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Abstract

The All-Porous Solid Oxide Fuel Cell is a concept in which the electrolyte layer, 
similar to the other two layers, is porous. Thus, firm sealing between cell layers is not 
a concern, and fuel and oxidant are free to intermix through the porous electrolyte. 
Furthermore, The All-Porous Solid Oxide Fuel Cell does not need any sealant, and 
crack generation in its electrolyte component does not terminate cell operation. Cell 
performance enhancement, based on the flow geometry, is the main target of this 
study. To achieve this goal, two flow configurations, co-flow and counter-flow, are 
considered and compared for a hydrogen-fuelled planar All-Porous Solid Oxide 
Fuel Cell. A finite element method-based commercial software is utilized to solve 
the nonlinear governing equations of mass, momentum, energy, charge balance, 
and gas-phase species coupled with kinetics equations. The results include velocity 
field distribution, species mole fraction in different layers, and temperature contours 
within the cell. Results show that the counter flow configuration concept reveals 
better cell performance.

1. Introduction

Fuel cells are an efficient technology for generating 
electricity through the direct electrochemical conver-
sion of a fuel and an oxidant without thermal conver-

sion [1]. SOFCs are gaining considerable attention 
due to their high efficiency and fuel flexibility [2-6]. 
SOFCs work at high temperatures, between 500 and 
950oC [7]. These  high operating temperatures have 
both advantages and disadvantages. On the one hand, 
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above 650°C, they permit direct internal reforming of 
simple hydrocarbons at the anode as well as the fuel 
flexibility of using hydrogen, carbon monoxide, and 
simple hydrocarbon fuels in one device. On the oth-
er hand, they can lead to thermal stresses, especially 
during thermal cycling, that might lead to crack for-
mation within SOFC components [8]. The high op-
erating temperature also gives rise to increased mate-
rials degradation, as far as this is thermally activated 
[9-12]. In dual chamber SOFCs, the key requirement 
of strict separation of fuel and oxidant [13requires 
reliable sealing between the electrode compartments 
[14]. One way to simplify the cell structure is to use a 
single chamber instead of two fully separated cham-
bers and simultaneously expose a uniform mixture of 
fuel and oxidant gases to both the anode and cathode. 
This simplified design is called a single chamber solid 
oxide fuel cell (SC-SOFC) and was demonstrated by 
Hibino and Iwahara for the first time in 1993 [15]. 
Compared to conventional SOFCs, SC-SOFCs,   have 
the advantage of a lower weight,  smaller volume (es-
pecially with the planar type), and also remove the 
need for complex sealants. Thus, the manufacturing 
process is potentially more cost-effective. However, 
the presence of ‘spectator’ species at the two function-
al layers of SC-SOFCs (i.e., the transport of hydrogen 
to the cathode functional layer with no chemical in-
teraction) leads to very low performance compared to 
conventional SOFCs due to reactant dilution [16]. A 
number of studies on SC-SOFC have been performed 
using numerical approaches to enhance this low per-
formance [2, 9, 12-27]. Reported SC-SOFC perfor-
mances show that high power density and high fuel 
efficiency cannot be achieved simultaneously in an 
SC-SOFC. This is due to flammability and flow pat-
tern issues. Among these studies, Kamvar et al. [2] 
compared different anode and cathode configurations 
of SC-SOFC. Their results revealed that Ohmic loss-
es played a key role in improving cell performance. 
In their recent work, Kamvar et al. [16] numerically 
investigated the effect of different support types on 

