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Abstract: Compared with planar-type solid oxide fuel cells (SOFCs), mono-block-layer build (MOLB)-
type SOFCs have additional three-phase boundaries per unit volume, and their performance is
severely limited by their longer current path. To resolve this issue, a vertical rib design, which was
evaluated using a numerical method, was proposed. Compared with the conventional design, the
power density for the vertical rib design increased by 12.32%. This is because the vertical rib design
provides another short path for current, which not only reduces the ohmic loss in the cathode, but
also decreases the ohmic polarization caused by the contact resistance. However, the vertical rib
design hinders the transport of oxygen in the cathode and increases the concentration loss. Therefore,
the vertical rib size design is crucial. Based on the influence of the vertical rib width, the vertical
rib widths on the cathode and anode sides of 0.7 and 1 mm are recommended for different contact
resistances, respectively.

Keywords: solid oxide fuel cell; interconnector; vertical rib design; oxygen transfer; ohmic loss

1. Introduction

Fuel cells have attracted widespread attention from international scholars owing to
their high efficiency, cleanliness, and quietness [1–4]. At present, the relatively mature fuel
cell technology is the proton exchange membrane fuel cell (PEMFC), and its application
fields include automobiles, forklifts, submarines, and unmanned aerial vehicles. However,
PEMFCs use precious metals as catalysts, which increases the production costs. In addition,
high-purity hydrogen is required, and the storage and transportation of hydrogen is a major
problem, which hinders the commercial application of PEMFCs [5–7]. Compared with the
PEMFCs, solid oxide fuel cells (SOFCs) can use non-noble metals as catalysts because of
their higher operating temperatures (873.15–1073.15 K). In view of this, SOFC technology
has developed rapidly in recent years [8–11]. The SOFC is an all-solid structure, and thus it
is more convenient to made into various structural forms. Based on the structure, the SOFC
can be divided into planar type, tubular type, micro tubular type and mono-block-layer
build (MOLB) type [12–15]. Conversely, owing to its corrugated anode/electrolyte/cathode,
the MOLB-type type SOFC increases the total length of the three-phase boundaries and
reduces the activation polarization, while the corrugated anode/electrolyte/cathode pro-
vides the fuel and air flow channel, eliminating the interconnector channel and making the
SOFC more compact [16].

In recent years, many scholars have used numerical simulation methods to study
the effects of various parameters and design schemes on the performance of MOLB-type
SOFCs. Yang et al. established an MOLB-type SOFC model to analyze the effects of
co-flow and counter-flow designs on temperature and current density, and found that
the co-flow design has a more uniform temperature and current density distribution [17].
Zhang et al. compared and analyzed the difference in heat and mass conduction between
planar-type SOFCs and MOLB-type SOFCs. Under the same working conditions, the
temperature gradient of the MOLB-type SOFC is smaller than that of the planar-type SOFC,

Energies 2022, 15, 979. https://doi.org/10.3390/en15030979 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15030979
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en15030979
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15030979?type=check_update&version=2


Energies 2022, 15, 979 2 of 12

and the temperature distribution of the planar-type SOFC is more sensitive to the fuel
flow rate and hydrogen mass fraction [18]. Verda et al. optimized the geometric structure
parameters of the MOLB-type SOFCs to minimize entropy production. The simulation
results suggest that compared with the initial design, the power density of the optimized
structure has increased by approximately 11% [19]. Mendoza-Miranda et al. discussed the
influence of electrolyte thickness, inlet temperature, inlet velocity, and inlet mass fraction on
entropy production. The results indicate that the irreversible entropy generation is closely
related to the inlet temperature and electrolyte thickness. When the inlet temperature was
973 K, the overall entropy production was approximately 35% less than when the inlet
temperature was 873 K [20,21]. Stygar et al. studied the influence of the MOLB-type SOFCs
geometry on the temperature distribution and heat conduction rate. It was found that two
adjacent layers were cross-flow, and when one layer was counter-flow, the temperature
was more uniform and the temperature gradient was smaller [22]. Mendoza-Miranda et al.
considered the internal reforming of methane on the anode side and found that compared
with planar-type SOFCs, MOLB-type SOFCs have higher H2 concentrations and lower
average temperatures [23].

