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Continuum-level mass and electronic transport through solid oxide cell electrodes, inclusive of ribbed
interconnects, are modeled employing analytical solutions of the 2D Laplace equation. These analyti-
cal solutions describe localized mass and electronic transport phenomena in solid oxide fuel cell (SOFC)
anodes and localized mass transport phenomena in SOFC cathodes. Two-dimensional constriction resis-
tance effects created by reductions in active transport area are shown to significantly increase internal cell
Keywords: resistances by increasing transport path le_ngths within a cross—sect_ional region of the cell. Furthermore,
Solid oxicie cell these effects can alter cell performance with respect to fuel depletion phenomena and create a compe-
SOFC tition of losses between mass and electronic transport resistances. Fuel depletion is shown to occur at
a current density lower than the traditionally defined limiting current density. An analytical expression
for this fuel depletion current density is proposed based upon the models developed. The competition
between mass transfer and electronic resistance effects arising from solid oxide cell interconnect geom-
etry is also characterized through parametric studies based on a design of experiments (DOEs) approach.
These studies demonstrate the benefits of smaller SOFC unit cell geometry.
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1. Introduction

Solid oxide cells are an environmentally attractive technology
that could play a key role in the development of a more sustainable
global energy infrastructure. Solid oxide cells are best known in
the energy sector as novel power generation devices via solid oxide
fuel cells (SOFCs), which enable the direct conversion of chemical
energy to electrical energy. Through this direct conversion of chem-
ical energy, SOFCs can circumvent many of the power generation
losses associated with thermal and mechanical energy conversion
methods. In addition to their direct energy conversion benefits,
fuel cells produce fewer criteria pollutants than combustion-based
technologies by operating below the temperature ranges associated
with thermal NO, formation and operating upon desulfurized fuels.
Finally, SOFCs allow for more modular designs, cogeneration, and
more flexible siting options than most of the current combustion-
based technologies [1]. Effective modeling and simulation of solid
oxide cell transport phenomena continues to be important, par-
ticularly with respect to the development of higher fidelity SOFC
models that account for local transport effects. The present article
reports an analytic approach for modeling local transport phenom-
ena in solid oxide cells that focuses on constriction resistance in
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localized cross-sectional regions of the electrode component. Spe-
cial attention is given to distortions in local transport phenomena
that are caused by interconnect geometry.

Prevalent analyses of key SOFC transport phenomena are often
conducted employing a herein-labeled “button-cell” approxima-
tion in which one-dimensional transport is presumed to occur
within the SOFC electrodes, as illustrated in Fig. 1. This approxi-
mation is employed in both theoretical and experimental analyses
[2-4]. In such analyses the effects of actual SOFC interconnect
geometry are not directly addressed. Given a typical SOFC geom-
etry with co-flow rectangular passageways, contact between the
gas stream and electrode surface is restricted to a gas chan-
nel defined by the interconnect geometry. The change in mass
transport cross-sectional area from the gas stream-electrode to
the electrode-electrolyte interface, due to interconnect design,
will result in significant deviations from the present button-cell
idealization of mass transfer in SOFCs [5,6]. The reduction in
cross-sectional area from the electrolyte—electrode interface to the
electrode-interconnect interface also causes a distortion of elec-
tronic current [6,7]. This distortion increases ohmic losses. These
additional resistances are due to the added path lengths associated
with constriction resistance effects within the electrode.

The concept of constriction resistance is well-known within
engineering practice, and is most commonly encountered in
problems involving the study of thermal and electrical contact
resistance. It was notably studied by Greenwood with respect to
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Nomenclature

a unit cell half-width (m or cm)

ASR electronic area specific resistance (£2 cm?)
b fuel stream half-width (m or cm)

Djj binary diffusion coefficient (m2s-1)

F Faraday constant (Cmol~1)

i local current density (Am—2 or Acm—2)
Lgs fuel stream contact width (m or cm)
Ltotal unit cell total width (m or cm)

p partial pressure (kPa)

Ry universal gas constant (k] mol-1 K-1)

T Temperature (K)

%4 voltage (V)

1% average voltage (V)

Greek symbols

£ anode porosity

o electrical conductivity (2 cm)~!

T tortuosity

Subscripts

an bulk anode parameter

an-elec anode-electrolyte interface

an-FS  anode-fuel stream interface
an-IC  anode-interconnect interface
ca-AS cathode-air stream interface
ca bulk cathode parameter

H, hydrogen

H,0 steam

0y oxygen

constriction resistance caused by micro-contacts [8]. More contem-
porary studies of thermal and electrical contact resistance are also
available [9-11]. The most express application of the concept of
constriction resistance to the analysis of SOFC transport phenom-
ena was conducted by Fleig and Maier, and later Fleig et al. [12,13].
In this work the authors used finite element analysis (FEA) to deter-
mine the effects of electrode-electrolyte contact upon potential
distributions within the electrolyte layer of a solid oxide fuel cell.
Ultimately, Fleig demonstrated that triple-phase boundaries at the
electrode-electrolyte interface act as constrictions within the flow
of current through the electrolyte and increase the electrolyte resis-
tance [13].

