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Abstract: The shipping industry is trying to use new types of fuels to meet strict pollutant emission
regulations and carbon emission reduction targets. Hydrogen is one of the options for alternative
fuels used in marine applications. Solid oxide electrolysis cell (SOEC) technology can be used for
hydrogen production. When water and carbon dioxide are provided to SOECs, hydrogen and carbon
monoxide are produced. The interconnector of SOECs plays a vital role in cell performance. In this
study, a 3D mathematical model of cathode-supported planar SOECs is developed to investigate the
effect of interconnector rib width on the co-electrolysis of water and carbon dioxide in the cell. The
model validation is carried out by comparing the numerical results with experimental data in terms
of a polarization curve. The rib width is varied from 0.2 mm to 0.8 mm with an interval of 0.1 mm. It
is found that the cell voltage is decreased and then increased as the rib width increases. When the
current density is 1 A/cm2, the voltages of SOECs with rib widths of 0.2 mm, 0.6 mm, and 0.8 mm are
1.272 V, 1.213 V, and 1.221 V, respectively. This demonstrates that the best performance is provided
by the SOEC with a rib width of 0.6 mm. In addition, the local transport processes of SOECs with
different rib widths are presented and compared in detail. This study can provide guidelines for the
design of interconnectors of SOECs.

Keywords: hydrogen; marine applications; solid oxide electrolysis cells; numerical modeling;
interconnector design

1. Introduction

The widespread utilization of fossil fuels has resulted in considerable environmental
pollution. Meanwhile, carbon emissions have a significant impact on the global climate [1].
Nowadays, the main energy source for the shipping industry is still fossil fuels. The fourth
International Maritime Organization (IMO) greenhouse gas study pointed out that in 2018,
the total annual carbon dioxide emissions from global shipping exceeded 1 billion tons,
accounting for approximately 2.89% of the world’s total emissions. The IMO has set a goal
of reducing the carbon intensity of ships by at least 40% by 2030 and reducing greenhouse
gas emissions from ships by more than 50% by 2050 compared to 2008 [2]. In order to
solve energy and environmental issues, it is essential to use renewable alternatives to fossil
energy and carbon-neutral energy technologies [3,4].

The shipping industry is trying to use new types of marine power systems with
low/zero emissions. Fuel cells are one of the possible alternative technologies [5]. Fuel cells
have advantages such as zero pollution, low noise, and high energy density. Hydrogen
is used as the fuel when the fuel cell system is adopted. Hydrogen is a clean and zero
carbon fuel. One of the practical and effective paths for the shipping industry to achieve low
carbon or even zero carbon emissions targets is to adopt fuel-cell powered ships [6]. Among
various hydrogen production methods, the electrolysis of water is currently considered the
most feasible and promising technology for large-scale, renewable energy-based hydrogen
production [7]. This process of generating green hydrogen from renewable energy electricity
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is clean and pollution-free, because the production process is decoupled from fossil fuels.
The widespread application of green hydrogen in the shipbuilding industry will help reduce
ship carbon emissions [8]. Solid oxide electrolysis cells (SOECs) have gained significant
attention due to their high efficiency, flexible reactant selectivity, and noble metal-free
catalysts. The high operating temperature of SOECs offers thermodynamic advantages and
low overpotential losses compared to low temperature electrolysis techniques [9].

SOECs convert electrical energy into chemical energy stored in the syngas produced
by the co-electrolysis of water and carbon dioxide. Numerical simulations were performed
to investigate the cell performance and transport phenomena of SOECs. Ni et al. [10,11]
used a two-dimensional model to examine the effects of feed gas composition and oper-
ating temperature on SOEC performance. A two-dimensional tubular SOEC model was
developed and then adopted to obtain the optimal operating condition [12]. In addition,
the effects of flow arrangement on temperature distribution, ionic current density dis-
tribution, conversion rate, and efficiency were investigated and compared in detail. Xie
et al. [13] studied the effects of operating temperature, voltage, and species component
on SOEC performance. The effect of operating pressure on cell performance was studied
by Du et al. [14]. It was reported that the operating voltage increases and then decreases
with increasing operating pressure. Kazemour et al. [15] studied the effects of operating
temperature, inlet gas composition, and flow mode on the performance of SOEC under
water electrolysis and co-electrolysis modes, respectively. The effects of electrode thickness,
support type, porosity, and pore size on the performance of SOECs were comprehensively
investigated [16]. Menon et al. [17] studied the effects of operating temperature, inlet gas
velocity, electrode thickness, and micro-structural properties on the performance of SOECs.
Li et al. [18] studied the effect of cathode electrode thickness on the electrochemical reaction
of SOECs. The above-mentioned studies mainly focus on the operating conditions and
electrode structure parameters of SOECs.

