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ABSTRACT

Protonic ceramic electrolysis cells (PCECs) are the next generation of electrolysis technology for large-scale green hydrogen 
due to their lower power consumption but higher hydrogen production rate, compared with conventional alkaline electrolysis 
cells. The practical performance of PCEC stacks is still not satisfactory, and one key reason is the highly non-uniform 
distribution of H2O over large PCECs. To address the challenge of PCECs for practical application, a novel PCEC stack 
design with a hexagon-shaped interconnector is proposed and evaluated by using a comprehensive 3D numerical model. It is 
found that the novel interconnector can achieve higher uniformity indices for H2O and O2 by 11.7% and 46.2%, respectively. 
An overall performance index, integrating seven metrics, effectively identifies the hexagon-shaped interconnector with an 
80 μm baffle thickness as the top performer. The methodology employed to derive this index proves to be a valuable tool 
for comprehensive performance evaluation, particularly in studies involving multiple metrics. This research lays a robust 
foundation for the optimisation of PCEC performance through an innovative interconnector design and advanced evaluation 
techniques.
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of electrons, therefore influencing the ohmic overpotential. 
Therefore, the interconnector is an important component of 
a PCEC stack. The convection design of the interconnector 
consisting of the straight gas channel and rectangular ribs 
is shown in Figure 1(a). Although the large area of contact 
between the ribs and the PEN facilitates the conduction of 
current, it inhibits the gas diffusion under the ribs, leading 
to an increase in the concentration overpotential. Therefore, 
some researchers have put a lot of effort into optimising 
conventional interconnector designs. Liu et al. (2009) 
developed a 3D model for solid oxide fuel cells (SOFC) to 
identify the optimal rib width under a given pitch width. 
It was found that under various flow configurations (co-
flow, counter-flow, and cross-flow), the obtained optimal 
rib widths are very similar. A follow-up study conducted by 
Kong et al. (Kong et al., 2012) took the effects of the area-
specific contact resistance (ASRcontact) on the optimal rib 
width into account. They identified the relationship between 
the optimal rib width, ASRcontact, and pitch width. 
Additionally, it was also found that the optimal rib width 
is different for different electrodes. Some works are not 
content with optimising designs. Some novel interconnector 
designs have been proposed to increase the contact area 
between the gas and the electrode surface. Li et al. (Li et 
al., 2005) proposed a discrete distributed column‑type rib, 
which exhibited a better gas delivery performance than 
the conventional design. A discrete distributed X-type 
interconnector was proposed by Kong et al. (Kong et al., 
2020). Simulation results demonstrated that the oxygen 

1. Introduction

The protonic ceramic electrolysis cell (PCEC) is 
a promising electrochemical device for realising large-
scale green hydrogen production. Compared with the 
conventional alkaline electrolysis cell (AEC) and proton 
exchange membrane electrolysis cell (PEMEC), the 
PCEC shows the distinct features of a much lower power 
consumption but much higher rate of H2 production. Thus, 
the PCEC is the next generation of electrolysis technology 
for green H2 production. In this regard, the successful 
scale‑up of the PCEC is of great importance to the 
development as well as the commercialisation of the PCEC.

The remarkable performance of a single PCEC 
has been experimentally proven and widely reported 
(Duan et al., 2019; Medvedev, 2019; Tarutin et al., 2020). 
However, in practical use, the interconnectors are applied 
to connect multiple single PCECs in series or parallel, 
which are finally assembled into a PCEC stack. In this 
regard, a PCEC stack can provide a much higher hydrogen 
production rate than a single PCEC under the same current 
density. However, compared with a single PCEC, due to 
the presence of the interconnector, the electrochemical 
performance of the PCEC stack is lower than a single 
PCEC (Timurkutluk et al., 2016). On the one hand, the 
gas distribution in the PCEC stack can be affected by 
the presence of interconnectors, thereby changing the 
concentration overpotential (Zeng et al., 2020). On the other 
hand, the interconnector can also affect the transfer route 

A novel hexagon-shaped interconnector for protonic ceramic electrolysis cells for 
large-scale green hydrogen production

Zheng Li and Meng Ni
Department of Building and Real Estate, Research Institute for Sustainable Urban Development (RISUD) and Research 
Institute for Smart Energy (RISE), The Hong Kong Polytechnic University, Hong Kong, People’s Republic of China



Z LI AND M NI

2
HKIE Transactions   |   Vol. 31, No. 4, Article 20240011

concentration can be substantially improved by the new 
design, compared with the conventional interconnector. 
In addition, this new design was found to be superior 
to the traditional design under different porosities or 
conductivities of the anode and cathode. (Guo et al., 2022a; 
Guo et al., 2023) proposed six different discrete distributed 
interconnectors. It was found that the interconnector with 
staggered cuboid ribs showed the best performance when 
the ASRcontact was not considered. The results also 
indicated the rib size, its spatial distribution, ASRcontact, 
and the contact area between the interconnector and PEN 
were essential factors in the electrochemical performance 
of the cells. In addition to designing different discrete 
distributed interconnectors, some works have also proposed 
using other methods to enhance the transport of gas species 
into the porous electrodes. For example, (Chen et al., 2010; 
Chen et al., 2011)  proposed a bi-layer interconnector 
design, in which the gas channels were not straight but 
contained the internal baffles formed by the double-layer 
interconnector. Simulation results suggested that this novel 
design enhanced the mass transfer. The concentration 
overpotential was reduced by nearly 5%. Fu et al. (Fu et 
al., 2021) modified the conventional design by adding fins 
in the gas channel, which can connect two ribs. This new 
design successfully interferes with the gas flow in the gas 
channel, enhancing the gas transport within the porous 
electrodes. Additionally, the results showed that this design 
can eliminate the zero-oxygen region and further reduce 
both activation and concentration overpotentials.	

