume is investigated.

© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Solid oxide fuel cell (SOFC) is a solid-state ceramic cell, op-
erating at the high temperature of around 1000 °C. Both hydro-
gen and carbon monoxide can be used as a fuel, either directly
or indirectly through the water-gas shift reaction, thus provid-
ing the flexibility on fuel. SOFC is promising for electric utility
power generation in both large central power plants and decen-
tralized generation units [1].

Because of simplicity in manufacturing and higher power
density, planar-type design of SOFC has received much atten-
tion recently [2,3]. However, the commercialization of planar-
type SOFC has some technical challenges due to high tem-
perature operation such as internal stresses in cell components
arising from thermal shocks or heat cycles, mismatch in ther-
mal expansion coefficient among cell components and non-
homogeneous temperature distribution inside the cell. In order
to overcome the problems associated with high temperature op-
eration of SOFC and enhance its performance, presently much
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of the research is focused on developing new materials and
configurations which provides better or similar performance at
reduced operating temperatures [4,5]. The other consequence of
reducing the operating temperature is the reduction in the ionic
conductivity of the electrolyte resulting in higher ohmic over-
potential, which can be minimized by using electrode supported
(anode or cathode) configuration of SOFC, wherein thin elec-
trolyte of thicknesses around 20 pum are deposited on the thick
anode or cathode and thereby reduces the ohmic overpotential
at reduced temperatures. However, in electrode-supported cells
(anode or cathode), it is reported that concentration overpoten-
tial due to resistance to transport of reactants to the reaction
sites becomes significant [5,6]. Therefore, the thicknesses of
different components of SOFC should be optimized to mini-
mize both ohmic and concentration overpotentials and provides
better performance.

The resistance to the flow of reactant species through the
void spaces of the porous layers results in lower reactant con-
centration at the reaction sites. The loss in cell potential due to
mass transfer limitation is referred to as concentration overpo-
tential. The accurate determination of the rate of mass transport
inside the porous electrodes is extremely important to minimize
the concentration overpotential at higher current densities. The
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Nomenclature

Ay reactive surface area per unit volume ... m’m 3
CH, hydrogen concentration .............. mole m ™3
CH,,ref Teference hydrogen concentration ... .. mole m—3
dp diameter of thepore ....................... pum
D;; ordinary diffusion coefficient ............ m?s~!
Dgyn,i  Knudsen diffusion coefficient ........... m?s~!
©ij effective diffusion coefficient ............ m?s~!
F Faraday’s constant, 96 487 C mole ™!
J current density .............coeiiiiien... Am™2
Ta volumetric current density in the anode . . . Am™3
Je electronic current density ............... Am™?
Ji ionic current density .................... Am™?
J(? fef reference exchange current density ... .... Am™?
kps backward reaction rate constant ........ JTmole™!
ks forward reaction rate constant ......... Jmole™!
Kps equilibrium constant for shift reaction
le volume fraction of the electrolyte
M; molecular weight of speciesi ........ kg mole™!
n moles of electrons transferred per mole reactant
N; diffusive flux of species i, ........ molem™2 5!
R universal gas constant, 8.3143 J mole~ ! K~!
Na volumetric current density produced in the

anode ... Am™3
Tg volumetric shift reactionrate ........ kgm 357!
S‘s,i species source term ................ kgm 357!

T EMPETAture ... .......ovuuureennnnnenneeennn K

Vi diffusive velocity of species i ............ ms~!

X rectangular coordinate ...................... m

Xi mole fraction of species i

Greek symbols

o charge transfer coefficient

e porosity

be electronic potential ......................... A\

o} ionic potential ............ .. ... ., v

] volume fraction of electron conducting particles in
reaction zone layer

YH, reaction order

K ionic conductivity ...................... Sm™!

Neon concentration overpotential .................. \'%

Pi partial density of speciesi .............. kgm™3

o electronic conductivity .................. Sm™!