While numerous efforts to more accurately model geometry
effects have been made, those focused on developing analyti-
cal expressions for understanding geometry effects have involved
general expressions for cell concentration and ohmic polarization
and have typically relied upon a one-dimensional characteri-
zation of transport phenomena across the electrodes [2,14-16].
Analyses seeking a more detailed description of transport phe-
nomena rely heavily upon numerical techniques, inclusive of
computational fluid dynamics (CFD) and FEA, to ascertain the
multidimensional characteristics of SOFC transport phenomena
[5-7,12,13,17-20]. Ferguson et al. apply CFD techniques toward
modeling thermal, mass, and electronic transport within solid
oxide fuel cells and demonstrate the effects of interconnect rib
size on cell performance. Ohmic losses are shown to be reduced
by broader interconnect ribs. However, the interconnect is shown
to reduce hydrogen concentration in regions not directly beneath
the anode-fuel stream interface [6]. Ji et al., demonstrate simi-
lar effects on cathode mass transport [5]. A competition between
ohmic and concentration polarization within the anode, arising

from cell geometry, can be inferred from these results. More
recently, Joshi et al. have examined SOFC mass transport using
the Lattice Boltzmann method [21,22]. While these models address
two-dimensional mass transport within SOFCs, emphasis is given
to electrode geometry on the microstructural level. The cell-level
effects of interconnect geometry addressed in the present work are
not considered.

The present work develops a means of analyzing the effects
of increased transport path lengths caused by constriction resis-
tance in prevalent solid oxide cell designs, and explores constriction
resistance effects within solid oxide cell electrodes through ana-
lytic solutions of the Laplace equation. Individual boundary value
problems for localized electrode mass and electronic transport
are proposed and solved independently. This approach allows for
the consideration of constriction resistance effects that may arise
from the design of specific electrode geometry. Furthermore, for
a given SOFC anode geometry these solutions lead to the defini-
tion of a “fuel depletion” current density, which is distinct from
the traditionally defined limiting current density. Finally, the mod-
els developed are employed in parametric studies of SOFC anode
geometries. These studies, constructed using a design of exper-
iments (DOEs) approach, demonstrate the potential benefits of
smaller unit cell geometries.

2. Model formulation
2.1. Unit cell geometry

In the present work, a unit cell is defined as a single pair of
co-flow reactant channels which encompass (or “sandwich”) the
corresponding solid oxide cell positive electrode/electrolyte/negative
electrode (P-E-N) tri-layer, as shown in Fig. 1. The present work
focuses on a cross-sectional region of the electrode components of
this fundamental element of a full co-flow cell arrangement. For
the models developed, the lengths a and b are defined as half the
total unit cell width and half the fuel stream width, respectively.
A symmetry boundary condition is applied about the centerline of
the reactants channels to further simplify the problem geometry.
Finally, a dimensionless length fraction (LF) is defined to compare
the gas stream contact length to the total unit cell length:

a:LT;tal: b_LLS- LE E Lgs (1)

27 a LTotal

2.2. Potential flow models

2.2.1. Mass transport models

In steady-state operation solid oxide fuel cell geometry effects
can be examined in a direct manner employing the analytic solution
of the Laplace equation. This approach is applied toward the anodic
voltage and partial pressure distributions, and the cathodic oxygen
partial pressure distribution by the establishment of four boundary
value problems: one for hydrogen transport, one for steam trans-
port, one for the anodic voltage distribution, and one for oxygen
transport. The application of a potential flow approach to the par-
tial pressure problems is made possible primarily through the basic
assumptions of equimolar counterdiffusion of hydrogen and steam
within the anode, a stationary medium within the cathode, and rel-
atively thin reaction zones (~10 uwm) at the electrode-electrolyte
interfaces [4]. The last of these assumptions is especially appro-
priate for the anode-side of the common anode-supported SOFC
arrangement. For the cathode, the stationary medium and thin
reaction zone assumptions produce a conservative (i.e., lower) esti-
mate of the oxygen partial pressure distribution within the cathode.
The conservative estimate of oxygen partial pressure causes a com-
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Fig. 1. Button-cell approximation, actual SOFC geometry and unit cell geometry employed in present analysis.

putational “safety factor” to result when designing for reduced
cathodic concentration polarization.

A uniform partial pressure acrosss the gas channel cross-section
is also assumed for the reactant gas species. This assumption is a
result of anticipated low resistance to convective mass transport
within the gas channel when compared to resistance to diffusion
within the electrode. This assumption is corroborated through a
brief comparison of the diffusive and convective mass transfer resis-
tances, as defined in Egs. (2) and (3):

t. T
anode (2)

Rpifr = z
Diff DHZ—HZOAS c

dn

RCOHV = m (3)

As is the surface area of the anode in contact with the fuel channel,
and d;, is the hydraulic diameter. The binary diffusion coeffi-
cient for a hydrogen-steam mixture, Dy, _n,0, is defined using the
Chapman-Enskogg model as outlined by Reid et al. [23]. The vari-
ables ¢ and t are the anode porosity and tortuosity, respectively.
Their ratio is the anodic permissivity, which is incorporated to cre-
ate an effective diffusion coefficient as defined in [4]. It should be
noted that the binary diffusion coefficient for the hydrogen-steam
mixture is used in Eq. (3) because the convective mass transfer
resistance relates to diffusion within the fuel stream, which would
have a permissivity of 1.0.