The interconnector is one of the vital components of SOECs. Its flow field design
has a significant effect on the performance of SOECs. SOECs with different flow fields
were designed and compared in detail [19]. The porous flow field was able to achieve the
best performance. Similarly, the performance of SOECs with a metal foam flow field was
also studied by Zhao et al. [20]. The results indicate that the utilization of metal foam as
a gas flow field can enhance the performance of SOECs. However, SOECs with parallel
flow fields are still widely used. There are many studies on the interconnector of solid
oxide fuel cells (SOFCs), but the related studies on SOECs are still very few. The impact
of the rib on the concentration polarization of anode-supported fuel cells was extensively
investigated by Lin et al. [21]. They provided a practical guide for the optimization of
interconnector structure. The effects of rib width, pitch width, and contact area resistance
between the electrode and the interconnector on cell performance were systematically
studied by Jeon et al. [22]. The rib width of fuel cells was also optimized by Kong et al. [23]
and Liu et al. [24] to improve cell performance.

The above-mentioned studies mainly focused on the transport processes and perfor-
mance of SOECs with constant rib and channel widths. The rib and channel widths of
interconnectors can significantly affect the gas transport process in the porous electrode
and the performance of SOECs. Therefore, it is necessary to reveal the effect of the intercon-
nector of SOECs on local transport phenomena and overall cell performance. A parametric
study on the interconnector of SOECs for the co-electrolysis of water and carbon dioxide
needs to be carried out.

In this study, a three-dimensional model for the co-electrolysis of water and carbon
dioxide in SOECs was developed to study the effect of interconnector rib width on per-
formance and transport phenomena. The gas transport, heat transfer, mass transfer, ion
transport, electron transport, and electrochemical and chemical reaction processes within
the cell were considered in detail. The mathematical model was verified by comparing
the predicted results with experimental results under the same operating conditions. The
effects of interconnector rib width on cell performance, chemical reaction rates, velocity,



J. Mar. Sci. Eng. 2023, 11, 1066 3 of 17

pressure drop, species, and temperature distributions were also presented and analyzed.
This study can provide guidelines for the design of interconnectors of SOECs.

2. Model Description
2.1. Computational Domain and Assumptions

A single channel was chosen as the computational domain, as depicted in Figure 1. It
consists of several components including the anode interconnector, cathode interconnector,
anode flow channel, cathode flow channel, anode active layer (AAL), cathode active layer
(CAL), cathode support layer (CSL), and electrolyte layer. The corresponding geometric
parameters are summarized in Table 1. The co-flow arrangement is used in the present
work. Water and carbon dioxide are supplied into the cathode flow channel and air is
provided for the anode flow channel. When electricity is consumed, hydrogen and carbon
monoxide are produced. As shown in Figure 1, the x-axis is the direction of gas flow, the
y-axis is the direction of cell width, and the z-axis is the direction of cell thickness.

Figure 1. Computational domain of this study.

Table 1. Model geometric parameters.

Parameters Value

Cell length (Lcell, mm) 40
Cell width (Wcell, mm) 2

Channel height (Hchannel, mm) 1
Interconnector width (Wic, mm) 2
Interconnector height (Hic, mm) 1.5

Porous electrode length (Lporous, mm) 40
Porous electrode width (Wporous, mm) 2

CSL thickness (δCSL, µm) 300
AAL thickness (δAAL, µm) 15
CAL thickness (δCAL, µm) 10

Electrolyte thickness (δEL, µm) 10
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The following assumptions were made in this study:

(1) All gases were assumed to be ideal;
(2) The flow was assumed to be incompressible and laminar;
(3) The electrochemical reactions occur in the active layers;
(4) The interconnector material was assumed to be impermeable;
(5) Radiation heat transfer was neglected.

