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The All-Porous Solid Oxide Fuel Cell (AP-SOFC) is a scheme that links a dual and
single chamber SOFC, combining the potential advantages of both. The AP-SOFC
is a novel concept that benefits from dual-chamber SOFC technology with a porous
electrolyte, which allows the tunned distribution of oxygen on the anode side that
allows the controlling of air and fuel distribution that is not possible in a single
chamber scheme of SOFC.

Intermixing of fuel and air in AP-SOFC systems could cause the formation of
explosive gas mixtures, especially when hydrogen is used as fuel due to its high
flammability in air mixture. Thus, the aim of this study is to investigate the safe
operation of a hydrogen-fuelled planar AP-SOFC using a two-dimensional finite
element method based numerical model. To achieve this goal, different combinations
of the hydrogen and oxygen inlet mole fraction are considered. Since a change in
the inlet mole fraction of hydrogen and oxygen can affect the cell performance, four
safe conditions for these combinations are chosen and compared. Finally, the best
combination of the inlet mole fraction of hydrogen and oxygen having both safe
operation and enhanced cell performance is reported.

concentration in the Earth’s atmosphere [1]. Fuel cells

1. Introduction

as an eco-friendly technology for providing electricity

and heat could be a suitable alternative to convention-

Burning fossil fuels to achieve energy supplies al sources of energy [2]. Fuel cells convert the chem-
harms our environment by increasing greenhouse gas ical energy available in chemical species directly to
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electrical energy by electrochemical reactions without
any combustive conversions [3]. Fuel cells are divid-
ed into different categories based on their electrolyte
material.

Solid Oxide Fuel Cells (SOFCs) in which a solid ce-
ramic is used as the electrolyte layer operate at higher
temperatures (above 500°C) between different types
of fuel cells [4]. This higher range of operating tem-
perature has some advantages, including high effi-
ciency in energy conversion and the ability to use a
variety of fuels [5]. However, SOFCs, especially in
a stack design, suffer from sealing problems at this
high range of temperatures [6]. As an alternative for
achieving the enhanced reliability and shock-resistant
of SOFC, Hibino and Iwahara introduced the seal-
ing-free structure of single chamber solid oxide fuel
cells (SC-SOFCs) in 1993 [7]. In SC-SOFCs, both the
anode and the cathode are exposed in the same gas
chamber resulting in a more compact and simplified
stack design [8]. However, the performance of SC-
SOFCs compared to conventional SOFCs is quite low
[9, 10]. This is due to the intermixing of the fuel and
the oxidant before insertion into the cell layers, which
leads to an increase in the concentration overpotential
of the cell.

Some efforts have been made to enhance the low per-
formance of the SC-SOFC. Tian et al. enhanced the
performance of a single chamber solid oxide fuel cell
by using a dual gas supply [11]. They claimed that
using a dual gas supply method increased the max-
imum power density by 67%. Bedon et al. [12] in-
troduced a specific material for the cathodes of SC-
SOFC. They successfully fabricated and tested CFA
and CFA + FeO, cathode material to obtain a material
with specific properties in terms of process efficiency.
Akhtar et al. [13] analyzed the hydrodynamic/electro-
chemical performance of an SC-SOFC operating on
a nitrogen diluted hydrogen/oxygen mixture using a
three-dimensional numerical model based on the finite
element method. They included safety issues in their
study as well. The same authors also successfully fab-

ricated and tested an anode-supported, micro-tubular
solid oxide fuel cell operated under single chamber
conditions [14]. Their cell showed 1.05 V maximum
open-circuit voltage (OCV) and a maximum power
output of 122 mW cm™ at a methane/air ratio of 1:4.76
and 750°C operating temperature. Building on their
past work, they then developed the three single-cells,
arranged in a triangular configuration, of the SC-
SOFC stack [15].