cell performance. Their results showed that the an-
ode-supported scheme showed the best performance 
compared to the other two support types. They also 
reported that a lack of oxygen on the cathode side of 
a cathode-supported cell was an obstacle that limit-
ed the cell performance in open circuit voltage con-
ditions. Many useful reports have been published in 
the area of dual chamber SOFCs. However, a number 
of novel numerical studies have recently been con-
ducted in the SOFC area. Kong et al. [28] proposed 
a novel interconnector design called the X-type inter-
connect. Their numerical results showed that a cell 
with this novel design presented a better performance 
compared to a cell with conventional interconnection. 
Schluckner et al. [29] studied the influence of differ-
ent possible flow configurations and electrical contact 
positions on the temperature distribution within the 
cell. They claimed that it was not possible to move the 
maximum cell temperature to the cell center by way of 
varying the electrical contact positions. Moreno-Blan-
co et al. [30] numerically studied the effect of the 
channel-electrode interface area on the performance 
of planar SOFC. They found that the size (width) and 
number of channels in a co-flow arrangement had a 
direct effect on  cell performance.
Guo et al. [31] successfully designed a novel con-
cept of dual chamber SOFC technology with a porous 
electrolyte called the All Porous Solid Oxide Fuel Cell 
(AP-SOFC) that forms a link between the dual and 
single chamber SOFCs. Their cell used methane fuel 
without any external reformer or steam addition. The 
porous structure of the electrolyte allowed gaseous 
species transport through the electrolyte. Therefore, 
the presence of cracks in the electrolyte or sealant 
failure is of no concern in AP-SOFCs, and fuel-oxy-
gen concentration management is performed easily to 
keep the system from the risk of explosion. An exper-
imental study by Guo et al. presented Xu et al.’s [32] 
developed numerical models for button AP-SOFC. 
Their results focused on electrolyte porosity optimi-
zation to control the oxygen transport to the anode in 
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order to prevent the risk of simple combustion (and 
explosion) as well as methane coking and carbon dep-
osition in the anode, which would considerably reduce 
the cell performance. In another study, Xu et al.  [33] 
investigated the thermal effects in AP-SOFC. They 
conducted parametric studies for various operating 
parameters such as voltage, inlet gas temperature, and 
different cell structures to optimize cell performance.
The aim of this study is to present a numerical mod-
el of a planar hydrogen-fuelled AP-SOFC to examine 
the flow configuration effect on the cell performance 
for the first time. Using hydrogen as the fuel has the 
advantages of i) avoiding coking problems and ii) 
simplifying the overall anode chemistry. However, 
the leakage flow through the porous electrolyte can 
decrease cell performance. Thus, the chief purpose of 
this paper is to compare co- and counter-flow configu-
rations in order to report the which flow configuration 
is better for the all-porous scheme.

2. Problem Definition

A 2D numerical steady-state condition model was 

used to predict the performance of a planar AP-SOFC. 
In the planar type of AP-SOFC, the porous electro-
lyte is sandwiched between two porous electrodes. As 
shown in Fig.1, two fully separated chambers are used 
to feed fuel and oxidant individually, and the porous 
structure of the electrolyte allows the gaseous species 
to transport from anode to cathode and vice versa. The 
cell consists of five layers; an anode current collecting 
layer made of nickel (Ni), an anode functional layer 
made of a cermet of nickel with yttria-stabilized zir-
conia (50%Ni-50%YSZ), a porous electrolyte of YSZ, 
a cathode functional layer made of a composite of 
YSZ and lanthanum strontium manganite (50%YSZ-
50%LSM), and a cathode current collection layer of 
pure LSM.  To present a more realistic prediction of 
the cell performance, all geometrical, micro-structur-
al, and thermo-physical parameters of the current cell 
follow the experimental base case reported by Timur-
kutluk et al. [34]. The geometrical data of the model 
considered in this study are tabulated in Table 1. A 0.3 
electrolyte layer porosity is applied to the AP-SOFC 
scheme. As stated, two flow configurations named 
co- and counter-flow, as shown in Fig. 2 were used to 
compare their performance with each other.

Fig. 1. (a) Schematic illustration of a single cell of planar-type AP-SOFC, (b) cross-section of planar-type AP-SOFC, 
which represents the computational domain (detailed “A”) .
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Fig. 2. Schematic illustration of two different flow configurations used in this study: (a) Case 1: Co-flow planar AP-SOFC, (b) Case 
2: Counter-flow Planar AP-SOFC.

