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A new anode micromodel for solid oxide fuel cells to predict the electrochemical
performance of hydrocarbon-fuelled porous composite anodes with various microstruc-
tures is developed. In this model, the random packing sphere method is used to esti-
mate the anode microstructural properties, and the complex interdependency among
the multicomponent mass transport, electron and ion transports, and electrochemical
and chemical reactions is taken into account. As a case study, a porous Ni-YSZ com-
posite anode operated with biogas fuel is simulated numerically and distributions of
the current density, polarization, and mole fraction and rate of flux of the fuel compo-
nents along the thickness of the anode are determined. The effect of the anode micro-
structural variables including the porosity, thickness, particle-size ratio, and particle
size and volume fraction of Ni particles on the anode electrochemical performance is
also studied. © 2011 American Institute of Chemical Engineers AIChE J, 58: 1893-1906, 2012
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Introduction

The microstructure of porous composite anodes in solid
oxide fuel cells (SOFCs) is made of three phases of electron
conducting particles to transport electrons, ion conducting
particles to transport oxygen ions, and pores to transport
reactant gases. As the electrochemical reactions take place at
the active sites of the anode, where these three phases are
present, the anode microstructural characteristics can affect
significantly the anode electrochemical performance. In fact,
the microstructure of the anode affects the activation polar-
ization due to the change of the active sites for electrochemi-
cal reactions, the ohmic polarization due to the change of
the effective resistivities of electron and ion conductors, and
the concentration polarization due to the change of the anode
pore size. Therefore, to fabricate a porous composite anode
with a high-electrochemical performance, the effect of all
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the anode microstructural variables on the electrochemical
performance should be determined.

Some experimental studies' ™ investigated the effect of the
microstructure of porous composite anodes on their electro-
chemical performance. However, these studies are generally
limited to a small number of anode samples tested at some
specific operating conditions and cannot be used to fabricate
an anode with a high-electrochemical performance. The an-
ode micromodels cited in the literature are also mostly lim-
ited to hydrogen fuel,*'® because the effect of the multi-
component mass transfer (at least for a complex system of
fuel mixture containing CH4, H,, CO, H,0, CO,, and N,)
and carbon monoxide electrochemical reaction was not con-
sidered in the concentration and activation polarizations,
respectively. In this study, the complex interdependency
among the multicomponent mass transport, electron and ion
transports, and the chemical and electrochemical reactions in
porous composite anodes is taken into account and a com-
prehensive micromodel to predict the electrochemical per-
formance of porous composite anodes with various micro-
structures and operated with an arbitrary fuel containing
CHy4, H,, CO, H,O, CO,, and Ny, is developed. As a case
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Figure 1. Schematic of a two-layer porous composite
anode.

study, a biogas-fuelled porous Ni—YSZ (yttria-stabilized zir-
conia) anode with two substrate and functional layers is
studied through computer simulation; and the distribution of
the current density, polarization, and mole fraction and rate
of flux of the fuel along the thickness of the anode is deter-
mined. Then, the effect of the anode microstructural varia-
bles including the porosity, thickness, particle-size ratio, and
particle size and volume fraction of Ni particles on the an-
ode total resistance is investigated. Using this model, in
addition to the anode total resistance, the power density,
which is essential for portable applications of SOFCs,'" and
the exergy destruction'*!? can be considered to study the an-
ode electrochemical performance.

Micromodeling

To predict the effect of the anode microstructure on its
electrochemical performance, a detailed micromodel is
required. The micromodel starts with the anode microstruc-
ture modeling through which the anode microstructural prop-
erties including the electrochemical active area per unit vol-
ume, permeability, average size of pores, tortuosity, and
effective resistivity of electron and ion conductors are deter-
mined from the microstructural variables. Different methods
with various degrees of complexity are cited in the literature
for the microstructure modeling.'*'® Among them, we select
the random packing sphere method because of its simplicity
and low-computational cost, even for small size particles.
This method is applicable for electrodes that their particles
remain almost spherical during the sintering process; and
loses its validity when the contact angle between particles is
large. Several researchers reported that the average contact
angle would be almost 30° after the sintering of SOFC’s
electrodes®™1°; hence, the anode can be assumed to be a ran-
dom packing of spheres. Furthermore, in this method, both
electron and ion conductors are assumed monosized particles
and the particle coordination number and percolation theo-
ries are used to estimate the anode microstructural proper-
ties. The procedure of estimating microstructural properties
through this method is described in detained in another arti-
cle of the authors."®

After the estimation of microstructural properties, the
micromodel is developed. The micromodel of the porous
composite anode developed in this study is a steady-state
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one-dimensional model along the thickness of the anode
(x-axis in Figure 1). It is assumed that the gaseous fuel
is treated as an ideal gas, the temperature of the anode is
uniform, and the water gas shift (WSG) reaction R1 is
locally in equilibrium. This assumption is introduced,
because the WGS reaction is very fast compared with the H,
and CO electrochemical reactions at high-operating tempera-
ture of SOFCs, especially in the presence of catalytic effect
of Ni particles in anode. We also assumed that the methane
content of the fuel participate neither in electrochemical
nor steam reforming reactions inside the microstructure of
the anode.

CO +H, 0= CO, + Hy (R1)

As shown in Figure 1, the anode studied is made of a
thick substrate layer with thickness of d4 g1, as a mechanical
support of the cell structure, and a thin functional layer with
thickness of d r for Hy and CO electrochemical reactions.
As these two layers are different operationally, we model
them separately.

Micromodeling of the substrate layer

In the anode substrate layer (0<x<d, ), H, and CO mol-
ecules are transferred from the bulk fuel stream to the anode
functional layer and H,O and CO, molecules are transferred
from the anode functional layer to the bulk fuel stream
through pores. The electrons are also transferred from the
anode functional layer to the interconnect through the perco-
lated Ni particles in the substrate layer. As the partial pres-
sure of the fuel components changes along the anode sub-
strate layer and the WGS reaction should be locally main-
tained in equilibrium, a conversion of CO to H,, or vice
versa, through WGS reaction R1 may occur in this layer. As
the effect of the transport of electron on the electrochemical
performance of anode is negligible, this effect is not consid-
ered in the micromodel of the substrate layer.

