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Abstract:

Conventional solid oxide fuel cells (SOFCs) could suffer from carbon deposition when fueled
with hydrocarbons. For comparison, a new type of SOFC with porous electrolyte can resist
carbon deposition because it allows oxygen molecules to transport from the cathode to the
anode. As the transport of O to the anode lowers the fuel cell performance and causes the risk
of explosion, the rate of O transport must be well controlled to ensure efficient and safe
operation. Following our previous model, this paper focuses on electrolyte porosity

optimization under various inlet methane mole fractions, inlet oxygen mole fractions and inlet
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gas flow rates. Furthermore, a new design with a partial porous electrolyte is proposed and
numerically evaluated. The new design significantly improves the electrochemical
performance compared with all-porous one. A conversion rate > 90% from methane to syngas
is achieved at the 0.33 inlet CH4 mole fraction with the new design. The results enhance the
understanding of all porous solid oxide fuel cells and the mechanism underlying, inspiring
novel designs of solid oxide fuel cells.
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1. Introduction

Solid oxide fuel cells (SOFCs) are highly efficient and clean power generation devices. An
SOFC has a whole solid structure, where dense electrolyte is sandwiched between porous
anode and cathode [1-3]. The high operating temperature (about 800 °C) not only favors the
combined heat and power cogeneration systems [4, 5], but also allows non-noble metal (such
as nickel) to be used as catalyst and various fuels (Hz, CO, CyHm, NH3) can be utilized [6-8].
Methane is an attractive fuel choice for SOFCs due to its low price and high volumetric energy
density compared with Hz and CO [9-11]. However, methane coking and carbon deposition in
the anode is a severe problem especially when nickel is used [12-14]. Apart from using novel
anode materials, Guo et al. proposed a new structure, all porous SOFC (AP-SOFC) [15, 16],
an SOFC with a porous electrolyte to resist carbon deposition. In the AP-SOFC, O> molecules
can move from the cathode to anode and react with methane and deposited carbon (if any)
directly, inhibiting its coking and carbon deposition on anode. A 2000-hour stable operation
was achieved in the preliminary experimental test using CHs fuel without any external reformer
or steam addition. Moreover, no carbon deposition was detected on anode after test. In addition
to the experimental demonstration of this novel concept, numerical simulations were conducted
to better understand the detailed mechanism of AP-SOFCs in carbon deposition resistance and
their potential for further electrochemical performance improvement [17]. Through the models,
the determining role of oxygen diffusion in improving oxygen-to-carbon ratio on anode surface
was demonstrated. An electrochemical performance improvement was also obtained by

altering the mole fraction of inlet species and adopting anode-supported SOFC in the model.
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No doubt, the key to achieve a good balance among electrochemical performance, carbon
resistance and safety heavily relies on the O gas transport process through the porous
electrolyte, which depends on the porous structure properties of the electrolyte. However, the
detailed analyses on the electrolyte porous structure properties have not been conducted yet.
The electrolyte porosity is an important factor, which affects gas diffusion between electrodes,
electrolyte ionic conductivities, and thus determines the cell performance.

To fill this research gap, numerical studies have been conducted in this work to investigate the
effects of electrolyte porosity on the cell performance. Moreover, a novel design of tubular cell
is proposed for the first time to achieve improved electrochemical performance and safe
operation simultaneously. In addition, in this paper the tubular cell models are extended from

the original button cell model and validated by experimental data.

2. Model description

A 2D mathematical model for button AP-SOFC is developed and validated by experimental
data. The model is further extended to tubular AP-SOFCs for parametric studies for practical
application. In the models, electrochemical/chemical reactions, ion/electron conduction and
mass/momentum transportation are fully considered. The schematics of both button AP-SOFC
and tubular AP-SOFC are shown in Fig.1(a) and Fig. 1(b), respectively. In consistence with the
experimental work conducted by Guo et al., the AP-SOFCs in this study adopt porous
Gdy1Cep9019 (CGO) electrolyte as support layer with a thickness of 2 mm. The thickness of

Ni-CGO anode and BagsSrysCoggFeg,05_5 (BSCF) cathode are 55 pm and 25 pm,

4



respectively. The surface area of button AP-SOFC is 2.54 cm? and the length of tubular AP-
SOFC is 1.8 cm. Related material properties, kinetic parameters and other tuning parameters
can be found in Table 1 and Table 2.