Figure 1. Schematics of (a) vertical cross-section of a PCEC 
with a conventional interconnector (blue represents the 
positive-electrode-electrolyte-negative electrode (PEN)); 
(b) vertical cross-section of a PCEC with the novel 
hexagon-shaped interconnector (yellow represents the ribs; 
orange represents the baffles connecting the discrete ribs) 
and (c) horizontal cross-section of a PCEC with the novel 
hexagon-shaped interconnector. 

As mentioned above, for the design of the 
interconnector, the contact area between the gas channel 
and the porous electrode and the contact area between the 
interconnector and the porous electrode are both important. 
The former can provide enough area for the transport 
of gas, while the latter can offer enough contact for the 
transport of electrons. In this regard, a new interconnect 
design is proposed in this study (Figure 1[b]). The discretely 
distributed ribs ensure the mass transfer of gas. The baffles 
(Figure 1[c]) connecting the discrete ribs not only can 
ensure good connectivity for current transfer but also can 
disturb the gas transport. In order to quantify the effects 
of different interconnector designs on the electrochemical 
performance of a PCEC, the comparison between a PCEC 
using the conventional design and a PCEC using the 
new design is numerically performed. In the numerical 
model, only half of the repeating unit of the PCEC stack 
is considered in the computational domain (Figure 1[a] 
and [b]) to reduce the computational cost. Furthermore, 
to give a comprehensive understanding of this novel 
design, mass and momentum transfer, heat transfer, charge 
transfer, and the detailed electrochemistry are all taken into 
consideration in this model. Another important feature of 
this model is that the detailed charge transport within the 
electrolyte material is accounted for. Thus, the different 
designs of interconnectors can also be compared in terms 
of Faradaic efficiency. Furthermore, a uniformity index 
and a comprehensive performance index, which are based 
on an entropy weight method, are introduced to evaluate 
the uniformity of several local parameters' distribution as 
well as the overall performance of PCECs with different 
interconnectors. Therefore, this study can not only act as 
a guide for designing and evaluating novel interconnector 
designs for PCEC electrochemical performance but also 
as a guide for how to compare different interconnector 
designs.

2. Modelling methods

2.1. Modelling domain

The modelling domains of a PCEC using conventional 
design and novel design are respectively shown in Figure 
1(a) and (b). Table 1 summarises the geometric parameters 
of 3D models as well as the other necessary input 
parameters adopted by the model. The assumptions applied 
in this model are listed as follows: (1) The gaseous species 
involved in the PCEC numerical model are considered 
ideal and incompressible; (2) Both the anode and cathode 
porous electrodes are fabricated with evenly distributed 
particles of both the electrolyte and electrode particles; (3) 
The microstructural properties of the electrode are assumed 
to follow the percolation theory; (4) The numerical model 
of the PCEC is under steady-state conditions; and (5) 
Only protons, electron holes, and oxygen vacancies are 
considered mobile in the electrolyte material.
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2.2. Governing equations

As mentioned before, the 3D model takes various 
physical, chemical or electrochemical processes into 
consideration, including mass and momentum transfer, 
charge transfer in the electrolyte and electrode materials, 
heat transfer, electrochemistry as well as the defect 
chemistry. The governing equations used in constructing 
this numerical model are listed in Table 2. The dusty gas 
model (DGM) is implemented in this model to simulate gas 
diffusion in porous electrodes and flow channels. Darcy’s 
term-modified Navier‑Stokes equation is employed to 
describe the momentum transport in porous electrodes, 
while Darcy’s term can be ignored in gas channels. The 
Butler-Volmer equation is applied to calculate the charge 
transfer reaction rate at the electrochemically active sites. 
The equilibrium potential is expressed by the Nernst 
equation. Note that the percolation theory is applied to 
obtain the microstructural properties of porous media. More 
details on the percolation theory can be found in (Chen 
et al., 2016, 2013, 2009). For describing the transfer of 
electrons in the electrode materials, Ohm’s law is applied. 
Besides, the Nernst-Planck-Poisson (NPP) equation is used 
to simulate the transfer of different charge carriers in the 
electrolyte materials. The concentration of different charge 
carriers can be solved by defect chemistry. 

2.3. Boundary conditions and model validation

The boundary conditions for the 3D models are as 
follows: (1) the operating pressure and working temperature 
are 1 atm and 600 °C, respectively; (2) a gas flow consisting 
of 80% H2O and 20% air is introduced at the entrance of 
the anode gas channel, with a flow rate of 10 SCCM; (3) a 
gas flow consisting of 10% H2O and 90% H2 is introduced 
at the entrance of the cathode gas channel, with a flow rate 
of 4 SCCM; (4) open boundary conditions are applied at 
the exits of both the anode and cathode flow channels; 
(5) zero electrical potential is set to the outer face of the 
interconnector at the cathode side; (6) the current density is 
set to the outer face of the interconnector at the anode side; 
(7) the contact resistance is set to the interface between 
electrode and interconnector; and (8) the remaining 
boundaries are set as insulated walls or symmetries. The 
model validation is shown in Figure 2. A good agreement is 
achieved between the simulation results and experimental 
data (Tarutin et al., 2020). The 3D numerical model of 
the PCEC is built using the COMSOL platform based on 
the finite element method. The mesh of the model is fine 
enough to achieve mesh independence. The model takes 
approximately five hours to solve on a workstation with 
two 32-core CPUs and 256 GB of memory. 

Table 1. Parameters of the 3D PCEC models (Chen et al., 
2021; Duan et al., 2015; Guo et al., 2022b; Hinata et al., 
2020; Wrubel et al., 2021). 

Parameters Value Unit
tan 30 μm
tca 400 μm
tele 15 μm
lcell 30 mm
tcha 1 mm
tIC 0.5 mm
wrib 0.5 mm
tbf 80 μm
lrib 3 mm
Pop 1 atm
Top 600 °C
ɛan 0.4 1
ɛca 0.4 1
τan/ca 3 1

rparticle 0.5 μm
Vf,an 0.6 1
Vf,ca 0.6 1
Z 6 1
Vm 5.13×10-5 m3 mol-1
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Table 2. List of governing equations used in the numerical 
model.

