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Abstract

The flat-tube high power density (HPD) solid oxide fuel cell (SOFC) is a geometry based on a tubular type SOFC, and is being developed by
Siemens Westinghouse and other international companies in Japan and Korea. It has increased power density, but still maintains the benefic
feature of secure sealing for a tubular SOFC. In this paper, the electric performance of a flat-tube HPD SOFC is studied. This paper als
investigates the effects of the stack chamber number, stack shape, and other stack geometry features on the performance of the flat-tube H
SOFC. The results show that the performance of a flat-tube HPD SOFC is better than a tubular SOFC with the same active cell surface, an
that increasing the number of chambers number can improve the overall performance of a flat-tube HPD SOFC. The height of a flat-tube HPL
SOFC and the thickness of the ribs do not have much effect on the performance of the cell as is expected. This study will help to design an
optimize the flat-tube HPD SOFC.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The tubular SOFC design is another major type of SOFC.
It consists of the same components as a planar SOFC, namely
A solid oxide fuel cell (SOFC), like any other fuel cell, a cathode, an anode, an electrolyte, and an interconnect,
produces electrical power through an electrochemical reac-but in a different structure, as seenhig. 2 Air and fuel
tion. Working at a high operating temperature (600—10G00 are provided in the arrangement as showfig 3. Due to
SOFCs are clean, quiet, and highly efficient power genera- their geometry, tubular designs have a self-sealing structure,
tion devices, and are now considered to be one of the mostwhich improves thermal stability and eliminates the need
promising stationary power generating methods for the future for the highly thermal-resistant sealants that are required in
[1-3]. the planar configuration.
There are currently two major types of SOFCs, planar  Comparisons between the results of SinghilWilliams
and tubular. In a planar SOFC, the major components are aet al.[3], and Godfrey et alf4] show that a tubular SOFC
cathode, an anode, an electrolyte, and an interconnection. Thdias a much lower current density than a planar SOFC. This

components are all laminated in a plate-type structeige (). is because of the in-plane path that the electrons must travel
The major advantages of a planar SOFC are manufacturingalong the circumferential electrodes to the cell interconnect,
ease and high current density. which increases internal ohmic losses.

Inthe last 15 years, significant progress has been achieved
in tubular SOFC development by Siemens Westinghouse.
— Some tubular SOFC demonstration units have been operated
* Corresponding author. Tel.: +1 412 624 9793; fax: +1 412 624 4846. for increasin duratior[ﬁ] Currently. the bigaest hurdle to
E-mail addresses: yil52002@yahoo.com (Y. Lu), g e X y: 99 . i
laschaef@engr.pitt.edu (L. Schaefer). the large-scale commercialization of tubular SOFCs is their
1 Tel.: +1 412 624 9766; fax: +1 412 624 4846. rather high cost, so manufacturers are now concentrating on
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Nomenclature

A constantin Eq(b), cross-sectional area of dis
cretized material in E(7) (m?)

B constant in Eq(6)

e electron

EMF  electromotive force (V)

F Faraday’s constant 96486.7 (C md)

AG°  standard Gibbs free energy change (JTpl

H> hydrogen

H-O water

i local current density (mA crr?)

i constant in Eq(6)

in constant in Eqg5) and(6)

io constant in Eq(5)

I local current (A)

l length of discretized material (m)

0)) oxygen

o oxide ion

P pressure (Pa)

r resistance)

R universal gas constant 8.31434 (J (motK)

T temperature (K)

Greek letters

n irreversible polarization (V)

o electric resistivity 2 m)

Subscripts

a activation polarization

c concentration polarization

H> hydrogen

H>O water vapor

o] ohmic

(0)) oxygen
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Fig. 1. Configuration of a planar SOFC.
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Fig. 2. Cross-section of a tubular SOFC.

reducing the overall cost of fuel cell-based power sys{@ins
Efforts are being made to develop economically acceptable
SOFC systems.

Itis expected that the capital costs can be lowered through
advancements in cell manufacturing and cell design. An
increase in power density is considered to be one of the
major technical contributions to further cut costs. So far, the
research for increasing the power density has produced the
cell design of a flat-tube high power density (HPD) SOFC.
This design is expected to enhance the power density and
yet retain the feature of secure sealj6g8].

A flat-tube solid oxide fuel cell has the same components
and working principles as that of a tubular solid oxide fuel
cell. It is comprised of a cathode, an anode, an electrolyte,
and an interconnect in a flat-tube structure as seé&igind.