In the operation of tubular AP-SOFCs, CH4 and O> are introduced into anode and cathode
channels, respectively. Apart from flowing along the cell length to the outlet, O> and CH4 can
also diffuse through the porous electrolyte and react with each other. The reaction between O»
and CH4 generates CO> and H>O, and the generated H>O can further react with CH4 (methane
steam reforming, MSR) to produce H, and CO. Both H> and CO can electrochemically react
with O* ions and release electrons for power generation. H,O generated from the
electrochemical reactions will further react with CHy4 and the reaction chain among H>O, CH4
and O? continues if there is enough CHs and O,. H, and CO will also react with Oz to form
H>O and CO,, respectively. Due to the existence of H>O and CO, water gas shift reaction

(WGSR) catalyzed by nickel is also considered in the anode.

2.1 Model assumptions

In accordance with previous model on SOFCs, assumptions (1~5) are adopted. For the study
of electrolyte porosity change in AP-SOFCs, assumption (6) is used to define its ionic
conductivity.

(1) The area of triple phase boundary (TPB) shared by H> and CO for electrochemical reaction
is proportional to their local mole fraction.

(2) Electrochemical reaction sites are distributed uniformly in the whole porous electrode.
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(3) Both ionic- and electronic- conducting phases in the porous electrodes are homogeneous
and continuous.

(4) Gases in the model follow ideal gas law.

(5) Temperature distribution is uniform in the cell due to its small size.

(6) Ionic conductivity of porous CGO is inversely proportional to its porosity in the porosity
range, 0.3 to 0.7.

(7) The electronic conductivity of the CGO electrolyte is not considered.

2.2 Chemical reactions

The porous electrolyte allows the diffusion of gases between the anode and the cathode, hence
enabling chemical oxidization of CH4 (Ryg) as shown in Eq. (1).

CH, + 20, = CO, + 2H,0 (1)

It should be noted that the methane oxidation rate in anode is much higher than that in other
areas due to the catalytic effects of nickel. The effects of active surface area for the chemical
reactions are also included in the pre-exponential factor, which is tuned to fit the experimental
data in the model validation part. H>O generated by methane oxidization can further react with
CHj4 through MSR reaction, as shown in Eq. (2).

CH, + H,0 < CO + 3H, (2)

MSR is the key reaction in AP-SOFCs as it provides suitable fuel (H2 and CO) for
electrochemical reactions.

Chemical oxidizations of H> (Rygq)



H, + 0.50, = H,0 3)

and chemical oxidization of CO (R¢o)

CO + 0.50, = CO, “)

also exist in the cell. However, these two reactions are not preferred in AP-SOFCs as they not
only reduce the electrochemical performance but also bring in the risk of explosion.

Water gas shift reaction (Ryygsgr) catalyzed by nickel in the porous anode is considered and can
be described as Eq. (5) below:

CO + H,0 & CO, + H,. (5)

2.3 Electrochemical reaction

In the cathode, O> molecules are reduced to O*, as shown in Eq. (6).

0, + 4e~ = 20%" (6)

The generated O% ions can transport through electrolyte to anode, where they electrochemically

react with H> and CO and release electrons for power generation as shown in Eq. (7) and Eq.

(8).
HZ + 02_ = Hzo + 26_ (7)
CO+0% =C0,+2e  (8)

The overall electrochemical reactions of H, and CO as fuel and O as oxidant can be written as
Eq. (9) and Eq. (10).
HZ + 0.502 == Hzo (9)

CO + 0.50, = CO, (10)



Equilibrium potentials (Ey, and E¢o ) for Eq. (9) and Eq. (10) are calculated as follows:

1
_ o o RT |Ph,(P5) 72
Ey, = B, + -1 I - (11)
and
pL  (pk 1/,
Eco = E& + ~tIn IC"ISL—OZ)l (12)
CO,

where Egz and EQ, are the respective standard potentials, R is the universal gas constant, T
is the operating temperature and F is the Faraday constant. P}, P} o, Pty and P, are the
anode local gas partial pressures for Hz, H>O, CO and CO», respectively. P(];Z is the cathode

local O, partial pressure. The values of EQ; and Eﬁz can be calculated by Eq. (13) and Eq.