T tortuosity

Subscripts

bl electrode (backing) layer

rl reaction zone layer

Superscripts

eff effective

rate of mass transport inside the porous electrodes of SOFC
depends on the operating and design parameters such as tem-
perature, pressure, fuel composition, pore size, porosity and
tortuosity [6].

Recently, transport of gaseous species inside the porous an-
ode has been studied by various researchers [6—8]. Yakabe et
al. [6] and Lehnert et al. [7] used mass transport models similar
to dusty—gas model, whereas Suwanwarangkul et al. [8] used
three different models such as Fick’s model, dusty—gas model
and Stefan—-Maxwell model to simulate two binary systems
(H>-H;0 and CO-CO») and a ternary system (Hy—H>O—-Ar).
Yakabe et al. [6] and Lehnert et al. [7] included water-gas shift
reaction in their model but Suwanwarangkul et al. [8] did not
consider it. The similarity in their models is the consideration of
reaction zone as a mathematical surface, treating it as a bound-
ary condition. However, for composite electrodes such as those
in SOFCs, the reaction zone is spread out into the electrode
some distance from the electrolyte/electrode interface [7,9—-11].

The objective of this study is to develop a mathematical
model describing the transport of multi-component species in-
side porous SOFC anodes, which includes reaction zone layer
as a discrete volume rather than a mathematical surface as
treated in the existing models. The model is fuel flexible, which
means not only pure Hj but also any reformate, which is com-
posed of Hy, H>O, CO and CO; can be used as a fuel. There-
fore, in the present study, the composition of ethanol refor-
mate fuel is used to predict the distribution of multi-component

species in the electrode and reaction zone layers at different
current densities. Moreover, it is aimed to examine the effect of
shift reaction and finite reaction zone layer on the concentration
overpotential.

2. Modeling

The different layers on the anode side of an anode-supported
SOFC are illustrated in Fig. 1. The present model deals with
porous anode only, which is classified as anode electrode layer
and anode reaction zone layer. The additional layer shown
between the electrode and electrolyte is a region where the
electrochemical oxidation takes place to produce electrons and
water vapor. Consideration of reaction zone layer as a finite
volume adds complexities to the mathematical model since con-
servation equations have to be solved along with chemical and
electrochemical reactions.

The assumptions considered in the mathematical formula-
tion are steady state cell operation and one-dimensional vari-
ation of parameters in x-direction only as shown in Fig. 1.
The temperature and total pressure are assumed to be uniform
throughout the anode. The momentum of gaseous species in
porous anode is assumed to be negligible, implying the trans-
port of reactant species to the reaction sites in the reaction
zone layer is predominantly by diffusion. The reactant gas mix-
tures are approximated as ideal gases with negligible viscous,
Soret, Dofour, and gravity effects. The anode reaction zone
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Fig. 1. Anode side of solid oxide fuel cells.

layer consists of a mixture of electron-conducting particles,
ion-conducting particles and void space occupied by gaseous
species. Moreover, it is assumed that there is no electrochemi-
cal oxidation of CO in the anode reaction zone.

By applying the conservation of species equation together
with the modified Stefan—-Maxwell equations incorporating
Knudsen diffusion for multi-component gas diffusion, the gen-
eral Butler—Volmer equation for the electrochemical reaction in
the reaction zone layer and electroneutrality, the mathematical
model for the processes occurring in the anode electrode and
reaction zone layers is formulated. The governing equations are
then described as follows:

Species:

V- (piVi) =Sy (1)
Electronic charge — electrode layer:

vV-J.=0 2)
Electronic charge — reaction zone layer:

V-J.=N, 3)
Ionic charge — reaction zone layer:

V- Ji=-%, “

where p; is the partial density of species i, V; is the species dif-
fusion velocity, S‘S,,- is the species source term representing the
rate of production or consumption of species due to water—gas
shift reaction in the electrode layer and production or consump-
tion of species due to water—gas shift reaction and Hy oxidation
reaction in the reaction zone layer, J, is the electronic current
density, J; is the ionic current density and N, is the volumetric

current density produced in the reaction zone layer due to H»
oxidation, which is given by the general Butler—Volmer equa-
tion expressed as