Air inlet

Air outlet

It

@%

Fuel flow

Fig. 3. Air and fuel delivery for a tubular SOFC.
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Interconnect introducing tube. The number of chambers is decided by how
Anode many ribs are constructed. The ribs are electron conductive

A0 og 858500000000 0500 20030050 : and can serve as a shortcut for the inner electron circuit, so
° o of b Electrolyte . . .

g S S that the electrons can flow not only circumferentially as in
o b p:d d Cathode a tubular SOFC but also through these conductive ribs. This

395C53580263505050550:6250825050026 2505053

feature can reduce the cell resistance and hence increase the
cell power density6].

The flat-tube shape also makes it possible to keep the
secure sealing feature of a tubular SOFC. Furthermore, since

Fig. 4. Cross-section of a four-chamber flat-tube SOFC.

Alr infet the internal ohmic resistance can be reduced by adding ribs

into the cell stack, the cathode can be made thinner than
Air outlet before to decrease the concentration losses at the cathode

f 1 side. This was not possible previously in order to keep the

ohmic losses under a certain level. An additional benefit
is that the void space between the cell stacks is reduced
due to the cell stack geometry, and the cell bundle becomes
more compact. Because of the features discussed above,
this flat-tube configuration is expected to have an improved
performance compared to the tubular SOFC.

Almost all of the current literature on SOFC simulations
has focused exclusively on the planar or tubular config-
urations. In order to evaluate the potential for improved
performance for flat-tube HPD SOFCs, simulations of both

local properties and overall performance are needed. The
current work described in this paper simulates the electric
performance of a single HPD SOFC at steady state based
on the previous research characterizing the thermal fluid
properties of a flat-tube HPD SOF[@]. The effects of
the geometric features on the cell performance, such as rib
Fuel flow Fuel flow number, rib thickness, cell stack shape, etc., are also studied.

Fig. 5. Air and fuel flow arrangement for a four-chamber flat-tube SOFC. 2, Modeling

The air and fuel delivery methods are also similar to that of A solid oxide fuel cell basically consists of three major
a tubular SOFCKig. 5. Many flat-tube HPD SOFCs can be components, a porous air electrode (cathode), a porous
put together to form a bundI€ig. 6). fuel electrode (anode), and an electrolyte, which is gas
The differences between a tubular solid oxide fuel cell tight but conductive to oxide ions. Oxygen at the cathode
and a flat-tube solid oxide fuel cell are the geometry and the accepts the electrons from the external circuit to form
structure of the cell stack. The cross-section of the flat-tube oxide ions. The oxide ions conduct through the electrolyte
type SOFC looks like a flattened tube. Multiple ribs may be to the anode—electrolyte interface and combine with the
built into the cathode (air electrode) side, and the airflow area hydrogen to form water. The electrons released in this
is divided into several chambers. Each chamber has its own airprocess flow through the external circuit back to the cathode.

! ! ! Interconnect

(EIEEE = EEEE EEEE Air-inducing tube

1] 11 Al Rlb
EE"E”E] [E”E“E”EJ [E"a ] Nickel-belt

Typical single domain

Fig. 6. Orientation of a flat-tube SOFC in a cell bundle.
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Fig. 7. Electric circuit network of a discretized cell stack.

The reactions in a hydrogen-consuming SOFC are: The SOFC output voltage, total current, and local volt-

1 B _ age potentials can be determined by solving an electricity
Cathode : 502 +2e” = O (1) transmission circuit consisting of voltage sources and resis-
Anode : H + O= = H,O + 26 ) tors, which is obtained by discretizing a SOFC stack. j’hls

method has been used by many researchers to predict the

Overall: H + %Oz = HxO 3) performances of many kinds of SOFC)-14] The net-

. .. work circuit of the discretized cell stack of the flat-tube HPD
The free energy change of the overall chemical reaction is SOFC is shown irFig. 7. The detailed sample of the dis-

conve_rted to ele_ctrical energy via an electrical current. The . atized network circuit near a rib is shownFig. 8 In the
electrical potential or the electromotive force (EMF) between ;.. it network, the voltage sources are given by:

the cathode and the anode is related to the change of the Gibbs
free energy of the chemical reaction, the temperaflatthe V = EMF — g — ¢ (8)
reaction site, and the partial pressures of the participating

species through the well known Nernst equation: where EMFy,, andnc are given by Eqg4)—(6) respectively.