(14).
EY, = 1.253 — 0.00024516T (V) (13)
EQ, = 1.46713 — 0.0004527T (V) (14)

For the calculation of cell’s equilibrium potential, a parallel scheme is used as suggested in ref.
[18]. Considering the different overpotential losses involved in electrochemical oxidation of
H> and CO, the operating potential can be calculated by deducting overpotential losses from
equilibrium potential [19, 20]

V = Eeq = MNact — Nohmic>  (15)

where 1, is the activation overpotential loss and Mpmic 1S the ohmic overpotential loss.
Nact Stems from the activation barrier of the electrochemical reactions, which is strongly
related with the reactions occurred and the electrode property. 1, can be described by Butler-

Volmer equation

= oo (02 - np (- ) )



where i is the operating current density, a is the electron transfer coefficient and n is the
number of transferred electrons per electrochemical reaction. The exchange current density (ig)

can be expressed as

ip=vyexp (-2,  (17)

where y is the pre-exponential factor and E,; is the activation energy. The pre-exponential
factor y for H» electrochemical oxidation is set to be 2.2 times of the y for CO electrochemical
oxidation, while their activation energy is set to be the same as suggested by Luo et al. [21].
Nohmic 18 caused by ionic/electronic resistance in the cell and can be calculated by Ohm law. It
should be noted that the mass-transport-related overpotential loss is already considered by
using local gas partial pressure for equilibrium potential calculation in Eq. (11) and Eq. (12).

Parameters for above electrochemical reactions can be found in Table 3.

2.4 Mass and momentum transport

Mass transport of gas species is governed by Eq. (18)[22] as

1 (BoyjP :
N = —E(O—H’VP — D]-effV(y,-P)) G=1,..,n), (18)

where By is the permeability, p is the gas viscosity, y; is the mole fraction component j

and D]-eff is the overall effective diffusion coefficient. Df’ff is determined by

D]_eff — E(

1
T ‘D¢

ff+

jm

1 -
Delgf) 1a (19)
J

where € is the porosity, T is the tortuosity factor, D;ﬁf is molecular diffusion coefficient and

Dﬁff is Knudsen diffusion coefficient [23, 24].

The mass conservation can be described by



v(-Dfffve) =R, (20)
where ¢; is the gas molar concentration and R; is the mass source term of the gaseous
species.
Momentum transport is governed by Navier-Stokes equation with Darcy’s term as
ou T 2 £uu
p 2%+ puVu = —Vp + V[ (Vu + (V™) — 2 pvu| - 2, Q1)
where p is the gas density, u is the velocity vector and k is the permeability of the porous

material.

2.5 Boundary conditions and model solution

At the outside surface of the two electrodes, electric ground and applied voltage are specified
on anode and cathode, respectively. At the channel inlets, gas flow rate and species molar
fractions are given. At the channel outlets, pressure condition is specified. At the ends of the
cell, zero flux is specified.

The model is built at given operating parameters such as temperature, voltage, and inlet gas
flow rate and species mole fraction. The governing equations are solved through finite element

analysis in the commercial software COMSOL MULTIPHY SICS®.

3 Results and discussion

3.1 Model validation and criteria for safe operation
In accordance with the experiments, the button AP-SOFC model employs the same material

properties and the same structural parameters as in ref.[15]. The button cell model is validated
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by comparing the simulated I-V curves with experimental data, as shown in Fig. 1(c) with high
accuracy. For model development, the tuning parameters are restricted in the pre-exponential
factors for chemical/electrochemical oxidations. The other parameters adopted are from
experimental tests and literatures. Therefore, the model is validated and suitable for subsequent
parametric study. The same material properties and tuning parameters are used when the button
cell is extended to a tubular AP-SOFC for the study of practical operation. The [-V-P
characteristics comparison between a button AP-SOFC and a tubular AP-SOFC is shown in
Fig. 1(d). The small difference indicates the extensibility of the model.