For a standard flow channel width on the order of 1 mm and a
nominal height of 1 mm, the ratio of convective resistance within
the flow channel to conductive resistance within the electrode can
be found using published Sherwood number values [24]. The con-
vective mass transfer resistance within the fuel channel is 2-3% of

the diffusive mass transfer resistance. Thus for the present model,
the diffusive resistance is considered to be the dominant mass
transfer resistance.

The stationary medium approximation within the cathode can
be supported by the comparison of diffusive and molar average
velocity effects stemming from the convection-diffusion equation,
Eq. (4). Here, the molar average velocity and its respective magni-
tude are defined in Eq. (5). The magnitude of this velocity can be
applied in the mass diffusion Peclet number.

Co., -
Jo, = —Do,-n, =VCo, + ?Ozt]oz (4)
L Jo, - i P"R,T
vV="%= |V = = 5
Ceot ’ ’ 4FCiot  4Fptot (5)
Le- [7]
Pey, = = Re; Sc (6)
Do, N,

Defining the characteristic length, L., as the ratio of cathode
cross-sectional area to the perimeter of the cross-section, a compar-
ison of diffusive and convective (molar average velocity) influences
can be made. This comparison suggests the dominance of diffusion
within the cathode and justifies the application of the station-
ary medium approximation. Additional comparisons based upon a
characteristic length equal to the unit cell width add further support
to this assumption.

It is important to note that present analyses are conducted for
a two-dimensional cross-section of a SOFC electrode. While the
effects of axial pressure drop, reactant consumption, and prod-
uct formation along the length of the SOFC gas channel will also
influence results, they are not considered in the present work.
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Fig. 2. General domain studied for potential flow model development, the bulk
electrode may be the cathode or anode in contact with oxidant or fuel channels,
respectively. The results in the present work pertain to local mass and electronic
transport in the anode and local mass transport in the cathode.

This exclusion allows for the greater emphasis on the performance
effects of local two-dimensional transport in the electrode compo-
nents of SOFC unit cell cross-sections.

The boundary value problem for the hydrogen partial pressure
is defined in Egs. (7)-(10). This problem consists of the Laplace
equation (no internal species generation) with constant species
flux boundary conditions specified at the anode-electrolyte and
anode-fuel stream interfaces. These boundary conditions, shown
in Egs. (8) and (9), are based upon an a priori assumption of uniform
flux at the anode-electrolyte and anode-fuel stream interfaces of a
localized cross-sectional region of the unit cell. The scaling factor,
a/b, in Eq. (9) is the result of species conservation and the reduc-
tion in area between the respective interfaces. A zero species flux
boundary condition is specified at the anode-interconnect inter-
face. A corresponding problem can be defined for the steam partial
pressure by reversing the sign of the boundary conditions given in
Egs. (8) and (9). The general domain studied in the development
of the anode partial pressure model is shown in Fig. 2. A simi-
lar domain is used in the development of the anode voltage and
cathode partial pressure models.

02 9%
SN (7)
ox ay

8}3].[2 RyT Tan .

3y (x,0) = mal =Ap,an (8)

RyT ar.

9, 4~y g<x<b

gHz (%, tan) = ¢ 2FDy, H,0 b €an 9)
y 0 b<x<a

asz asz

x (0¥ =0, —=(a,y)=0 (10)

The solution to the hydrogen partial pressure problem is given in
Eq. (11). The solution for the corresponding steam partial pressure
distribution is given in Eq. (12). It is important to note that the sum
of these solutions is equal to the set total pressure at all locations
within the anode.

PH,(X,¥) = PH,,an—Fs — Ao,an(tan —¥)
[o¢]

= An anlcosh(Aatan) — cOSh(Any)cos(in)] (11)
n=1
PH,0(X,Y) = DPH,0,an—Fs + Ag,an(tan — ¥)
+ Ananlcosh(iatan) — cosh(Any)cosG)] (1)
n=1
_ 2A¢.an sin(Anb) ray _nmw
oan = St (5)° 10 =

Under the assumption of a stationary medium, the molar aver-
age term is removed from Eq. (4). The 1D solutions of this equation,
with the stationary medium approximation applied, is shown in Eq.
(14). The corresponding solution without the stationary medium
approximation is shown in Eq. (15). Additionally, for a thin cathode
a sufficient approximation for the one-dimensional pressure distri-
bution can be made using the first terms from the series expansion
of the exponential in Eq. (15), as shown in Eq. (16) [4]. It should
be noted that Eqgs. (14) and (16) differ only by the bracketed term.
Thus the stationary medium approximation will under-predict the
oxygen partial pressure when compared to the full solution, and is
therefore considered a conservative estimate.