In the author’s previous work, the influence of anode thickness, cathode thickness,
channel height, and porosity on the performance of MOLB-type SOFCs, was investi-
gated [12]. The study found that when the cathode thickness is 100 µm and the working
voltage is 0.7 V, the cathode ohmic polarization is as high as 70 mV, accounting for 17.5% of
the total polarization loss of the SOFC. To reduce the ohmic polarization in the cathode,
in this study, we proposed a vertical rib design, as shown in Figure 1. In addition, the
difference between the conventional design and the vertical rib design was compared and
analyzed, and then the effects of the vertical rib width design on the performance of the
MOLB-type SOFC were studied. Finally, the optimization of the vertical rib width for
different contact resistances is discussed.
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2. Model

To shorten the simulation time, the simulation domain in this work is a repeating unit,
as shown in Figure 1c,d including the interconnector (Stainless Steel), anode (Ni/YSZ), cath-
ode (LSM/YSZ), and electrolyte (YSZ). The structural dimensions are shown in Figure 1e.
The vertical rib design model is based on the conventional design model established in our
previous work [12] by adding vertical ribs, and the contact resistance was set at the interface
between the vertical rib and the electrode. The model is briefly introduced below, and its
governing equations are listed in Table 1. To solve the governing equations, appropriate
boundary conditions must be set. The gas concentration and inlet volume flow rate were
set at the channel inlet. The open-circuit voltage was set on the external surface of the
anode side interconnector. The working voltage was set on the external interconnector
surface of the cathode side, and the conversion current was set at the interface between the
electrode and the electrolyte, as shown in Table 2. Except for the settings in Table 2, for the
momentum equation, the other boundaries are no-slip, which means the normal velocity
is zero; for the species equation, there is no mass flux across the other boundaries; for the
charge equation, electric insulation is set on the other boundaries.

Table 1. Governing equations.

Equations Regions

Momentum
(ρu · ∇)u = −∇p +∇ ·

[
µ(∇u + (∇u)T)− 2

3 µ(∇ · u)I
]

Gas channel (1)

µ
B0

= −∇p +∇ ·
[
µ(∇u + (∇u)T)− 2

3 µ(∇ · u)I
]

Electrode (2)

Mass continuity equation ∇ · (ρu) = 0 Gas channel Electrode (3)

Species ∇ · Ni = ∇ · (−Dij∇Ci + Ciu) = 0 Gas channel (4)

∇ · Ni = ∇ · (−Di∇Ci + Ciu) = 0 Electrode (5)

Charge ∇ · iel = ∇ · (−σeff
el ∇Φel) = 0 Electrode Interconnector (6)

∇ · iio = ∇ · (−σeff
io ∇Φio) = 0 Electrolyte (7)
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Table 2. Boundary setting.

Boundary Setting

Air channel inlet
Species concentration CO2 = C0

O2
CN2 = C0

N2

Volume flow Uair = 3.5 cm3/s

Fuel channel inlet
Species concentration CH2 = C0

H2
CH2O = C0

H2O

Volume flow Ufuel = 0.35 cm3/s

Air channel outlet
Outflow ⇀

n · (−Di∇Ci) = 0
Pressure pout

air = 1 atm

Fuel channel outlet
Outflow ⇀

n · (−Di∇Ci) = 0
Pressure pout

fuel = 1 atm

The cathode interconnector outer surface Operational potential Vop

The anode interconnector outer surface Nernst potential E0

Anode/Electrolyte interface
The conversion current between the
electron current and the ion current ian

trans

Inward flux H2 : −ian
trans/2F; H2O : ian

trans/2F;

Cathode/Electrolyte interface
The conversion current between the
electron current and the ion current ica

trans

Inward flux O2 : −ica
trans/2F; N2: 0;

Electrode/Interconnector interface Contact resistance ASRcontact

The conversion current at the anode/electrolyte interface can be written as:

ian
trans = ian

ref exp
[
−

EH2

R

(
1
T
− 1

Tref

)]( pTPB
H2

pTPB
H2O

p0
H2

p0
H2O

)
×
[

exp
(

2αan
f F

RT
ηan

act

)
− exp

(
−2βan

r F
RT

ηan
act

)]
(8)

The conversion current at the cathode/electrolyte can be written as:

ica
trans = ica

ref exp
[
−

EO2

R

(
1
T
− 1

Tref

)]( pTPB
O2

p0
O2

)0.25

×
[

exp
(

2αca
f F

RT
ηca

act

)
− exp

(
−2βca

r F
RT

ηca
act

)]
(9)

The activation polarization of the anode can be written as:

ηan
act = Φel −Φio −

RT
2F

ln

(
p0

H2

p0
H2O

pTPB
H2O

pTPB
H2

)
(10)

The activation polarization of the cathode can be written as:

ηca
act = Φio −Φel −

RT
4F

ln

(
p0

O2

pTPB
O2

)
(11)