2.2. Governing Equations

Mass, momentum, species, energy, and charge transport equations are included in this
mathematical model. The charge conservation equation is:

∇·
(
−σeff

i ∇Φi

)
= Sion (1)

∇·
(
−σeff

e ∇Φe

)
= Sele (2)

where σi and σe are the ionic and electronic conductivities and Φi and Φe are the ionic
and electronic potentials. Sele and Sion are the corresponding source terms, which can be
obtained by using the Butler–Volmer equations [25]:

ic =
(
i0,c,H2O+i0,c,CO2

)
Sact,c

(
exp

(
α

neFη
RT

)
− exp

(
−(1− α)neFη

RT

))
(3)

ia= i0,aSact,a

(
exp

(
β

neFη
RT

)
− exp

(
−(1− β)neFη

RT

))
(4)

where α and β are charge transfer coefficients, and η is the activation overpotential. Sact,c
and Sact,a are the anode/cathode effective reaction specific surface area. i0,c,H2O and i0,c,CO2
are the exchange current densities for the electrolysis of water and carbon dioxide, and
i0,a is the anode exchange current density, which can be calculated from the following
equations [14,26]:

i0,c,H2O =
γc,H2ORT

2F

(
pH2O

pref,H2O

)m

exp
(
−Eact,c

RT

)
(5)

i0,c,CO2 =
γc,CO2

RT
2F

(
pCO2

pref,CO2

)m

exp
(
−Eact,c

RT

)
(6)

i0,a =
γaRT

4F

(
pO2

pref,O2

)n

exp
(
−Eact,a

RT

)
(7)

where γc and γa are adjustable parameters. Experimental work by Li [27] showed that H2O
electrolysis is approximately 2.2 times stronger than CO2 electrolysis, which was also veri-
fied in the SOEC co-electrolysis model by Luo [12], so it is assumed that γc,H2O = 2.2γc,CO2.
Eact is the activation energy. In addition, the effective electron and ion conductivities σeff

s
and σeff

l in the charge conservation equation, which are related to the structural parameters
of the porous electrode, including volume fraction and tortuosity, are calculated by the
following equations [28]:

σeff
e,a,LSM= σe,a

VLSM,a

τLSM,a
(8)

σeff
e,c,Ni= σe,c

VNi,c

τNi,c
(9)

σeff
i,el,YSZ= σi,el

VYSZ,el

τYSZ,el
(10)
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where τ is the tortuosity and V is the volume fraction. The superscript denotes the effective
and the subscript represents the anode/cathode. The electrodes of the electrolysis cell are
composites of an ionic conducting phase (YSZ) and an electronic conducting one (Ni in the
cathode and LSM in the anode) [29,30].

σs,a =
4.2× 107

T
· exp

(
−1150

T

)
(11)

σs,c= 3.27×106−1065.3T (12)

σl,el= 3.34×104· exp
(
−10, 300

T

)
(13)

σs,ic =
9.3×106

T
· exp

(
−1100

T

)
(14)

During SOEC operation, the required potential applied to the SOEC can be expressed as [31]:

V = E + ηact,c+ηact,a+ηohm (15)

where E is the thermodynamically relevant equilibrium potential (Nernst potential). ηact is
the activation overpotential reflecting the electrochemical activity of the electrode. ηohm is
the ohmic overpotential influenced by ionic and electronic conduction.

The equilibrium potential (Nernst potential) is calculated as follows:

E =
1

xH2O+xCO2

(
xH2OEeq

H2
+xCO2Eeq

CO

)
(16)

Eeq
H2

= E0
H2

+
RT
neF

ln

(
PH2P0.5

O2

PH2O

)
(17)

Eeq
CO= E0

CO +
RT
neF

ln

(
PCOP0.5

O2

PCO2

)
(18)

E0
H2

= 1.253−2.4516×10−4T (19)

E0
CO= 1.46713−4.527×10−4T (20)

where E0 is the temperature-dependent Nernst potential at standard pressure. Pi is the
corresponding component partial pressure in atm at the three-phase boundary (TPB). It
should be noted that the equilibrium potential includes the concentration overpotential
because the partial pressure of the gas at the reaction site is used in the calculations [32].