_po R T
po,(X) =Py, Do, ,p € (14)
b (p_ o _ R T
Po,(x)=p—(p—p3,) exp [4FD02-N2198 } (15)
pP-pg "RT T
~n0 _ 2 u e
Po,(X) ~ P, { D :|4FD02—N2p8 (16)

The two-dimensional problem for cathode oxygen transport
can be solved analytically if the stationary medium assumption
is applied over the general domain shown in Fig. 2. This prob-
lem is established in the same manner as the hydrogen and steam
problems. However, the boundary conditions at the horizontal
boundaries require modification to account for the differing sto-
ichiometric coefficient of oxygen, as shown in Eqgs. (17) and (18).
The resulting cathode oxygen pressure distribution is given in Egs.
(19) and (20):

3p02 RuT  tca.
0)= ——ul  Tay_ 4 17
dy (x,0) 4FD02_N2 8cal 0,ca (17)
RuT art
a u woraan
goz (% tca) = { 4FDo,n, b eca' O<x<b (18)
y 0 b<x<a
Po,(X,¥) = Do, ca-Fs — Ao,caltca —¥)
-3 Ancalcosh(intes) — cosh(hny)eosGinr)] (19
n=1
2A0.ca Sin(Apb) ra nmw
A =~ (=) = — 2
T s sinh(Antea) (b) b A a (20)

2.2.2. Anode voltage model

A potential flow problem can also be solved to find the anode
voltage distribution. Similar to the partial pressure case, the
assumption of no internal charge generation is applied. Similar flux
boundary conditions are applied, with the composite Neumann
boundary condition Eq. (23) reversed to account for electrical con-
tact at the anode-interconnect interface. The scaling factor seen
in the denominator of Eq. (23) is the ratio of interconnect contact
length to unit cell width. It can be derived by applying charge con-
servation to the anode domain and accounting for the reduction in
area between the anode-electrolyte and anode-interconnect inter-
faces. The solution to the anode voltage problemis given in Egs. (25)
and (26):

2V 3V

—+=—==0 21

wz ay2? 2n

ov i’

aiy(& 0)= Oan (22)
0 O<x<b

ov .

—— (X, tan) = { i (23)

d ——— b<x<a

Y oan(1 - b/a)
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Oan :
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B —2i" sin(Anb) . _nmw
An = nwoan(1 — b/a)An sinh(Aptan)’ b= (26)

The average voltage at the anode-electrolyte interface, Vyn_ejec, iS
defined by substituting Eq. (27) into Eq. (28) and solving for the
interfacial voltage. The cathode lead voltage used in the present
work was set at 1.0 V. Although this is an arbitrary setting, it facil-
itates the establishment of a numerical baseline for the desired
analysis and is approximately representative of an ideal Nernst
potential value. The standard Nernst potential is established as a
temperature-dependent parameter using techniques outlined by
Khaleel et al. [20]. The calculation of the Nernst potential, shown
in Eq. (29), is defined to include anodic concentration losses. The
ohmic resistance of the cathode and electrolyte component lay-
ers is taken from values provided in Zhao and Virkar [3]. The third
and fourth terms in Eq. (28) represent the activation polarization
as calculated via the Tafel Equation [4], with the exchange current
density i, and charge transfer coefficient « taken from available
literature [25]. Temperature dependence of these latter two terms
will influence cell performance with respect to activation polar-
ization at lower current densities. However, an emphasis on the
effects of geometric parameters was desired in the present anal-
yses. So a constant temperature of 800°C was established for all
calculations, and constant activation polarization parameters were
employed. The final term represents the cathodic concentration
polarization. Where i/, is the limiting current density for the cath-
ode as defined by Kim et al. [4] and shown in Eq. (30). Since this
voltage model focuses on the anode, the cathode limiting current
density is defined using the button-cell case. Future voltage models
may include studies of simultaneous multidimensional mass trans-
fer effects within both electrodes.

Van,lead = Van—elec + i//ASRan (27)
Vcell = Vca,lead - Van,lead R.T .,
— EO — i"ASRygga) — act — bace Ini” + 2oL 1 [1 - ,L}
4F ils
(28)
AG RyT PH,,an—elec
Eo=—"2 4 2= In |22 (29)
2F 2F pHZO,an—elec
" 4FDo,-N, € Po,,ca-As p (30)
« RyT T tea P — Po,,ca-As
Van—elec = 1-E°+ i”ASRca,eleCR T . (31)
l//
+dact + bact Ini” — —=—In [1 —7}
act act aF i

2.2.3. Fuel depletion current density

The current drawn from a SOFC is ultimately limited by mass
transfer within the electrode layers. For a given fuel stream par-
tial pressure, a large enough current will cause hydrogen to be
consumed at the anode-electrolyte interface faster than it can be
sustainably supplied by the fuel stream. This scenario is referred to
as fuel depletion and leads to fuel starvation, or the absence of fuel
at the anode-electrolyte interface. In these fuel-depleted regions
the lack of hydrogen, in conjunction with the electro-oxidative gen-
eration of oxygen, can promote transformation of the Ni phase

back into NiO [15]. Such a redox scenario could have deleteri-
ous effects on SOFC performance and reliability, specifically with
respect to changes in anodic microstructures compromising inter-
facial integrity [26].

