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Abstract

Protonic ceramic electrolysis cell (PCEC) is a clean and sustainable technology for hydrogen
production. To provide a comprehensive understanding of the effects of various parameters on
the performance of PCEC, a framework is proposed to combine the 2D numerical model with
One-Factor-At-a-Time (OFAT) and Design of Experiments (DOE) methods. DOE is a simple
but effective method to gain deep insight into the effect of different factors on the response
variable using a small number of cases. In the OFAT result, a peak optimal Faradaic efficiency
(FE) of 82% is found at 600°C and a current density of 0.4 A cm™. The FE increases with the
increasing inlet flow rate, while the temperature gradient reduces continuously. It is also found
that if the inlet steam mole fraction increases by 5%, the FE can be increased by at least 0.25%.
DOE results demonstrate the most important factors are the anodic inlet steam molar fraction
and anodic inlet flow rate. Additionally, the interaction effects between them are also found to
be significant. Noteworthy, regression models derived from DOE results also demonstrate
potential capabilities as surrogate models for 2D numerical model. Therefore, DOE is a
powerful tool that can draw rigorous conclusions while saving a lot of computational resources.
Overall, this study provides deep insights into the interaction effects of different parameters.

The framework proposed in this study can be applied to guide future PCEC design optimization.
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Nomenclature

Abbreviation

PCFC  Protonic ceramic fuel cell

AEC Alkaline electrolysis cell

PEMEC Proton exchange membrane electrolysis cell
SOEC  Solid oxide electrolysis cell

FE Faradaic efficiency

NPP Nernst-Planck-Poisson

TPB Triple phase boundary

TNV Thermal-neutral voltage

Letter
k; Reaction rate coefficient
A; Pre-exponential factor
T Absolute temperature, K
n Temperature exponent
E et Activation energy, J mol™!
R Universal molar gas constant, 8.314 J mol™! k!
E,q Equilibrium potential, V
c; Concentration, mol m™
Ji Molar flux, mol m? s™!
F Faraday constant, 96485.3 C mol’!
Z; Number of charges
Dot Electrostatic potential, V
i Current density, A m™
Vi Molar fraction of species i, mol s™!
| 7% Molar volume, m mol
Keq Reaction rate equilibrium constant
AH° Change of enthalpy, J mol™!

AS°® Change of entropy, J mol™! K!



Pper

eff
Arpg

xan/ca,inlet

van/ca,inlet

P

(9

Volume fraction

Percolation probability

Effective TPB, m?> m™

Molar mass of species i, kg mol™!

Velocity, m s’

Molar flux of species I, mol m™? s™!

Effective Knudsen diffusion coefficient of species i, m? s™!
Effective binary diffusion coefficient, m? s™!

Thermal capacity, J mol! k!

Effective thermal conductivity, W m™! k!

Source term 1

Inlet composition at the anode/cathode side gas channel, %
Inlet volumetric flow rate at the anode/cathode side gas channel
Density, kg m™

Conductivity, S m!

Porosity

Tortuosity

Permeability, m?

Mass fraction of species i

Viscosity, Pa s



1. Introduction

Currently, the world is facing an energy crisis, with fossil fuels being over-utilized and causing
damage to the environment. Alternative and clean fuels are required to meet the growing
demands and to reduce the carbon emission. Hydrogen, a clean and renewable energy carrier,
is likely to play an essential role in the future zero-carbon society [1]. Hydrogen element is
abundant on Earth from a variety of sources, including natural gas, water, and biomass, but
hydrogen gas is not readily available. To date, the dominant method to produce hydrogen is
still hydrocarbon reforming, which is an energy-intensive process [2]. For example, nearly 95%
hydrogen production in the U.S. comes from natural gas reforming, which is carbon-expensive
[3]. In order to minimize the carbon footprint of the hydrogen production process, developing

clean and efficient hydrogen-producing technology is becoming increasingly important [4].

