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Numerical Comparison of Planar and Micro-Tubular Solid Oxide
Fuel Cells

Highlights

KD

«» This study investigates the performance of planar and micro-tubular solid oxide fuel cells.

% The increasing temperature and pressure increase the performance of both SOFC.
«» The planar SOFC outperforms the micro-tubular SOFC.

Graphical Abstract

This study investigates numerically effects of cell configuration and operating conditions (temperature and pressure)
on performance by using COMSOL software.
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Figure. The power curves of micro-tubular and planar SOFC at different temperatures (a) and
pressures (b).
Aim
This study aims to investigate the effect of fuel cell configuration and operating conditions on fuel cell performance.
Design & Methodology
In this study, a numerical model was developed using COMSOL software.
Originality

Although there are studies in the literature for different configurations, studies comparing the performance of these
fuel cells are very limited.

Findings

The performance of the planar and micro-tubular fuel cell was analyzed at different temperatures (800 ° C-900 ° C -
1000 ° C) and different pressures (1-2-3 atm).

Conclusion

Although micro-tubular type shows very good performance for lower average current density, it can be concluded
that the planar SOFC outperforms the micro-tubular SOFC and the increasing temperature and pressure increase
the performance of both SOFC.
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Diizlemsel ve Silindirik Kat1 Oksit Yakit Pillerinin
Sayisal Karsilastirilmasi

Arastirma Makalesi/Research Article
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Teknoloji Fakiiltesi, Enerji Sistemleri Miih. Béliimii, Gazi Universitesi, Tiirkiye
(Gelig/Received : 10.05.2020 ; Kabul/Accepted : 27.05.2020)
oz
Kat1 oksit yakit pilleri (KOYP), diizlemsel ve silindirik geklinde olmak iizere birgok farkli geometride tasarlanabilen yiiksek verimli
bir gii¢ tiretim sistemidir. Calisma performanslari ayni prensiplere dayanmakla birlikte, parametreler her geometri i¢in farklidir.
Bu calisma, sonlu elemanlar yontemi (FEM) tabanli KOYP modelleri gelistirerek hiicre konfigilirasyonunun performans tizerindeki
sayisal etkilerini arastirmaktadir. Konfiglirasyonun yakit hiicresi iizerindeki etkileri voltaj, ortalama hiicre akim yogunlugu ve
ortalama hiicre giicii acisindan incelenmektedir. Bu etkiler, COMSOL yazilimi kullanilarak polarizasyon ve gii¢ egrileri ile

gosterilmistir. Bu ¢alismanin sonucunda, her iki tipte kendi avantajlarina sahip olmasina ragmen, verilen isletme sartlarinda
diizlemsel KOYP performansinin silindirik KOYP performansindan daha iyi oldugu soylenebilir.

Anahtar Kelimeler: Diizlemsel KOYP, mikro-silindirik KOYP, performans, sayisal analiz.
Numerical Comparison of Planar and Micro-Tubular
Solid Oxide Fuel Cells

ABSTRACT

Solid oxide fuel cell (SOFC) is a highly efficient power generation system that can be designed in many different geometries
including planar and tubular types of fuel cell. Although their operating performance is based on the same principles, parameters
may be unique for each geometry. This study investigates numerically effects of cell configuration on performance by developing
a finite element method (FEM) based SOFC models. The effects of configuration on the fuel cell are investigated in terms of
voltage, the average cell current density, and the average cell power. These effects are illustrated with polarization and power
curves by using COMSOL software. As the most convenient results of this study, although both types have their own advantages,
it can be concluded that the performance of the SOFC increases with the planar geometry compared to micro-tubular type under
the studied operating conditions.

Keywords: Planar SOFC, micro-tubular SOFC, performance, numerical analysis.
1. INTRODUCTION
With the growing population and industrialization,

control, this temperature can drop down to 600 ° C. High
temperature is very important for operating performance

energy demand all over the world is increasing rapidly.
Fossil fuels that have been used for this demand are
limited. Because of that reason people have turned to a
new search as regards sustainable energy. One of the
most promising devices is the fuel cells.