This study uses Comsol Multiphisics software to establish the MOLB-type SOFC
model, and the model parameters are listed in Table 3. First, the grid independence is
verified for vertical rib design. Figure 2 shows grid diagrams with different grid num-
bers. When the number of grids was 46,200, the power density per unit volume was
1.5502 W/cm3, which was 1.5501 W/cm3 for 77,000 grids. Therefore, 46,200 grids are
sufficient, and the following numerical simulation uses this grid setting. To validate the
model, the button cell model is built with the settings as described above except for the
component thickness. The anode thickness, cathode thickness, and electrolyte thickness
of the button cell model are 500, 30, and 25 mm, respectively, according to experimental
conditions in Ref [24]. Figure 3 shows a comparison between the experimental data [24]
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and model calculation results. It can be observed that the model calculation results are
consistent with the experimental data.

Table 3. Model parameters [24–27].

Parameters Equations or Values

Binary diffusion coefficient Dij =
3.198×10−8T1.75

p
(

ν1/3
i +ν1/3

j

)2

(
1

Mi
+ 1

Mj

)0.5

Knudsen diffusion coefficient DiKn = 2
3 rg

√
8RT
πMi

H2 equivalent diffusion coefficient DH2
= ε

τ

DH2H2ODH2Kn
DH2H2O+xH2 DH2OKn+xH2ODH2Kn

H2O equivalent diffusion coefficient DH2O = ε
τ

DH2H2ODH2OKn
DH2H2O+xH2 DH2OKn+xH2ODH2Kn

O2 equivalent diffusion coefficient DO2
= ε

τ

DO2N2
DO2Kn

DO2N2
+xO2 DN2Kn+xN2 DO2Kn

N2 equivalent diffusion coefficient DN2
= ε

τ

DO2N2
DN2Kn

DO2N2
+xO2 DN2Kn+xN2 DO2Kn

Anode conductivities σeff
an = 3.27× 106 − 1065.3T[(1− ε)φan pel]

3.5

Electrolyte conductivities σel = 3.34× 104 exp(−10300
T )

Cathode conductivities σeff
ca = 4.2×107

T exp
(
−1150

T

)
[(1− ε)pel]

3.5

Porosity ε 0.3 cathode; 0.3 anode;

Curvature τ 3.5 cathode 3.5 anode;

The diffusion volume (m3/mol) 16.3 × 10−6 O2; 18.3 × 10−6 N2; 6.12 × 10−6 H2;
13.1 × 10−6 H2O;

Permeability (m2) 1 × 10−13 m2 cathode; 1.7 × 10−10 m2 anode;

Viscosities (Pa s) 4 × 10−5 air; 2.8 × 10−5 fuel;

T (K) 1073.15

rg (m) 5 × 10−7

αca
f , βca

r , αan
f , βan

r 0.75, 0.5, 1, 0.5

ica
ref (A m−2), ian

ref (A m−2) 860, 2000

EO2 (J mol−1), EH2 (J mol−1) 130 × 103, 120 × 103

Vop (V) 0.7

ASRcontact (Ω cm2) 0.03

Gas concentration at inlet (mol/m3) 2.38 O2; 8.97 N2; 9.08 H2; 2.27 H2O;
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3. Results and Discussion
3.1. Ohmic Polarization

To reduce the ohmic polarization in the cathode, a vertical rib design was proposed.
The results show that the power density for the vertical rib design is 1.55 W/cm3, which
increases by 12.32% from the power density of 1.38 W/cm3 for the conventional design.
The advantage of vertical rib design can be understood by analyzing the ohmic polarization.
Figure 4 compares the cathode potential distributions of the conventional and vertical rib
designs. The potential distribution is similar for the two designs, with a high potential on
the left and a low potential on the right. This is because the current flows from the anode
through the electrolyte to the cathode, as shown in Figure 5. In addition, the cathode ohmic
polarization in the conventional design is 34.3 mV (=770 mV − 735.7 mV), while it is only
15.2 mV (=738.4 mV − 723.2 mV) for the vertical rib design, which is 55.7% less than the
conventional design. This is because the vertical rib design provides another short path for
the current and reduces the ohmic loss in the cathode.
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3.2. Gas Concentration Distribution 
Figure 7 shows the oxygen concentration distributions for the two designs. For both 

designs, the contact region between the interconnector and the cathode impedes the dif-
fusion of oxygen in the cathode, resulting in a low oxygen concentration region, which 
decreases the SOFC performance. In addition, comparing Figure 7a,b it was found that 
the vertical rib also hindered the transport of oxygen in the cathode. On the one hand, the 
vertical rib design reduces the ohmic polarization, but it increases the concentration loss. 

Figure 5. Current path at cross-section: (a) conventional design; (b) vertical rib design.