Descriptions Equations No.
Mass transport 
(Błesznowski 
et al., 2022; 
Brokaw, 1969; 
Jiang and Virkar, 
2003)

Z Li and M Ni 

Vf,an 0.6 1 

Vf,ca 0.6 1 
Z 6 1 

𝑉𝑉0 5.13×10-5 m3 mol-1 
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∑ V!

E!
*  . (8) 

Heat 
transport (Li 
et al., 2022b) 

𝜌𝜌𝐶𝐶B,$,,𝒖𝒖𝛻𝛻𝛻𝛻 + 𝛻𝛻 ⋅ E−𝜆𝜆$,,𝛻𝛻𝛻𝛻G = 𝑄𝑄& . (9) 

Charge 
transfer 
reaction rate 

𝑖𝑖 = 𝑖𝑖I[exp =
XYZ234
89

@ − 	exp	(7(57X)YZ234
89

)] . (10) 

Equilibrium 
potential 𝐸𝐸$] = −^_,

@Y
+ 89
@Y
ln(B50

( `B60
( a

,..

B506
( ) . (11) 

Exchange 
current 
density (Luo 
et al., 2019) 

𝑖𝑖I,! = 𝛾𝛾I,! exp =−
b234,2
89

@ [𝑂𝑂𝐻𝐻c⋅ ]e2[𝑂𝑂c×]57e2𝑝𝑝c0
I.@L𝑝𝑝f0c . (12) 

𝑖𝑖I,# = 𝛾𝛾I,# exp =−
b234,3
89

@ [𝑂𝑂𝐻𝐻c⋅ ]e3[𝑂𝑂c×]57e3𝑝𝑝f0 . (13)

 . (4)

Z Li and M Ni 

Vf,an 0.6 1 

Vf,ca 0.6 1 
Z 6 1 

𝑉𝑉0 5.13×10-5 m3 mol-1 

Table 2. List of governing equations used in the numerical model. 

Descriptions Equations No. 

Mass 
transport 
(Błesznowski 
et al., 2022; 
Brokaw, 
1969; Jiang 
and Virkar, 
2003) 

𝑵𝑵!
2!"
#$$ + ∑  "

345
6%𝑵𝑵!76!𝑵𝑵%
2!%
#$$ = − 5

89
.𝑃𝑃𝑃𝑃𝑦𝑦* + 𝑦𝑦*𝛻𝛻𝛻𝛻 + 𝑦𝑦*𝛻𝛻𝛻𝛻

:;

2!"
#$$<

2  . (1) 

𝐷𝐷*=
$,, = >

?
@
A
𝑟𝑟B5

C89
DE!

  . (2) 

𝑟𝑟B =
@
A

>
57>

5
F$,#'/)#'	H	F$,#(/)#(		

  . (3) 

𝐷𝐷*3
$,, = >

?
	 ⋅ 𝐷𝐷*3I   . (4) 

𝐷𝐷*3I =
I.IK@CL5×N )

*!
H )
*%
O
+,..

7I.IIPC×9)..

;Q/R!%
0  . (5) 

Momentum 
transport (Li 
et al., 2022a; 
Xu et al., 
2021) 

S
>
(𝒖𝒖 ⋅ 𝛻𝛻) ⋅ 𝒖𝒖

>
= −𝛻𝛻𝛻𝛻 + 𝛻𝛻 ⋅ ;<

>
(𝛻𝛻𝒖𝒖 + 𝛻𝛻𝒖𝒖9) − @

A
<
>
(𝛻𝛻 ⋅ 𝒖𝒖)< −

=𝜇𝜇𝜅𝜅75 + U1
>0
@ 𝒖𝒖  . 

(6) 

𝜌𝜌𝜌𝜌 ⋅ 𝒖𝒖 = 𝑄𝑄0 = ∑𝑦𝑦* 𝑅𝑅* . (7) 

𝜌𝜌 = ;
89
∑ V!

E!
*  . (8) 

Heat 
transport (Li 
et al., 2022b) 

𝜌𝜌𝐶𝐶B,$,,𝒖𝒖𝛻𝛻𝛻𝛻 + 𝛻𝛻 ⋅ E−𝜆𝜆$,,𝛻𝛻𝛻𝛻G = 𝑄𝑄& . (9) 

Charge 
transfer 
reaction rate 

𝑖𝑖 = 𝑖𝑖I[exp =
XYZ234
89

@ − 	exp	(7(57X)YZ234
89

)] . (10) 

Equilibrium 
potential 𝐸𝐸$] = −^_,

@Y
+ 89
@Y
ln(B50

( `B60
( a

,..

B506
( ) . (11) 

Exchange 
current 
density (Luo 
et al., 2019) 

𝑖𝑖I,! = 𝛾𝛾I,! exp =−
b234,2
89

@ [𝑂𝑂𝐻𝐻c⋅ ]e2[𝑂𝑂c×]57e2𝑝𝑝c0
I.@L𝑝𝑝f0c . (12) 

𝑖𝑖I,# = 𝛾𝛾I,# exp =−
b234,3
89

@ [𝑂𝑂𝐻𝐻c⋅ ]e3[𝑂𝑂c×]57e3𝑝𝑝f0 . (13)

 . (5)

Momentum 
transport (Li et 
al., 2022a; Xu et 
al., 2021)

Z Li and M Ni 

Vf,an 0.6 1 

Vf,ca 0.6 1 
Z 6 1 

𝑉𝑉0 5.13×10-5 m3 mol-1 

Table 2. List of governing equations used in the numerical model. 

Descriptions Equations No. 