Although the long-term operation of AP-SOFCs has already been proved experimentally, the
rather dilute inlet gas (CHs 4% as fuel and O 4% as oxidant) is not suitable for practical
operation. Therefore, the mole fraction of O> and CHj is raised to a higher level in the following
parametric studies. In addition, safe operation criteria are set considering possible carbon
deposition and explosion risk.

To evaluate the possibility of methane coking, oxygen-to-carbon ratio (O/C ratio) larger than
1.5 on anode surface is adopted as the criterion according to fuel cell handbook[25]. O refers
to the total oxygen atoms from steam and air, i.e., one mole O2 and H>O provide two moles and
one mole oxygen atoms, respectively. C refers to carbon atoms from CHg, i.e., one mole CH4
provides one mole carbon atoms. It should be noted that only O> and H>O are considered as
oxygen atom supplier because they are the main oxidants in the anode and have a fast reaction
rate with methane.

To evaluate the risk of explosion, the concentrations of CHs, H> and CO are suggested to be
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smaller than the “Lower Explosive Limit”, which are 5%, 4% and 12% in air (oxygen),
respectively. Therefore, mole fraction product of CH4xO> equal to 1.05%, H>xO» equal to
0.84% and COxOs equal to 2.52% are regarded as the maximum products in this paper for
the safe operation of AP-SOFC:s. It should be noted that the above limitation values are adopted
at room temperature and the explosive range expands with increasing temperature.  Here, the
focus of the paper is to enhance the performance of AP-SOFC by controlling the cell
microstructure. To ensure safety of the AP-SOFC, the operating conditions must be more

carefully controlled.

3.2 Effects of electrolyte porosity

In the electrolyte-supported AP-SOFC, the electrolyte porosity plays an important role in
determining the cell performance. Generally, O, diffusion from cathode to anode becomes
easier at high electrolyte porosity, which helps to improve O/C ratio and inhibits methane
coking in the anode. However, a higher porosity results in lower open circuit voltage (OCV)
and smaller ionic conductivity, which largely increases the ohmic potential loss and decreases
electrochemical performance of the AP-SOFC. For the parametric study in this section, the
electrolyte porosity is altered between 0.3 and 0.7. Air is used as cathode inlet gas and 0.35
mole fraction of CHj4 is used as anode inlet gas. The applied voltage, operating temperature and
inlet flow rate are 0.5 V, 923 K and 100 SCCM, respectively.

With the electrolyte porosity increasing from 0.3 to 0.7, the O, diffusion from cathode to anode

becomes easier, as a result, the average O/C ratio at anode surface increases from 0.9 to 1.6 as
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shown in Fig. 2(a). Nevertheless, the current density decreases from 43 mA cm™ to 16 mA cm”
2 due to the low electrolyte ionic conductivity and reduced open circuit voltage (OCV) at high
electrolyte porosity.

The distribution of CH4xO; mole fraction product is shown in Fig. 2(b) to investigate the
potential of fuel explosion. For both 0.3 and 0.7 electrolyte-porosity cases, the peak value of
CH4xO; product is in the middle of electrolyte close to inlet, where CH4 and O> are well mixed
before heavily consumed. The peak value of the product (1.3 X 1072) in the 0.3 electrolyte-
porosity case is higher than the criteria (1.05 X 1072), indication the risk of explosion in the
inlet area. Whereas in the 0.7 electrolyte-porosity case, the peak value of the product
(1.02 x 1072) is lower than the criteria as more CHs and O are consumed due to better
diffusion at high porosity.

The distributions of H, and CO at different electrolyte-porosity cases are also as shown in Fig.
2(c). The high mole fraction of outlet syngas (0.23 at 0.3 electrolyte-porosity case) compared
with the inlet methane (0.35) indicates the potential for syngas and power co-generation in AP-
SOFCs [26]. However, the H, and CO are severely consumed at 0.7 electrolyte-porosity case
due to the easier transport for gas molecules between anode and cathode, where the conversion

ratio from methane to syngas is declined to less than 0.4.