The governing equations for gas-phase species, ener-
gy, momentum, and charge balance are coupled with 
kinetics equations, which describe the electrochemi-
cal reactions.

Table1. Geometrical Data

Description Symbol Value

Channel length Lch 10 [mm]

Channel height Hch 0.5 [mm]

Anode current collecting layer thickness ta 50 [μm]

Anode functional layer thickness taf 20 [μm]

Electrolyte thickness te 50 [μm]

Cathode current collector thickness tc 50 [μm]

Cathode functional layer thickness tcf 20 [μm]

The simplifying assumptions of the current study are 
listed in the following: 

•	 Steady-state conditions.
•	 The electrodes are selective; this means that 
the following reactions specifically occur at the two 
electrodes, respectively.

Anode oxidation of hydrogen:

−H2+O−2  → H2O+2e )1(

Cathode reduction of oxygen:

  O2+ 2e−  → O−2 )2(

•	 Flow is two-dimensional, compressible, and 
laminar with a Mach number lower than 0.3.
•	 All species behave as an ideal gas.
•	 The inertia term in porous media flow is ne-
glected (Stokes-Brinkman’s assumption).
•	 The thermal diffusion is disregarded.
•	 The Ohmic resistance due to electron trans-
port is neglected since the electronic conductivity of 
the electrodes is noticeably high compared to the ionic 
conductivity.
•	 Thermal equilibrium is upheld between solid 
and fluid phases in the porous electrodes and electro-
lyte. 
•	 The flammability of hydrogen in air is negli-
gible. 
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The governing equations are described separately be-
low.

2.1. Conservation of mass and momentum

The continuity equation for compressible fluids is 
stated as [35 and 36].

.( ) 0uρ∇ =

where ρ is the density of the mixture, and u is the 
velocity vector. ε  is the porosity of the porous elec-
trodes and electrolyte with a value between 0 and 1. 
Considering free fluid flow inside the chamber, the 
continuity equation is obtained by setting the porosity 
value to unity. 
The single-phase fluid flow equation for a compressi-
ble flow in porous electrodes using Darcy’s law is ex-
pressed as [35-37]:

2( . ) . ( ( ) ) ( . )
3

Tuu pI u u u I g u F
K

ρ µ µ µρ
ε ε ε ε
     ∇ = ∇ − + ∇ + ∇ − ∇ + − +     
     

where µ is the dynamic viscosity of the fluid, ε and κ are 
the porosity and permeability of the porous electrodes 
and electrolyte, respectively, and F is the volume force 
acting on the fluid. By applying Stokes-Brinkman’s 
assumption, the inertial term ( ( . )uu

ε
∇ ) in the porous 

electrode and electrolyte flow vanish. In a free me-
dia gas chamber, porosity ε is taken to be unity, while 
permeability κ is infinite. The dynamic viscosity of a 
multicomponent mixture, , is obtained by [38]:

f j j
j

xµ µ=∑

where jµ   is the dynamic viscosity of the jth species of 
the mixture and xj is its mole fraction.

2.2. Species conservation

The governing equation of species conservation for an 
individual species i can be written as [38]:

. ( . )i i ij u Rρ ω∇ + ∇ =

where ji is the relative mass flux vector, ωi is the mass 
fraction of the ith species, and Ri is the source term 
that accounts for mass deposit or mass creation of the 
ith species. By applying the Maxwell-Stefan diffusion 
model, the relative mass flux vector can be written as 
[39]:

i i ik k
k

j D dρω= − ∑

where dk is the diffusional driving force and Dik are 
the multicomponent Fick’s diffusivities calculated by 
[39]:

2 1.5 1/2 21.883 10 (1/ 1/ ) / ( )ik i k ik DD T M M pσ−= × + Ω

where σ  is the characteristic length in Angstrom and 

DΩ is the diffusion collision integral. The multicom-
ponent Fick’s diffusivities are corrected to account for 
mass transfer resistance in the porous electrodes and 
electrolyte according to the following equation:

( / )eff
ik ikD Dε τ=

(3)

(4)

(5)

(6)

(7)

(8)

(9)
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where τ is the tortuosity of porous media. 