The ohmic lossesg, are distributed on the resistors in the

° 1/2 lectri . it
—AG}, o RT PHo PG electric circuit.
EMF= — =+ _—In{ —* (4) In the simulation, the EMFs are calculated based on the
2F 2F PH20 . . .
temperatures and pressures obtained in our previous[@jork

PH,0 andpy,are the partial pressures of the water vapor and The constants for the irreversible losses are giverabie 1
hydrogen at the anode—electrolyte interfage, the partial The local resistances of the discretized material of the
pressure of oxygen at the interface of the cathode and theanode, electrolyte, and cathode, as showFigs. 7 and 8
electrolyte,T the temperature at the interface of the anode can be calculated by:

and the electrolyte, and Gy,  is the change of the standard i

Gibbs free energy of the electrochemical reaction, whichisa R = pz 9)
function of the reaction temperature.

The SOFC output Vo|tage is |Ower than the idea' Voltage Wherep iS the reSiStiVity Of a materia‘,andA are the Iength
(EMF) due to the irreversibility of the reaction process. There and cross-sectional area of a discretized unit. For simplicity,
are three major irreversible losses: activation, concentration,
and ohmic losses. These losses are reflected by reductions in
the voltage. The activation loss is described using the Tafel
equation:

na=A|n<i+i”> 5)

io

wherei is local current density ang, ig, andB are constants.
The concentration loss is calculated by:

ne= —B In (1—”.’”) 6)

1

wherei is local current density ang, i;, andA are constants.
The ohmic loss is described by Kirchhoff’s law:

No = Ir (7)

wherer is the local resistance of the discreti?e_d material of Fig. 8. sample of the discretized network circuit near a rib (network detail
the anode, electrolyte, and cathode, as shovaigs. 7 and 8 in Fig. 7).
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Table 1
Constants for Eq¢5) and(6)
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Constants for a high temperature SOFC

A(Y) 0.04
B (V) 0.002
i (MAcm2) 2

io (MAcm2) 0.02
i (mAcm~2) 670
Table 2

Materials’ conductivities of the HPD SOFCE5]

Cathode resistivity¢ cm) 0013
Anode resistivity 2 cm) 0001
Electrolyte resistivity {2 cm) 10
Interconnect resistivitysg cm) 06

inthis study, the material conductivities of the anode, cathode,
and electrolyte are assumed to be constants in the operatin
temperature range of 850—100D. The conductivities of the
electrodes and electrolyte are showTable 2

Some basic dimensions of a flat-tube HPD SOFC are listed
in Table 3 Other necessary dimensions can be calculated
from the basic dimensions.

3. Results and discussions

In the simulation, the four-chamber flat-tube HPD SOFC
is discretized to 400 units circumferentially and 5 units in
length. To keep the discretization dimensions and simulations
consistent, in Sectio8.3, a cell stack with more chambers is
discretized proportionally.

The temperature and pressure distributions of a flat-tube
HPD SOFC are based on our former wdg#&{. In the ge-
ometric parameter effect analysis, the EMFs are calculated

based on the temperature and concentration fields ata currentth

density of 400 mA cm?.
The electricity transmission networkif. 7) is simulated
using a commercial electric circuit analysis t¢bb].

Table 4

Tubular SOFC dimensions and performaft&é]

Cell length (cm) 150
Cell diameter (mm) 22
Cathode thickness (mm) 2
Electrolyte {.m) 40
Anode thicknessym) 100
Interconnection thicknesg.(n) 85
Interconnection width (mm) 9
Active area (crf) 834

To validate the model developed to simulate the performance
of a flat-tube HPD SOFC, a performance simulation of a 1.5-
m long tubular SOFC, developed by Siemens Westinghouse,
was conducted. The dimensions of this tubular SOFC are
listed inTable 4

The simulation result of the tubular SOFC is compared
with performance data from the manufactui@, as shown

% Fig. 9. We can see that the curves of terminal voltage versus

current density and power versus current density agree well.
3.2. Single rib effect

To show how much effect a rib has on the performance of
a tubular SOFC, a one-rib flat-tube HPD SOFC, which has
the same active surface as that of a 0.5-m long tubular SOFC
is simulated. The comparisons of the terminal voltage and
power output are demonstratedrig. 10 As can be clearly
seen, the performance of a tubular SOFC is improved signif-
icantly by adding a rib to it. The terminal voltage increases

in the whole range, which means that the internal ohmic re-
sistance decreases as expected.