3.3 Effect of anode inlet CH4 mole fraction
CHa, as the fuel source for power generation in the AP-SOFC, is also the cause of carbon

deposition and explosion. The mole fraction of CHj4 is diluted to 4% in the experiments for safe
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operation, while such a low mole fraction is not suitable for practical applications. For the
parametric studies in this section, air is used as cathode inlet gas and anode inlet CH4 mole
fraction is altered in the range between 0.04 and 1 to investigate its effect on cell performance.
The applied voltage, operating temperature and inlet flow rate are 0.5V, 923 K and 100 SCCM,
respectively. The cell performance under 0.3, 0.5 and 0.7 electrolyte porosities are compared.
The increase of inlet CH4 mole fraction shows significant enhancement on AP-SOFC’s
electrochemical performance (Fig. 3(a)) and syngas generation (Fig. 3(b)). The current density
is improved from 22 mA cm? to 48 mA cm when the inlet CHs mole fraction is increased
from 0.04 to 1. Regarding the effect of electrolyte porosity, the current density is increased
more significantly at an electrolyte porosity of 0.3, in comparison with electrolyte porosity of
0.5 and 0.7. Apart from high current density, the syngas generation is also very good at 0.3
electrolyte porosity. When the inlet CHs mole fraction reaches 0.5, the methane utilization rate
achieves 74%, together with a 61% conversion rate from methane to syngas. Nevertheless, the
methane utilization rate is quite low at high inlet CH4 mole fraction.

A high inlet CH4 mole fraction is also not suggested for practical operation considering
methane coking and fuel explosion. Fig. 3(c) shows the anode surface O/C ratio change along
with the increasing inlet CHs mole fraction in different electrolyte-porosity cases. The O/C
ratio is very sensitive to the change of inlet CH4 mole fraction. With the increase of inlet CH4
mole fraction, the O/C ratio declines quickly. To meet the criterion of O/C ratio > 1.5, only an
inlet CH4 mole fraction < 0.31 is allowed at an electrolyte porosity of 0.3 and the inlet CH4

mole fraction limitation can be raised to 0.35 at an electrolyte porosity of 0.7. As shown in Fig.

14



3(d), the limitation of inlet CH4 mole fraction can be raised at higher electrolyte porosity in the

restriction of fuel explosion criterion.

3.4 Effect of inlet gas flow rate

The inlet gas flow rate is related to the size of SOFC. A small flow rate usually causes a high
fuel utilization ratio while undermines the electrochemical performance. For parametric studies
in this section inlet gas flow rate is altered in the range between 1 SCCM to 100 SCCM. The
operating temperature is 923 K at an applied voltage of 0.5 V. Pure O and pure CH4 are used
as cathode and anode inlet gas, respectively. The cell performance under 0.3, 0.5 and 0.7
electrolyte porosities are compared.

As shown in Fig.4, by decreasing both anode and cathode inlet gas flow rate from 100 SCCM
to 1 SCCM, a smaller current density (Fig. 4(a)) and higher CH4 utilization rate (Fig. 4(b)) are
observed, whereas a high inlet gas flow rate results in a high outlet syngas mole fraction (0.38
for Hz and 0.17 for CO at 100 SCCM).

Moreover, the inlet gas flow rate has great effect on anode surface O/C ratio as shown in Fig.
4(c). With the decrease of inlet gas flow rate from 100 SCCM to 40 SCCM, the average O/C
ratio on anode surface increases from 1 to 20, because H>O generation rate from
electrochemical reaction becomes relatively higher compared with the decreased inlet methane
rate. Such a huge increase indicates that decreasing inlet gas flow rate to a suitable level is an
easy and effective method to inhibit methane coking. The O/C ratio distribution along cell

length is also given in Fig. 4(d). The O/C ratios contributed by H>O and O» are both growing
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along the cell length, mainly due to the continual consumption of CH4. Meanwhile, H,O
contributes more oxygen atoms compared with O and the difference becomes larger along the
cell because H,O molecules are continually generated by electrochemical oxidization of H»

while no O is generated.