In porous cathodes, Ni can act not only as an electron conductor but also as a catalyst
for the occurrence of water–gas shift reaction (WGSR) and methane steam reforming
reaction (MSR) during the co-electrolysis of H2O and CO2. The WGSR rate (RWGSR) and
MSR rate (RMSR) can be determined by the following widely used expressions of the
Habermann model [33]:

RWGSR= kWGSR
f

(
pH2

pCO −
pH2

pCO2

KWGSR
P

)
(21)

RMSR= kMSR
f

pCH4
pH2O −

pCO

(
pH2

)3

KMSR
P

 (22)
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kWGSR
f = 0.0171 exp

(
−103, 191

RT

)
(23)

KWGSR
p = exp

(
−0.2935Z 3+0.6351Z 2+4.1788Z + 0.3169

)
(24)

Z =
1000

T
−1 (25)

kMSR
f = 2395 exp

(
−231, 266

RT

)
(26)

KMSR
p = 1.0267×1010× exp

(
−0.2513Z 4+0.3665Z3+0.5810Z2 − 27.134Z + 3.277

)
(27)

where kf is the forward rate constant and Kp is the equilibrium constant, both of which are
correlation functions of temperature.

The heat generated/consumed by a chemical reaction can be calculated from the heat
of the reaction [34]:

HMSR= −(206, 205.5+19.5175T) (28)

HWGSR= 45, 063− 10.28T (29)

Mass equation:
∇·(ρu)= Smass (30)

where Smass is the source term of mass equation.
Momentum equation:

(u ·∇ )u =∇·
[
−pI + µ

(
∇ u+(∇ u)T

)]
+Smom (31)

where u is the velocity vector, p is pressure, µ is the dynamic viscosity, and I is the
identity matrix.

Momentum conservation with Darcy’s term:

ρ

ε

(
(u·∇ )

u
ε

)
= ∇·

[
−pI+

µ

ε

(
∇ u+∇ uT

)
− 2

3
µ

ε
(∇·u)I

]
+Smom (32)

where ρ is density, ε is porosity, and Smom is the source term of momentum equation.
Species equation:

∇·(ρωiu) +∇·
(
−ρDi,eff∇ ωi

)
= Si (33)

where ω is the mass fraction and Si is the source term of species equation. The effective
diffusivity Di,eff can be expressed as [35,36]:

Di,eff =

{
ε
τ

(
1

Di,k+Di,m

)−1
porous electrodes

Di,m channels
(34)

The diffusion coefficient Di,m and the Knudsen diffusion coefficient Di,k can be calcu-
lated by using the following equation [37,38]:

Di,m =
1− xi

∑n
j=1,j 6=i

(
xj
Dij

) (35)

Di,k =
2
3

rp

√
8RT
πMi

(36)
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where x is the mole fraction, M is the molar mass, and rp is the average pore radius. The
binary diffusion coefficient can be calculated as [39]:

Dij =
0.00101T1.75

(
1

Mi
+ 1

Mj

) 1
2

p(V
1
3
i +V

1
3
j

)2 (37)

where V is the diffusion volume.
Energy equation:

ρCpu·∇ T+∇·(−λeff∇ T)= ST (38)

where Cp is the specific heat capacity, λeff is the effective thermal conductivity, and ST is
the source term of energy equation.

The source terms for these conservation equations are provided in Table 2 [14]. Ta-
ble 3 [29,30] and Table 4 [12,14,19] show the SOEC parameters and model parameters and
operating conditions.

2.3. Boundary Conditions

The anode and cathode outlet pressures are set to constant values and the mass flow
rate is specified at the inlet:

ma =
i

∑
1
(xiMi)·

iaAactδAAL

4FxO2

·ξa (39)

mc =
i

∑
1
(xiMi)·

icAactδCAL(
2FxH2O+2FxCO2+2FxCH4

) ·ξc (40)

where Aact (m2) is the active area of the cell, δAAL and δCAL (m) are the thicknesses of
AAL and CAL, respectively, and ξa and ξc are the gas stoichiometry ratios of the anode
and cathode.