2.3. Charge conservation

By applying Ohm’s law, ionic and electronic charge 
conservation equations are stated as [40]:

.( )e e ejσ φ−∇ ∇ =

.( )i i ijσ φ−∇ ∇ =

respectively, where σe and σi are the electronic and 
ionic conductivity and Φe and Φi are the electric and 
ionic potential, respectively. 
The right-hand sides of equations (10) and (11) de-
scribe electrical and ionic charge source/sink terms, 
respectively, and only exist in the anode and cathode 
functional layers. According to equations (1) and (2), 
electrons and ions are produced in the anode and cath-
ode functional layers, respectively. The electrical and 
ionic charge source for the anode functional layer are 
the sink and source terms, whereas, for the cathode 
layer, they are the source and sink terms, respectively. 
Consequently, the sink and source term of the charge 
conservation equation for the anode and cathode lay-
ers are stated using the Butler-Volmer equation [41-
43]:

 

, , , , ,[exp( / ) exp( (1 ) / )]i a e a a o a a act a u a act a uj j A j n F R T n F R Tα η α η= − = − − −

, , , , ,[exp( / ) exp( (1 ) / )]e c i c c o c c act c u c act c uj j A j n F R T n F R Tα η α η= − = − − −

where A is the electrochemically active surface area 
per unit volume, α is the charge transfer coefficient 
whose value lies between 0 and 1, F is Faraday’s con-
stant (equal to 96487 C/mol), and ηact is the activation 
overpotential. The indexes “a” and “c” in the above 
equations denote the anode and cathode sides. The 
anode and cathode side activation overpotentials are 
calculated by [15]:

,act a e iη φ φ= −

,act c e i ocVη φ φ= − −

respectively, where Voc is the open circuit voltage cal-
culated by the Nernst equation [44]:

2 2

4 1.2 1.2
21.317 2.769 10 / 2 ln( . / . )oc u H H O refV T R T F p po p po−= − × +

In Eqs (14) and (15), j0 is the exchange current density 
which is related to the system total pressure (pt) by 
[43]:

2 2

2 2

* 1/2
*

, , * 1/2

( / )
1 ( / )

O O
o c o c

O O

p p
j j

p p
=

+

for the cathode side and 

2 2 2

2 2

* 1/4 3/4
*

, , * 1/2

( / ) ( )
1 ( / )
H H H O

o a o a
H H

p p p
j j

p p
=

+

for the anode side. In which  is partial pressure of ith 
species and is related to the system total pressure us-
ing Dalton’s law of partial pressure by [45]:

(17)

(19)

(16)

(10)

(11)

(12)

(13)

(14)

(15)
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pi=xipt

 
*
, ( )o c aj  and 2 2

*
( )O Hp  in Eqs (19) and (20) are the material- 

and temperature-dependent characteristic constants 
that are reported in an Arrhenius form in Huang and 
Goodenough [43].
It is worth mentioning that ion transport physics is 
active for the anode and cathode functional layers as 
well as the electrolyte, while electron transport phys-
ics is valid for both electrode functional layers, as well 
as the anode substrate and cathode current collection 
layers.

2.4. Energy conservation 

The conservation of energy for the entire domain un-
der steady state conditions is governed by [46]:

.( )pC uT k T Qρ∇ − ∇ =

Where Cp is the specific heat, k is the thermal con-
ductivity, and Q is the energy source term due to ion-
ic transport resistance and reversible and irreversible 
heat generation. In order to account for the porosity 
of the electrodes, the effective relationship is used for 
specific heat capacity ( pCρ ) and thermal conductiv-
ity (k) by applying the thermal equilibrium between 
solid and fluid phases in porous electrodes [35, 46]:

( ) ( ) (1 )( )p eff p f p sC C Cρ ε ρ ε ρ= + −

(1 )eff f sk k kε ε= + −

In the above equations, the indexes “f” and “s” denote 
fluid and solid phase, respectively. Specific heat and 

conductivity for the fluid mixture is determined by:

, ,p f j p j
j

C Cω=∑

f j j
j

k x k=∑

Where Cp,j and kj are the specific heat and conductivity 
for each gas species, respectively, and  x and ω are the 
mole and mass fraction, respectively.