Mass 
transport 
(Błesznowski 
et al., 2022; 
Brokaw, 
1969; Jiang 
and Virkar, 
2003) 

𝑵𝑵!
2!"
#$$ + ∑  "

345
6%𝑵𝑵!76!𝑵𝑵%
2!%
#$$ = − 5

89
.𝑃𝑃𝑃𝑃𝑦𝑦* + 𝑦𝑦*𝛻𝛻𝛻𝛻 + 𝑦𝑦*𝛻𝛻𝛻𝛻

:;

2!"
#$$<

2  . (1) 

𝐷𝐷*=
$,, = >

?
@
A
𝑟𝑟B5

C89
DE!

  . (2) 

𝑟𝑟B =
@
A

>
57>

5
F$,#'/)#'	H	F$,#(/)#(		

  . (3) 

𝐷𝐷*3
$,, = >

?
	 ⋅ 𝐷𝐷*3I   . (4) 

𝐷𝐷*3I =
I.IK@CL5×N )

*!
H )
*%
O
+,..

7I.IIPC×9)..

;Q/R!%
0  . (5) 

Momentum 
transport (Li 
et al., 2022a; 
Xu et al., 
2021) 

S
>
(𝒖𝒖 ⋅ 𝛻𝛻) ⋅ 𝒖𝒖

>
= −𝛻𝛻𝛻𝛻 + 𝛻𝛻 ⋅ ;<

>
(𝛻𝛻𝒖𝒖 + 𝛻𝛻𝒖𝒖9) − @

A
<
>
(𝛻𝛻 ⋅ 𝒖𝒖)< −

=𝜇𝜇𝜅𝜅75 + U1
>0
@ 𝒖𝒖  . 

(6) 

𝜌𝜌𝜌𝜌 ⋅ 𝒖𝒖 = 𝑄𝑄0 = ∑𝑦𝑦* 𝑅𝑅* . (7) 

𝜌𝜌 = ;
89
∑ V!

E!
*  . (8) 

Heat 
transport (Li 
et al., 2022b) 

𝜌𝜌𝐶𝐶B,$,,𝒖𝒖𝛻𝛻𝛻𝛻 + 𝛻𝛻 ⋅ E−𝜆𝜆$,,𝛻𝛻𝛻𝛻G = 𝑄𝑄& . (9) 

Charge 
transfer 
reaction rate 

𝑖𝑖 = 𝑖𝑖I[exp =
XYZ234
89

@ − 	exp	(7(57X)YZ234
89

)] . (10) 

Equilibrium 
potential 𝐸𝐸$] = −^_,

@Y
+ 89
@Y
ln(B50

( `B60
( a

,..

B506
( ) . (11) 

Exchange 
current 
density (Luo 
et al., 2019) 

𝑖𝑖I,! = 𝛾𝛾I,! exp =−
b234,2
89

@ [𝑂𝑂𝐻𝐻c⋅ ]e2[𝑂𝑂c×]57e2𝑝𝑝c0
I.@L𝑝𝑝f0c . (12) 

𝑖𝑖I,# = 𝛾𝛾I,# exp =−
b234,3
89

@ [𝑂𝑂𝐻𝐻c⋅ ]e3[𝑂𝑂c×]57e3𝑝𝑝f0 . (13)

 . (6)

Z Li and M Ni 

Vf,an 0.6 1 

Vf,ca 0.6 1 
Z 6 1 

𝑉𝑉0 5.13×10-5 m3 mol-1 

Table 2. List of governing equations used in the numerical model. 

Descriptions Equations No. 

Mass 
transport 
(Błesznowski 
et al., 2022; 
Brokaw, 
1969; Jiang 
and Virkar, 
2003) 

𝑵𝑵!
2!"
#$$ + ∑  "

345
6%𝑵𝑵!76!𝑵𝑵%
2!%
#$$ = − 5

89
.𝑃𝑃𝑃𝑃𝑦𝑦* + 𝑦𝑦*𝛻𝛻𝛻𝛻 + 𝑦𝑦*𝛻𝛻𝛻𝛻

:;

2!"
#$$<

2  . (1) 

𝐷𝐷*=
$,, = >

?
@
A
𝑟𝑟B5

C89
DE!

  . (2) 

𝑟𝑟B =
@
A

>
57>

5
F$,#'/)#'	H	F$,#(/)#(		

  . (3) 

𝐷𝐷*3
$,, = >

?
	 ⋅ 𝐷𝐷*3I   . (4) 

𝐷𝐷*3I =
I.IK@CL5×N )

*!
H )
*%
O
+,..

7I.IIPC×9)..

;Q/R!%
0  . (5) 

Momentum 
transport (Li 
et al., 2022a; 
Xu et al., 
2021) 

S
>
(𝒖𝒖 ⋅ 𝛻𝛻) ⋅ 𝒖𝒖

>
= −𝛻𝛻𝛻𝛻 + 𝛻𝛻 ⋅ ;<

>
(𝛻𝛻𝒖𝒖 + 𝛻𝛻𝒖𝒖9) − @

A
<
>
(𝛻𝛻 ⋅ 𝒖𝒖)< −

=𝜇𝜇𝜅𝜅75 + U1
>0
@ 𝒖𝒖  . 

(6) 

𝜌𝜌𝜌𝜌 ⋅ 𝒖𝒖 = 𝑄𝑄0 = ∑𝑦𝑦* 𝑅𝑅* . (7) 

𝜌𝜌 = ;
89
∑ V!

E!
*  . (8) 

Heat 
transport (Li 
et al., 2022b) 

𝜌𝜌𝐶𝐶B,$,,𝒖𝒖𝛻𝛻𝛻𝛻 + 𝛻𝛻 ⋅ E−𝜆𝜆$,,𝛻𝛻𝛻𝛻G = 𝑄𝑄& . (9) 

Charge 
transfer 
reaction rate 

𝑖𝑖 = 𝑖𝑖I[exp =
XYZ234
89

@ − 	exp	(7(57X)YZ234
89

)] . (10) 

Equilibrium 
potential 𝐸𝐸$] = −^_,

@Y
+ 89
@Y
ln(B50

( `B60
( a

,..