The contact resistance between the electrode and the interconnect has a significant
impact on output performance [23,40] and is particularly relevant when studying the effect
of interconnect rib width. In this study, the total area-specific contact resistance (ASR) at the
electrode–interconnect interface is set to 0.0132 Ω·cm2 (consisting of 0.0044 Ω·cm2 at the
anode–interconnect interface and 0.0088 Ω·cm2 at the cathode–interconnect interface) at
800 ◦C, as this value is representative [41]. The detailed boundary conditions and settings
can be found in reference [14].

2.4. Model Validation

Four mesh systems were used to verify grid independence. The corresponding mesh
numbers of the computational domain were 8800, 35,000, 88,000, and 144,000, respectively.
The mesh number of 88,000 was selected for the numerical simulations. In addition, the
accuracy of the model was verified by comparing the simulation results with experimental
data. A SOEC with an active electrode area of 16 cm2 was used in the experiments. It had a
Ni/YSZ electrode with a thickness of 10 mm, a YSZ electrolyte with a thickness of 10 mm,
and a LSM electrode with a thickness of 15 mm. Experimental data were obtained when the
SOEC was at 800 ◦C with 45% CO2, 45% H2O, and 10% H2 and pure oxygen at the cathode
and anode sides, respectively. The model’s structural and operational parameters were
consistent with those in referenced experiments [42–44]. Figure 2 shows the experimental
and simulated polarization curves. The simulation results of the polarization curves shown
in the figure are in good agreement with the experimental data, indicating the reliability of
the mathematical model and calculation method used in this paper.
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Table 2. Source terms.

Source Terms Unit

Smass =


0 Channels

SCH4+SH2+SCO+SH2O+SCO2 CSL, CAL

SO2 AAL

kg m−3 s−1

SH2O =

{
(−RMSR−RWGSR)MH2O CSL

− ic
2F MH2O − (RMSR+RWGSR)MH2O CAL

kg m−3 s−1

SCO2 =


RWGSRMCO2 CSL

− ic
2F MCO2+RWGSRMCO2 CAL

kg m−3 s−1

SH2 =


(3RMSR+RWGSR)MH2 CSL

ic
2F MH2 + (3RMSR+RWGSR)MH2 CAL

kg m−3 s−1

SCO =


(RMSR−RWGSR)MCO CSL

ic
2F MCO + (RMSR−RWGSR)MCO CAL

kg m−3 s−1

SCH4= −RMSRMCH4 Cathode
kg m−3 s−1

SO2 =
ia
4F MO2 AAL kg m−3 s−1

Smom =

{
0 Channels
−µκu CAL, CSL, AAL

kg m−2 s−2

ST =



0 Channels
i 2
l
σl

Electrolyte

i 2
s
σs

Interconnectors

i 2
l
σl

+ i 2
s
σs
+ia ∆SaT

4F +ia|ηa
act| AAL

i 2
l
σl

+ i 2
s
σs
+ic ∆ScT

2F +ic|ηc
act|+RMSRHMSR+RWGSRHWGSR CAL

i 2
l
σl

+ i 2
s
σs
+RMSRHMSR+RWGSRHWGSR CSL

W m−3

Sion =


−ic CAL

ia AAL

A m−3

Sele =


ic CAL

−ia AAL

A m−3

Table 3. Physical properties of SOEC components.

Parameters Cathode Anode Electrolyte

Thermal conductivity (W m−1 K−1) 11 6 2.7
Density (kg m−3) 3310 3030 5160

Specific heat capacity (J kg−1 K−1) 450 430 470
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Figure 2. Comparison between the numerical results and experimental data.

Table 4. Model parameters and operating conditions.

Parameters Value

Cathode charge transfer coefficient, α 0.65
Anode charge transfer coefficient, β 0.65

Cathode tortuosity, τc 3
Anode tortuosity, τa 3

Porosity 0.36
Exponent for exchange current density, m/n/k 0.5/0.5/0.25

Gas stoichiometry ratio, ξa/ξc 1.5/1.5
Activation energy Eact,c/Eact,a, J mol−1 120,000/120,000

Cathode effective reaction specific surface area
Sact,c, m2 m−3 2.14 × 105

Anode effective reaction specific surface area
Sact,a, m2 m−3 2.14 × 105

Operating pressure (atm) 1.0
Operating temperature (K) 1073
Cathode gas composition 45 vol% H2O, 45 vol% CO2, 10 vol% H2
Anode gas composition Air (21 vol% O2, 79 vol% N2)