2.5. Boundary conditions

Specifying the boundary conditions for each physics 
was necessary to fulfill the mathematical modeling. 
Two types of boundary conditions were used: the Di-
richlet boundary condition in which the value of the 
dependent variable was specified, and the Neumann 
boundary condition in which the derivative of the de-
pendent variable was specified.
At the inlet of the chamber, velocity, mole fraction 
of species, and temperature were specified. At the 
chamber walls, no-slip (u=0) and thermal insulation 
boundary conditions were applied for fluid flow and 
energy equations, respectively, and the insulation 
boundary condition was used for transport of species 
equations. At the outlet of the chamber, the pressure 
was equal to the total pressure, and conduction heat 
transfer in comparison to convection heat transfer was 
neglected. Similarly, the diffusion term in the species 
transport equation was disregarded versus the convec-
tion term. At the intersection between electrodes and 
the gas channel, the voltage was specified. In other 
words, the cell voltage and ground voltage were ap-
plied for cathode-channel and anode-channel intersec-
tions, respectively. Since the porous electrolyte was 
only impermeable to electron transport, the insulation 
boundary condition was used for electron transport 

(18)

(20)

(23)

(24)

(22)

(21)
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equations at all exterior boundaries of the electrolyte 
layer. Furthermore, since it was assumed that the elec-
trochemical reactions occur in the functional layers, 
the insulation boundary condition was utilized for the 
ion transportation physics at the electrodes-functional 
layer interfaces. The continuity boundary condition 
was applied for the rest of the boundary conditions.

3. Numerical procedure

The governing equations were solved through finite el-
ement analysis in the commercial software COMSOL 
MULTIPHYSICS®. A triangular mesh was chosen. 
The mesh distribution was such that more elements 
were concentrated in the functional layers where more 
calculation volume existed. To capture instabilities 

occurring in the solution procedure, the governing 
equations were solved in steps. Since the Butler-Vol-
mer and fluid flow equations are non-linear equations, 
the ionic and electronic current distributions were 
obtained initially then the fluid flow equations were 
solved. Finally, all governing equations were solved 
fully coupled. The solution for each step was stored 
and applied as an initial guess for the next step. Line-
ar elements were used for all the dependent variables. 
A relative tolerance of 1×10‒6 was chosen. To show 
how mesh size affects the model accuracy, a mesh de-
pendency study was done and is shown in Fig. 3 and 
Table 2. To have both accuracy and time-saving in the 
solution procedure, mesh type 3 with 237830 linear el-
ements was chosen. The calculations were performed 
on a laptop with the following specifications: proces-
sor Intel (R) Core ™ i7 CPUX980 @ 2.2 GHz with an 
installed RAM of 16 GB.

Fig. 3. Effect of mesh sizes on model accuracy.
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Fig. 4. The current model accuracy applied to a conventional SOFC and compared to Timurkutluk’s data.

Table 2. Mesh types effect on maximum power density evalua-
tion and solution time.

Mesh types Elements no. Max power 
density (W/m2)

Solution 
time

Mesh 1 15984 2703.2 1 min 16s

Mesh 2 36424 2642.6 2 min 36

Mesh 3 237830 2540.1 17 min 41s

Mesh 4 320052 2507.6 24 min 58s

4. Results and Discussion

4.1. Model validation

Validation was performed to show the accuracy of 
the model results. Due to a lack of experimental data 
in the area of AP-SOFC with hydrogen fuel, the re-