YH
\ H CH 2 anF (¢; — ¢.)
Mo :Avjo’zef<c;1 ief) {eXp< RT
25

_exp<_<1 —a)nIfT(qsi - @))} )

where A, is the reactive surface area per unit volume, J(? fef is
the reference exchange current density at the reference concen-
tration cy, ef, ¢ is the charge transfer coefficient, n is the moles
of electron produced per mole of reactant consumed, F is the
Faraday’s constant (96487 C mole™ 1), ¢. and ¢; are electronic
and ionic potentials, respectively.

The diffusion flux can be determined using the Stefan—
Maxwell equations for multi-component systems involving n
species, expressed as [12]:

n 1 R R
—chi = Z D (Xle' —x,-Nj) (6)
= Dij
J=Li#]
where c is the concentration of the mixture, D;; is the ordinary
or binary diffusion coefficient of species i in j, x; is the mole
fraction of species i, and N; is the diffusion flux of species i.

Typically, in SOFC electrodes both ordinary and Knudsen
diffusion occurs simultaneously [13]. In order to account Knud-
sen diffusion effect, the above model is modified and expressed
as

n .
1 - - Ni
—cVxi= Y (xjNi —x;iNj) + — (7
.~ D Dkn,i
J=Li#]
where Dgj, ; is the Knudsen diffusion coefficient of species i.
Combining the two terms on the right-hand side of Eq. (7),
the modified Stefan-Maxwell equations are expressed as

n

1
—cVxi= Y —(x;N; —x;N;) (8)
jotizj i
where g;; is the diffusion coefficient, expressed as
D;jDkp.i
©ij = (M) )
Djj + Dk,

The effective diffusion coefficient can be obtained using the
following relation:

&
95 = i (10)

Replacing the diffusion coefficient with the effective dif-
fusion coefficient, the modified Stefan—-Maxwell equation,
Eq. (8), becomes

1
Y —F@iNi—xiN) (11)
j=Li#j Bij

—cVx; =

The species source term on the right-hand side of Eq. (1),
represents the rate of production or consumption of species due
to the water—gas shift reaction given as

CO + H;O = H; 4+ CO, (12)
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The volumetric reaction rate for the shift reaction can be
written as

rs = kfsccoOCH,0 — kpsCCO,CH, (13)

where ky; and kpg are forward and backward reaction rate con-
stants for the water—gas shift reaction.

In terms of mole fraction, the volumetric reaction rate for
shift reaction becomes

2
I's = (%) [kaxCOXHzo — kbsXC0,XH, | (14

where p is the total pressure, R is the universal gas constant
and T is the temperature.

The mass rates of production or consumption of various
species due to water—gas shift reaction in the anode electrode
and reaction zone layers can be formulated as follows:

Ss H, = Mu, s (15)
S5m0 = —Mm,0rs (16)
Ss.co = —Mcors (17)
Ss.c0, = Mco, s (18)

where My,, My,0, Mco, and Mco, are the molecular weights
of Hy, H>O, CO and CO3, respectively.

The species source term in the anode reaction zone layer
due to electrochemical oxidation of Hj is related to volumetric
current density produced through the Faraday’s law of electro-
chemical reaction and is described as follows

viM; R,
nkF

where M; is the molecular weight of the species i, ), is the
volumetric current density produced in the anode reaction zone
layer given in Eq. (5), n is the number of electrons participating
in the electrochemical reaction, F' is the Faraday’s constant, and
v; is the stoichiometric coefficient of the species expressed in
the following form [14]:

Sei=— (19)

H; + O~ — HyO — 2¢~ (20)

Expressing the electronic and ionic current densities given
in Egs. (2)—(4) as gradients of electronic and ionic potentials
through Ohm’s law, Egs. (2)—(4) becomes