3.3. Multiple rib effect

Given that a single rib can improve SOFC performance,
e question of how many ribs should be optionally con-
structed into a flat-tube HPD SOFC is very important. To

T T T T T 220
S 0.8
3.1. Result validation | my 1200
. — 0.7 4180
Since the flat-tube SOFCs are developed based onthe gen-= | 150
eral manufacturing techniques used for tubular SOFCs, the f'gf: 0.64 |
base case for the flat-tube SOFC is assumed to utilize the S 1 g
same materials, and electrodes and electrolyte thicknesses.3 0.5 420 &
E E
Table 3 E 0.4 —e— Voltage (Williams et al) 1100
Flat-tube HPD SOFC dimensions in this simulation 1 —o— Power (Williams et al) 180
Cell length (cm) 50 0.3 m-— Voltage (-Snmula-non) Teo
Cathode thickness (mm) 2 a=Powsr{Simulation)
Electrolyte {.m) 40 0.2 T r : ’ . 40
Anode thicknessym) 100 100 200 300 400 500 600
Interconnection thicknesg.(n) 85 Current Density (mA/cmE)
Chamber width (cm) b
Chamber height (cm) R . ) . .
Rib thickness (cm) @5 Fig. 9. Performance comparison between the simulation result and the per

formance data from manufacturer of a 1.5-m long SOFC.
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0.80 T T T T T T T T 80 100 200 300 400 500 600
<4 T T T T T T T T on 250
0.754 o Ll < 170 0.84 5 o X
g < o © < ..X.”( o &
— 1 o o B e %4 X 4200
= B0 *e ¢ o 60 < Soxes, o
© f oy .0$ ¢ o 7 < 074 ..XOQX .ﬁ
& 0.65- %0 ,00%, g K ey
= 2 L] * 450 © o] 2 X o o
g ] 0o%e % S = 66 ch * —4150 o
Z  0.60- a0 . = g L5 o . =
© [} * & — o .
£ ] . . 440 2 © . &5 * —_
E 055 = £ 05 & * 1100 2
Iu—) E . . 130 = ‘d; ] 0" X Large resistance (terminal voltage)
0.504 Tubular SOFC (Power) [ ] [ 1 o&< ® Criginal resistance (terminal voltage)
] ® Tubular SOFC (voltage) 0 4_' DOX # Small resistance (terminal voltage) -
0.451 o 11ib flattube SOFC (Power) o 120 R s |
3 | © Original resistance (power)
1 ¢ 1-rib flat-tubeSOFC(voltage) & Small resistance (power)
0.40 T T T T T 10 034+——F—+7—T1TT1 7T T T T T
100 200 300 400 500 600 50 100 150 200 250 300 350 400 450 500 550 600

Current Density (mA/cm®)

Current Density (mA/cm?)

Fig. 10. Performance comparison between a 0.5-m long tubular SOFC andFig. 12. Performance comparisons of flat-tube SOFCs with different rib
a one-rib flat-tube SOFC with same active surface. resistances.

the terminal voltage little, it will improve the power/volume

find the performance of flat-tube SOFCs with different num- rating

bers of ribs, example flat-tube HPD SOFCs with 3, 7, and 15
ribs are presented for comparison. The terminal voltage and
power output curves are plottedfig. 11

From Fig. 11, we can see that increased rib number
can improve the terminal voltage. However, the terminal
voltage improvement from an 8-chamber (7-rib) case to a
16-chamber (15-rib) case is far less than from a 4-chamber
(3-rib) to the 8-chamber case. In other words, the impact of
the rib number on the terminal voltage is significant only
when the rib number is not too big. The effect decreases
with the increasing rib number. Additionally, at low current
density (for example, less than 200 mATH), this rib
number has only a negligible impact on the terminal voltage.
Fig. 11also shows that the power output is almost propor-
tional to the rib number because the increased rib number
directly increases the active surface of a flat-tube SOFC.
Through studying the SOFC performance variation with the
rib number, when the rib number is larger, it is expected
that while increasing the rib number further will improve

3.4. Effect of rib resistance

In this study, the same material and porosity are used for
theribs as for the cathode in the celltube. To find out the effect
of the rib resistance on the cell performance, two additional
cases, in which rib resistances have been modified based on
the seven-rib (eight chambers) flat-tube HPD SOFC, are stud-
ied. The first case is a seven-rib flat-tube SOFC, which has
a doubled rib resistance compared the original one. The sec-
ond case is when the rib resistance is reduced by half. The
simulation results are plotted Fig. 12

From Fig. 12 we can conclude that when the ribs are
constructed with the same material, porosity, and thickness as
the cathode, modification of the rib resistance by, for example,
increasing or decreasing the rib thickness or making the cell
stack more flattened will not have a significant effect on the
flat-tube SOFC performance. The reason for this result is that
the resistance of the rib is much less than the circumferential
resistance, so the proposed variations will affect the circuit