B506
( ) . (11) 

Exchange 
current 
density (Luo 
et al., 2019) 

𝑖𝑖I,! = 𝛾𝛾I,! exp =−
b234,2
89

@ [𝑂𝑂𝐻𝐻c⋅ ]e2[𝑂𝑂c×]57e2𝑝𝑝c0
I.@L𝑝𝑝f0c . (12) 

𝑖𝑖I,# = 𝛾𝛾I,# exp =−
b234,3
89

@ [𝑂𝑂𝐻𝐻c⋅ ]e3[𝑂𝑂c×]57e3𝑝𝑝f0 . (13)

 . (7)

Z Li and M Ni 

Vf,an 0.6 1 

Vf,ca 0.6 1 
Z 6 1 

𝑉𝑉0 5.13×10-5 m3 mol-1 

Table 2. List of governing equations used in the numerical model. 

Descriptions Equations No. 

Mass 
transport 
(Błesznowski 
et al., 2022; 
Brokaw, 
1969; Jiang 
and Virkar, 
2003) 

𝑵𝑵!
2!"
#$$ + ∑  "

345
6%𝑵𝑵!76!𝑵𝑵%
2!%
#$$ = − 5

89
.𝑃𝑃𝑃𝑃𝑦𝑦* + 𝑦𝑦*𝛻𝛻𝛻𝛻 + 𝑦𝑦*𝛻𝛻𝛻𝛻

:;

2!"
#$$<

2  . (1) 

𝐷𝐷*=
$,, = >

?
@
A
𝑟𝑟B5

C89
DE!

  . (2) 

𝑟𝑟B =
@
A

>
57>

5
F$,#'/)#'	H	F$,#(/)#(		

  . (3) 

𝐷𝐷*3
$,, = >

?
	 ⋅ 𝐷𝐷*3I   . (4) 

𝐷𝐷*3I =
I.IK@CL5×N )

*!
H )
*%
O
+,..

7I.IIPC×9)..

;Q/R!%
0  . (5) 

Momentum 
transport (Li 
et al., 2022a; 
Xu et al., 
2021) 

S
>
(𝒖𝒖 ⋅ 𝛻𝛻) ⋅ 𝒖𝒖

>
= −𝛻𝛻𝛻𝛻 + 𝛻𝛻 ⋅ ;<

>
(𝛻𝛻𝒖𝒖 + 𝛻𝛻𝒖𝒖9) − @

A
<
>
(𝛻𝛻 ⋅ 𝒖𝒖)< −

=𝜇𝜇𝜅𝜅75 + U1
>0
@ 𝒖𝒖  . 

(6) 

𝜌𝜌𝜌𝜌 ⋅ 𝒖𝒖 = 𝑄𝑄0 = ∑𝑦𝑦* 𝑅𝑅* . (7) 

𝜌𝜌 = ;
89
∑ V!

E!
*  . (8) 

Heat 
transport (Li 
et al., 2022b) 

𝜌𝜌𝐶𝐶B,$,,𝒖𝒖𝛻𝛻𝛻𝛻 + 𝛻𝛻 ⋅ E−𝜆𝜆$,,𝛻𝛻𝛻𝛻G = 𝑄𝑄& . (9) 

Charge 
transfer 
reaction rate 

𝑖𝑖 = 𝑖𝑖I[exp =
XYZ234
89

@ − 	exp	(7(57X)YZ234
89

)] . (10) 

Equilibrium 
potential 𝐸𝐸$] = −^_,

@Y
+ 89
@Y
ln(B50

( `B60
( a

,..

B506
( ) . (11) 

Exchange 
current 
density (Luo 
et al., 2019) 

𝑖𝑖I,! = 𝛾𝛾I,! exp =−
b234,2
89

@ [𝑂𝑂𝐻𝐻c⋅ ]e2[𝑂𝑂c×]57e2𝑝𝑝c0
I.@L𝑝𝑝f0c . (12) 

𝑖𝑖I,# = 𝛾𝛾I,# exp =−
b234,3
89

@ [𝑂𝑂𝐻𝐻c⋅ ]e3[𝑂𝑂c×]57e3𝑝𝑝f0 . (13)

 . (8)

Heat transport (Li 
et al., 2022b)

Z Li and M Ni 

Vf,an 0.6 1 

Vf,ca 0.6 1 
Z 6 1 

𝑉𝑉0 5.13×10-5 m3 mol-1 

Table 2. List of governing equations used in the numerical model. 

Descriptions Equations No. 

Mass 
transport 
(Błesznowski 
et al., 2022; 
Brokaw, 
1969; Jiang 
and Virkar, 
2003) 

𝑵𝑵!
2!"
#$$ + ∑  "

345
6%𝑵𝑵!76!𝑵𝑵%
2!%
#$$ = − 5

89
.𝑃𝑃𝑃𝑃𝑦𝑦* + 𝑦𝑦*𝛻𝛻𝛻𝛻 + 𝑦𝑦*𝛻𝛻𝛻𝛻

:;

2!"
#$$<

2  . (1) 

𝐷𝐷*=
$,, = >

?
@
A
𝑟𝑟B5

C89
DE!

  . (2) 

𝑟𝑟B =
@
A

>
57>

5
F$,#'/)#'	H	F$,#(/)#(		

  . (3) 

𝐷𝐷*3
$,, = >

?
	 ⋅ 𝐷𝐷*3I   . (4) 

𝐷𝐷*3I =
I.IK@CL5×N )

*!
H )
*%
O
+,..

7I.IIPC×9)..

;Q/R!%
0  . (5) 

Momentum 
transport (Li 
et al., 2022a; 
Xu et al., 
2021) 

S
>
(𝒖𝒖 ⋅ 𝛻𝛻) ⋅ 𝒖𝒖

>
= −𝛻𝛻𝛻𝛻 + 𝛻𝛻 ⋅ ;<

>
(𝛻𝛻𝒖𝒖 + 𝛻𝛻𝒖𝒖9) − @

A
<
>
(𝛻𝛻 ⋅ 𝒖𝒖)< −

=𝜇𝜇𝜅𝜅75 + U1
>0
@ 𝒖𝒖  . 