Electronic Charge — Electrode Layer:

V-0 ve) =0 @1
Electronic charge — reaction zone layer:

V- (o Vo) = -9, (22)
lonic charge — reaction zone layer:

V- (V) =9, (23)

where the effective electronic conductivity in the electrode layer
and effective electronic and ionic conductivities in the reaction
zone layer are defined as [15]:

4 1—
a,f=< - 8)0 24)
agﬁ”:cb(l_g)a (25)
T
Kf{f'z(l—cb)(l;g)x (26)

where @ is the volume fraction of the electron conducting par-
ticles in the reaction zone layer, o and « are the conductivities
of pure electron and ion-conducting materials, respectively.

As the electric current is drawn from the cell, the reactant
concentration at the reaction sites is lower than the concen-
tration in the bulk reactant region. The difference in reactant
concentration at the reaction sites and the bulk reactant region
leads to a loss in cell potential referred to as the concentration
overpotential. In terms of mole fractions, it can be expressed as

b
RT ln[xl‘fxszzo}

nF | xb

i @n
tzxHQO

Neon =
where n is the moles of electron produced per mole of reactant
consumed, F is the Faraday’s constant (96487 C mole_l), and
xf_‘lz, xﬁz, xﬁzo, and xf_’lzo are the mole fractions of H, and H,O
at locations ‘a’ and ‘b’, respectively, as shown in Fig. 1.

The locations at which boundary conditions are required to
solve the above governing equations are labeled as ‘a’, ‘b’ and
‘c’ in Fig. 1. The interface between the fuel channel and the
electrode (backing) layer designated as ‘a’ in Fig. 1, is a spec-
ified (Dirichlet) boundary condition where the composition of
species and electronic potential are specified. At location ‘b,
the interface between the electrode (backing) and reaction zone
layers, the diffusive flux of species and electronic current den-
sity are continuous; whereas ionic current density is zero. At
location ‘c’, mass flux and electronic current density are zero;
whereas ionic current density is equal to the total current den-
sity. Mathematically, the boundary conditions can be written as

e Atx="‘a’: x; =specified ¢e = specified
o Atx="b": Nilp=Nilu, Jelor = Jelrs Ji=0
e Atx="°c: N;=0, J. =0, Ji=J

3. Numerical implementation

The mathematical model presented above is based on the
conservation principle. Therefore, the numerical method used
to discretize the governing equations is a well-known method,
referred to as ‘finite-volume method’. The discretized govern-
ing equations form a system of algebraic equations whose so-
Iution can be obtained using a direct method or an iterative
method. For the problem at hand, an iterative method is used
because of the fact that the coefficients of the discretized alge-
braic equations are functions of the variables evaluated at grid
points.

4. Results and discussion

The fuel composition and the base-case parameters used in
the simulation are listed in Tables 1 and 2, respectively. Since
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Table 1
Mole fractions of ethanol reformate fuel
used in the simulation

Mole fraction Value
XH, 0.480
XH,0 0.200
XCco 0.220
XCO, 0.100
Source: Breen et al. [16].

Table 2

Base-case parameters used in the simulation

Parameter Value

Operating temperature, Tgp 1073.0K

Total pressure, p 1.0 atm

Electrode layer thickness, 7,4 2000.0 um [7]

Reaction zone layer thickness, 4,7 50.0 um [7]

Porosity, & 0.3[17]

Tortuosity, T 4.5 [6]

Pore diameter, d) 1.0 um [17]

Volume fraction of electron conducting 0.5 [18]

particles in the reaction zone, @
Reactive area per unit volume, A, 0.5 x 10® m?m3 [18]
1320 Am—2 [5]
Reaction order, VH, 0.5

7
23510 exp(~ 17%) sm~! [19]