3.5 Design of partial porous electrolyte

From the above analyses, several conclusions can be reached for optimization of AP-SOFC
design and performance. Firstly, there is less possibility for fuel explosion at higher porosity (a
porosity of 0.7 is safer than 0.3 as shown in section 3.2). Secondly, a higher inlet methane mole
fraction offers better electrochemical performance while lowers the O/C ratio (22 mA cm™ at
0.04 inlet methane mole fraction vs 48 mA cm™ using pure methane as shown in section 3.3).
However, the possibilities for methane coking and fuel explosion are also raised with the
increase of inlet methane mole fraction. Thirdly, a lower inlet gas flow rate is helpful in
inhibiting methane coking (the average O/C ratio on anode surface increasing from 1 to 20 with
the inlet gas flow rate decreasing from 100 SCCM to 40 SCCM as shown in section 3.4). Lastly,
a low electrolyte porosity benefits electrochemical performance improvement of an electrolyte
supported AP-SOFC (43 mA cm™ at 0.3 porosity vs to 16 mA cm™ at 0.7 porosity as shown in
section 3.1) and the O/C ratio becomes higher along the cell length (as shown in Fig. 4(d)).
Therefore, an AP-SOFC with high electrochemical performance can be safely operated with
suitable operating parameters, as discussed below. Furthermore, the dense electrolyte can be

adopted in the area away from inlet, where steam to oxygen ratio is high enough to prevent
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methane coking.

Based on these conclusions, an SOFC with a partial porous electrolyte is proposed and
evaluated in this section. In this new design, first half (9 mm) of the electrolyte has a porosity
of 0.42 (the same with ref. [15]), while the other half of the electrolyte is dense. Air is used as
cathode inlet gas and 0.33 mole fraction of CH4 is used as anode inlet gas. The applied voltage,
operating temperature and inlet flow rate are 0.5 V, 923 K and 6 SCCM, respectively.
Compared with the AP-SOFC, the SOFC with partial porous electrolyte shows a much higher
electrochemical performance as shown in Fig. 5(a). By decreasing the ohmic loss, the peak
power density raises from 13.6 mW c¢cm™ to 31.6 mW cm™, showing a 130% improvement. The
SOFC with partial porous electrolyte also shows a high O/C ratio (Fig. 5(b)), which decreases
with the increase of applied voltage and keeps larger than 30 at 1 V. Moreover, low CH4xO>
value (Fig. 5(c)) is also obtained in the newly designed SOFC, where the mole fraction product
of CH4xO; keeps lower than the risk value even at 1.0 V applied voltage. By meeting both
these two criteria, the SOFC with partial porous electrolyte is very promising for long-term
safe operation. In addition, this newly designed SOFC shows a high methane conversion rate
(~ 0 methane mole fraction in the outlet) and the generation of syngas as byproduct Fig. 5(d)
also shows its potential for better economic advantages.

3.6 Possible applications of AP-SOFCs

The present study demonstrated that the performance of AP-SOFC could be improved by
proper control of the cell microstructure and operating conditions. As demonstrated in Ref.

17], the peak power density can reach 0.16 W.m for an anode-supported AP-SOFC. In that
peak p y pp
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simulation, the electrolyte microstructure and operating conditions were not optimized. It is
expected that the performance of anode-supported AP-SOFC could be further improved by
adjusting the electrolyte porosity, pore size, the pressure at the two electrodes, etc. With
improved performance, the AP-SOFC could be applied as a power source using various
hydrocarbon fuels, such as natural gas, biogas, or ethanol. However, if the SOFC system is
designed for operation on H», the AP-SOFC concept is not suggested since there is no carbon
deposition risk and the transport of gases through the porous electrolyte only reduces the cell

performance.

4 Conclusions

Mathematical models of all-porous solid oxide fuel cells are developed with various parametric
studies in this paper. From the parametric study of electrolyte porosity change, it is found that
a high electrolyte porosity helps raise oxygen-to-carbon (O/C) ratio and lower CH4 x O2 mole
fraction product due to better gas diffusion. Nevertheless, a high porosity results in low ionic
conductivity of electrolyte, which significantly increases ohmic loss and decreases the
electrochemical performance of the cell.