Akhtar et al. advanced their research on enhancing the
SC-SOFC performance with the aid of numerical tools
as well [16-19]. Kamvar et al. worked on enhancing
the performance of the SC-SOFCs numerically, too [9-
10, 20]. Although these studies present some potential
advantages of SC-SOFCs, the lack of simultaneous
access to high power density and high fuel efficien-
cy remains an obstacle to its commercialization [10].
To overcome this problem, a novel concept of dual
chamber SOFC technology, entitled the all-porous
solid oxide fuel cell (AP-SOFC), was designed and
introduced by Gue et al. in 2013 [21]. In this scheme,
the electrolyte layer structure (similar to the other two
electrode layers) is porous, which allows the intermix-
ing of air and fuel to occur inside the cell. In other
research, Gue et al. [22] studied the effect of support
types on the AP-SOFC performance under coke-free
and lack of flammability probability conditions. They
reported that the performance of the anode-supported
cell was over 14 times more compared to the electro-
lyte-supported one. However, the number of studies
conducted in the area of AP-SOFC is very low. To our
knowledge, apart from Gue et al.’s studies, only Xu
et al. have worked numerically on the performance of
the methane-fuelled AP-SOFC scheme as an exten-
sion of Gue et al.’s studies [23-25].

All these research works have been limited to AP-
SOFC using methane as fuel in order to prevent coke
formation at the anode , the main problem of meth-
ane-fuelled SOFC reliability. Using hydrogen as a fuel
has some advantages. It is environmentally benign,

produces high energy density per weight and low en-
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ergy density per volume with proper storage, and has
a synergistic effect with current industrial waste heat
[26]. Kamvar [27], in his very recent study, present-
ed a comparative study examining the effects of the
flow configuration of a planar hydrogen-fuelled AP-
SOFC on cell performance. His results showed that
the counter flow configuration concept reveals better
cell performance. However, safety issues were not in-
volved in this study.

The aim of this study is to present a numerical model
of a planar AP-SOFC using hydrogen fuel considering
the safe operation. Since the flammability of hydrogen
in the air is high, the safe operation needs to be care-
fully designed. Thus, the chief purpose of this paper is
to present a parametric study in order to define operat-
ing conditions that not only keep the system safe but
also maintain the cell performance as high as possible.

2. Problem Definition

The previously validated model from [27] is used and
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extended to include the safe operation of the cell. All
governing equations and cell structures are the same.
Thus, the readers are referred to [27] for more infor-
mation. Fig. 1 shows the schematical geometry of the
problem. As shown in the figure, the porous structure
of the electrolyte layer in AP-SOFCs enables the fuel
and air to be intermixed. The high flammability of
hydrogen in an oxidant atmosphere is a risk for sys-
tem safety of hydrogen-fuelled AP-SOFCs. Numeri-
cal tools help to evaluate this issue before performing
tests in the laboratory. Assuming the electrodes to be
selective, the following electrochemical reactions oc-
cur in the anode and cathode electrodes, respectively:

H,+0? — H,0+2¢" (1)

0,+2¢ —0? ©)

All geometrical, micro-structural, and thermophysical
parameters of the modelled cell follow the experimen-
tal base case reported by Timurkutluk et al. [28] in
order to present more realistic cell behaviour.

.
Cathode Cathode Channel

AVAVAVS

Electricity

Fig. 1. Schematic view of problem.
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To avoid verbosity, all physical equations governing
this problem were based on the previous study’s as-
sumptions [27], and are described briefly in this sec-

tion:

e The steady-state form of continuity equation [29]:

V.(pu)=0 3)

where p is the density of the mixture and is calculated
by the ideal gas equation and u is the velocity vector.
Fluid flow equation in free-media of channels [30]:

PV =V.(=pl + u(Vu +(Vu) )-2u(Vu)l) (4)

e Fluid flow equation in porous-media of cell
layers by neglecting inertial term [29]:

ﬁ[(u.V)i) = V.(—p[ + 2 Vu+(vuy )—2—#(Vu)1) (5)
& & & 3¢

e Multicomponent diffusion equation of gas-
eous species [31]:

ij + p(u 'V)a)i = Ri (6)

Where R, is the source term that accounts for mass
deposit or mass creation of the ith species due to elec-
trochemical reactions and is formulated as [13]:

jva
R, =-2% 7
o 2F @

Jva

RHZO = F ®)
_ jv,c

R, = =2 ©)

Where j is the local current source within electrode
functional layers per unit volume obtained by the But-
ler-Volmer equation [27] and F is Faraday’s constant
(equal to 96487 C/mol).

