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ABSTRACT
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An analytical model is proposed and an analysis is conducted for solid oxide fuel cells with goals of
higher power densities. The analytical model is designed to help optimize the size, spacing, and geome-
trical shapes of current collectors. The model fully considers the ohmic, species concentration, and activa-
tion polarizations. From the analysis of several cases, it is recommended that 3D pillars be used for the
current collectors in SOFCs while incorporating appropriate measures to ensure a uniform flow distribu-
tion. It is also clear that unless limited by the fabrication technologies for the bipolar plates, smaller con-
trol areas and current collectors are preferable for SOFCs to have higher power densities.
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1. Introduction

High power density is very important for solid
oxide fuel cells (SOFC) to be used as power
sources in transportation tools such as trains,
trucks, buses, and cars. It is obvious that high
power density directly translates to a low cost of
fuel cells per unit of power. It also allows for
compact design leading to less space occupied by
the fuel cell power unit.

There are several approaches to developing
high power density solid oxide fuel cells. One
very challenging but effective way for power
density improvement is to lower the internal oh-
mic loss by using a high ion-conductive electro-
lyte.

Research work and progress on this direction
has been reported in literature [1-5]. Significantly
improved triple-phase-boundary length [6-9] of
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electrochemical reaction is also very effective at
lowering activation polarization, resulting in
higher power density. Some recent works [10]
focus on using the so-called functional graded
layer in order to improve the triple-phase-
boundary length.

Although it has not received great attention,
optimized design of the current collectors and gas
channels should not be underestimated as a
means of improving the power density of solid
oxide fuel cells.

Better gas mixing and uniform flow fields
help reduce the resistance to mass transfer [11-
12] and thus reduce the concentration polariza-
tion. Optimum distribution of the current collec-
tors should make it possible to compromise be-
tween a short length of current collection and the


mailto:peiwen@email.arizona.edu
www.SID.ir

Effect of the geometries of current collectors ..., Peiwen Li, et.al

maintenance of a sufficiently large active area for
electrochemical reaction. Consequently, maxi-
mum power density should be obtained.

There are two aspects to consider when de-
termining the best design of the gas delivery field
and distribution of current collectors. The first is
the geometry of the current collectors. The geo-
metry of the current collectors decides for the
structure of flow field for gas delivery and re-
moval, greatly affecting the mass transfer per-
formance. The second aspect is the optimization
of the selected current collector distribution.

SOFCs are able to operate on reformed hy-
drocarbon fuel while producing carbon dioxide
and water vapor as waste. In a planar-type SOFC,
gas flow fields are configured on bipolar plates.
The gas flow field may simply comprise of mul-
tiple flow channels in parallel or a serpentine
channel. The channels in this configuration are
basically formed by 2-dimensional ribs, as shown
in Fig.1. From mass transfer point of view, this
type of flow field design has the disadvantage of
no communication between flows from different
channels.

Using 3-dimenisonal ribs or pillars distri-
buted in a flow field, as shown in Fig.2, is ex-
pected to have mass transfer enhancement and
thus a better fuel cell performance [13, 14].
However, application of this concept to actual
fuel cells has long been restricted by the fact that
a uniform distribution of flow in such a flow field
is difficult to enforce [15, 16]. Recently, a uni-
form flow distributor with very good perfor-
mance was invented by the current authors’
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Fig.1: Two-dimensional current collectors on bipolar plates

group [17]. Therefore, assuming the use of this
new flow distributor, 3D current collectors will
be studied in this work. A comparison of the per-
formance of the 3D current collector with that of
2D current collectors will be carried out.

2. Analysis and modeling

For convenience of analysis, one single cur-
rent collector is to be considered. The collector is
located at the center of a reaction area that can
also be called the control area, as shown in Fig. 3
for both 2D and 3D cases. An electrical circuit
representing the current conduction process will
establish the relationship between the parameters,
including the dimensions of current collectors,
current and current density in the control area,
the fuel cell operating temperature, properties of
cell components, and the power density.

The electromotive force shown in the circuit
network in Fig.3 is net voltage, the standard elec-
tromotive force reduced by both concentration
polarization and activation polarization.

E=E° ~Meonc ~ Mact 1)

Solution for the network circuit will conse-
quently find the potential difference (V) be-
tween the current collectors of the cathode and
anode sides.