Given a conventional interconnect design (Fig. 1), the onset of
fuel depletion at the anode-electrolyte interface is expected to
occur at the interconnect rib midpoint. A fuel depletion current
density, ig,, can be defined by solving the expression for “zero”
hydrogen partial pressure at this point (x=a, y=0) for the corre-
sponding current density.

2FDy,-n,0 € PH,.an—FS

oo € 32

D RuT T tan+ )" |Bn[cosh(Antan) — cosnr] (32)
_Anan _ 2sin(Apb) a

By et e ) (5) (33)

If the button-cell approximation is applied (i.e., b =a), the constant
B, defined in Eq. (33) is zero. In this case, the fuel depletion current
density defined by the anode partial pressure model approaches the
more commonly defined limiting current density, Eq. (34). How-
ever, in actual SOFC operation the fuel depletion current density
will be less than the expected limiting current density. This dis-
tinction is significant, since fuel-depleted operation may occur at
current densities considered safe using a button-cell approach.

_ 2FDH,-H,0 € PHy,an-Fs

igD = li;m = RuT T (34)

t&ll’l
2.3. Anode design of experiments

A design of experiments approach was applied to develop
parametric studies of the anode mass and electronic transport mod-
els using the commercially available statistical analysis software
JMP (SAS Institute). Central composite experimental designs were
established for four model responses: hydrogen fractional pressure
drop, fuel depletion current density, anode area specific resistance,
and anode lead voltage. This central composite design (CCD) was
achieved by calculating the model output parameters at the mini-
mum, midpoint, and maximum values of the input variables used
in the design of experiments studies. Additionally, model outputs
were calculated at random points throughout the design space to
achieve a better characterization of model behavior.

3. Model results and discussion
3.1. Initial potential flow results

3.1.1. Mass transport models

The potential flow models for hydrogen and steam transport
were initially examined for a SOFC unit cell width of 1.0 mm and
an anode thickness of 750 wm. A current density of 1.0 Acm~2 was
applied at a cell temperature of 800°C (1073 K). A binary mixture
of 90% hydrogen and 10% steam at atmospheric pressure was used
to model the fuel stream. An anodic porosity of 30% was assumed,
and a tortuosity of 14.5 was used based on existing literature [4].
While this value is higher than geometric anode tortuosities mea-
sured experimentally (typically 2-10), it is estimated directly from
experimental SOFC button-cell performance. It has been suggested
that estimation of such heightened tortuosities may be mitigated by
accounting for separate diffusion resistances within the bulk anode
and the chemically active regions near the anode-electrolyte inter-
face [3], by factoring in Knudsen diffusion within the anode [4],
or by considering surface diffusion effects at the anode-electrolyte
interface [27]. These effects are not considered in the present work.
However, future analyses may incorporate such transport effects.
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Fig. 3. Anodic hydrogen partial pressures for button-cell and actual cell geometries
at the fuel stream/interconnect (-) and electrolyte (- -) interfaces.

In the present work the higher value is employed as an effective
tortuosity for SOFC operation.

The hydrogen and steam partial pressure distributions for the
button-cell and actual interconnect geometry cases are compared
in Figs. 3 and 4. In these figures the solid and dashed lines indi-
cate the pressure distribution along the electrode-interconnect/gas
stream interface and the electrode-electrolyte interface, respec-
tively. The influence of interconnect geometry is readily discernible.
The hydrogen partial pressure at the anode-electrolyte interface is
reduced when accounting for interconnect geometry. Correspond-
ingly, the steam partial pressure at the anode-electrolyte interface
shows a subsequent increase. Checks of the partial pressure distri-
butions within the anode, as shown in Figs. 3 and 4, reveal that the
sum of the hydrogen and steam partial pressures throughout the
anode adds to atmospheric (i.e., the total) pressure. This condition
was also found to be true for the other geometries analyzed in the
present work.

Applying the model developed for the oxygen pressure
distribution results in more drastic geometry effects, as
shown in Fig. 5. Again, the solid and dashed lines indi-
cate the electrode-interconnect/gas stream interface and the
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Fig. 4. Anodic steam partial pressures for button-cell and actual cell geometries at
the fuel stream/interconnect (-) and electrolyte (- -) interfaces.
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Fig. 5. Oxygen partial pressures for button-cell and actual cell geometries at the air
stream/interconnect (-) and electrolyte (- -) interfaces.

electrode-electrolyte interface. As with the anode pressure dis-
tributions, a unit cell width of 1.0mm and a current density of
1.0Acm~2 were used. A cathode thickness of 50 wm was used to
reflect an anode-supported arrangement. Under the presumed
one-dimensional transport of the button-cell case the pressure
drop is relatively small compared to the anode, less than 1 kPa.
However, a significant pressure drop along the width of the unit
cell becomes evident when interconnect geometry is considered.
Furthermore, at the edges farthest from the oxidant stream the
cathode approaches oxygen depletion. In fact, for the cathode,
results for LF=0.50 are not shown since this geometry was
found to experience depletion along a significant portion of the
cathode-electrolyte interface. Under presumed 1D transport an
anode-supported cell can be considered to be chiefly limited by
the anode geometry, but for actual anode-supported SOFCs with
conventional interconnects, the thinner cathode could in fact limit
performance. This is associated with the increased in-plane (or
“sheet”) resistance effects. Performance limiting effects within
the cathode have been demonstrated in numerical models of
electrolyte-supported cells [5].