AN .. A .. - 6?2 500 performance only negligibly.
0.80 ]
075 A r . i : | PR 3.5. Effect of interconnect resistance
2 0.70 ot 3 +:
“é, 0654 fiﬁﬂ!ﬁ:ﬁﬁﬁﬁge; et o To discover the effect of the interconnect resistance on
£ 0g0]e soTemialvoage)  * *s ¥ x 49 the performance of the flat-tube HPD SOFC, two cases are
= seale P ., o6 i e studied based on a seven-rib (eight chambers) flat-tube SOFC.
5 pnl® el . © W . 1200 2 In one case, the interconnect resis’Far!ce is original, W_hereas
8 045 e 6 © ' . = in the other case, we adopt a certain interconnect resistance
. o0 © & L8 BREEREE g which gwesnsgtothesameeffectaS|fweapp!ledthreelayers
aag] o ¥, m ® of the or|g|ngl interconnect on the anode. This performance
e . . . , . comparison is shown iRig. 13 ' .
100 200 300 400 500 600 FromFig. 13 we can determine that the interconnect re-

Current Density (mA/cmz)

Ei

sistance does indeed have a significant impact on the perfor-
mance. Increasing the interconnect resistance will decrease

g.11. Performance comparisons of flat-tube SOFCs with 3, 7, and 15 ribs. the performance of the SOFC. This is because adding a little
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- 190 . zloo 3‘oo . 4?0 . 5.00 : 6.00250 4. Conclusions
] c

g:?zz L, . § 5 o] . Solid oxide fuel cells are in the process of commercializa-
S o701 d e % 5 F n 1240 tion, but the manufacturing costs need to be further reduced,
9 o5l » e . ] which can_be_ gchleved through improved performance and
% - " o {150 I proven reliability. The flat-tube HPD SOFCs are expect_ed
> H ot H to improve the performance of tubular SOFCs while
E 0357 8 i . o~ é maintaining secure sealing and high durability. The goal
qE, i © | = of this research is to simulate the electric performance of
= Do 8 e Originalinterconnect resistance (terminal voltage) 1 a flat-tube HPD SOFC and study the effects of rib number,

050y B W AR S A o 50 dimensions, material conductivities, and cell stack structure

0.35 ©  Original interconnect resistance (power)

050 ] D Large interconnect resistance (povier) ] on cell performance.

The number of ribs has a positive effect on the cell
performance. An increased rib number will improve the
cell terminal voltage. The improvement is greater when the
Fig. 13. Performance comparisons of flat-tube SOFCs with different inter- rib number is increased from a small to a median value.
connect resistances. However, further increasing the rib number will decrease the
magnitude of the improvement. The power output is almost

proportional to the active surface, so the power produced
resistance to the interconnect will affect the resistance of thewill directly increase with the rib number. When a flat-tube

T T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550 600
Current Density (mA/cm?)

entire circuit significantly. HPD SOFC has many chambers (for example, 16), further
increasing the rib number may not increase the terminal
3.6. Effect of cathode thickness \r/;)tlit:é;e significantly, but will improve the power/volume

As mentioned in Sectiorl, since the internal ohmic If the cathode material is used for the ribs, and the thick-

resistance can be reduced by adding ribs into the cell stack, €SS of the 1ibs is in the range of 1-4 mm, making the rib

is possible that we can make the cathode thinner to decreaséhICker or making the cell tube into a more flattened shape to

the concentration loss at the cathode side, which could not bedecrease the rib resistance will not have a significant effect on

done before in order to keep the ochmic losses under a certainth.ﬁ performatﬂce. on t?e lother h?nd, a more flattened shape
level. A case in which the cathode thickness of a flat-tube W' 'MProve th€ power/volume rating. - N

HPD SOFC with seven ribs was changed from 2.2 to 1.5 cm The interconnect material cond.uctlwty has a significant
was studied. The performance comparisons between the orig-ImpaCt on the cell performance. Toimprove the performance,
inal HPD SOFC and the HPD SOEC with a thinner cathode the interconnect must have a low resistance and a good con-
are shown irFig. 14 The result shows that the cathode thick- tact with the cell stack to reduce the contact resistance.

ness has no significant effect on the performance of the HPD Additionally, making the cathode thinner has the potential
SOFC. Making the cathode thinner to reduce the concentra-tC réduce the concentration loss and improve the overall fuel

. - Il performance.
tion loss may be beneficial for the fuel cell performance. cell performance
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