sults were compared to experimental data provided 
by Timurkutluk et al. [34] for a dual chamber SOFC 
using hydrogen as a fuel. The base cell of their study 
consisted of Ni/YSZ/LSF materials for anode/electro-
lyte/cathode layers, respectively, at 750oC operating 
temperature, where this temperature is maintained as 
the inlet temperature in the current modeling work. 
The geometrical and thermo-physical data are shown 
in Tables 1 and 3, respectively.
 Fig. 4 shows how the model results for a dual chamber 
configuration are in agreement with the experimental 
data. In order to calibrate the model results, the electro-
chemically active surface area per unit volume at anode 
and cathode and also the anodic and cathodic charge 
transfer coefficients were considered as fitting parame-
ters. The current data were obtained with Aa=1.935×106 
m2/m3, Ac=1.93×107 m2/m3, aα =0.25 , and

cα =0.875. These fitting parameters were maintained 
for this study. The input parameters used for valida-
tion are tabulated in Table 3.



Table 3. Input parameters used in validation.

Description Symbol Value Dimensions

Inlet velocity uin 5 m/s

Inlet temperature Tin 1023 K

Total inlet pressure pt 1 atm

H2 inlet molar fraction
20,Hx 0.97 1

H2O inlet molar fraction
20,H Ox 0.03 1

O2 inlet molar fraction
20,Ox 0.21 1

N2 inlet molar fraction
20,Nx 0.79 1

Inlet velocity uin 5 m/s

Anode and cathode permeability [43] κ 10-10 m2

Anode and cathode porosity [43] ε 0.4 1

Anode and cathode tortuosity τ 2.75 1

Universal gas constant Ru 8.314 J/mol.K

Anode thermal conductivity [18] ka 3 W/m.K

Cathode thermal conductivity [18] kc 3 W/m.K

Electrolyte thermal conductivity [18] ke 2 W/m.K

Anode conductivity [35]
aσ  

71428.57 S/m

Cathode conductivity [35]
cσ

5376.34 S/m

Electrolyte conductivity [35]
eσ

0.64 S/m

Anode specific heat [18] Cp,a 595 J/kg.K

Cathode specific heat [18] Cp,c 573 J/kg.K

Electrolyte specific heat [18] Cp,e 606 J/kg.K

Anode density [18] ρa 6870 kg/m3

Cathode density [18] ρc 6570 kg/m3

Electrolyte density [18] ρe 5900 kg/m3

Dynamic viscosity of hydrogen [18]
2Hµ 6.162´10-6 +1.145´10-8T Pa.s

Dynamic viscosity of oxygen [18]
2Oµ

5 81 668 10 3 168 10− −× + ×. . T Pa.s

Dynamic viscosity of nitrogen [18]
2Nµ

-5 -81.435Ч10 + 2.642Ч10 T Pa.s

Dynamic viscosity of water [18]
2H Oµ -6 -84.567 10 + 2.209 10 T× × Pa.s

Thermal conductivity of hydrogen [18] 
2Hk -40.08525 + 2.964Ч10 T W/m.K

Thermal conductivity of oxygen [18]
2Ok -50.01569 + 5.69Ч10 T W/m.K

Thermal conductivity of nitrogen [18]
2Nk -50.01258 + 5.444Ч10 T W/m.K

Thermal conductivity of water [18]
2H Ok -5-0.0143 + 9.782Ч10 T W/m.K
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4.2. Comparative study 

In this section, a comparative study between two dif-
ferent flow configurations of AP-SOFC: case 1: co-
flow configuration and case 2: counter-flow configura-
tion (see Fig. 2) with the same input data is presented. 
To have a more realistic comparison, all input param-
eters used in the validation section are maintained. 
Fig. 5 depicts a comparative performance between 
0.3 electrolyte porosity case 1 and case 2 in the same 
input parameters is given in Table 3 at 750oC operat-
ing temperature. Figure 5 reveals that the AP-SOFC 
with a counter-flow configuration, i.e., case 2, shows 
better cell performance. The maximum power densi-
ty produced by case 2 is 2665 W/m2, while this val-

ue for case 1 is 2540 W/m2, showing a 4.9% increase 
in maximum power density produced by the cell. It 
is realized that the counter-flow configuration is the 
preferred design for the hydrogen-fuelled AP-SOFC 
scheme. However, both cases produce less maximum 
power density compared to a conventional SOFC. 
This value for a conventional SOFC is about 3596 W/
m2. Two key factors play a major role in this low AP-
SOFC performance: i) the porous electrolyte displays 
a lower ionic conductivity, as compared to a dense one 
because oxide ions are able to diffuse only through the 
solid portion of the electrolyte and ii) diffusion and 
transportation of inactive species via the porous elec-
trolyte from anode to cathode and vice versa reduces 
the cell performance. 