Compared with solar photocatalysis water splitting and solar thermochemical cycle water
splitting technologies, water electrolysis cells driven by solar power has great potential for
large scale clean hydrogen production due to their high efficiency and durable operation. Room
temperature alkaline electrolysis cell (AEC) and proton exchange membrane electrolysis cell
(PEMEC) require high voltage thus high power consumption for hydrogen production. High
temperature solid oxide electrolysis cell (SOEC) shows much lower voltage (low power
consumption) and high current density thus high hydrogen production rate. However, the too
high operating temperature (about 800 °C) of SOEC requires complicated thermal management
causes high system cost and poor SOEC durability especially under fluctuating operation
conditions. For comparison, protonic ceramic electrolysis cell (PCEC) can work at about
400 °C — 600 °C, which simplifies the thermal management system, reduces the system cost
and improves the cell durability. Furthermore, since the activation energy of protons is smaller
than that of oxygen ions, the conductivity of a typical proton conductor (BCZY, 1.49 Sm™) is

greater than that of a typical oxygen ion conductor (YSZ, 0.25 S m™) at 600 °C [5,6]. This



indicates that PCEC may achieve a lower ohmic overpotential, resulting in a lower power
consumption. Therefore, PCEC is more promising than SOEC at intermediate temperatures.
Compared with various electrolysis technologies, PCEC is an attractive option for powering

the future hydrogen society.

The theoretical model of PCEC dates to 2008. Ni et al. develop a 1D model of PCEC [7]. They
compared the performance of PCEC and solid oxide electrolysis cell (SOEC). It was found that
PCEC is advantageous over SOEC in terms of structural design. However, in their model, the
electrolyte is considered to be a pure proton conductor, without considering the current leakage
and possible oxygen ion conduction. The current leakage phenomenon is experimentally
observed in the protonic ceramic electrolyte [8]. This implies that not all the current supplied
to the PCEC can be converted to hydrogen. In other words, it is difficult for PCEC to achieve
100% Faradaic efficiency (FE). This is also a major challenge for the development of PCEC.
For example, in Ref [9], Choi et al. developed a highly active air -electrode
PrBa 5S10.5Co1.5Feos0s+5 (PBSCF) for their PCEC. They reported a measured FE of 76% at
600 °C, 1.3 V for their PCEC. Consequently, the current leakage can significantly affect the
performance of PCEC. Including the current leakage phenomenon in the numerical model is of
great importance to understanding the operating mechanism of PCEC. Zhang and co-workers
developed a numerical model to account for the current leakage in the yttria-doped barium
zirconate (BaZrosY0203, BZY20), which is a widely-used proton-conducting electrolyte
material for PCEC [10]. Notably, an analytical solution was derived in their work to describe
the leakage currents in the proton-ceramic electrolyte. They also found that the FE at a high
temperature is generally lower than that at a low temperature. Kee et al. developed a numerical
model to investigate the defect transport in the radial direction through the BZY20 [11]. Both
steady-state and transient behaviours of the BZY20 membrane are simulated. Unlike Zhang,

who used the analytical equation to describe the leakage current in the BZY20 membrane, Kee



and co-workers developed a Nernst-Planck-Poisson (NPP) model to describe the transport of
different charge carriers through the BZY20 membrane. As a result, this NPP model can
systematically describe the complex transport process through the electrolyte, thereby
unveiling the mechanism of leakage currents. Thereafter, Zhu et al further applied this NPP
model to the PCEC, in which BZY 10 was used as the electrolyte material [12]. The effects of
environmental atmosphere composition on the open circuit voltage of PCEC are well-
investigated in their work. Their 1D model results showed that the FE increased with
decreasing operating temperature and increasing voltage. Although the previous studies could
describe the complicated transport process within the electrolyte, they did not consider heat
transport within the PCEC. The heat transport can significantly affect the temperature
distribution in the PCEC, thereby affecting the performance of the PCEC. In addition, as
previous studies reveal, the FE of PCEC is sensitive to temperature. Hence, taking heat
transport into account can provide a better understanding of the current leakage phenomenon

in PCEC.