The effect of length fraction on hydrogen partial pressure drop
within the anode is shown in Fig. 6 for several anode thicknesses.
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Fig.6. Variation of hydrogen fractional pressure drop with length fraction for several
anode thicknesses (The smallest geometry demonstrates an increased sensitivity to
length fraction due to the influence of “sheet” resistance.).
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Fig. 7. Comparison of anodic voltage distributions for button-cell and actual cell
geometries (The button-cell case for full electrical contact corresponds to LF=0.).

In each case shown the current density was set at 1.0Acm2,
and a unit cell width of 1.0 mm was used. Again, a binary mix-
ture of 90% hydrogen and 10% steam was modeled as the fuel
stream. The values for a length fraction of one represent the button-
cell case for mass transport (full fuel stream contact). The partial
pressure drop was calculated as the difference between the fuel
stream hydrogen partial pressure per the prescribed fuel stream
pressure and composition, and the average anode-electrolyte inter-
facial partial pressure. This average was calculated from values
obtained using Eq. (11). Overall, a decrease in length fraction results
in an increase in resistance to the transport of hydrogen. It can
be seen that the geometry effects are significant with the frac-
tional pressure drop, the decrease in the average hydrogen partial
pressure between fuel stream and the anode-electrolyte interface
divided by the fuel stream hydrogen partial pressure, increasing
approximately 20% when accounting for the nominal interconnect
geometry. Resistance increases with anode thickness, and thin-
ner anode geometries show an increased sensitivity to changes
in length fraction, as indicated by a larger change in fractional
pressure drop over the range of length fraction values. The for-
mer trend regarding anode thickness is intuitive for a fixed unit
cell width (1.0 mm in the cases shown). The increased sensitivity
of thin anodes can be attributed to the heightened impact of in-
plane, or “sheet,” resistance given smaller transverse resistances of
thin anodes. In previous work these affects were shown to be more
pronounced for a larger 2.0-mm unit cell width [28].

3.1.2. Anode voltage model

The anode voltage distributions for the button-cell and two
interconnect geometry cases are compared in Fig. 7, with solid
and dashed lines indicating the electrode-interconnect/gas stream
interface and the electrode-electrolyte interface, respectively. As in
the mass transport case, significant geometry effects can be seen.
It is important to note that electrical contact only occurs over a
select portion of the anode-fuel stream/interconnect interface (e.g.
between 0.25 and 0.5 mm for LF=0.50). Thus a higher voltage drop
occurs across the anode when accounting for geometry effects. Fur-
thermore, a general increase in anode lead voltage results from
accounting for cell geometry. This increase will ultimately result
in a decreased total cell voltage as defined in Eq. (27). Finally, it
is noted that the smaller contact length for LF=0.75 results in a
marginally lower anode lead voltage. This small change in voltage
can be attributed to enhanced mass transport that results from the
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Fig.8. Variation of anode ASR and with length fraction for several anode thicknesses.

larger fuel stream contact area, as shown in Fig. 3.

In previous work, anode area specific resistances for the button-
cell case calculated using potential flow models have been shown to
agree well with values calculated from experimental models [28].
This agreement results from the 2D potential flow models reducing
to the common 1D models in the button-cell case (b=a). How-
ever, accounting for actual geometry results in an increase in anode
ASR, and non-linear behavior at lower anode thicknesses. Both of
these effects can be attributed to the increased presence of sheet
resistance effects.

Length fraction effects on anode electronic transport are shown
in Fig. 8. The anode area specific resistance for an anode thick-
ness of 750 wm (LF =0.50) increases by ~18% when accounting for
actual interconnect geometry. The anode area specific resistance
is also shown to increase with length fraction. As in the hydrogen
transport case, total resistance increases with anode thickness and
demonstrates an increased sensitivity to length fraction for thinner
anodes.

As seen in Figs. 6 and 8, a larger fuel stream contact area, rep-
resented by increasing length fraction, decreases mass transfer
resistance and increases electronic resistance. Similarly, decreasing
fuel stream contact reduces electronic resistance while increasing
mass transfer resistance. Overall, the resistance to mass transfer
displays a greater sensitivity to changes in interconnect geome-
try. Thus, mass transfer resistance effects are expected to limit
anode transport phenomena more so than electronic resistance
effects.
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Fig. 9. Effects of interconnect geometry on fuel depletion current density.
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Fig. 10. Pareto plots demonstrating design variable influence on (a) fractional pressure drop (b) fuel depletion current density (c) anodic ASR and (d) anode lead voltage.