Fig. 5. A comparative performance representation between 0.3 electrolyte porosity, co- and counter-flow config-
.urations AP-SOFC with the same input

Fig. 6 shows the distribution of the y component ve-
locity field along the x axis crossing from y=hcell/2, 

hcell/4, and 3hcell/4 at cell voltage 0.7 V and 750oC op-
erating temperature for cases 1 and 2.
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It can be seen that the velocity attains a value very 
close to zero in the all-porous PEN (Positive elec-
trode-Electrolyte-Negative electrode) in both cases. 
This very low velocity is due to the porous nature of 
the PEN, causing a very low permeability. This causes 
the Darcy pressure drop term P

K
µ − ∇ 

 
 to be very large. 

However, two different flow behaviors are observed 
for cases 1 and 2. In case 1, the velocity distribution 
trends along the x-axis crossing different y positions 
are the same. Furthermore, the maximum velocity 
magnitude in anode and cathode channels are 7.76 
and 7 m/s, respectively, showing a 10% increase in the 
maximum velocity for the anode channel. Comparing 
this value to the inlet velocity (which is equal to 5m/s) 
shows a 55% and 40% increase in anode and cathode 
channels, respectively. This big increase in velocity 
magnitude can lead to a decrease in cell performance 
by passing unused hydrogen and oxygen from the an-
ode and cathode channels, respectively. Note that this 
increased value of velocity compared to inlet velocity 
is due to the boundary layer growth from the channel 
wall. But in case 2, the velocity value in the middle of 
the cell is less, and the velocity distribution near the 
inlet and outlet shows approximately the same. The 
maximum velocity magnitude in anode and cathode 
channels are 2 and 4.3 m/s, respectively, showing a 
115% increase in the cathode channel of case 2. How-
ever, both values are less than the inlet velocity. This 

means that when the counter-flow configuration is 
used for an AP-SOFC, the velocity values are less than 
the inlet velocity, and this helps hydrogen and oxygen 
to diffuse in anode and cathode reaction zones, respec-
tively, and produce much more electricity. 
Figs. 7-9 depict hydrogen, water, and oxygen mole 
fraction distributions along the y-axis crossing the 
middle of the represented layer at a cell voltage of 
0.7V and 750oC operating temperature for cases 1 and 
2. It is realized from Fig. 7a that hydrogen leaves the 
anode channel of case 2 with a mole fraction of 0.092, 
while this value for case 1 is 0.7. This shows that more 
hydrogen is consumed in case 2. However, the exist-
ing hydrogen has a mole fraction of 0.7 at the cathode 
channel outlet, while this value for case 1 is 0.36. The 
lower mole fraction of hydrogen at the anode channel 
outlet in case 2 originates from two factors: 1) con-
sumption of hydrogen due to the electrochemical re-
action occurring in the anode functional layer and 2) 
hydrogen leakage within the porous electrolyte into 
the cathode channel. By comparing hydrogen mole 
fractions in the anode functional layers of the two cas-
es in Fig. 7b, it is understood that more hydrogen dif-
fuses in the anode functional layer of case 2 decreases 
from 0.96 to about 0.03, while this decline for case 1 
is with a lower slope, decreasing from 0.77 to 0.56. 
Note the small amount of hydrogen emerging in the 
anode functional layer of case 2 near the outlet should 

Fig. 6. y component velocity field distribution along the x axis crossing from y=hcell/2, hcell/4, and 3hcell/4 at cell voltage 0.7 V and a 
750oC operating temperature for (a) case 1 and (b) case 2.