(6) 

𝜌𝜌𝜌𝜌 ⋅ 𝒖𝒖 = 𝑄𝑄0 = ∑𝑦𝑦* 𝑅𝑅* . (7) 

𝜌𝜌 = ;
89
∑ V!

E!
*  . (8) 

Heat 
transport (Li 
et al., 2022b) 

𝜌𝜌𝐶𝐶B,$,,𝒖𝒖𝛻𝛻𝛻𝛻 + 𝛻𝛻 ⋅ E−𝜆𝜆$,,𝛻𝛻𝛻𝛻G = 𝑄𝑄& . (9) 

Charge 
transfer 
reaction rate 

𝑖𝑖 = 𝑖𝑖I[exp =
XYZ234
89

@ − 	exp	(7(57X)YZ234
89

)] . (10) 

Equilibrium 
potential 𝐸𝐸$] = −^_,

@Y
+ 89
@Y
ln(B50

( `B60
( a

,..

B506
( ) . (11) 

Exchange 
current 
density (Luo 
et al., 2019) 

𝑖𝑖I,! = 𝛾𝛾I,! exp =−
b234,2
89

@ [𝑂𝑂𝐻𝐻c⋅ ]e2[𝑂𝑂c×]57e2𝑝𝑝c0
I.@L𝑝𝑝f0c . (12) 

𝑖𝑖I,# = 𝛾𝛾I,# exp =−
b234,3
89

@ [𝑂𝑂𝐻𝐻c⋅ ]e3[𝑂𝑂c×]57e3𝑝𝑝f0 . (13)

 . (9)

Charge transfer 
reaction rate

Z Li and M Ni 

Vf,an 0.6 1 

Vf,ca 0.6 1 
Z 6 1 

𝑉𝑉0 5.13×10-5 m3 mol-1 

Table 2. List of governing equations used in the numerical model. 

Descriptions Equations No. 

Mass 
transport 
(Błesznowski 
et al., 2022; 
Brokaw, 
1969; Jiang 
and Virkar, 
2003) 

𝑵𝑵!
2!"
#$$ + ∑  "

345
6%𝑵𝑵!76!𝑵𝑵%
2!%
#$$ = − 5

89
.𝑃𝑃𝑃𝑃𝑦𝑦* + 𝑦𝑦*𝛻𝛻𝛻𝛻 + 𝑦𝑦*𝛻𝛻𝛻𝛻

:;

2!"
#$$<

2  . (1) 

𝐷𝐷*=
$,, = >

?
@
A
𝑟𝑟B5

C89
DE!

  . (2) 

𝑟𝑟B =
@
A

>
57>

5
F$,#'/)#'	H	F$,#(/)#(		

  . (3) 

𝐷𝐷*3
$,, = >

?
	 ⋅ 𝐷𝐷*3I   . (4) 

𝐷𝐷*3I =
I.IK@CL5×N )

*!
H )
*%
O
+,..

7I.IIPC×9)..

;Q/R!%
0  . (5) 

Momentum 
transport (Li 
et al., 2022a; 
Xu et al., 
2021) 

S
>
(𝒖𝒖 ⋅ 𝛻𝛻) ⋅ 𝒖𝒖

>
= −𝛻𝛻𝛻𝛻 + 𝛻𝛻 ⋅ ;<

>
(𝛻𝛻𝒖𝒖 + 𝛻𝛻𝒖𝒖9) − @

A
<
>
(𝛻𝛻 ⋅ 𝒖𝒖)< −

=𝜇𝜇𝜅𝜅75 + U1
>0
@ 𝒖𝒖  . 

(6) 

𝜌𝜌𝜌𝜌 ⋅ 𝒖𝒖 = 𝑄𝑄0 = ∑𝑦𝑦* 𝑅𝑅* . (7) 

𝜌𝜌 = ;
89
∑ V!

E!
*  . (8) 

Heat 
transport (Li 
et al., 2022b) 

𝜌𝜌𝐶𝐶B,$,,𝒖𝒖𝛻𝛻𝛻𝛻 + 𝛻𝛻 ⋅ E−𝜆𝜆$,,𝛻𝛻𝛻𝛻G = 𝑄𝑄& . (9) 

Charge 
transfer 
reaction rate 

𝑖𝑖 = 𝑖𝑖I[exp =
XYZ234
89

@ − 	exp	(7(57X)YZ234
89

)] . (10) 

Equilibrium 
potential 𝐸𝐸$] = −^_,
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Figure 2. The model validation.

3. Results and discussion

3.1. Consideration of contact resistance

Figure 3. (a) Faradaic efficiency comparison without 
the consideration of the contact resistance; (b) operating 
voltage comparison without the consideration of the contact 
resistance; (c) Faradaic efficiency comparison with the 
consideration of the contact resistance; and (d) operating 
voltage comparison with the consideration of the contact 
resistance.

Figure 3 shows the difference in electrochemical 
performance/Faradaic efficiency (FE) with and without 
the contact resistance. It is evident that both the FE and 
electrochemical performance of the two designs decline 
when considering the contact resistance. For instance, 
at a current density of 0.8 A cm-2 in the conventional 
design, accounting for the contact resistance results in a 
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5.3% decrease in FE, coupled with a 12.7% increase in 
operating voltage. This highlights the significant impact 
of considering the contact resistance on the prediction 
of electrochemical performance and FE in PCECs, 
emphasising the necessity to account for it in the simulation. 
Without accounting for the contact resistance, the novel 
hexagon-shaped design shows a 1.1% higher FE and a 
2.3% lower operating voltage compared to the conventional 
design. When the contact resistance is considered, the 
novel design still exhibits a 1.2% higher FE and a 3% 
lower operating voltage than the conventional design. 
This observation indicates that accounting for the contact 
resistance also leads to a slight increase in the performance 
difference between the two designs. Therefore, in the 
subsequent case studies, the contact resistance is considered 
to provide a more realistic simulation.