The micromodel of the substrate layer is required to deter-
mine the partial pressure and rate of flux of the gaseous fuel
components at the interface of the substrate and functional
layers. For this purpose, the dusty gas model (DGM) as a
model that can take into account the combined effect of the
gas transport through porous media?*>* is used to establish
a relation between the local partial pressures and rate of
fluxes of the fuel components.

In the absence of thermal, forced, and surface diffusions,
the gas transport through the porous anode can be described
by three mechanisms of the ordinary diffusion, in which the
different components of the gaseous fuel move relative to
each other under the influence of concentration gradients;
Knudsen diffusion, in which the mean free path of molecules
of different components of the gaseous fuel is in the order of
the pore size and the gas molecules collide frequently with
the pore walls; and viscous flow, in which the gaseous fuel
acts as a continuum fluid driven by a pressure gradient
through pores of the anode. The electrical analogy for com-
bined mechanisms of the ordinary diffusion, Knudsen diffu-
sion and viscous flow is shown in Figure 2. As seen, to
determine the total flux, Knudsen and ordinary diffusive
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Figure 2. The electrical analogy for combined mecha-
nisms of gas transport in the porous com-
posite anode.

flows are combined like resistors in series, and the total dif-
fusive flow is combined with the viscous flow like resistors
in parallel

’;l;l (X) = ﬂ;tdiffusion ()C) + h;{viscous ()C) ( 1 )

The DGM for the total diffusive flow, including the Max-
well-Stefan equation for the multicomponent ordinary and
Knudsen diffusions, is expressed as?°

dpi(x) _ R z":Pm (%) ittusion (%) — P1(X) 1 gittusion (X)

dx pF(x) m=1 D7£fm
R,T ituson () I € {H,,CO, H,0, CO,, CH,, N
—u ST’ e{ 25 s 12, 25 4 2} (2)
K,/

The effective ordinary and Knudsen diffusion coefficients
are estimated from Egs. 3*° and 4,% respectively. It is noted
that the atomic diffusion volume, V,, of H,, CO, H,0O, CO,,
CH,, and N, in Eq. 3 is 6.12, 18.0, 13.1, 26.7, 25.14, and
18.5 cm®, respectively.25

off 0.0101325 1 1 0.5 Tsl 75 e
D[—m = 1/3 132 \ MW JFMW — 3)
(Va,l + Va.,m / m pF(X) TA

TS EA
W <a> 4)

The behavior of viscous flow in the porous anode is math-
ematically described as the creeping flow at which the Reyn-
olds number is very small, such that the inertia effects can
be ignored in comparison to the viscous effects. If the gas
mixture is not accelerating, the net force on any finite vol-
ume of the anode in x direction is zero, so the viscous-drag

DY = 48.5 dpores
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force just balances the force because of the pressure differ-
ence across the finite volume. In this condition, the rate of
flux corresponding to viscous flow through porous anode can
be described by Darcy law as follows

pi(x) Py dpr(x)

ﬁ?/,viscous(x) - R.T. 'u(x) dx

&)

The permeability of the porous anode, [y, can be esti-
mated from the Carman—Kozeny correlation for a porous
medium made of spherical particles. Of course, we modified
this correlation for the random mixture of binary spherical
particles as follows

1 & oni 1 — on -
SRR S T NE N S
P 180 (1 —ep)? \dni dysz (

We also estimated the dynamic viscousity of fuel, as an n-
component gas mixture, using the Reichenberg method from
the dynamic viscousity of the pure components.?’

If the rate of flux corresponding to viscous flow in Eq. 5
is substituted into Eq. 1 and the rate of flux corresponding to
the diffusive flow is obtained from Eq. 1 and substituted into
Eq. 2, the multicomponent gas transport in the porous anode
on the basis of the DGM for the combined mechanisms of
the ordinary diffusion, Knudsen diffusion and viscous flow is
obtained as follows

dpi(x) R ipm(x)"lﬁ/(x) — pi(x)iy, (x)
dx pr(x) & DSt

)/ (x)  Bopi(x) dpe(x)
DYy DY u(x)  dx

—R\T (7)

By developing this equation for all components of the fuel
and adding both sides of the equations obtained, the change
of the fuel pressure along the thickness of the anode is deter-
mined as

dpF(x) — _R.T an:l hg7(x)/D?(ffn1 (8)
de " )
(1+ 2 o)

Substituting Eq. 8 into Eq. 7 yields

dpz(X) _ RuTs Z Pm(x)”?/(x) —‘pl(x)iz;;(x)
dx ZZI:I Pm (.X) m=1 D?Etm
o1 ”7 7 (x Deff
_RUT n (X) +RuTs ﬁOpl(x) % mel m( )/ K,m

S pyeff
Dy,

Deffu(x) 8 ” o (x ?
“ L+ o B

l e {Hz,CO,HzO,COZ,CH4,N2} (9)

In this equation, the gradient of the local partial pressure
is dependent on the local rate of flux of the fuel components.
The rate of flux of nitrogen and methane are zero in the an-
ode microstructure; the local rate of flux of water and carbon
dioxide is equal in magnitude and opposite in direction to
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that of hydrogen and carbon monoxide, respectively; and the
local rate of flux of hydrogen and carbon monoxide can be
obtained from the mass conservation equation as follows

= Clbowas () (10)
fico () :%‘—ﬁﬁz(x) (an
Ao (x) = iy (x) (12)
7o, (¥) = —hgo(¥) (13)

The rate of flux of hydrogen in Eq. 10 is dependent on
the rate of water consumption through WGS reaction R1,
Cy,0wes(X), in the anode substrate layer. The rate of water
consumption through WGS reaction can be determined from
the relation of the equilibrium constant of the WGS reaction
with H,, CO, H,0, and CO, partial pressures

2o (Ts) + g% (Ts) — 220 (Ts) — g% o (T,
Kywos(Ts) _exp<_gc02( 5) 8H2( Si@ 7:é’co( 5) 8H20( s))
uts

_ Cu,(0)Cco0,(x) _ pa, (¥)Pco, (¥)
Cu,0(x)Cco(x)  pr0(x)pco(x)

(14)

Therefore, the partial pressure and rate of flux of the fuel
components are coupled and the system of Eqs. 15 with the
associated boundary conditions should be solved to deter-
mine these variables along the anode substrate layer.