3.1.3. Fuel depletion current density

The ramifications of a fuel depletion current density are par-
ticularly important when considering the effects of interconnect
geometry as demonstrated in Fig. 9. Under the button-cell approx-
imation, the fuel depletion current density corresponds to the
established definition of limiting current density, and is predicted
to increase significantly as the anode becomes thinner. However,
when interconnect geometry is accounted for (as shown for a length
fraction of 0.50) the fuel depletion current density decreases after
the thickness decreases below 500 wm in the present study. The
cases shown in Fig. 9 are for a unit cell width of 1.0 mm. The change

in behavior of fuel depletion current density as a function of anode
thickness (in the case with LF=0.50) can be attributed to the dom-
inance of sheet resistance effects within the total anodic resistance
to mass transfer. This concept was demonstrated above for the
cathode oxygen partial pressure investigation. For excessively thin
electrodes, the predominance of sheet resistance effects hindering
mass transfer can become a significant performance issue. Again,
comparable results for a larger unit cell geometry have been shown
in previous work [29].

The fuel depletion current density values shown in Fig. 9 were
calculated assuming an anodic tortuosity of 14.5, as predicted by
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Kim et al. [4]. As noted, this value is significantly higher than com-
mon values of 2-10. The higher, effective tortuosity applied in these
calculations produces fuel depletion current density values that are
closer in magnitude to typical limiting current densities.

3.2. Anode design of experiments

Results of the design of experiments are outlined in the Pareto
plots shown in Fig. 10. These plots provide a comparison of the
relative influence of design variables on a given model response,
ranking the influence of design variables in descending order. In
some cases, a design variable may also influence model output in
conjunction with other design variables, as shown through non-
linear functions present on each plot. For fractional pressure drop
(Fig. 10a), the anode porosity and tortuosity, the fuel stream hydro-
gen composition, and the current density demand exert the primary
influence over cell performance. These variables establish the pri-
mary characteristics of the hydrogen transport problem. In the case
of fuel depletion current density (Fig. 10b), the fuel stream hydro-
gen composition exerts the greatest influence with unit cell width,
porosity, and tortuosity demonstrating secondary levels of influ-
ence. The increased influence of the unit cell width may seem
counterintuitive. However, this higher level influence can be linked
to the presence of the unit cell half-width, a, within the eigen-
values of the solutions for the partial pressure distributions, A;.
For the anode ASR (Fig. 10c), the geometric factors of length frac-
tion, unit cell width, and anode thickness demonstrate the greatest
influence over performance. The influence of the length fraction
and unit cell width in this case can be linked to the calculation
of the anode ASR, which is based upon the average voltage across
the anode-interconnect contact surface. The size of this boundary
is directly determined by the length fraction and unit cell width.
Furthermore, the unit cell half-width, a, is again present within
the eigenvalues of the solution for the anodic voltage distribution.
Finally, the anode lead voltage, shown in Fig. 10d, has a primary
dependence on current density, with a secondary dependence on
fuel stream composition.

3.3. SOFC anode parametric studies

Parametric studies based on the above designs of experi-
ments have been conducted. All results shown share the following
(constant) parameters: anode thickness (750 wm), temperature
(1073 K), and anode porosity and effective tortuosity (0.30 and 14.5,
respectively). For a local current density, the effects of fuel stream
hydrogen composition on fractional pressure drop, fuel depletion
current density, and anode lead voltage were examined for three
representative unit cell widths (1.0, 5.0, and 10 mm) and three rep-
resentative length fraction values (0.125, 0.50, and 0.875). For these
same geometries, the effects of local current density on fractional
pressure drop and anode lead voltage were examined at a constant
fuel stream composition. Finally, length fraction effects on anodic
ASR were examined for the three representative unit cell sizes.

For the unit cell geometries analyzed, representative values of
the fuel depletion current density computed for a range of fuel
stream compositions are given in Table 1. All values shown are
calculated for an anode thickness of 750 wm. The advantage of
smaller unit cell geometries is apparent. For example, at all con-
centrations shown a SOFC with a unit cell width of 1.0mm can
achieve fuel depletion current densities approximately three times
greater than those achieved by a SOFC with a unit cell width of
5.0 mm. The same 1.0-mm unit cell SOFC can achieve fuel deple-
tion current densities almost 10 times greater than those achieved
with a SOFC with a 10-mm unit cell. Furthermore, for the smallest
geometry the onset of fuel depletion can occur at a current density

Table 1
SOFC fuel depletion current density over a range of fuel stream (FS) compositions

FS hydrogen SOFC fuel depletion current density (Acm~2)

composition (%)