Figure 6 shows the potential distribution of the anodes for the two designs. Compared
with the cathode, the potential change in the anode is small, which is mainly because the
conductivity of the anode is much greater than that of the cathode. Owing to the generation
of oxides, the interface between the interconnector and the electrode has a large contact
resistance. The voltage on the upper surface of the anode interconnector is 1.1 V, and
the potential loss in the interconnector is negligible owing to its relatively large electrical
conductivity. Therefore, the ohmic polarization caused by the anode contact resistance of the
conventional design is 39.5 mV (=1.1 V − 1.0605 V), which is 28.3 mV (=1.1 V − 1.0717 V)
for the vertical rib design, showing a decrease of 28.4% compared with the conventional
design. The ohmic polarization caused by the cathode contact resistance is reduced from
35.7 mV (=0.7357 V − 0.7 V) in the conventional design to 23.2 mV (=0.7232 V − 0.7 V) in
the vertical rib design, showing a decrease of 35%. This is because the vertical rib design
reduces the current density at the interface between the interconnector and the electrode
by providing another current path, which reduces the ohmic polarization caused by the
contact resistance. Therefore, the vertical rib design not only reduces the ohmic polarization
in the cathode but is also beneficial to the reduction in the ohmic polarization caused by
the contact resistance.
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3.2. Gas Concentration Distribution

Figure 7 shows the oxygen concentration distributions for the two designs. For
both designs, the contact region between the interconnector and the cathode impedes the
diffusion of oxygen in the cathode, resulting in a low oxygen concentration region, which
decreases the SOFC performance. In addition, comparing Figure 7a,b it was found that
the vertical rib also hindered the transport of oxygen in the cathode. On the one hand, the
vertical rib design reduces the ohmic polarization, but it increases the concentration loss.
Therefore, the vertical rib size design is crucial. The hydrogen concentration distributions
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are shown in Figure 8. The effects of the contact region between the interconnector and
anode on hydrogen can be neglected. This is mainly because the anode thickness is thicker,
which reduces the diffusion resistance of hydrogen in the horizontal direction.
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3.3. Vertical Rib Width

As shown in Figure 9, ohmic loss (ohmic loss = cathode ohmic polarization + ohmic
polarization introduced by anode contact resistance + ohmic polarization introduced by
cathode contact resistance) gradually decreases with an increase in the vertical rib width
(Wrib), whereas the power density increases first and then decreases, reaching the maximum
value when the vertical rib width (Wrib) is 0.7 mm. This is because an increase in the vertical
rib width reduces the oxygen concentration in the cathode. For example, when the vertical
rib width (Wrib) increases from 0.1 to 0.7 mm, the average oxygen concentration in the
cathode is decreased by 16.67% from 1.44 to 1.20 mol/m3. However, hydrogen is decreased
by only 4.61% from 7.38 to 7.04 mol/m3, as shown in Figure 9b. Therefore, the vertical
rib design has a weak impact on hydrogen but has a greater impact on oxygen. Thus, it is
expected that the optimal vertical rib width on the cathode side (Wca

rib) would be smaller
than the optimal vertical rib width on the anode side (Wan

rib). Furthermore, although with
the increase in the inlet gas volume flow, the performance of SOFC is enhanced for a fixed
rib width, the effect of inlet gas volume flow on the optimal vertical rib width is negligible,
as shown in Figure 9c.
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As mentioned above, the vertical rib design has an obvious effect on the ohmic
polarization caused by the contact resistance. It is necessary to investigate the influence of
the vertical rib width with different contact resistances as the contact resistance gradually
increases with time. Figure 10a shows the relationship between the vertical rib width on the
cathode side (Wca

rib) and the power density when the vertical rib width on the anode side
(Wan

rib) is 0.7 mm. The greater the contact resistance, the lower the output power density. In
addition, it can be observed that the smaller the contact resistance, the smaller the optimal
Wca

rib. For example, when the contact resistance is 0.01 Ω cm2, the optimal Wca
rib is 0.55 mm,

and when the contact resistance is 0.05 Ω cm2, the optimal Wca
rib is 0.75 mm. Note that the

variation in the power density is small near the optimal Wca
rib. Thus, an Wca

rib of 0.7 mm is
recommended for different contact resistances.

Energies 2022, 15, x FOR PEER REVIEW 10 of 12 
 

 

  

(a) (b) 

Figure 10. Influence of (a)  (b) . 