IS P ()] () —pr(x)itn () R.T, i (x) +R,T. Bopi(x)
(x)

dpi(x) _ R T ] 2
—— s s
dx Zm: \Pm (x) m—=1 D;—rlz Dy

noo.
D /D,

Po N pm(o)
<l+ll(-\)Zm:IDerf )

dnfy (x) .
1:1; :C;/{,ZO,WGS(X)

S peff
DK,I

,ZG{Hz,CO,HzO,COz,CH4,N2}

Al (X) =22t (x)

_ P, (¥)peo, (x)
Kpwas (Ts)  pro(X)pco(x)

Atx=0:p;=p;(0),/€ {H,,CO,H,0,CO,,CH4,N, }

s)

Micromodeling of the functional layer

In the anode functional layer (0.5, <x<d,), oxygen ions
are transferred from the electrolyte to reaction sites through
the percolated YSZ particles, H, and CO molecules are
transferred from the anode substrate layer to the reaction
sites of the functional layer through pores, H, and CO elec-
trochemical reactions R2 and R3 take place at the reaction
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sites, electrons produced are transferred from the reaction
sites to the anode substrate layer through the percolated Ni
particles, and H,O and CO, molecules produced are trans-
ferred from reaction sites to the anode substrate layer
through pores. As the partial pressure of the fuel components
changes along the anode functional layer and the WGS reac-
tion should be locally maintained in equilibrium, a conver-
sion of CO to H,, or vice versa, through WGS reaction R1
may occur in this layer.

ki n
H, + O~ = H,O + 2e" (R2)

KoH,

- kf.co -
CO+ 0" = CO,; +2e (R3)

kb.co

As the ion conductivity of Ni and electron conductivity of
YSZ are negligible, the electron and ion local current den-
sities generated from the electrochemical reactions R2 and
R3 can be obtained on the basis of Kirchhoff’s circuit law
from the following equations’

di il X . . .
Z( ) = —Arpgiy(X) iNi (OaSL) = ot (16)
X
dl%i(x) = Arppi,(x) iysz(0asL) =0 (17)

To solve these differential equations, the anode total trans-
fer current density per unit of electrochemical active area,
i,(x), due to the electrochemical reactions in the anode func-
tional layer, should be determined. To determine the contri-
bution of the hydrogen electrochemical reaction in the anode
total transfer current density, the charge transfer between the
electron and ion conductors is assumed to be the rate deter-
mining step of reaction R2, and the effect of the adsorption
and dissociation of hydrogen molecules on the electrocata-
lytic surface of the anode is neglected. The reaction order of
unity is also assumed for this reaction in the presence of Ni
and YSZ particles. Therefore, the local rate of the forward
and backward reactions corresponding to reaction R2, 9
m,(x) and 8, 1 (x), can be expressed as follows

ﬁfﬁz ()C) = kf,Hz (X) CHz ()C) (18)
Ui, (X) = ko, (1) Cryo0 (%) (19)

where k; 1,(x) and k;,, 4,(x) denote the reaction rate constants
for the forward and backward reactions, respectively, and can
be estimated from the transition state theory®

ki, (x) = A, Teexp (ﬂgii;:(x)) (20)
—Agp, ()
ko, (x) = Appt, Tsexp (% Q1)

In these equations, Agsy,(x) and Ag, 4 (x) are the actual
standard Gibbs function of activation for the forward and
backward reactions, respectively. These two parameters can
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be expressed in terms of the equilibrium standard Gibbs
function of activation and the electron energy change for the
anode polarized from the equilibrium state to a desired
Voltage29

_A 0 2F EO _vy
ke p, (x) :AﬂHszexp( 8im, +2Ff( (x))) 22)

RJT;

ko, (x) = Ab,HszeXp(_Agg‘Hz - 2F(I; ; B)(E° — V(x)))

(23)

Therefore, the contribution of the hydrogen electrochemi-
cal reaction in the anode total transfer current density can be
found as follows

in, (X) = 2F ke, (X)Ch, () — 2F ko 1, (¥)Cry0 (%)

—Ag?,m) exp <2F B(ER, — V(X)))

= 2F‘C‘]—[2 (-X)AfA,Hz TSeXp (W

uts RUTS
—Agon
_ 2FCH20(X)Ab$H2TSeXp( RUT; z)
—2F(1 = B)(EY. — V(x
o ZFUDEVON
R, T
At equilibrium, i, (x) = 0, V(x)=Ewm,,

Cu,(x) = Cy,(0), and Cp,o(x) = Cuyo(0). Therefore, the
exchange current density corresponding to the hydrogen
electrochemical reaction, i z,, can be determined from Eq.
24 as follows

. _Ag(f),ﬂ2
lO,A,Hz = 2FCH2 (O)AszTsexp _—

R T
2F,3(E%2 - ETEV,Hz) 7Agg,Hz
exp< RUTS ) = 2FCH20(0)A[,,H2TSCXP< RUTS )
_2F(1 - ﬁ)(E?{ _Eresz)
2 . 25
exo o ) e

And Eq. 24 can be simplified to

l',,7 »(x CH7 X 2F[)) Erev«,Hz —V(x

o oo ()
Cuo(x) (—2F(1 — B)(Erevr, — V(¥))

- CHzO(O) eXp( RT; ) (26)

If the reversible voltage of the hydrogen electrochemical
reaction, E,., p,, is obtained from the Nernst relation in
Eq. 27 and substituted into Eq. 25, igan, can be written as
Eq. 28

R, T, R Cn, (0)
2F  Cu,o(0)

Erev.Hz = El(ilz + (27)

. _ —Ag?
ioam, = 2FAn, TsCi, (0)' Cy0(0) exp (T;m) 28)
uts
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As the WGS reaction is in equilibrium, the reversible volt-
age of the hydrogen and carbon monoxide electrochemical
reactions are identical, because

R.Ts. Cq,(0 O (Ty)—g% (T
Erev,Hz:E](z]z % U S Hz( ) :gHz( S) gHzo( A)