The Energy equation including convection and con-

duction terms [32]:
V.(pCul —kVT)=0 (10)

Where C is the specific heat, & is the thermal conduc-
tivity, and Q is the energy source term due to ionic

transport resistance (Q_, . ), reversible (Q_ ) and irre-

ohm,io

versible (Q, ) heat generations, which are formulated
respectively in Egs. (11) to (13) [3]:

Qomh,io :O-lv¢lv¢l (11)

Where, o, is the ion conductivity and ¢, is the ion po-

tential.
i
=T As (—— 12
0. (ZF) (12)

Where As is the entropy change of the H,-oxidation
half-reaction at the anode electrode or the O, -reduc-
tion half-reaction at the cathode electrode, T is the
absolute temperature, i is the current density, z is the
number of electrons participating in electrochemical

reactions, and F is the Faraday’s constant
Qirr :nact 'iv (13)

Where 7. is the activation overpotential, and the
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current density for the electrode side, i, is calculated
by the Bulter-Volmer’s equation.

e Electronic and ionic current distribution equa-
tions [3]:

_v(o-ev¢e) :iv,e (14)

-V(o,Vg)=i,, (15)

Where i,, and i , are the electronic and ionic source
terms obtained by Butler-Volmer’s equation. Note that
these terms are valid in the functional layers where
conduct current is in both an electrolyte and an elec-
trode phase.

It was necessary to understand the boundary condi-
tions for each physics to fulfill the mathematical mod-
eling. The conditions applied to the boundaries of the
current geometry of the problem are fully described
in [27].

3. Numerical procedure

The problem equations were solved using COMSOL
Multiphysics 5.2a with the aid of the Finite Element
Method (FEM). The mesh consisted of 10606 trian-
gular elements of good quality in which more refined
elements were considered in functional layers where
a higher resolution was necessary. To control the
solution procedure, the set of equations were solved
in steps. The total computing time for all steps was

about 22 min.

4. Results and discussion

4.1. A comparative study

In this section, a comparative study between a con-

ventional (two chamber) SOFC and an AP-SOFC will
be investigated. The previously validated model [27]
is used in this study. To have a more realistic compari-
son, all input parameters given in [27] are maintained.
Fig. 2 depicts the comparative performance between
a conventional planar SOFC and an AP-SOFC with
30% electrolyte porosity, with the same input param-
eters given in [27] for an operating temperature of
750°C. It is clear that the conventional SOFC shows
a better performance than the AP-SOFC, as expect-
ed according to the relatively lower partial pressures
of reactants and their mixing. The maximum power
density produced by the sample conventional SOFC
is about 3596 W/m?, while the value for the AP-SOFC
is 2540 W/m?, showing a 29% decline in maximum
power density produced by the cell. Two key factors
play a major role in this low AP-SOFC performance:
1) the porous electrolyte, as compared to a dense one,
displays a lower ionic conductivity because oxide ions
are able to diffuse only through the solid portion of
the electrolyte, and ii) the diffusion and transportation
of inactive species via the porous electrolyte from an-
ode to cathode and vice versa reduces the cell perfor-
mance.

Fig. 3 depicts the x component of the total flux of
hydrogen, oxygen, and water species through the
anode-electrolyte interface at 0.7V cell voltage and
750°C operating temperature. Note that the x compo-
nent of the total flux of oxygen is negative, indicating
that oxygen diffuses from the cathode side to the an-
ode side (the opposite direction of the x-axis) while
this value is positive for hydrogen and water species
as these species diffuse from the anode to the cathode
side. For better comparison, the total flux of the oxy-
gen values is multiplied by -1, as shown in Fig. 3. It is
found that the total flux of water compared to the other
two species is quite low, while oxygen has the highest
value. The amount of oxygen total flux reveals a jump
from 16 g.m2s! to 27.7 gm?2s"! around y=0 mm,
then it descends to about zero. A slight backflow of

oxygen from the anode to the cathode side is observed



118 Iranian Journal of Hydrogen & Fuel Cell 2(2021) 113-125

around the outlet. The hydrogen total flux distribution
shows different behaviour, dropping from 14 g.m?.s!
to 3.75 g.m.s™! around the inlet, then changing slight-
ly to 1.75 g.m™.s™. It is concluded that the mass flow
of species in the zone close to the inlet is high, which
should be taken into account in the analysis of system
safety issues.
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Fig. 2. A comparative performance representation of a
conventional SOFC and an AP-SOFC with 30% electrolyte
porosity, calculated with the same input parameters.
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Fig. 3. The x component of the total flux of hydrogen, oxygen,

and water species at cell voltage 0.7V along with the anode-

electrolyte intersection at 7500C operating temperature. For

better comparison, the flux of oxygen has been inverted;

therefore, a high positive flux is from the cathode to anode,

whereas it is from anode to cathode for both hydrogen and
water.