. : Hy
Reference current density, JO’W f

Electronic conductivity, o

Tonic conductivity, K 3.34 x 104 exp(—&Too) Sm™! [19]

the model is fuel flexible which can predict the distribution of
various species in the porous electrode and reaction zone layers
for any reformate composition, ethanol reformate fuel compo-
sition obtained from Breen et al. [16] is used in the present
simulation. Water—gas shift reaction is also considered in the
electrode and reaction zone layers involving production of ad-
ditional H, for electrochemical reaction at the reaction sites.
Fig. 2 shows the distribution of species mole fraction in the
electrode and reaction zone layers at 0.7 A cm™2. The abscissa
of Fig. 2(a) and (b) represents the non-dimensionalized elec-
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Non-dimensionalized Electrode Thickness

(a)

Fig. 2. Distribution of species mole fraction in the electrode and reaction zone layers at 0.7 Acm™~.

trode and reaction zone thickness, respectively; whereas the
ordinate of Fig. 2(a) and (b) represents species mole fraction.
The temperature and pressure were set at 1073.0 K and 1.0 atm.
Since SOFC is typically operated in the range 0.5-0.7 A cm™2,
the species distribution is predicted at 0.7 Acm™2. It can be
seen that, the concentration or mole fraction of H, decreases
in the electrode and reaction zone layers as we from the fuel
channel side to the electrolyte side, whereas the concentration
or mole fraction of H>O increases from left to right. This is
due to the electrochemical oxidation of H, at the reaction sites
in the reaction zone layer, resulting in production of electrons
with H>O. Although the profiles of species mole fraction seems
to be linear but they are varying in a non-linear fashion as we
move from fuel channel side to the electrolyte side. This can
be evident from Figs. 3 and 4, which depicts the mole frac-
tion distribution of Hy and H,O in the electrode and reaction
zone layers at different current densities (loads), respectively.
This non-linear variation of species in the electrode layer is
due to water—gas shift reaction; whereas it is due to water—gas
shift reaction and electrochemical oxidation reaction in the re-
action zone layer. Further, it can be seen from Figs. 3 and 4
that, with the increase of current density, the mole fraction of
H, decreases and the mole fraction of H>O increases. This is
attributed to the increase in consumption of H, and production
of H,O at the reaction sites in the reaction zone layer in order
to meet the desired load.

The effect of shift reaction on the concentration overpoten-
tial is shown in Fig. 5. The operating and design parameters are
same as the base-case parameters listed in Table 2. The x-axis
represents the current density or load, whereas y-axis repre-
sents the concentration overpotential. It can be observed that
concentration overpotential increases with the increase of cur-
rent density. This is due to decrease in reactant concentration at
the reaction sites. With the increase of current density, the rate
of electrochemical H, oxidation at the reaction sites increases
in order to meet the desired output requirement. As a result, the
reactants are consumed rapidly at the reaction sites. The lim-
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Fig. 3. Distribution of Hp mole fraction in the electrode and reaction zone layers at different current densities.
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Fig. 4. Distribution of H,O mole fraction in the electrode and reaction zone layers at different current densities.

ited rate of mass transfer results in lower reactant concentration
at the reaction sites leading to increased concentration overpo-
tential at higher loads. It can also be seen that, the water—gas
shift reaction in the anode results in decreasing the concen-
tration overpotential at higher current densities. This is due to
production of additional H, during shift reaction resulting in
higher reactant concentration at the reaction sites. Further, it
can be observed that the decrease in concentration overpotential
through water—gas shift reaction is insignificant with the present
ethanol fuel reformate composition, as the rate of water—gas
shift reaction depends on the concentration of CO and H>O and
temperature.