2F  Cu,0(0) 2F
RuTs CCO(O) g% (TS)_g% O(TS)
In{ K, T, =—2 2
2 n( pwas(T)e ) 2F
R\ T; g(c)oz(Ts)+g‘1:12(TS)_g‘():o(TX)_gizlzo(Ts)
+ In( exp
2F R.T,
JRuTSlIl CCO(O) :g(()ZO(TS)_g%Oz(TS) lRuTsln CCO(O)
" 2F \Cco,(0) 2F " 2F \Cco,(0)
R T Cco(0)
=E¢ \ =FErev.co 2
CO+ oF n<CC02(O) ,C ( 9)

Therefore, the local anode polarization for both hydrogen
and carbon monoxide electrochemical reactions are identical
A H, (x) = Erevt, = V(x) = Erev.co — V(x) = 11 co(x) = na(x)

(30)

It was assumed that the gaseous fuel is treated as an ideal

gas, C; =p;/(R,Ty). If the transfer coefficient, f5, is also
assumed to be 0.5,% Eqgs. 26 and 28 can be expressed as

(Pl ool (2400}

. . X
InH, (X)ZIOA,HZ [];HZ( )"XP

Hz(o)v
31
. 2FAtH, o 3 —Agiy
ioAH, = X, p%f(O)p%de)exp(TTsz (32)

With the same method and assumptions, the transfer and
exchange current densities due to the carbon monoxide elec-
trochemical reaction are found as follows

inco(x) =ioaco
) (2] o

2FAtco o5

0)p%3 (0 ~Astco 34
R, pcol )Pcoz( Jexp RT. (34

l0.A,cO =

After determination of the transfer current densities of
hydrogen and carbon monoxide electrochemical reactions,
the anode total transfer current density yields as

I (%) =i, (X) +in.co (¥)

PR (x) [, ioaco P, (0)pco(x) exol © na(x)

B OﬁA’Hszz (0) (1 | i0~A-H2 Xsz (X)pc0(0)> p( R T )

o) (| ,ioaco, Po(0)pco, (V) (—Fia(x)

O(O)<l I i07A1H2 XPHZO()C)PCOZ (O))e p< RuT; )
(35)

. PH,
—10,AH,
pPu,

As the WGS reaction is locally in equilibrium
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_ P, (0)pco,(0) _ pu, (x)pco, (x)

Kowas () = 0pco(0) ~ pro@pco()
or P, (0)pco (x) _ pr,0(0)pco, (x) (36)
P, (X)pco(0)  pr,0(x)pco, (0)

Therefore, Eq. 35 is simplified to

=t [P () 0l ()

j 0
(l_i_l.O,A,COXsz( )Pco(x)) 37)
10,A,H, DPH, (X)pco(0)

It should be noted that the effect of the last parentheses in
right hand side of Eq. 37 on the anode local transfer current
density is not taken into account if just hydrogen is assumed
to be involved in the electrochemical reaction in anode.

For the exchange current densities of hydrogen and carbon
monoxide, we developed the following equations from the
experimental results of the hydrogen and carbon monoxide
electrochemical reactions in the Ni—-YSZ anode, reported by
Habibzadeh.™

. —76, 500
ioam, = 86.71p{p (0)piio(0)exp (T) (38)
uts

(39)

. —102,750
ioaco = 438.7pE3 (0)pg, (0)exp <7)

R\ T

According to Eq. 37, to determine the anode local transfer
current density, we need to determine the anode local polariza-
tion and local partial pressures of the fuel species. The follow-
ing equation is used to determine the anode local polarization’

1’]A(X) = Erev,Hz - V(X) = Erev,Hz - (VNi (X) - VYSZ(—X)) (40)

Using Ohm’s law in Eqgs. 41 and 42, the first derivative of
na(x) is expressed as Eq. 43

dVNi (X) off -
T RS (x) 41
dVYSZ(X) o .
— = R iy (x) (42)
dna(x) Vni(x)  Vysz(x) off off ;
c?x R T = Ryszivsz(x) — Ry ini (x)

(43)

Using Kirchhoff’s circuit law in Eqgs. 16 and 17, the sec-
ond derivative of 175(x) establishes a relation between the an-
ode local polarization and local transfer current density

d*na(x) _ et diysz(x) _ peff dini (x)
2 Y gy NE gy
= (Rergz =+ ReNfl»f)ATpBi,l(X), (0154<O(1:L<6464) (44)

The effective resistivities of Ni and YSZ in Eq. 44 are
determined from the random packing sphere method on the
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Figure 3. The results obtained from the modeling and
experiment for the anode samples fabricated
by Brown et al.?

basis of the characteristics of the pure materials.'” The pure
electron resistivity of Ni and ion resistivity of YSZ are esti-
mated from Egs. 45' and 46,"? respectively.

RY; = (3.27 x 10° — 1065.37,) " @5)
111000
RS, = 1.263 x 10*9Txexp( T ) (46)

The local partial pressure of the fuel components in the
functional layer is determined with the similar model and
assumptions considered for the substrate layer. The only dif-
ference is the effect of the hydrogen and carbon monoxide
consumptions through electrochemical reactions that should
be taken into account in the mass conservation equation (see
Figure 2). From the mass conservation equation, the rate of
flux of hydrogen and carbon monoxide in x direction are
determined as Eqgs. 47 and 48 that should be substituted
instead of Egs. 10 and 11, respectively.

driyj, ()

. _Cﬁ/z (x) + C;fIIEOAWGS (x) 47)
dno(x) . .
%x( == go x) — Cl},fzo,WGs(x) (48)

where the rate of hydrogen and carbon monoxide consump-
tions, Cy;, (x) and C(x), respectively, are dependent on the
transfer current density corresponding to the hydrogen and
carbon monoxide electrochemical reactions

. Arpp
() = S b (49)
) Arpp .
Colt) =5 incolx) (50)

Therefore, the anode local transfer current density, local
polarization, and local partial pressures of the fuel species
are coupled and the system of Eqgs. 51 should be solved
with the associated boundary conditions to determine the
distribution of these variables along the anode functional
layer.
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d2’7A (x)
dx?