Figs. 4 (a)-(f) show different species molar concentra-
tion distributions along the y-axis (see Fig. 1) cross-
ing the middle of the electrode channel as well as the
electrode functional layer at cell voltage 0.7 V and
750°C operating temperature. It is obvious from Figs.
4a and 4b that hydrogen is consumed on the anode
side; however, the hydrogen depletion within the AP-
SOFC is noticeably more rapid compared to the con-
ventional SOFC. Hydrogen in the anode channel and
anode functional layer of the conventional SOFC is
reduced by 2.2% and 2.38%, respectively, while these
values are 37.4% and 30.2%, respectively, for the AP-
SOFC. This shows that the depletion of fuel in the AP-
SOFC compared to the conventional SOFC, especial-
ly in its anode channel, is noticeably higher. Also, the
rate of hydrogen reduction in both the anode channel
and functional layer of the conventional SOFC, un-
like the AP-SOFC, is almost the same. However, the
hydrogen amount in both the conventional SOFC and
AP-SOFC decreases along the direction of flow. Wa-
ter in the conventional SOFC and AP-SOFC shows
two different behaviours. According to Figs. 4c and
4d, the water amount in the anode channel and anode
functional layer of the conventional SOFC increased
by 28.3% and 32.1%, respectively, while the water
amount in the anode channel of the AP-SOFC is re-
duced by 17.2%. In the anode functional layer of the
AP-SOFC, the water amount dropped from 0.275 mol/
m? to 0.224 mol/m* at about y=0.3mm, and after this,
it increased slightly to 0.2655 mol/m®. As shown in
Figs. 4e and 4f, the oxygen amount within the cathode
channel and cathode functional layer of the conven-
tional SOFC decreased by only 2.76% and 3.31%, re-
spectively. While the reduction in the oxygen amount
within the cathode channel and cathode functional
layer is noticeably higher compared to the convention-
al SOFC, it was reduced by 48.87% and 22.1% within
the cathode channel and cathode functional layer, re-
spectively.
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Fig. 4. A comparison of the molar concentration of different species within a conventional SOFC and an AP-SOFC, respectively,
along the y axis: (a) and (b) are the hydrogen molar concentration distribution along the middle of the anode channel and anode
functional layer, respectively, and (c) and (d) are the water molar concentration distribution along the middle of the anode channel
and anode functional layer, respectively. (e) and (f) show the oxygen molar concentration distribution along the middle of the cath-
ode channel and cathode functional layer, respectively. All figures are at a 7500C operating temperature and a cell voltage of 0.7V.
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Fig. 5 shows the cell voltage versus maximum cell
temperature occurring within the cell for both SOFC
and AP-SOFC schemes. It is clear that the maximum
cell temperature increases with decreasing cell voltage
since decreasing electrical efficiency brings a higher
heat production. However, it is understood from the

figure that the conventional SOFC reveals higher max-
imum temperature compared to the AP-SOFC scheme
since the current at a given current density will be
higher, thereby increasing the Ohmic heat produced.
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Fig. 5. The cell voltage versus maximum cell temperature occurring within the cell for both SOFC and AP-SOFC schemes at 7500C
operating temperature.