Fuel cells are devices that generate electrical energy
directly from oxidizing a fuel. They have many
advantages. They are used for its high efficiency, fuel
flexibility, low cost, and low emissions. Fuel cells are
generally categorized according to their operating
temperature and supporting zone. Solid oxide fuel cells
are one of the high- temperature fuel cell types. Solid
oxide fuel cells (SOFC) stand out with their high
efficiency and widespread industrial usage. Ceramic
materials used in its products provide low cost and
durability. Operating temperatures may vary depending
on electrolyte materials. Most of SOFC operate at
temperatures of approximately 800-1000 ° C. When
material selections and sealing materials are kept under

*Sorumlu Yazar (Corresponding Author)
e-posta : berrekumuk@gazi.edu.tr

as it increases the ionic transport coefficient of oxygen in
the cells. Also, high-temperature exhaust gases are very
suitable for cogeneration applications. Thanks to these
advantages, SOFCs can be used efficiently in combined
heat-power systems [1,2]. SOFCs have different design
features such as micro-tubular and planar. Micro-tubular
SOFCs are advantageous compared to planar ones since
the sealing is not problematic as in planar ones.

Several studies have been reported on the performance
and design of solid oxide fuel cells. Nam et al. [3] stated
that particle size is the most important parameter for cell
performance with the micro model they made in three-
phase boundaries. They concluded that smaller particle
size increased cell performance for large three-phase
boundaries. In the model they developed, Costamagna et
al. [4] stated that the thickness and internal structure of
the electrodes are very important for cell performance
and should be optimized according to the active surface
area. Yakabe et al. [5] simulated flow events using a
finite volume method in their study on a planar solid
oxide fuel cell with the opposite flow. In the model, it
was assumed that the gas flow in the porous anode is
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governed by Darcy's Law. From the simulated results, it
has concluded that the shift reaction effectively reduces
the concentration polarization when the fuel utilization is
high. Chen et al. [6] examined the effects of working
conditions and cell design parameters in the two-
dimensional electrolyte-supported planar solid oxide fuel
cell model. They tried to reach the maximum current
density by changing the thickness of the cathode
electrode between 1-3 mm and changing the electrolyte
thicknesses in the range of 30 pm, 300 pum, 500 um. In
their planar SOFC geometry, Liu et al. [7] designed
parallel, counter, and cross-flow in the channel and
compared them with experimental values. The results by
the 3D models show that the stack cell performances and
the optimal rib widths are all very similar for counter-,
and cross-flow designs. Cheng et al. [8] designed a
tubular SOFC and examined the cell performance and
efficiency effects according to different current collector
parameters. By using the model, tubular cells operating
under three different modes of the current collection,
including inlet current collector, outlet current collector,
and both inlet and outlet collector, are proposed and
simulated. Serincan et al. [9] investigated the effects of
temperature, fuel flow rate, fuel composition, anode, and
cathode pressure on a micro-tubular fuel cell
performance by computational fluid dynamics (CFD).
Aknhtar et al. [10] have demonstrated a parametric study
for a microtubular solid oxide fuel cell. They examined
parameters such as inlet velocity, working pressure,
mixing ratio, current density, porosity, permeability, and
relative radiation emission according to the boundary
conditions they set for the cell by COMSOL
Multiphysics. Aman et al. [11] examined the
performance change by changing the cathode surface
area, electrolyte conductivity, and anode current density
parameters in the model they made using the COMSOL
Multiphysics. Homel et al. [12] operated CO as a fuel in
both tubular and planar SOFC. Ilbas and Kiimik [13]
investigated the parameters (support thickness, oxidant
type, operating temperature, and pressure) affecting the
performance of a cathode and an electrolyte supported
planar SOFC numerically. Ilbas and Kiimiik [14]
developed a mathematical model to determine the
performance of cathode-supported planar SOFC fuelled
low calorific value coal gases. llbas et al. [15]
investigated the effect of ammonia used in electrolyte-
supported SOFC numerically. Firstly, they compared the
use of ammonia and hydrogen in the electrolyte-
supported SOFC and then examined the effect of
ammonia in different supported SOFC.