3.2. Case studies

It is worth noting that this study investigated a total 
of four cases, which are listed in Table 3. In addition, to 
quantitatively evaluate the uniformity of the distributions 
of various local parameters (p) in the PCEC, the uniformity 
index is introduced as (Li et al., 2022b):
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Figure 3. (a) Faradaic efficiency comparison without the consideration of the contact resistance; 
(b) operating voltage comparison without the consideration of the contact resistance; (c)
Faradaic efficiency comparison with the consideration of the contact resistance; and (d)
operating voltage comparison with the consideration of the contact resistance.
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This highlights the significant impact of considering the contact resistance on the prediction of 
electrochemical performance and FE in PCECs, emphasising the necessity to account for it in 
the simulation. Without accounting for the contact resistance, the novel hexagon-shaped design 
shows a 1.1% higher FE and a 2.3% lower operating voltage compared to the conventional 
design. When the contact resistance is considered, the novel design still exhibits a 1.2% higher 
FE and a 3% lower operating voltage than the conventional design. This observation indicates 
that accounting for the contact resistance also leads to a slight increase in the performance 
difference between the two designs. Therefore, in the subsequent case studies, the contact 
resistance is considered to provide a more realistic simulation. 
3.2. Case studies 

It is worth noting that this study investigated a total of four cases, which are listed in Table 
3. In addition, to quantitatively evaluate the uniformity of the distributions of various local
parameters (p) in the PCEC, the uniformity index is introduced as (Li et al., 2022b):

ΓB = 	1 − .
∑ [

8!+89
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:
!;) ]0	

"
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where ΓB denotes the uniformity index of the local parameter p; 𝑝̅𝑝 is the mean value of p while 
the 𝑝𝑝* stands for the local value.  

Table 3. The four cases. 

Cases Descriptions Remarks 

1 (Base) Conventional design None 

2 

New design 

𝑡𝑡+, = 80	𝜇𝜇𝜇𝜇 

3 𝑡𝑡+, = 65	𝜇𝜇𝜇𝜇 

4 𝑡𝑡+, = 50	𝜇𝜇𝜇𝜇 

 ,� (30)

where Γp denotes the uniformity index of the local 
parameter p; p- is the mean value of p while the pi stands for 
the local value. 

Table 3. The four cases.

Cases Descriptions Remarks
1 (Base) Conventional design None 
2 tbf = 80 µm
3 New design tbf = 65 µm
4 tbf = 50 µm

3.2.1. Electrochemical performance and pressure drop

Figure 4. (a) Electrochemical performance and FE 
comparison; (b) concentration overpotential comparison; 
(c) distribution of electric potential at the anode side; (d) 
concentration distribution of electronic holes at the anode 
side; and (e) pressure drop.

As shown in Figure 4(a), the novel design outperforms 
the conventional design in terms of electrochemical 
performance. Additionally, a notable observation is that a 
reduction in baffle thickness corresponds to a decrease in 
both overpotential and FE. The concentration overpotential 
of the different cases is detailed in Figure 4(b), revealing 
a significant decrease in concentration loss due to the 
presence of baffles. In addition, as depicted in Figure 
4(c), the contact resistance leads to a substantial high 
ohmic loss in the PCECs. This ohmic loss decreases with 
reduced baffle thickness. Consequently, the combined 
effect of reduced concentration and ohmic overpotentials 
contributes to a superior electrochemical performance in 
the novel design. The decrease in FE with the decreasing 
baffle thickness can be explained by Figure 4(d). As the 
baffle thickness decreases, the concentration of electronic 
holes increases gradually, leading to a reduction in FE. 
Furthermore, the electronic holes tend to concentrate under 
the rib region, which indicates that the distribution of gas 
in the electrode can significantly affect the distribution 
of charge carriers. It is noteworthy that the introduction 
of baffles leads to an increase in pressure drop within the 
PCECs (Figure 4(e)). 
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3.2.2. Chemical species distribution

In Figure 5(a) and (b), two uniformity indices 
are notably higher in the novel design compared to the 
conventional design. For example, the uniformity indices 
of H2O and O2 of Case 2 are 11.7% and 46.2% higher, 
respectively, than those of Case 1. This observation 
underscores that the novel hexagon-shaped design can 
markedly enhance the gas distribution on the anode side, 
particularly for oxygen. Moreover, it is reasonable to 
project that this novel design may also prove effective 
in the fuel cell mode, as it substantially improves the 
distribution of oxygen, a reactant gas in the fuel cell mode. 
Furthermore, two uniformity indices slightly increase as 
the baffle thickness decreases. The distribution of the steam 
mole fraction in the anode of different cases is shown in 
Figure 5(c). In comparison to the conventional design, 
the novel hexagon-shaped design exhibits a significantly 
lower area with a steam fraction of less than 0.2. This 
highlights the favourable impact of the novel interconnector 
on achieving an even distribution of steam. However, it 
is notable that the mole fraction of steam under the rib in 
the novel design remains much lower than that under the 
channel. Consequently, to optimise the hexagon-shaped 
interconnector design, further research can explore the size 
and shape of discretely distributed ribs and their influence 
on gas species distribution, as well as the electrochemical 
performance of PCECs. Additionally, the application of the 
novel design also has a slightly positive impact on hydrogen 
distribution in the cathode. In Figure 5(d), the uniformity 
index of Case 2 is 0.45% higher than of Case 1.

Figure 5. (a) Uniformity index of H2O distribution; (b) 
uniformity index of O2 distribution; (c) the distribution of 
steam fraction in the anode; and (d) uniformity index of H2 
distribution.