Besides, an SOFC with partial porous electrolyte is proposed. At selected operating parameters,
the novel designed SOFC displays a 1.3 times higher electrochemical performance compared
with the old design. The high O/C ratio and low CH4 % O mole fraction product also ensures
a long-term safe operation of the cell. Therefore, this design is very promising to safely utilize

methane for power generation with syngas as byproduct.
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It should be noted that only electrolyte-supported type is analyzed in this paper, considering
the much smaller ohmic overpotential in anode-supported solid oxide fuel cells, further
improvement is possible for practical application by controlling the operating conditions and
proper electrode/electrolyte design. With good cell performance and good carbon resistance,
the AP-SOFC could be promising for practical applications. In addition, a detailed analysis
on the thermal effects in the all-porous solid oxide fuel cell is needed to consider the different
breakdown of heat source compared with traditional methane-fed solid oxide fuel cells. The

related effects brought by the thermal effect will also be of interest for its practical application.
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Nomenclature

Abbreviation

AP-SOFC All porous solid oxide fuel cell
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BSCF Barium strontium cobalt ferrite (Bay 5Sry 5CoggFep205_5)

CGO gadolinium-doped ceria (Gdy;Cey 901 9)
CMO Carbon monoxide oxidization
HO Hydrogen oxidization
MO Methane oxidization
MSR Methane steam reforming
o/C Oxygen to carbon
SCCM Standard cubic centime per minute
SOFC Solid oxide fuel cell
WGS Water gas shift
Roman
B, Permeability coefficient, m?
Cco, Mole concentration of carbon dioxide, mol-m
CH,0 Mole concentration of water, mol-m
D7 Effective diffusivity of species i , m?.s!
psl’ Knudsen diffusion coefficient of i , m?.s!
ledd Molecular diffusion coefficient of i, m?.s
Eqct Activation energy, J-mol™*
Eco Equilibrium potential for carbon monoxide oxidization, V
EZ, Standard equilibrium potential for carbon monoxide oxidization, V
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L
PCO

L
Pco,

Equilibrium Nernst potential, V

Equilibrium potential for hydrogen oxidization, V
Standard equilibrium potential for hydrogen oxidization, V
Faraday constant, 96485 C-mol*

Operating current density, A-m

Exchange current density, A-m

Number of electrons transferred per electrochemical reaction
Flux of mass transport, kg-m=3.s

(partial) Pressure, Pa

Local CO partial pressures, Pa

Local CO; partial pressures, Pa

Local H> partial pressures, Pa

Local H2O partial pressures, Pa

Local O partial pressures, Pa

Gas constant, 8.314 J-mol*.K™*

Carbon monoxide oxidization reaction

Hydrogen oxidization reaction

Methane steam reforming reaction

Methane oxidization reaction

Water gas shift reaction

Temperature, K

21



Vi

Greek letters

Nact

Nohmic

Subscripts
an

ca

CHg4

CO

Velocity field, m3.s?
Volume fraction

Mole fraction of component i

Charge transfer coefficient
Porosity

Activation overpotential loss, V
Ohmic overpotential loss, V
Permeability, m?

Dynamic viscosity of fluid, Pa-s
Fluid density, kg-m™
Conductivity, S/m
Pre-exponential factor, A m

Tortuosity

Anode
Cathode
Methane

Carbon monoxide
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CO, Carbon dioxide

el Electrolyte

H> Hydrogen

I lonic phase

02 Oxygen

S Electronic phase

Superscripts

0 Parameter at equilibrium conditions
eff Effective
L Local
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Table 1 Material properties

Parameters Value or expression Unit

Conductivity

T cGo(dense) 122x e 7 [15] sm

OcGo (porous) (1—-¢)x0.38x e R [15] Sm*

OBscr 24455 + 82,3217 — 2200 4 2778 [ gt
[15]

Oni 3.27 X 105 — 1065.3T [27] Sm?t

Porosity

€an 0.6 [15]

£ca 0.6 [15]

£el 0.3-0.7

Anode volume fraction

Veeo 0.23 [15]

Vi 0.77 [15]

Cathode volume fraction

Veeo 0.25[15]

Vescr 0.75 [15]

Triple phase boundary

Stes 2.14 x 10> [21] m2 m
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Electrode tortuosity
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Table 2 Chemical reaction parameters