There exist numerous studies on the modelling of planar
and micro-tubular SOFC, however, there is little done for
comparing these two different geometries. The main goal
of this study is to investigate the performance of planar
and micro-tubular type SOFCs with the same thicknesses
of electrolyte and electrode. Besides, fuel cells have
compared at different temperatures and pressure by being
analyzed numerically.

2. MODELING

The geometries of the planar and micro-tubular SOFCs
used in the analysis are shown in Fig. 1(a) and (b).The
unit cell contains porous cathode and anode, electrolyte,
current collector, anode, and cathode flow channels.
Porous anode, electrolyte, and cathode layers are defined
as homogeneous in terms of porosity, permeability, and
conductivity. The electrolyte layer is thin enough to
allow ion exchange.

(b)

Fig. 1. Schematic of model planar (a), and micro-tubular (b)
solid oxide fuel cell

In a solid oxide fuel cell, oxygen decomposes into O*~
ions in the triple-phase region located in the cathode of
the cell and move from the electrolyte layer to the anode.
Fuel also decomposes into ions in the anode layer and
releases electrons. These electrons move through the
outer circuit to the cathode layer. When hydrogen is used
as fuel, the chemical reactions occur in anode and
cathode electrodes can be expressed in Egs. (1) and (2),
respectively.

Hz(g) + O*" — H.0(g) + 2 @
1/,0:(q) + 26" — 0% @)
The mathematical model is expressed by the

conservation of momentum, mass, electrical charge, and
energy with appropriate constitutive laws. The
conservation laws are given in Eq. (3)-(5).
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Mass conservation of a gas species evolving in a porous
media within an infinitesimal volume can be written as:

8%+8U'V(pYi):_Vmi+(Di 3)

where i denotes the generic ith species, p is density, € is
the porosity of the medium, w; is the rate of production or
consumption, m; is the mass diffusion flux, Y; is the mass
fraction, and u is the gas velocity.

Momentum conservation for a moving gas can be
expressed as:

p%+pu-Vu:—VP+pV2u+pf 4)

where f represents the generic body forces, VP is pressure
gradient, p is the dynamic viscosity. Equation (4) is a
simplified formulation of the Navier—Stokes equations,
specifically, near the incompressible limit. This form is
generally employed in fuel cells gas flow simulation
within the gas channels.

Energy conservation can be expressed in different forms.
When e defines the energy per unit mass, the following
equation for the conservation of energy is derived:

pItpu-Ve=-VQ+S, (5)

where Sq is the volumetric heat source term and Q is the
heat flux vector-only from conduction.

The electron and ionic generation are described by the
Butler—\VVolmer equation:

j = Jo [exp (™) - exp ()] (6)

In equation (6), jo is the exchange current density, oz and
oy are the transfer coefficients related to, respectively, the
forward and backward reaction, n is the number of
electrons transferred per reaction and na is the activation
loss.

Equilibrium voltage can be written as:

m — EO 1 Po:P%iz (7)
2F  4F P40 4F

where R is gas constant, F is Faraday constant, T is

temperature, AG? is the standard free-energy change of

the reaction at standard pressure, E° is standard cell

potential, P is partial pressures.

The values of input parameters used in both SOFC
models are stated in Table 1.

Table 1. Input parameters used in both SOFC models

orn F ILact

P40

Parameter Unit Value
Cell length 50
Electrodes thickness mm 0.5
Electrolyte thickness 0.75
Pressure atm 1-3
Temperature °C 800~1000
Permeability m? 107
Exchange current density, cathode A/m? 0.01
Exchange current density, anode A/m? 0.1
Electrolyte conductivity S/m 5
Current collector conductivity S/m 5000
Cell voltage \Y/ 0.75

3. RESULTS AND DISCUSSIONS

The mathematical models developed have been
examined numerically by COMSOL Multiphysics. The
software used has a solid oxide fuel cell module for
numerical modelling. The planar and micro-tubular
models were developed and analyzed under different
operating temperatures and pressures.