3. Results and Discussion

The influence of the rib width of the interconnect on the co-electrolysis performance of
SOECs was investigated. As shown in Figure 1, the pitch width is defined as dpitch, and the
rib width is defined as drib. The length of the SOEC was 4 cm, the total width was 2 mm,
and the dpitch was fixed at 1 mm. This means that the value of drib plus half of the channel
width is constant. When the drib is increased, the channel width is decreased. The flow
channel and interconnector heights are kept constant. As shown in Table 5, seven different
rib widths ranging from 0.2 mm to 0.8 mm with an interval of 0.1 mm were considered
(CASE A, B, C, D, E, F, and G). The anode and cathode interconnectors have the same
geometric parameters.

The corresponding voltages of seven cases under different current densities are pre-
sented in Figure 3a. It is observed that the voltage is increased when the current density is
increased. The voltage is gradually decreased and then increased under the same current
density when the drib is increased from 0.2 mm to 0.8 mm, especially at high current den-
sities. The voltages of seven cases at the current density of 1 A/cm2 are summarized in
Figure 3b. The voltages of CASE A, CASE E, and CASE G are 1.272 V, 1.213 V, and 1.221 V,
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respectively. These results demonstrate that cell performance is greatly affected by the rib
width, and the best performance can be achieved by CASE E, which has a rib width of
0.6 mm. The variation in voltage is caused by the equilibrium potential and overpotentials.
As the rib width increases, the interface area between the interconnector and the electrode
increases, the contact resistance decreases, and the ohmic overpotential decreases. This
phenomenon is more pronounced at high current densities. When the rib width is increased,
the area of the flow channel decreases, which hinders the diffusion and transmission of
gas, leading to a reduction in the concentration of reaction gas at the active sites in the
active layers.

Table 5. Dimensions of interconnect ribs of SOEC.

drib (mm) dpitch (mm)

CASE A 0.2 1
CASE B 0.3 1
CASE C 0.4 1
CASE D 0.5 1
CASE E 0.6 1
CASE F 0.7 1
CASE G 0.8 1

Figure 3. (a) Polarization curves of SOECs; (b) the corresponding voltages of SOECs under the
current density of 1 A/cm2.

Figure 4 shows the mole fraction distributions of H2O, CO2, H2, CO, and CH4 in the
cathode side of SOECs. In this figure, the x-axis is the direction of gas flow, the y-axis
is the direction of cell width, and the z-axis is the direction of cell thickness. As shown
in Figure 4a,b, the mole fractions of H2O and CO2 are gradually decreased along the
channel direction. H2O and CO2 are consumed in the cathode active layer caused by
the electrochemical reactions. The mole fractions in the porous electrode are gradually
decreased as the rib width is increased. The minimum mole fractions of H2O and CO2
obtained by CASE G are 0.211 and 0.254, respectively. This is because the increase in rib
width hinders the transport processes of H2O and CO2 from the flow channel to the active
layer. As can be seen from Figure 4c,d, the mole fractions of H2 and CO are gradually
increased along the flow direction, and the mole fractions of them in the support layer and
active layer are higher than those in the flow channel. The mole fractions of H2 and CO
increase with the increase in rib width, and the maximum mole fractions of them in CASE
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G are 0.276 and 0.259, respectively. It can be seen from Figure 4e that CH4 mole fractions
in the active layer and support layer are gradually increased along the flow direction and
are very low in the flow channel. The maximum mole fraction of CH4 is increased from
9.33 × 10−6 to 1.31 × 10−4 when the rib width is increased. These findings indicate that
the reverse MSR reaction rate is very low.