The activation polarization is given by the
Butler-Volmer equation:
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Fig.2: Three-dimensional current collectors on bipolar plates
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Where f is the transfer coefficient, approx-
imately 0.5; i is the actual current density through
the active electrolyte layer in the fuel cell; and iy
is the exchange current density. n, is the number
of electrons transferred per mole of fuel in the
electrochemical reaction. For a SOFC, n.=2.
Substituting values of B and n, into Eq. (2) gives:

A F 775t
=2 h| —fact. 3
i = 2ig sin [ o ] ?3)

From which the activation polarization is con-
sequently expressed as:

B

In order to find the activation polarization us-
ing Eq. (4), the exchange current density iy must
be properly selected. From the electrochemistry
point of view, the exchange current density of
solid oxide fuel cells depends strongly on the
triple-phase-boundary (TPB) length. The conven-
tional fabrication technique of SOFCs makes a
clear interface of the electrode and electrolyte
layers, allowing an exchange current density of
about 3000 A/m? for the cathode and 6000 A/m?
for the anode.

Instead of a clear change in composition and
micro-structure between the electrode and elec-
trolyte materials, a functional graded layer made
by modern fabrication techniques allows an over-
lap and mixing of electrode and electrolyte mate-
rials. This has been proven to improve the ex-
change current density on several occasions. The
state-of-the-art planar type SOFC may have a
power density of 1.8W/cm? much greater than
that of earlier stage SOFCs [9]. Performance
comparisons of SOFCs with and without func-
tional layers have found that the exchange cur-
rent densities of 12000 A/m? and 24000 A/m” on
cathode and anode respectively might be perti-
nent for those SOFCs with functional layers.

The concentration polarization is reflected by
the second term in the following Nernst equation:

o] 0
E=—AG°+RT n P P (5)

2F  2F Ph,0
PO

RT

=—1In
Mact =

The concentration polarization causes a reduc-
tion of the electromotive force of a fuel cell; thus,
the value of the second term in Eq. (5) is nega-
tive.

The partial pressures of the reactants and
products at the anode-electrolyte and cathode-
electrolyte interfaces are the parameters which
determine the concentration polarization. There-
fore, the mass transfer process has to be analyzed
to find the mass concentration and partial pres-
sures of each species.

The mass transfer resistances exist in the bulk
flow, porous electrode, and porous graded func-
tional layers (which are present in modern solid
oxide fuel cells).

As a consequence of the mass transfer resis-
tances, the partial pressures of reactants at the
reaction site are lower than that in the bulk flow.
Conversely, the partial pressures of products at
the reaction site are higher than that in the bulk
flow, as schematically shown in Fig. 4.

A zero-dimensional mass transfer model is
applied to find the concentration polarization. As
an example, consider the mass transfer of oxygen
on the cathode side. For a SOFC with graded
functional layers, the mass transfer of oxygen
from bulk flow to the electrode/electrolyte inter-
face experiences three processes: convective
mass transfer, diffusion in the porous electrode
layer, and diffusion in the functional layer.

Mo, = Aho, (P22 — p2) (6)
0, 0,
. Pc® ~ Pit
My =A—— "0 7
0, 50 . 5ch ( )

Deff _c Deff _cfl

Where the effective diffusivities for the por-
ous cathode and cathode functional layers are
Der ¢ and Dt .. These are functions of the

gas diffusivity and porosity of the porous media:
Deff ¢ = DOZ,NZ‘gg'S 8)

15
Der ¢t = Do, N, €5 ©)

The mass transfer rate which is proportional
to the difference of the concentration in the bulk
flow and at the cathode/electrolyte interface is
then determined.
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Fig. 3: Current collectors and circuits for current collection. (a)
Model for two dimensional current collectors; (b) Model for three
dimensional current collectors

-

b H,

Anode bulk
flow HotH,0O

UOTIRIUSIUOD

Fig. 4: Mass transfer processes in a SOFC
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—— +

ho, Det ¢ Defr cn

: O O
Mo, = AlPa? = pit”)