Fig. 6 shows the effect of considering finite reaction zone
layer on concentration overpotential. Again the operating and
design conditions are same as the base-case parameters listed in
Table 2. From the figure, it can be seen that the consideration of
reaction zone layer as a mathematical surface result in overpre-
dicting the concentration overpotential at all loads considered
in the simulation. This is due to sudden drop in concentration
of the reactants at the reactant sites in the case of no reaction
zone layer as compared to the case with reaction zone layer,
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Fig. 5. Effect of shift reaction on the concentration overpotential.
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which is evident from Fig. 7. The sudden decrease in reactant
concentration in case of no reaction zone layer is due to sin-
gle reaction site or triple phase boundary (TPB) as compared to
multiple reaction sites or triple phase boundaries (TPBs) spread
over the finite reaction zone layer (Williford and Chick, 2003).
Moreover, it can be observed that the magnitude of concentra-
tion overpotential is less significant at all the loads considered
in the present simulation. Therefore, other overpotentials such
as activation and ohmic has to be predicted in order to obtain
the true performance of the anode under various operating and
design conditions.

Fig. 8 shows the distribution of non-dimensionalized elec-
tronic potential in the electrode layer at different current densi-
ties. The operating and design parameters were set as base-case
parameters listed in Table 2. Since there is no electrochemi-
cal reaction in the anode electrode layer, the distribution of
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Fig. 8. Non-dimensionalized electronic potential in the electrode layer at differ-
ent current densities.

non-dimensionalized electronic potential is linear and increases
from the left to the right, i.e., from the fuel channel to the reac-
tion zone layer. It can also be seen that the non-dimensionalized
electronic potential increases with the increase of current den-
sity. This is due to the increased consumption of reactants in the
reaction zone layer resulting in the higher electronic potential
in order to meet the desired load.

The distribution of non-dimensionalized electronic and ionic
potentials in the reaction zone layer at different current densi-
ties is shown in Fig. 9. From the figure, it can be seen that the
electronic potential increases and the ionic potential decreases
from the left to the right, i.e., from anode electrode layer to
electrolyte layer. This is due to the transfer of charge from the
electrolyte phase to electrode phase in the reaction zone layer.
Moreover, it can be seen that, both the electronic and ionic po-
tentials increases with the increase of current density.

The non-dimensionalized electronic and ionic current den-
sities in the reaction zone layer are shown in Fig. 10. The
operating and design parameters were set as base-case para-
meters listed in Table 2. It can be seen that electronic current
density increases and ionic current density decreases from
the electrolyte layer to the anode electrode layer. This is
again due to the transfer of charge from ion-conducting phase
to the electron-conducting phase of the anode reaction zone
layer.

5. Conclusions

A mathematical model describing the transport of multi-
component species inside the porous SOFC anodes has been
developed. The model considers reaction zone layer as a fi-
nite volume rather than a mathematical surface as treated in
the existing models and includes the water—gas shift reaction
in the electrode and reaction zone layers. The modified Stefan—
Maxwell equations incorporating Knudsen diffusion are used to
model the multi-component diffusion inside the porous anode.
The general Butler—Volmer equation is used to model the rate of
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Fig. 9. Non-dimensionalized electronic and ionic potentials in the reaction zone layer at different current densities.
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Fig. 10. Non-dimensionalized current densities in the reaction zone layer.

electrochemical reaction in the reaction zone layer. Simulations
are then performed using multi-component ethanol reformate
fuel to predict the distribution of multi-component species in
the electrode and reaction zone layers at different loads (cur-
rent densities). In addition, the effect of shift reaction and finite
reaction zone layer on the concentration overpotential is exam-
ined. It is found that, the water—gas shift reaction in the anode
results in decreasing the concentration overpotential at higher
current densities. Further, it is observed that the decrease in
concentration overpotential through water—gas shift reaction is
insignificant with the present ethanol fuel reformate composi-
tion. It is also found that the consideration of reaction zone layer
as a mathematical surface result in overpredicting the concen-
tration overpotential at all loads considered in the simulation.
In addition, it is observed that the magnitude of concentration
overpotential is less significant at all the loads considered in the
present simulation. Therefore, other overpotentials such as acti-
vation and ohmic has to be predicted in order to obtain the true
performance of the anode under various operating and design
conditions.
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