1.0 mm 5.0mm 10 mm
5 0.20 0.06 0.02
10 0.40 0.13 0.04
50 1.98 0.63 0.20
90 3.57 1.13 0.36
95 3.77 1.20 0.38

near the traditionally defined limiting current density. As demon-
strated in Fig. 11a, the onset of fuel depletion in such smaller width
geometries corresponds to what is almost the complete absence of
hydrogen at the anode-electrolyte interface. This scenario stands
in sharp contrast to that of the larger 10-mm unit cell geometry
shown in Fig. 11b. In the latter case the unit cell width serves as the
greatest distance for hydrogen diffusion and results in a significant
pressure drop in the lateral direction and a relatively low pres-
sure drop between points across the anode thickness. Thus, for a
given fuel stream composition and current density demand, a larger
unit cell may exhibit a lower average pressure drop between the
fuel stream and anode-electrolyte interface. However, these larger
geometries may be noticeably more susceptible to fuel depletion at
the anode-electrolyte interface.
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Fig. 11. Hydrogen partial pressure distributions at the fuel depletion current density
for unit cells of (a) 1.0-mm width and (b) 10-mm width (90% fuel stream hydrogen).
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Fig. 13. Voltage-current density characteristics of several SOFC unit cell geometries
for a 90% H;, 10% steam fuel stream mixture.

Here, it is important to note that while the severe pressure drop
in the lateral direction could be mitigated for larger unit cell geome-
tries by increasing anode thickness, the analysis of such geometries
is not desirable within the present work. State-of-the-art SOFC
design has tended toward thin anode-electrolyte—cathode struc-
tures, with typical anode thicknesses between 250 and 2500 pm.
Within this range, anode-supported SOFCs typically employ anodes
of 500-1500 p.m in thickness.

Finally, the advantage of smaller unit cell widths can be seen
through a comparison of the effects of unit cell geometry on elec-
tronic transport phenomena in localized regions of the anode.
The effects of interconnect geometry on anode ASR are shown
in Fig. 12. As noted above, the smallest unit cell geometry shows
an ~18% increase in ASR when comparing the button-cell case
to the case with LF=0.50. This relatively small increase contrasts
the much larger increases in ASR seen for the 5- and 10-mm unit
cells. These increased ASR values lead to predictions of diminished
performance for larger unit cell geometries, as demonstrated by
the voltage-current density characteristics in Fig. 13. These larger
geometries also show greater limitations with respect to fuel deple-
tion, as is evident in the limited range of operation displayed.

4. Conclusions

Resistance effects that arise from increased transport path
lengths within solid oxide cells that utilize conventional ribbed
interconnects have been analyzed through analytical models of
mass and electronic transport phenomena. These resistance effects

are collectively referred to as constriction resistance effects because
the increase in transport path length directly results from reduc-
tions in active transport area that arise from solid oxide cell
interconnect and anode design. The studies of these geometry
effects focused on the effects of gas channel and interconnect
contact lengths on localized mass and electronic transport within
cross-sectional regions in the solid oxide fuel cell anode. Effects
on localized mass transport were also modeled for cross-sectional
regions of the cathode.

The transport within the electrode layers of a solid oxide fuel
cell was examined using analytical solutions of the Laplace equa-
tion for mass and electronic transport. The solutions obtained show
that significant resistance effects can be attributed to actual SOFC
interconnect geometry in comparison to the common button-cell
assumption. For SOFC anodes these effects were demonstrated to
create a competition between mass and electronic transport losses.
Effects on cathode oxygen transport were more dramatic, due to
the thinner electrode geometry (50-pm thick) contributing more
substantially to increased sheet resistance. Additional modeling of
cathode electronic transport may be considered in future work.

In addition to showing the significance of geometry effects, the
analytical model for hydrogen transport allows for the unique def-
inition of a modified concept of limiting current density, called a
“fuel depletion” current density. This performance metric accounts
for SOFC geometry when modeling actual cell geometry and
reduces to the standard definition of limiting current density when
applying a button-cell approximation. However, the fuel depletion
current density does not vary with anode thickness in the same
way as the traditionally defined limiting current density. Specif-
ically, reducing anode thickness does not invariably increase the
fuel depletion current density. For thin anodes increased sheet
resistance effects will result in a decrease in the current density
that can be achieved prior to the onset of fuel depletion at the
anode-electrolyte interface. A similar phenomenon is expected on
the cathode side with respect to oxygen depletion.

The minimization of geometric resistance effects through the
proper sizing of the fuel stream-anode and anode-interconnect
contact areas was explored initially through parametric studies
developed from a design of experiments approach. These para-
metric studies demonstrated the benefits of smaller SOFC unit cell
widths. A unit cell was defined as the “sandwich” of a co-flow
fuel stream interconnect channel and oxidant stream interconnect
channel bounding a portion of the SOFC P-E-N tri-layer. Unit cell
geometries with smaller widths were shown to experience lower
ohmic losses and higher fuel depletion current densities. Further-
more, increasingly narrow unit cell geometries achieve cell voltages
that are significantly higher than those of SOFCs with larger unit cell
geometries. This superior performance is attributed to the reduced
influence of sheet resistance effects in narrower unit cell geome-
tries, when a constant anode thickness is maintained.
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