Mo, = A(p2? —Pi(t)z)Ho2 (11)
Where
Ho, = : (12)

| ¢ Oe
4 +
ho, Deft ¢ Deft _cn

The oxygen transferred to the reaction site is
consumed for power generation. Thus the oxygen
flow is related to the current output from the
reaction area, controlled by the current collector
under investigation:

. |
m02 :EMOZ (13)

Substituting Eqg. (13) into Eq. (11) yields an
expression for the oxygen concentration at the
cathode/electrolyte interface:

|
25 Mo, = AHo, (p22 - pi?) (14)
I

4FAH g, Mo, (15)

0, o
Pit” =P’ —

Where the mean oxygen concentration in the
bulk flow may be approximated as:

O O
0, _ Pin’ + Poit (16)
* 2
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Considering the inlet and outlet mass flow
rate of the oxygen and the volumetric flow rate of
the air stream, the concentrations of oxygen are:

. Oy
(@) Min
PO M’ an
VO2 +VN2
. O .
pOZ _ Mjn? — Mo,
out moz - (18)
Vi, +Vp, Tz

.0,
Min

Given the mass transfer and electrolyte area,
A, and the current density of the fuel cell i, the
total current of the fuel cell becomes

I =iA (19)

Substituting Egs. (16)-(19) into Eq. (15), the
oxygen concentration at the interface of the elec-
trolyte/cathode is

e E L u ()
"V, VW, LV 4FAH,
Vi, 4 A

In order to obtain the partial pressure of oxy-
gen, the concentration of nitrogen in the air flow
is needed. In a similar analysis, the nitrogen con-
centration is obtained. From the mass transfer
equation similar to Eqg. (6), there is:

pa? = pip? (21)

The average concentration of nitrogen in the
bulk flow at the inlet and outlet are given respec-
tively by:

N N
pNz _ pin2 + Pouk (22)
2
N,
m:
Pin? = —1— (23)
Vg, +V
0, N2
. N
NZ _ min2
pOUt - m02 _mo (24)
7 . In 2
VN2 +V02 7[.”02

The mass concentration of nitrogen at the ca-
thode/electrolyte interface is:

P My + iy
it — \\7
VOz -&-\P]N2 . ﬂﬁ% _ Moz (25)

Now, with the mass concentrations of all spe-
cies in the air stream available, the partial pres-
sure of oxygen at the cathode/electrolyte inter-
face is determined:

O,
pﬁ)z Y a /Mgz Pair (26)
pit? IMo, +pit? IMy,

Similar analysis procedures are applicable to
hydrogen and water vapor in the fuel stream. The
molar flow rate does not change in the fuel
stream; therefore, the mass concentration of hy-
drogen is

wHa in? — == My i

m, 2 1

e (M= T 2F T2y, My, (27)
vV vV 2FHy,,

ot Mg (28)

miH 20
Pt = (7\/- +

Finally the partial pressures of hydrogen and
water are

H2
pit|2 i a /MHHé P fuel (29)
Pic 2/ My, +pit 2 IMy,0
H20 /1
H»0 Pit H,0
P2 = I 2 Pfuel (30)

=7 h H20
Pit 2 IMy, + it 2" My 0

Gas species in a solid oxide fuel cell have
high temperatures and low pressures, making
ideal gas assumptions plausible when calculating
the volume flow rates in many of the above equa-
tions. A unit area of A (m?) for the mass transfer
surface or area of electrolyte layer is used in the
above equations. The total current and the mass
flow rate at the inlet for the fuel cell are deter-
mined based on the unit area and the current den-
sity of interest, as well as the fuel and oxygen
utilization coefficients. However, after operation
of equations, partial pressures are consequently
independent of the area of mass transfer or elec-
trolyte layer used in the analysis. It is assumed
that the electrical current due to electrochemical


www.SID.ir

Effect of the geometries of current collectors ..., Peiwen Li, et.al

reaction comes only from the area of p -p_,

shown in Fig.3. There may be a small amount of
gas diffusing to underneath the current collectors,
but it is in the lateral direction and is negligible.
Consequently, it is considered that the current
collector of size p, controls the area of sizep,

An electrochemical reaction occurs at the area
D,—D, and a current is thus collected laterally

and conducts out through the current collectors.