in(x) = io.AH,

e () e

= (RYS, + RN )Atpain(x)

1 0
% (1 Jrl.(),A,CO ><PHz( )PCO(X))

loam, P, (¥)pco(0)

dpi(x) _ RTs  pa()if(x) — pi(x)y, (x)

dX 221:1 Pm (X) m=1 D?Efm

) no ()
_RTW g, fori) 2ot B,

Deff

K./

DS () — «
ol (1 + ,u/(i]f) Zm:l [}Dé"m)>
le {Hz7 CO, H,0, CO,, CHy, Nz}

driy, (x) _ _ATPBl.
dx oF A

rwee(R) - (e

+ Ciio.was (%)

dngo(x)  Arps .
o = aF loaco
" Eco(X) exp (FnA(X)) _pco,(v) o (—FnA(X))}
co(0) R.T Pco,(0) R.T
- l}/fzo,WGs(x)
g, (X) = —iiyg, (%)
ﬁgoz (x) = _ﬁgo(x)
iy, (x) = —7ig, (x) =0
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After solving the system of Eqs. 51, the distribution of
current densities corresponding to the hydrogen and carbon
monoxide electrochemical reactions can be determined from
the following differential equations

dinip, (X) = —Atppinm, (X)

(52)

dinico(x) = —Arpinco(X) (53)

Finally, the total polarization and total resistance of anode
are determined from Egs. 54 and 55, respectively.”' As the
ohmic polarization in the substrate layer is negligible, we
did not consider the effect of this polarization in Eq. 54.

RYRYSz  (1a(0asL) . 14(04)
NA ot = R?\Iflf +R%(f§z R%Z + ltotéA,FL + R?\Iflf 54)
RA,tol - né’mt (55)

Lot

Validation of the Model

We developed a computer code on the basis of the anode
micromodel and simulated the porous Ni—YSZ anode sam-
ples fabricated by Brown et al.> and Matsuzaki and Yasuda'
Brown et al.? have conducted several experiments on hydro-
gen-fuelled Ni-YSZ anode samples (dn; ~ 0.8 um, dysz ~
0.75 pm, ¢n; =~ 0.4, and ¢ p.=0.5) to correlate the anode
total resistance to the anode thickness at pressure of 1 atm
and temperature of 1273.15 K. As seen in Figure 3, despite
the limited experimental points available, the micromodel
shows reasonability good agreement with experiment for
hydrogen fuel with the average relative error of ~ 5.6%.

Matsuzaki and Yasuda' have also conducted several
experiments on a anode sample (dy; = 0.9 um, ¢n; ~ 0.8,
OarL = 25 um, and ea . = 0.45) to correlate the anode
total polarization to the current density at pressure of 1 atm
and temperature of 1023.15 K for the fuel group 1 (fuel
Nos. 1-3) and temperature of 1273.15 K for the fuel group 2
(fuel Nos. 4-6) in Table 1. They did not report the size of
the YSZ particles; however, if this size is assumed to be
0.15 um, the anode total polarization obtained from the com-
puter code and reported for one of the experimental points
for hydrogen fuel (xy, = 78.5%, xy,0o = 21.5%, Ty =
1273.15 K, and i, = 0.3 A/m2) are almost identical. We
assumed this value for the size of YSZ particles and investi-
gated the validity of the micromodel for the other experi-
mental points for different fuels listed in Table 1.

As seen in Figure 4, the effect of the composition of fuels
on the change of anode total polarization predicted by the
computer simulation is in good agreement with experiments
reported by Matsuzaki and Yasuda.! The value of the anode
total polarization at different current densities and
temperatures can be also predicted with the average relative
error of ~8.8%.

Table 1. The Composition of the Fuels in the Experiments Conducted by Matsuzaki et al!

Fuel

Group No H, (%) CO (%) H,0 (%) CO, (%) 10g(po,)anode (atm) Temp. (K)

1 1 64.2 14.9 16.0 4.9 —20.75 1023.15
2 38.8 38.8 9.7 12.6 —20.75 1023.15
3 18.8 57.8 4.7 18.8 —20.75 1023.15

2 4 62.8 17.2 17.2 2.8 —15.69 1273.15
5 41.0 41.0 11.2 6.8 —15.69 1273.15
6 12.0 72.8 3.3 12.0 —15.69 1273.15
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Figure 4. The results obtained from the micromodel
and experiment for the anode sample tested
by Matsuzaki et al.": (a) T, = 1023.15 and (b)
T = 1273.15 K.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Results

Although various fuels containing CHy, H,, CO, H,O,
CO,, and N, can be considered as the input data for the an-
ode micromodel developed, the average composition of the
biogas produced in wastewater treatment plants in Ontario is
selected as the fuel in this study. This biogas contains meth-
ane (62.0%), carbon dioxide (35.5%), nitrogen (2.45%), and
water vapor (0.01%).°** As explained in Refs. ** and *°,
due to the carbon deposition issue over the anode catalyst,
the biogas cannot be fed directly to the anode; however, it
can be processed using several methods, such as the anode
exit gas recirculation (AGR), external steam reformer (SR),
external partial oxidation (POX),36’37 or even carbon decom-
position methods.*®* The compositions of the biogas proc-
essed by AGR, SR, and POX methods at temperature of
1073.15 K and pressure of 1 atm are listed in Table 2. These
compositions are used as the boundary conditions of the sys-
tem of Eqgs. 15 at x = 0. As the air is used as the reforming
agent for POX method, the nitrogen content of the fuel proc-
essed by this method is significantly higher than that proc-
essed by AGR or SR methods.
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Table 2. Compositions of the Biogas Processed by AGR, SR,
and POX Methods at Temperature of 1073.15 K and
Pressure of 1 atm

Biogas processing method

Anode gas Steam Partial
Composition (%) recirculation reforming oxidation
CHy 1.2 1.5 0.77
H, 51.5 57.4 40.6
CO 40.9 35.6 322
H,O 2.8 2.7 1.7
CO, 2.4 1.8 1.5
N, 1.2 1.0 232

The porous composite anode considered in this study is
fabricated with Ni particles, as the electron conductor, and
YSZ particles with the chemical composition of
(Z1r03)0.92(Y203)0.08, as the ion conductor. This anode oper-
ates at the current density of 5000 A/m>, temperature of
1073.15 K, and fuel pressure of 1 atm. The microstructure
of this anode consists of two layers of the substrate layer
with the thickness of 472.5 mm, porosity of 0.4, and par-
ticles size of 2.5 mm, and the functional layer with the Ni
particle size of 1 mm, Ni volume ratio of 0.428, particle-size
ratio of unity, thickness of 45 mm, and porosity of 0.33.