Figure 5 shows the reaction rates of WGSR and MSR of SOECs with different rib widths.
The negative sign in the figure represents the reverse direction of reactions. As shown in
Figure 5a, the reverse WGSR rate is decreased when the rib width is increased. When the current
density is 1 A cm−2, the reverse WGSR rates of CASE A and CASE G are 49.82 mol m−3 s−1

and 22.52 mol m−3 s−1, respectively. As shown in Figure 5b, the reverse MSR reaction rate is
increased with the increase in current density. Meanwhile, it is increased with the increase in rib
width. When the current density is 1 A cm−2, the reverse MSR rates of CASE A and CASE G are
0.0041 mol m−3 s−1 and 0.0208 mol m−3 s−1, respectively. This is because that mole fraction of
H2O is decreased and mole fractions of H2 and CO are increased as discussed above. Figure 6
shows the WGSR and MSR rate distributions in the porous electrode. In this figure, the x-axis is
the direction of gas flow, the y-axis is the direction of cell width, and the z-axis is the direction of
cell thickness. The reverse WGSR rate under the channel region is higher than that under the rib
region, and the maximum reverse WGSR rate is observed at the entrance of the channel region.
The maximum and minimum reverse WGSR rates of seven cases are 226.61 mol m−3 s−1 and
2.24 mol m−3 s−1, respectively. The reverse MSR rate under the channel region is lower than
that under the rib region. The reverse MSR rate under the rib region is gradually increased
when the rib width is increased.

Figure 4. Cont.



J. Mar. Sci. Eng. 2023, 11, 1066 12 of 17

Figure 4. The mole fraction distributions: (a) H2O; (b) CO2; (c) H2; (d) CO; (e) CH4.
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Figure 5. The reaction rates of SOECs: (a) the WGSR rate; (b) the MSR rate.

Figure 6. The distributions of reaction rates in SOECs: (a) the WGSR rate; (b) the MSR rate.

The velocity distributions in the cathode flow channel and electrode of SOECs with
different rib widths are presented in Figure 7. In this figure, the x-axis is the direction of gas
flow, the y-axis is the direction of cell width, and the z-axis is the direction of cell thickness.
The velocity in the electrode is very small, and the gas transport is mainly dominated by
the diffusion process. The maximum velocity is observed in the flow channel center, and it
is also increased from CASE A to CASE G. This is because the rib width is increased and
then the flow channel area is decreased. A constant mass flow rate is specified at the inlet
of the flow channel, and the velocity is accordingly increased. The cathode flow channel
pressure drops of the SOECs are shown in Figure 8. It is clearly observed that the pressure
drop is increased from CASE A to CASE G. The pressure drops of seven cases are 18.52 Pa,
22.83 Pa, 29.77 Pa, 42.11 Pa, 66.92 Pa, 130.31 Pa, and 368.52 Pa, respectively.
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Figure 7. The cathode side velocity distributions of SOECs.

Figure 8. The cathode flow channel pressure drops of SOECs.

The temperature distributions at the middle plane of SOECs with different rib widths
are presented in Figure 9. The temperature is gradually decreased along the flow direction.
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The maximum temperature appears at the flow channel region. The maximum temperature
that appears is 1073 K, and the minimum temperatures of the seven cases are 1053.46 K,
1041.82 K, 1034.98 K, 1030.63 K, 1027.91 K, 1026.39 K, and 1025.82 K, respectively. The
corresponding temperature differences of the seven cases are 19.54 K, 31.18 K, 38.02 K,
42.37 K, 45.09 K, 46.61 K, and 47.18 K, respectively. These indicate that the SOECs are
under the endothermic process and the temperature of the SOEC decreases as the rib
width increases.

Figure 9. The middle plane temperature distributions of SOECs.

4. Conclusions

A three-dimensional model for the co-electrolysis of water and carbon dioxide in
SOECs was developed to examine the effect of interconnector rib width on performance and
transport phenomena. The mathematical model was verified by comparing the numerical
results with experimental data. The gas transport, heat transfer, mass transfer, ion transport,
electron transport, electrochemical, and chemical reaction processes within the cell were
considered in detail. The following conclusions were obtained.

The voltage of SOEC is decreased and then increases as the rib width is increased
from 0.2 mm to 0.8 mm. The optimal performance is obtained from the SOEC with a
rib width of 0.6 mm. The reverse WGSR rate is decreased, and the reverse MSR rate is
increased with increasing rib width. When the rib width is increased, the flow channel
area is decreased, and the velocity is increased. Accordingly, the pressure drop of the
flow channel is also increased. In addition, the distributions of species mole fractions
and temperature are affected by the rib width. These indicate that the cell performance
of SOECs can be improved by optimizing the structure of interconnectors. The obtained
results can improve the understanding of transport phenomena in SOECs with different
rib widths and provide guidelines for the design of interconnectors of SOECs.
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