3.2.3. Performance index

In this study, a comprehensive performance index is 
introduced to assess the overall performance of various 
cases, considering multiple performance metrics. These 
metrics encompass pressure drop, Faradaic efficiency 
(FE), operating voltage, and uniformity indices of steam, 
temperature, FE, and current density. The formulation of 
the overall performance index is outlined as follows (Wang 
et al., 2023): 
(1) Standardise all the performance metrics, where i is the 
index of cases, j is the index of performance metrices, aij 
is the jth metrix of case ith, 

Z Li and M Ni 

Figure 5. (a) Uniformity index of H2O distribution; (b) uniformity index of O2 distribution; (c) 
the distribution of steam fraction in the anode; and (d) uniformity index of H2 distribution. 
3.2.3. Performance index 

In this study, a comprehensive performance index is introduced to assess the overall 
performance of various cases, considering multiple performance metrics. These metrics 
encompass pressure drop, Faradaic efficiency (FE), operating voltage, and uniformity indices 
of steam, temperature, FE, and current density. The formulation of the overall performance 
index is outlined as follows (Wang et al., 2023):  
(1) Standardise all the performance metrics, where i is the index of cases, j is the index of
performance metrices, 𝑎𝑎*3 is the jth metrix of case ith, max

t
𝑎𝑎*3 is the maximum value of the jth

metrics, min
t
𝑎𝑎*3 is the minimum value of the jth metrics. 

𝑎𝑎*3m =
!!%7uvw< !!%

uxy
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!!%7uvw< !!%

. (31) 

(2) Calculate the coefficient of weight for the jth metric, 𝑤𝑤3 , where 𝑒𝑒3 is the coefficient of 
entropy, 𝑔𝑔3 is the coefficient of variation, 𝑝𝑝*3 is the averaged performance metrics.

 is the maximum value 
of the jth metrics, 
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(2) Calculate the coefficient of weight for the jth metric, wj, 
where ej is the coefficient of entropy, gj is the coefficient of 
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(3) Compute the overall performance index, 𝐸𝐸*.
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345 . (35) 

The calculated overall performance indices are illustrated in Figure 6. The figure suggests 
that Case 2 is identified as the best case because its overall performance index is 70% higher 
than that of the conventional case and 42% higher than that of Case 3 or Case 4. This indicates 
that a novel hexagon-shaped interconnector with an 80 μm baffle outperforms the other cases 
significantly in terms of the overall performance index. 
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The calculated overall performance indices are 
illustrated in Figure 6. The figure suggests that Case 2 is 
identified as the best case because its overall performance 
index is 70% higher than that of the conventional case and 
42% higher than that of Case 3 or Case 4. This indicates 
that a novel hexagon-shaped interconnector with an 80 μm 
baffle outperforms the other cases significantly in terms of 
the overall performance index.
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Figure 6. Overall performance index.

4. Conclusion

In this study, a novel hexagon-shaped interconnector 
is introduced with the aim of enhancing the anode 
performance of PCECs, consequently improving their 
hydrogen production capability. To assess the effectiveness 
of this design, a 3D numerical model is developed, which 
couples mass, momentum, charge, and energy transfer with 
electrochemistry sub-models. This comprehensive model is 
employed to evaluate the performance of PCECs featuring 
the novel interconnector design.

The simulation results underscore the notable influence 
of the contact resistance on the electrochemical performance 
and FE. To provide a more realistic prediction, it is crucial 
to consider the contact resistance in the model geometry, 
especially in the presence of the interconnector. Generally, 
the novel hexagon-shaped interconnector demonstrates 
superior electrochemical performance and FE. Additionally, 
the novel design significantly affects the distribution of 
gas on both the anode and cathode sides, as highlighted 
by the substantially enhanced uniformity indices. In this 
study, an overall performance index is introduced to assess 
and compare the performance of different cases featuring 
various designs. Seven performance metrics are averaged 
based on their coefficients of entropy to formulate the 
overall performance index. The results identify the novel 
hexagon-shaped interconnector with a baffle thickness of 
80 μm as the best-performing case.

Overall, the novel hexagon-shaped interconnector 
proposed in this study exhibits significant advantages 
over the traditional interconnector. The developed 3D 
model can be extended to evaluate the performance of 
other interconnector designs. Future work may focus on 
exploring the size and shape of discretely distributed ribs 
in the hexagon-shaped interconnector to further optimise 
its performance. Additionally, the method used to derive 
the overall performance index can serve as a valuable 

tool in other studies aiming to evaluate comprehensive 
performance, especially when dealing with numerous 
performance metrics.
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Appendix

Nomenclature

Abbreviations
PCEC	 Protonic ceramic electrolysis cell
SOFC	 Solid oxide fuel cell
NPP	 Nernst-Planck-Poisson

Letter
T	 Absolute temperature, K
Eact	 Activation energy, J mol-1 
R	 Universal molar gas constant, 8.314 J mol-1 k-1

Eeq	 Equilibrium potential, V
ci	 Concentration, mol m-3

Ji	 Molar flux, mol m-2 s-1

F	 Faraday constant, 96485.3 C mol-1

zi	 Number of charges
ϕel	 Electrostatic potential, V
i	 Current density, A m-2

yi	 Molar fraction of species i, mol s-1

Vf	 Volume fraction
Pper	 Percolation probability
λeff

TPB	 Effective TPB, m2 m-3

Mi	 Molar mass of species i, kg mol-1

u	 Velocity, m s-1

Ni	 Molar flux of species I, mol m-2 s-1

Deff
iK	� Effective Knudsen diffusion coefficient of 

species i, m2 s-1

Deff
ij	 Effective binary diffusion coefficient, m2 s-1

Cp	 Thermal capacity, J mol-1 k-1

λeff	 Effective thermal conductivity, W m-1 k-1

Qi	 Source term i
ρ	 Density, kg m-3

σ	 Conductivity, S m-1

ε	 Porosity
τ	 Tortuosity
k	 Permeability, m2

ωi	 Mass fraction of species i
μ	 Viscosity, Pa s