Distribution of the mole fraction of H,,
CO, H,0, and CO,

As shown in Figure 5, the mole fraction of H, and CO
decreases linearly with a slight slop along the substrate layer
and changes approximately as a concave upward parabolic
curve, with a minimum located at the interface of the anode
and electrolyte, along the functional layer for the biogas
processed by AGR, SR, and POX methods. The results indi-
cate that the mole fraction of H, and CO in the bulk fuel
stream decreases 2.4% and 5.4%, respectively, for the biogas
processed by AGR or SR method, and 2.9% and 6.6%,
respectively, for the biogas processed by POX method, at

0.60
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0.50 ——
=
S 045
g H,,POX |
o 040 rerr—— 4—1‘ —_—
° ¥ T
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C0,POX i Y
030 | T,=1073.15K, p{0)=1 atm, i, =5000 A m?,
Ay =1 pm, 8y =45 pm, gy =1, @y =0.428, 6, =033,
025 | Ean 0B =472 . =25 i
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Dimensionless anode thickness (-)

Figure 5. Distribution of the mole fraction of H, and
CO along the thickness of the anode sub-
strate (SL) and functional (FL) layers.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

the interface of the substrate and functional layers. From this
interface to the interface of the anode and electrolyte, the
mole fraction of H, and CO decreases an additional 0.6%
and 1.2%, respectively, for the biogas processed by AGR or
SR method, and 0.7% and 1.4%, respectively, for the biogas
processed by POX method.

In contrast to the H, and CO, the mole fraction of H,O
and CO, changes significantly in both the substrate and the
functional layers (see Figure 6); as such their value in the
bulk fuel stream increases linearly 70%, 76%, and 122% for
H,0 and 66%, 71%, and 115% for CO, for the biogas proc-
essed by AGR, SR, and POX methods, respectively, at the
interface of the substrate and functional layers. In the func-
tional layer, the mole fraction of H,O and CO, increases as
a convex upward parabolic curve with a maximum value
located at the interface of the anode and electrolyte. From
the interface of the substrate and functional layers to the
interface of the anode and electrolyte, an additional 9%,
10%, and 12% for H,O and 8%, 9%, and 11% for CO,, for
the biogas processed by AGR, SR, and POX methods,
respectively, is predicted.

As a general result, the change of the mole fraction of the
fuel species for the biogas processed by POX method is
greater than that for the biogas processed by AGR or SR
method. It may be due to the presence of the high amount of
nitrogen in the fuel processed by POX method. Therefore, it
is expected that the limiting current density of the anode
fuelled by the biogas processed by POX method is less than
that of the anode fuelled by the biogas processed by AGR or
SR method.

Distribution of the rate of consumption
of H,, CO, and H,0

The rate of consumption of H, and CO due to the electro-
chemical reactions R2 and R3, and H,O due to the WGS
reaction R1 along the functional layer is shown in Figure 7.
As seen in this figure, the rate of these reactions increases as
a concave upward parabolic curve along the functional layer
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and the maximum rate achieves at the interface of the anode
and electrolyte. The results also indicate that the rate of
these reactions is approximately identical for the biogas
processed by AGR and POX methods. In contrast to the con-
sumption rate of CO and H,O, the local consumption rate of
H, for the biogas processed by SR method is higher than
that for the biogas processed by AGR or POX method. As a
remarkable result, the ratio of the consumption rate of H,
and CO due to the electrochemical reactions is ~ 6.0 for the
biogas processed by SR method, and 4.7 for the biogas proc-
essed by AGR or POX method. Moreover, the consumption
rate of CO due to the electrochemical reaction R3 is slightly
higher than the consumption rate of H,O due to the WGS
reaction R1 for the biogas processed by AGR or POX
method. These consumption rates are approximately identical
for the biogas processed by SR method. It means that the
amount of CO contributed indirectly in the H, electrochemi-
cal reaction, after converting to H, through WGS reaction, is
almost identical to the CO consumed directly through CO
electrochemical reaction.

Our studies in the anode substrate layer revealed that H,O
is slightly consumed through the WGS reaction along the
substrate layer. This is due to the fact that the WGS reaction
should be locally kept in equilibrium at the operating tem-
perature of 1073.15 K. In addition, no electrooxidation reac-
tion occurs in the substrate layer. Hence, the x-axis in Figure
7 covers only the dimensionless thickness of the functional
layer.

Distribution of the rate of flux of H, and CO

As shown in Figure 8, the rate of flux of H, increases and
CO decreases linearly with a slight slope along the substrate
layer due to the conversion of CO to H, through WGS reac-
tion R1; then, the rate of flux of H, and CO decreases
sharply along the functional layer and approaches zero at the
interface of the anode and electrolyte due to the consumption
of H, and CO through the electrochemical reactions. It is
noted that the rate of flux of H,O and CO, in anode is equal
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Figure 7. Distribution of the rate of consumption of H,,
CO, and H,0 along the thickness of the an-
ode functional layer.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

in magnitude and opposite in direction compared with that
of H, and CO, respectively, in entire the anode thickness.
The results also indicate that the rate of flux of H, and CO
for the biogas processed by AGR and POX methods are
identical. As a remarkable result, the ratio of the rate of flux
of H, and CO at the entrance of the anode is approximately
2.4 and 1.9 for the biogas processed by SR and AGR/POX
methods, respectively.