4.2. Safe operation issue

As stated before, the flammability of hydrogen in ox-
ygen is extremely high in the operating temperature
range. To evaluate the risk of hydrogen combustion or
explosion, the concentration of hydrogen is suggested
to be lower than the Lower Explosive Limit, which
is 4% in the air (21% oxygen). Thus, the mole frac-

tion of H,xO, should be equal to or less than 0.84%
for the safe operation of the current AP-SOFC design.
The distribution of the H,xO, mole fraction product
is shown in Fig. 6. As shown in Fig. 6b, only a small
zone near the inlet (grey zone) is safe, and the part of
the cell that is exposed to flammable hydrogen mix-
tures should be controlled; although, the risk of flam-
mable hydrogen mixtures forming in the anode elec-
trode is more probable.
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Fig. 6. a) H2xO2 mole fraction product at cell voltage 0.7V for a 30% electrolyte porosity AP-SOFC with a 0.97 and 0.4 H2/O2 inlet

mole fraction, respectively. b) Cut-off H2x0O2 mole fraction product below 0.84%.

In order to control the safe operation of the current
AP-SOFC, two determining factors are examined: 1)
the hydrogen inlet mole fraction and ii) the oxygen
inlet mole fraction. It is expected that decreasing hy-
drogen and oxygen inlet mole fractions will improve
cell safety operation. However, decreasing the H,/O,
inlet mole fractions reduced the cell performance by
reducing the open circuit voltage. Thus, it is import-
ant to achieve a balance between safe operation and
enhanced performance of the cell. Fig. 8 shows the
H,*0O, mole fraction product at cell voltage 0.7V in a
30% electrolyte porosity AP-SOFC for different com-
binations of H, and O, inlet mole fractions. As shown
in Fig. 7, the safe region of the cell (grey region) is
extended by decreasing H, and O, inlet mole fractions
until, in cases 5 and 6, safe operation is achieved. It
can be also seen in Fig. 7 that the electrolyte layer near
the inlet is more exposed to risk, and this region is the
last to become safe. To present a more comprehen-
sive analysis based on the safety issue, the maximum
value of the mole fraction of H,xO, is considered the
checkpoint, and all combinations of H,/O, inlet mole
fractions result in a mole fraction of H,xO, less than
0.84% at cell voltage 0.7V are selected and plotted in
Fig. 8. Note that the limiting line separating the safe
combinations of H,/O, inlet mole fractions is approx-
imated by a 4th order polynomial using curve-fitting:

X, ., S435.58520x)  —38221241x7

+125.179375x ;. , —18.917046x,, ,,
+1.29856494

27)

A comparison study was used to extract the best com-
bination of hydrogen and oxygen inlet molar fractions,
meeting both best cell performance and safe operating
conditions. Four cases of 0.5/0.06, 0.6/0.05, 0.7/0.04
and 0.96/0.02 of H,/O, for inlet mole fractions were
considered. The selected combinations focused on the
borderline shown in Fig. 8. Fig. 9 shows a comparison
of cell performance for these four different H,/O, inlet
mole fraction combinations. The figure shows that in-
creasing the hydrogen inlet mole fraction and decreas-
ing the oxygen inlet mole fraction leads to better cell
performance. However, this trend should be controlled
so as not to lead to a negative value of oxygen mo-
lar fraction within the cell and failure of the solution
procedure. As shown, the H.,/O, inlet mole fraction of
0.96/0.02 showed the best performance among all the
safe combinations of H /O, inlet mole fractions in this
study, with the same other inputs. This cell produces
about 2180W/m? maximum power density. However,
the value for AP-SOFC in unsafe conditions (as shown
in Fig. 2) was 2540 W/m?. Considering the safety is-
sue by controlling the H,/O, inlet mole fraction thus
reduces the cell performance by 14%.
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Fig. 9. Comparison of the cell performance with different
H,/O, inlet mole fraction combinations under safe conditions.

5. Conclusion

The numerical investigation of a hydrogen fuelled
planar all-porous solid oxide fuel cell to analyze safe
operation regions has been reported. A comparative
performance study between conventional and all-po-
rous solid oxide fuel cell schemes showed that oxygen

transport from the cathode to the anode, on one hand,

and hydrogen and water from the anode to the cath-
ode, on the other side, led to a reduction in cell perfor-
mance in the porous electrolyte scheme. Furthermore,
considering the Lower Explosive Limit of hydrogen
in the air reveals that all the all-porous schemes were
not safe compared to a conventional scheme with the
same fuel input. Different combinations in H, and O,
inlet mole fractions were simulated in order to achieve
fully safe operations, as well as an improved cell per-
formance. Finally, the all-porous solid oxide fuel cell
with was revealed to be the best performance in safe

operating conditions.
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