3. Properties and conditions in the analysis

Prescribed conditions for analytical computa-
tion should include the fuel cell voltage, tempera-
ture, and stoichiometric coefficients of fuel and
oxygen/air. The components dimensions and
properties of the SOFC analyzed in this work are
given in Tables 1 and 2. The mass transfer coef-
ficient in Eq. (6) is obtained based on an assump-
tion of laminar flow with a Sherwood number of
3.66 and a characteristic length of 3mm for both
the channels with 2D ribs and 3D pillars. This
assumption allows the comparison of the fuel cell
performance with flow fields using 2D ribs and
3D pillars on a common basis. A contact resis-
tance of 5.0x10° Qcm? between a current col-
lector and an electrode is used. Hydrogen fuel
with a stoichiometric coefficient of 1.2 and air at
the oxygen stoichiometric coefficient of 2.0 are
considered. The operating temperature of the fuel
cells is 800°C. SOFCs with functional graded
electrode/electrolyte layers are considered, and
thus the exchange current densities for activation
polarization are 12000 A/m? and 24000 A/m* on
the cathode and anode, respectively.

Table 1. Component thicknesses and porosities

Components Thickness Porosity
Cathode Current
Collecting Layer LSCF 60 um 0.32
(cce)
Cathode Functional

LSCF/S3,SZ 30 um 0.40
Layer (CFL)
Electrolyte
Layer (EL)
Anode Functional

Ni/SySZ 20 pym 0.10
Layer (AFL)
Anode Support

PP Ni/S1,SZ 1000 um 055

(AS)

4, Results and discussions

The computation based on the analytical mod-
el will study and compare the maximum power
densities from SOFCs using 2D ribs and 3D pil-
lars as current collectors.

4.1. Spacing and dimensions of 2D ribs

The investigation of the power densities ver-
sus current collector size in the SOFC took a
fixed control area D,. At various D, the power
densities are obtained. Shown in Fig.5 are the
power densities when a fixed Dy is 2mm and D,
changes from 0.4mm to 1.5mm. Apparently,
when a current collector takes a large portion of
the fixed area, less space is left for reaction, caus-
ing a low maximum power density. Reducing the
current collector from 1.5mm to 0.6mm increases
the maximum power density as seen in Fig.5. On
the other hand, when the current collector is
smaller than D.=0.6mm, the ohmic loss becomes
overwhelming and the maximum power density
drops again. In Fig.6, D, is 3mm and D, changes
from 0.7mm to 1.8mm. A similar relationship
between the current collector size and the maxi-
mum power density is obtained. An optimum size
for the current collector is found in both cases.
For Do=2mm, the best D. is 0.6mm, giving a
maximum power density of 1.77W/cm?. For
Do=3mm, the best D, is 1.0mm, giving a maxi-
mum power density of 1.70 W/cm?. It is impor-
tant to know from the above results that there is
an optimum size for the current collector in each
case, both having fixed control areas. Further
observation indicates that a smaller control area
allows for greater maximum power density, al-
though there is no doubt that fabrication technol-
ogy will be the limiting factor.

Table 2. Materials and conductivity

Conductivity at 800°C
Component Material
O (S/cm)
(CCCL) LSCF 380
(CFL) LSCF/Sy,SZ 130
(EL)  SySZ 0.090
(AFL)  Ni/SySZ 1100
(AS)  Ni/SySZ 1400

(For porous media, conductivity o =o(l—¢) 15 [18, 19])
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4.2. Optimization of the spacing and dimension of
3D pillars

Similar investigation of the power densities
versus current collector size was conducted for
3D pillars as current collectors. Again, two cases
of fixed control area in diameter of Dy=2mm and
Dy=3mm were selected. At various current col-
lector diameters D, the power densities were ob-
tained. Shown in Fig.7 are the power densities
when a fixed diameter is Dy=2mm, and D.
changes from 0.4mm to 1.5mm. The optimal di-
ameter D. is 1.1mm, at which the maximum
power density is 1.80 W/cm?, 1.7% higher than
the case of a 2D rib. In Fig.8, the diameter of the
control area is Dy,=3mm, and D. ranges from
0.9mm to 2.1mm. The optimal diameter of the
current collector is D, =1.6mm, which obtains a
maximum power density of 1.75 W/cm?. This is
2.9% higher than that in the case of a 2D rib.