Distribution of the current density

The distribution of the current density generated through
H, and CO electrochemical reactions along the thickness of
the functional layer is shown in Figure 9. The distribution of
the total current generated (H, 4+ CO) is independent of the
method used to process biogas. The results indicate that 50%
of the total current is generated within 30% of the functional
layer near the anode and electrolyte interface. It means, 50%
of the electrochemical reactions R2 and R3 take place within
30% of the functional layer near the anode and electrolyte
interface. This is due to the significantly higher the ionic re-
sistivity of YSZ than the electronic resistivity of Ni that
leads to the rate of electrochemical reactions is higher,
where the length of the ion transport is shorter. The results
also indicate that only 11% of the electric current is gener-
ated within 20% of the functional layer near the functional
and substrate layers.

Distribution of the polarization

As shown in Figure 10, the local anode polarization
increases along the thickness of the functional layer, approx-
imately as a concave upward parabolic curve. The increase
of the local polarization is negligible at the interface of the
substrate and functional layers, and reaches the maximum at
the anode and electrolyte interface. This is due to that fact
that the maximum electric current is generated at the inter-
face of the anode and electrolyte, where the transport length
of ionic charges approaches zero. As a remarkable result, the
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Figure 9. Distribution of the current density along the
thickness of the anode functional layer.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

local polarization for the biogas processed by AGR and SR
methods is approximately identical in the entire functional
layer, and less than that for the biogas processed by POX
methods.

Effect of the microstructural variables on the anode
total resistance

We reported in our another article that for a given operat-
ing condition, the electrochemical performance of porous
composite electrodes is dependent on the microstructural
variables of the porosity, thickness, particle-size ratio, and
particle size and volume fraction of the electron conducting
particles.'® As the porous composite anode studied in this ar-
ticle is made of the substrate and functional layers, the
microstructural variables of these two layers affect the anode
electrochemical performance.
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Figure 10. Distribution of the polarization along the
thickness of the anode functional layer.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which is
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No electrochemical reactions occur in the substrate layer;
hence, the volume fraction of Ni particles is not limited to
the percolation threshold of the YSZ particles and can be
increased to unity to minimize the ohmic polarization. Of
course, the contribution of this polarization in the total anode
polarization is negligible, if the Ni volume fraction is fairly
beyond its corresponding percolation threshold. Therefore,
the Ni volume fraction in the substrate layer may be selected
on the basis of matching the thermal expansion coefficient
of the functional and substrate layers and/or controlling the
rate of the steam reforming reaction at the interface of the
bulk fuel flow and substrate layer rather than the electro-
chemical performance studies. In this study, it is assumed
that the volume fraction of Ni particles in the substrate layer
is beyond its corresponding percolation threshold, so as the
ohmic polarization in this layer is negligible. If it is assumed
that the size of the YSZ and Ni particles are equal in this
layer, the anode electrochemical performance will be de-
pendent on the microstructural variables of the porosity,
thickness, and particle size of the anode substrate layer, and
the porosity, thickness, particle-size ratio, and particle size
and volume fraction of Ni particles of the anode functional
layer.

The effect of the Ni volume fraction of the functional
layer on the anode total resistance is shown in Figure 11. As
seen, with an increase in the volume fraction of Ni particles,
the anode total resistance decreases to a certain value and
then increases. Therefore, there is an optimum Ni volume
fraction at which the anode total resistance is minimized.
Our studies confirm that there is always such an optimum Ni
volume fraction that minimizes the anode total resistance.
For the particle-size ratios greater than unity, this optimum
volume fraction is not expected to be among the Ni volume
fractions in the range of (338uap. + 2.4)/
(2.40(%~FL+6.76@A,FL+2.4) and 1/(apap /2.4 + 1), because
with an increase in the Ni volume fraction in this range, the
electrochemical active area and pore size decrease and the
effective resistivity of YSZ increases and consequently, all
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three activation, concentration, and ohmic polarizations in
the functional layer increases.'” This would be valid for the
particle-size ratios less than unity, if the pore size is not too
small to inhibit the fuel species transport from the bulk to
the active sites of the anode.

The effect of the particle-size ratio is also shown in Figure
11. As seen in this figure, among the optimum Ni volume
fractions obtained at different particle-size ratios, the one
obtained at the particle-size ratio of unity provides the low-
est total resistance. Our studies confirm that this result can
be generalized for any anode microstructural variables and
operating conditions of SOFCs. Indeed, for an anode micro-
structure with the optimum Ni volume fraction, the optimum
particle-size ratio is equal to 1.

The effect of the Ni particle size of the functional and
substrate layers on the anode total resistance for the anode
functional layer with the optimum Ni volume fraction
(=0.428), and particle-size ratio of unity is shown in Figure
12. With a decrease in the Ni particle size of the functional
layer, the anode total resistance decreases to a certain value
and then increases. Therefore, there is an optimum size for
the Ni particles at which the anode total resistance is mini-
mized. It is noted that for the particle-size ratio of unity,
with a decrease in the Ni particle size, the activation polar-
ization decreases due to the increase in the electrochemical
active area, the concentration polarization increases due to
the decrease in the average pore size, and the ohmic polar-
ization remain constant, because the effective resistivities of
the Ni and YSZ are not a function of the size of particles.19
As the contribution of the activation polarization in the an-
ode total resistance is greater than that of the concentration
polarization for the Ni particles larger than the optimum
size, the anode total resistance decreases with a decrease in
the Ni particle size. In contrast, for the Ni particles smaller
than the optimum size, the contribution of the concentration
polarization is greater than that of the activation polarization;
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Figure 12. Effect of the Ni particle size in the anode
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total resistance.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

DOI 10.1002/aic 1903



hence, the anode total resistance increases with a decrease in
the size of the Ni particles.

As shown in Figure 12, the optimum size of the Ni par-
ticles is smaller than 0.1 um for the anode studied. Although
using the Ni particles in the range of the optimum size leads
to a decrease in the anode total resistance, the anode may be
vulnerable to degradation due to an extensive grain growth
of the particles during the sintering process or operation.***!
The grain growth reduces significantly the active area and
leads to an increase in the total resistance. This necessitates
the optimum Ni particle size to be selected by durability
analysis rather than the electrochemical performance analysis
in this article.

The increase in the size of the particles in the substrate
layer leads to a decrease in the anode total resistance due to
the decrease in the concentration polarization in the substrate
layer; however, the total resistance does not change consid-
erably for the particle sizes greater than 1.5 um.