3.1 Polarization Curve

Fig.2 shows the polarization curve, which has remissible
activation losses, ohmic losses, and very small mass
transport losses, at 800°C for micro-tubular and planar
SOFC. The starting region of this curve describes the
activation region which shows that the reaction rate is
quite fast. We can see the losses in the starting region are
higher in the planar fuel cell compared to micro-tubular
SOFC. The middle region is nearly a straight line that
tells about the ohmic losses. Electrolyte resistance causes
these losses. The last part of the curve shows the
concentration losses in the fuel cells.
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Fig. 2. The polarization curve for comparison micro-tubular
and planar SOFC at 800°C

As can be seen in Fig. 2, the current density in the micro-
tubular SOFC has increased faster because ohmic losses
are dominant in the micro-tubular SOFC. Fig.3 proves
the polarization curves of micro-tubular and planar
SOFC at different temperatures (a) and pressures (b).
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Fig. 3. The polarization curves of tubular and planar SOFC at
different temperatures(a) and pressures (b).

As can be seen in Fig. 3, the average current density
increases for both fuel cells as the temperature and
pressure increase. This increase is more pronounced in
planar SOFC, while less in micro-tubular SOFC. As the
pressure increases, the concentration losses decrease
because of the reactant diffusion decreases in the fuel
cell. So, Nernst potential and average current density
increase.

3.2. Cell Power

Fig. 4 express the variation of power density per square
meter with an increase of current density at 800°C. In
both fuel cells, power density initially increases with
increasing current density and achieves a peak value.
After getting a peak value power densities decrease with
more increase in current density.

1600

1400 4 .
,/‘J I
— 1200 /r ™.
o ™
E .
=, 1000 » -
B
Z 800 ~
d /
2 600 - /
(&) i
/ -
qé’ 400 - "" X ‘\*
3 / A
< 200 / A
re \\ —e— Planar SOFC
0 a —&— Tubular SOFC
T T T T T T
0 1000 2000 3000 4000 5000 6000

Average Current Density [A/m?]

Fig. 4. The power curve for comparison micro-tubular and
planar SOFC at 800°C

As can be seen in Fig. 4, in terms of average power
density, planar SOFC is about twice as advantageous as
micro-tubular SOFC. This is because planar SOFC has a
shorter current path, which leads to lower ohmic loss and
high power density. Fig.5 shows the power curves of
micro-tubular and planar SOFC at different temperatures
(a) and pressures (b).
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Fig. 5. The power curves of micro-tubular and planar SOFC at

different temperatures (a) and pressures (b).

At operating temperature of 900° C, maximum power
densities of 1376 and 556 W/m? and at operating
temperature of 1000°C,maximum power densities of
1908 and 569 W/m? were achieved on micro-tubular and
planar cells, respectively. Also, at operating pressure of
2 atm, maximum power densities of 1422 and 556 W/m?,
and at operating pressure of 3 atm, maximum power
densities of 1457 and 567 W/m? were achieved on micro-
tubular and planar cells, respectively. As can be seen in
Fig. 5, micro-tubular SOFC was less affected by
temperature and pressure changes than planar SOFC.
However, the average power density increases with
increasing temperature and pressure in both fuel cell
configurations. This is because the conductivity of the
electrolyte is improving and the ohmic resistances are
considerably reduced at high temperatures and pressures.

6. CONCLUSION

In this paper, micro-tubular and planar SOFC models
were developed to determine the performance of both
SOFC configurations under different operating
conditions.

It has been observed that the performance of a planar
SOFC higher than a micro-tubular SOFC. Furthermore,
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the rise in temperature and pressure has further increased
the average cell power of both planar and micro-tubular
SOFC.

In the planar SOFC, the average current density is
increased by 29% while the cell power is increased by
about 31% when the temperature is increased from 800°C
to 1000°C. In the micro-tubular SOFC, the average
current density and cell power are increased by about 5%
when the temperature is increased from 800°C to
1000°C. As a result of these analyzes, micro-tubular
SOFC has been less affected by temperature increase
than planar SOFC.

When the pressure increased from 1 atm to 3 atm, the
average cell power increased by 12% and %8 planar and
micro-tubular SOFC, respectively.

In general, altough micro-tubular type shows very good
performance for lower average current density, it can be
concluded that planar SOFC outperforms the micro-
tubular SOFC under the studied operating conditions. It
is also concluded that as temperature and pressure
increase, power density has increased for both types of
fuel cells.
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