(a) Casel (b) Casel
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Fig. 7. Hydrogen mole fraction distribution along the y-axis crossing the middle of (a) anode and cathode channels (b) anode and 
cathode functional layers at cell voltage 0.7 V and 750oC operating temperature for cases 1 and 2.

Fig. 8. Water mole fraction distribution along the y-axis crossing the middle of (a) anode and cathode channels (b) anode and 
cathode functional layers at cell voltage 0.7 V and 750oC operating temperature for cases 1 and 2.

be given attention in cases with longer channel length. 
Fig. 8 shows that more water is produced in case 2. 
The maximum water mole fraction in case 2 is 0.038, 
occurring in the anode channel at y=3.5mm. It is also 
found that more water is produced on the anode side 
of the cell in case 2 near the inlet, indicating that this 
portion of the cell is more active in producing electric-
ity. However, a reduction in the water amount in case 

1 is observed. Water amount experiences a slight de-
crease from 0.03 to 0.026 in the anode channel of case 
1, while the water amount on the other side shows 
the opposite behavior, increasing from 0 to 0.01 in 
the cathode channel of case 1. Oxygen in the cathode 
channel of both cases 1 and 2 decreases from 0.21 to 
0.11 and 0.05, respectively, as shown in Fig. 9a. 

(a) (b)

(b)(a)
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Fig. 10. Temperature contours for cases 1 and 2 at a cell voltage of 0.5V.

A greater reduction of oxygen (76%) in the cathode 
channel is observed in case 2. Fig. 9b shows that the 
oxygen emergence in the anode functional layer of 
case 1 is more uniform and is an obstacle for hydrogen 
molecules taking part in the electrochemical reaction, 
while this emergence of oxygen in case 2 is limited to 
the top half of the cell.
Fig. 10 shows temperature contours for cases 1 and 
2 at a cell voltage of 0.5V. As it can be seen, case 2 
reveals a higher maximum temperature compared to 
case 1. The maximum temperature for case 2 is 1041K, 

while this value for case 1 is 1032.5K. Furthermore, 
the point of the cell having the maximum temperature 
is (0.602,5.43) and (0.597,7.508) mm for cases 1 and 
2, respectively. This shows that the maximum temper-
ature occurs at the middle of the electrolyte layer in 
both cases; however, this point for case 2 is closer to 
the outlet. Furthermore, the temperature distribution 
in case 1 is more uniform compared to case 2. Thus, 
case 2 is more probable to crack initiation by thermal 
stresses, which is not a problem in AP-SOFCs.

Fig. 9. Oxygen mole fraction distribution along the y axis crossing the middle of (a) anode and cathode channels (b) anode and 
cathode functional layers at cell voltage 0.7 V and 750oC operating temperature for cases 1 and 2.

((( aCase 1 (((b Case 2

(a) (b)
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5. Conclusions

A comparative numerical study of co- and coun-
ter-flow configurations of hydrogen-fuelled planar 
all-porous solid oxide fuel cell has been performed. 
Results indicated that the counter-flow configuration 
is more suitable for an AP-SOFC scheme. The cell 
with a counter-flow configuration showed a 4.9% in-
creasing in maximum power density produced by the 
cell compared to the co-flow configuration cell. Fur-
thermore, comparing the velocity field distribution in 
each channel revealed that the velocity field distribu-
tion in the counter-flow configuration differs in each 
section, while this trend for the co-flow configuration 
was the same. One of the key factors in the reduc-
tion of the AP-SOFC performance as compared to a 
conventional SOFC is the emergence of ‘spectator’ 
species in the functional layers. In the counter-flow 
configuration, the emergence of ‘spectator’ species 
was limited to the end portion of the cell, while in the 
co-flow configuration, this emergence was spread  in 
all portions. Finally, the counter-flow configuration 
showed a higher maximum temperature occurred in 
the middle of the electrolyte. 
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