The effect of the thickness of the anode functional and
substrate layers on the anode total resistance, for the anode
functional layer with the Ni volume fraction of 0.428 and
particle-size ratio of unity, is shown in Figure 13. As seen,
with an increase in the thickness of the functional layer, the
anode total resistance decreases to a certain value and then
increases linearly with a slight slope. Hence, there is an opti-
mum value for the thickness of the functional layer at which
the total resistance is minimized. This trend makes sense
physically, because for thin anode functional layers (e.g.,
<10 wpm) the activation polarization increases significantly
due to the insufficient active sites for the H, and CO electro-
chemical reactions. For thick functional layers (e.g., >100
um), the contribution of ohmic and concentration polariza-
tions become significant because of the increase in the mass
and charge transport length. For the anode studied in this ar-
ticle, the optimum thickness of the functional layer is pre-
dicted to be approximately 95 and 102 pum for the biogas
processed by AGR/SR and POX methods, respectively.
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Figure 13. Effect of the thickness of the anode func-
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resistance.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 14. Effect of the porosity of the anode func-
tional (a5 = 0.4) and substrate (sap. =
0.33) layers on the anode total resistance.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

The anode total polarization is also increased linearly with
a slight slope with an increase in the thickness of the sub-
strate layer because of the increase in the mass transport
length of fuel that leads to an increase in the anode concen-
tration polarization; therefore, the minimum thickness
required for the mechanical strength of the cell should be
selected for the substrate layer.

The effect of the porosity of the anode functional and sub-
strate layers on the anode total resistance, for the anode
functional layer with the Ni volume fraction of 0.428 and
particle-size ratio of unity, is shown in Figure 14. With a
decrease in the porosity of the functional layer, the anode
total resistance decreases to a certain value due to the
decrease in the activation and ohmic polarizations and then
increases suddenly due to a significant increase in the con-
centration polarization. Therefore, there is a porosity at
which the anode total resistance is minimized. For the anode
studied in this article, the optimum porosity of the functional
layer is obtained 0.15 for the biogas processed by AGR, SR,
or POX method. For a random packing of spherical particles
with a given size, the porosity may not be less than a certain
value, if the average contact angle between particles is not
increased during the sintering process. In such a situation, if
the porosity of 0.15 is not achievable, the minimum possible
porosity for the functional layer should be considered.

In the substrate layer, for the porosity of less than 0.25,
the decrease in the porosity leads to a significant increase in
the anode total resistance because of the significant increase
in the concentration polarization. However, for the porosity
of greater than 0.45 the anode total resistance is a weak
function of the porosity.

Conclusions

A comprehensive anode micromodel to predict the electro-
chemical performance of the hydrocarbon-fuelled porous
composite anodes with various microstructural variables was
developed, and its validity for several fuels and different
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temperatures and current densities was verified. As a case
study, a biogas-fuelled porous Ni—YSZ anode with substrate
and functional layers was simulated. The results of the simu-
lation indicated that the change of the mole fraction of fuel
species along the anode thickness for the biogas processed
by POX method is more than that for the biogas processed
by AGR or SR methods. The ratio of the rate of consump-
tion of H, and CO due to the electrochemical reactions is
~6.0 for the biogas processed by SR method and 4.7 for the
biogas processed by AGR/POX method. However, the ratio
of the rate of flux of H, and CO at the entrance of the anode
is approximately 2.4 and 1.9 for the biogas processed by SR
and AGR/POX methods, respectively. The results also
revealed that 50% of the total current is generated within
30% of the functional layer near the anode and electrolyte
interface and only 11% of the electric current is generated
within 20% of the functional layer near the functional and
substrate layers.

The results of this study for the microstructure of the
functional layer confirmed that there is always an optimum
Ni volume fraction at which the anode total resistance is
minimized. Among the optimum Ni volume fractions
obtained at different particle-size ratios, the one obtained at
the particle-size ratio of unity always provides the lowest
total resistance. For any microstructure of the functional
layer with the optimum Ni volume fraction and particle-size
ratio of unity, there is an optimum Ni particle size, thickness
and porosity at which the anode total resistance is mini-
mized. For the microstructure of the substrate layer, the an-
ode total resistance increases significantly if the size of the
particles and porosity are less than 1.5 ym and 0.3, respec-
tively. Therefore, to decrease the anode total polarization re-
sistance, a special consideration to select/control the micro-
structure of porous composite anodes for both substrate and
functional layers before/during the fabrication process is
required.
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Notation

Arpp = electrochemical active area per unit volume, m>/m>

A = coefficient of reaction rate constant, m/(s K)

(; = concentration, mol/m?

C = rate of consumption, mol/(m® s)
d = diameter, m

D = diffusivity, m?/s

E° = standard voltage, V

E.., = reversible voltage, V

F = Faraday’s constant, C/mol
¢ = molar Gibbs free energy, J/mol
i = current density, A/m?

ip = exchange current density, A/m®

i, = transfer current density per unit of electrochemical active area,

A/m2

k = reaction rate constant, m/s

K, = equilibrium constant at constant pressure

MV\”’ = molecular weight, k§/km01

n = rate of flux, mol/(m~ s)

p = pressure, Pa

R = resistivity, Q m
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Rator = anode total resistance, Q m>
R, = universal gas constant, J/(mol K)
T = temperature, K
V = voltage, V
x = spatial coordinate along the anode thickness

Greek letters

o = particle-size ratio, dysz/dx;

f = transfer coefficient
fo = flow permeability, m?

0 = Thickness, m

& = porosity

n = Polarization, V

9 = rate of reaction, mol/(m? s)

1 = dynamic viscosity, kg/(m s)

¢ = volume fraction of electron or ion conducting particle
0. = contact angle between the electron and ion conducting particle,

rad
T = tortuosity

Subscripts

anode
backward reaction
cathode
= electrolyte
electron conducting particle
forward reaction
fuel
functional layer
ion conducting particle
Knudsen diffusion
™ component of the fuel
= m™ component of the fuel
number of components of the fuel
= solid structure of the anode
SL = substrate layer
tot = total
WGS = water gas shift reaction

v 23 _AR5EmaCmac>
I

Superscripts

0 = pure material
eff = effective
o = standard pressure
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