Reaction Unit
Methane oxidization reaction rate
—-166000 3 -1
5X10* X e Rt X pey, X Po, (anode) [28] mol m* s
—-166000 l 3 -1
11X e RT X pcy, X po, (otherarea) [28] mol m~ s
Hydrogen oxidization reaction rate
4 —48484 0.5 3 -1
5X10* X e RT X pcy, X po; [28] mol m® s
Carbon monoxide oxidization reaction rate
—47773 3 -1
5Xx10* X e Rt X peo X pg” [28] mol m3 s
Methane steam reforming reaction rate
—231266 3
7 PcH,XPCO 3 -1
2.395 X 10 X e RT X (pCH4, X szO _;—pr) [29] mOl m- S
— 10
K, = 1.0267 X 10
X @ ~0-2513xZ*+0.3665x23+0.5810x2%~27.134XZ+3.277
_ T
1000
Water gas shift reaction rate
—-103191 p XD
0.0171x e & X (Peo X Pryo — %) [30] mol m3 s™!
k.. = g~02935XZ3+0.6351xZ%+4.1788xZ+0.0169
ps
_ T
~ 1000
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Table 3 Electrochemical reaction parameters [17]

Parameter Value Unit
YH, 3.68 x 10° A m?
Eoctn, 1.2 x 10° Jmol?
Yo, 1.39 x 101° A m?
Eqcto, 1.2 x 10° Jmol*?
Yco 1.67 x 10° A m?
Euceco 1.2 x 10° Jmol?
ay, 0.5

Xco 0.5

o, 0.5
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Fig.1 (a)Schematic of a button all-porous solid oxide fuel cell; (b) Schematic of a tubular all-
porous solid oxide fuel cell; (c)Model validation for the button all-porous solid oxide fuel cell;
(d)Electrochemical performance comparison between button and tubular all-porous solid oxide

fuel cells.
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Fig. 2 (a) The current density and anode surface O/C ratio change with different electrolyte
porosities at 923 K operating temperature, 0.5 V operating voltage, 100 SCCM inlet gas flow
rate, 35 % methane for anode inlet and air for cathode inlet; (b) CH4xO; mole fraction product
distribution in 0.3 and 0.7 electrolyte porosity cases; (c) Molar fraction distribution of H> and

CO in 0.3 and 0.7 electrolyte porosity cases.
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Fig. 3 (a) The current density change with different inlet CH4 mole fraction at 923 K operating
temperature, 0.5 V operating voltage, 100 SCCM inlet gas flow rate and air for cathode inlet
in 0.3, 0.5 and 0.7 electrolyte porosity cases; (b) Outlet H>, CO and CH4 mole fraction change
with different inlet CH4 mole fraction in 0.3, 0.5 and 0.7 electrolyte porosity cases; (c) Anode
surface average O/C ratio change with different inlet CH4 mole fraction in 0.3, 0.5 and 0.7
electrolyte porosity cases; (d) Peak value of CH4xO; mole fraction product change with

different inlet CH4 mole fraction in 0.3, 0.5 and 0.7 electrolyte porosity cases;
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Fig. 4 (a) The current density change with different inlet gas flow rate at 923 K operating
temperature, 0.5 V operating voltage, pure methane for anode inlet and pure oxygen for cathode
inlet in 0.3, 0.5 and 0.7 electrolyte porosity cases; (b) Outlet H>, CO and CH4 mole fraction
change with different inlet gas flow rate at 0.5 electrolyte porosity; (c) Anode surface average
O/C ratio change with different inlet gas flow rate in 0.3, 0.5 and 0.7 electrolyte porosity cases;
(d) Anode surface O/C ratio change along the cell length contributed by H,O and O at 50

SCCM and 0.3 electrolyte porosity.
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Fig. 5 (a) The I-V-P characteristics comparison between experimental all porous solid oxide

fuel cell (old) and design solid oxide fuel cell with partial porous electrolyte (new) at 923 K

operating temperature, 0.3 methane mole fraction for anode inlet and air for cathode inlet; (b)

Anode surface O/C ratio change at different applied voltages in the new design; (c) Peak value

of CH4x0O; mole fraction product change at different applied voltages in the new design; (d)

Outlet Hz2, CO and CH4 mole fraction change at different applied voltages in the new design;
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