Again, a similar phenomenon for the 3D pillar
current collectors is observed in that a smaller
control area makes greater power densities avail-
able. This trend of maximum power densities and
optimal size of current collectors is obviously
independent of the geometrical shape of the cur-
rent collectors. It is very interesting to see the
difference of the maximum power densities be-
tween the use of 2D ribs and 3D pillars as current
collectors. About 2-3% greater power densities
may be available if 3D pillars replace 2D ribs.

To elucidate the phenomenon of the better
performance of the 3D pillars, two points are ex-
amined. Firstly, for the optimum current collec-
tors of both 2D and 3D cases, it is interesting to
find that the ratio of the area of active electro-
chemical reaction to the total control area is near-
ly the same. For example, it is about 70% when
Do=2mm and 67% when Dy=3mm. However, the
length of the current collecting route in the 2D
case is longer. When Dy=2mm, the optimum case
has (Do-D.)/2=0.7mm for 2D ribs and (Do-
D.)/2=0.45mm for 3D pillars; when Dy=3mm, the
optimum case has (Do-Dc)/2=1.0mm for 2D ribs
and (Do-D.)/2=0.6mm for 3D pillars. Apparently
the shorter current collection route in the case of
3D pillars is favorable for the reduction of ohmic
loss.

The above comparison of the area ratio and
the length of the current collection route can also

explain why a greater power density is obtained
in the case of a smaller current collection area.
For the cases of Dy=2mm, there is a larger area
ratio for the active electrochemical reaction and
the current collection route is shorter compared
to that of cases of Dy=3mm. Since this trend ex-
ists for both 2D ribs and 3D npillars, a greater
power density is always obtained in the case of a
smaller current collection area. Nevertheless, it is
worth noting to designers of bipolar plates of
SOFCs that all the above discussed phenomena
are for the optimized current collectors. Due to
improvement of flow mixing, 3D current collec-
tors may be highly recommended for the im-
provement of fuel cell power densities. Of
course, this depends on whether a uniform flow
distribution to the field is available, as has been
achieved in the author’s group.

5. Conclusions

This paper presents an analytical model and
analysis for the power densities in SOFCs when
current collectors of different geometries and size
are used. The analysis made clear that there are
optimal size and spacing of current collectors for
both types of current collectors and flow fields. It
is recommended that 3D pillars be used for cur-
rent collectors in SOFCs with appropriate meas-
ures taken for a uniform flow distribution. Unless
limited by the fabrication technologies for the
bipolar plates, a smaller control area and opti-
mized current collectors can aide in achieving
higher power densities in SOFC systems.

6. Nomenclature

A Reaction area (m?)
D Diffusivity (m/s)

d,, D, Distance or diameter of a control area
by one current

collector (m)
d., D. Width or diameter of a current collec-

tor (m)

E Electromotive force in the modeling
circuit (V)

E° Electromotive force at standard state
V)
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EL Electrolyte

F Faraday’s constant (96485.3365
C/mol)

FL Functional layer

h Mass transfer coefficient (m/s)

Ho Overall mass transfer coefficient (m/s)

i Current density in fuel cell (A/m?)
I Exchange current density (A/m?)

mo2 Mass transfer rate (kg/s)

Molecule weight (g/mol)

n, Electrons from reaction of per mole-
cule of fuel

p Pressure of fuel or air (Pa)

P Partial pressure of species (Pa)

R Universal gas constant (J/mol K)

T Temperature (K)

V Volumetric flow rate (m%/s)

Greek Symbols

s Transfer coefficient (approximately
0.5)

0, Thickness of cathode layer (m)

Sy Thickness of cathode functional layer
(m)

& Porosity of porous material

Meone Potential loss due to concentration po-
larization (V)

Noct Potential loss due to activation polari-
zation (V)

P Concentration (kg/m?®)

o Electrical conductivity (s/cm)

Subscript

act Activation

air Air flow on cathode side

c Cathode

cfl Cathode functional layer

conc Concentration

10

eff ¢ Effective value for cathode layer

eff cfl Effective value for cathode functional
layer

fuel Fuel flow on anode side

H, Hydrogen

H,O Water

in Inlet

it Interface

N, Nitrogen

out Outlet

0, Oxygen

0 Bulk flow

0 Standard state
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