4. Conclusions 
To reduce the ohmic polarization of MOLB-type SOFCs, a vertical rib design was 

proposed in this study. A numerical method was adopted to analyze the advantages of 
the proposed design compared with the conventional design. It was found that the verti-
cal rib design provides another additional short path for the current, reducing the ohmic 
polarization in the cathode, and simultaneously decreasing the ohmic polarization caused 
by contact resistance. However, the vertical rib design hinders the transport of oxygen 
and increases the concentration loss. By analyzing the influence of the vertical rib width 
on the cathode side ( ), the results show that there is an optimal value for . Fur-
thermore, because the anode is thicker, the vertical rib width on the anode side  has 
little effect on the transport of hydrogen. Therefore, a larger  was expected within 
the design range. However, owing to space constraints, an  of 1 mm is recom-
mended. 

Author Contributions: Conceptualization, W.K.; data curation, S.L.; investigation, S.L. and M.Z.; 
methodology, J.W.; resources, M.Z.; software, J.W.; writing—review and editing, W.K. All authors 
have read and agreed to the published version of the manuscript. 

Funding: This research was funded by the National Science Foundation of China grant number 
22179054 and 11774324. And the APC was funded by 22179054. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement:Not applicable. 

Data Availability Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

Nomenclature 

contactASR
 Contact resistance, (Ω cm2) 

0B  Permeability coefficient, (m2) 

 Molar concentration of species i  at channel inlet, (mol/m3) 

iC  Molar concentration of species i , (mol/m3) 

pC  
Specific heat capacity, (J/kg) 

ijD  
Binary diffusion coefficient, (m2/s) 

 Knudsen diffusion coefficient of species i , (m2/s) 

Figure 10. Influence of (a) Wca
rib (b) Wan

rib.



Energies 2022, 15, 979 10 of 12

Figure 10b shows the relationship between the vertical rib width on the anode side
(Wan

rib) and the power density for different anode contact resistances when the Wca
rib is

0.7 mm. As the Wan
rib increases, it is beneficial to reduce the ohmic polarization caused by the

contact resistance on the anode side, but this has little effect on the hydrogen concentration.
Therefore, a larger Wan

rib was expected within the design range. However, owing to space
constraints, an Wan

rib of 1 mm is recommended.

4. Conclusions

To reduce the ohmic polarization of MOLB-type SOFCs, a vertical rib design was
proposed in this study. A numerical method was adopted to analyze the advantages of the
proposed design compared with the conventional design. It was found that the vertical
rib design provides another additional short path for the current, reducing the ohmic
polarization in the cathode, and simultaneously decreasing the ohmic polarization caused
by contact resistance. However, the vertical rib design hinders the transport of oxygen and
increases the concentration loss. By analyzing the influence of the vertical rib width on the
cathode side (Wca

rib), the results show that there is an optimal value for Wca
rib. Furthermore,

because the anode is thicker, the vertical rib width on the anode side Wan
rib has little effect on

the transport of hydrogen. Therefore, a larger Wan
rib was expected within the design range.

However, owing to space constraints, an Wan
rib of 1 mm is recommended.
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Nomenclature

ASRcontact Contact resistance, (Ω cm2)
B0 Permeability coefficient, (m2)
C0

i Molar concentration of species i at channel inlet, (mol/m3)
Ci Molar concentration of species i, (mol/m3)
Cp Specific heat capacity, (J/kg)
Dij Binary diffusion coefficient, (m2/s)
DiKn Knudsen diffusion coefficient of species i, (m2/s)
Di Equivalent diffusion coefficient of species i, (m2/s)
E0 Nernst potential, (V)
F Faraday constant, (96,487 C/mol)
iel Electronic current density, (A/m2)
iio Ionic current density, (A/m2)
ian
trans Local transfer current at anode, (A)

ica
trans Local transfer current at cathode, (A)
Mi Molecular mass, (kg/mol)
Ni Molar flux, (mol/m2/s)
R Universal gas constant, (J/mol/K)
p Total pressure, (Pa)
p0 One atmospheric pressure, (Pa)
p0

i Species i pressure at channel inlet, (Pa)
pTPB

i Species i pressure at TPB, (Pa)
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rg Pore radii, (m)
T Operating temperature, (K)
Tref Reference temperature, (K)
u Convection velocity, (m/s)
νi Diffusion volume, (m3

/mol)
xi Molar fraction
Φel Local electronic potential, (V)
Φio Local ionic potential, (V)
Vop Operational potential, (V)
σeff

el Effective conductivity, (S/m)
ηan

act Anode activation polarization, (V)
ηca

act Cathode activation polarization, (V)
ε The porosity
µ Viscosity coefficient of fluid, (Pa·s)
ρ Density, (kg/m3)
τ Tortuosity factor
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