Aiming to fill this research gap, the present study develops a 2D numerical model, in which
the heat transport and charge transport within the PCEC are fully considered. More importantly,
to explore the effects of different operating parameters on the PCEC performance, two methods
are applied in this study: 1) One-Factor-At-a-Time (OFAT) method; 2) Design of Experiments
(DOE). The OFAT method, where one factor or parameter is varied at a time while keeping all
other factors constant, aims to study the effect of each factor on the outcome variable
independently of other factors [13]. Although the OFAT method is easy to implement and can
help researchers to understand the effect of a factor, it cannot account for interactions between
different factors, which may pose a significant impact on the outcome as many parameters of
PCEC may interact with each other. The second method, DOE, can well address the limitations

by fully consider the interactions between parameters [14]. It is thus expected that the DOE



method can not only provide insights on the influences of parameters on PCEC performance,
but also enable multi-parameter optimization to achieve the best performance of PCEC. The
framework of this study is shown in Figure 1. The present work combines the advantages of
OFAT and DOE methods, thereby providing a more accurate understanding of the effects of
different parameters on the PCEC. Furthermore, the framework proposed in this study can be

extended to other theoretical modelling of PCEC.

2. Modelling methods

2.1 Modelling geometry
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Figure 1 Schematic of the framework to reveal the main and interaction effects.

Figure 1 shows the framework of this study. Firstly, the 2D Multiphysics model is developed.
Secondly, the OFAT and DOE methods are respectively utilized to create a sequence of inputs
for the 2D Multiphysics model. Thirdly, the OFAT approach can provide insight into the
individual effects of each parameter on the behaviour of PCEC, while the DOE method can
reveal the individual effects and interactions between different parameters on PCEC behaviour,
as opposed to analysing them in isolation. Therefore, the OFAT and DOE methods are

compared to fully demonstrate the impact of various parameters on the performance of PCEC.



Additionally, this comparison can help to uncover the characteristics of each method during
the analysis process. A 2D Multiphysics model is developed for a planar PCEC (active area: 5
x 5 ¢cm?). The PCEC length is along the horizontal direction, while the PCEC thickness is along
the vertical direction. After the construction of the model, both OFAT and DOE approaches
are implemented to investigate the effects of different operating parameters. The model
parameters and geometry information are gathered in Table 1. The main assumptions applied

in this 2D model are shown below:

1) All the gas species (H2, H2O, Oz, N») are considered ideal and incompressible gases.

2) Both electrolyte and electrode particles are uniformly distributed within the porous
electrodes.

3) PCEC is assumed to be operated under steady state operation.

4) The electrochemical reaction sites are uniformly distributed within the porous electrodes.

5) The protonic defects, oxygen vacancies and electronic holes are considered mobile charge

carriers in the electrolyte material.

Table 1 2D model parameters.

Parameters/Locations | Value/expression | Unit
Anode thickness 30 um
Cathode thickness 400 um
Electrolyte thickness 20 pm
Gas channel thickness 1 mm
Out-of-Plane thickness 50 mm
Cell length 50 mm

Ean 0.4 1

Eca 0.4 1

Tan/ca 3 1
Pop 1 atm




T,y 823.15 K

Vparticle 0.5 pm
Vs, an 0.6 1
Vica 0.6 1

2.2 Electrochemical model
In the PCEC, the two half-electrochemical reactions in the anode and cathode can be written

in the reduction reaction form as:

Anode: 0,(g) + 4[0OH,] + 4e~ = 2H,0(g) + 4[0;] (1)
Cathode: 20H,, + 2e' < H,(g) + 20, (2)
The Butler-Volmer equation is applied to describe the charge-transfer reaction rate in the anode

and cathode, respectively [15].
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Where a4/ is the anodic/cathodic charge transfer number, mNactac rtepresents the

anodic/cathodic activation overpotential (V), ioac represents the anodic/cathodic exchange

current density (A m) [16], which can be given by:
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Where yoa/c 1s anodic/cathodic pre-exponential factor of exchange current density, Eactarc 1s the
anodic/cathodic activation energy (J mol™), pi is the partial gas pressure of gas species i. The

source term of current in the porous electrode is calculated as:

_ qeff
Si = A?PB °l (7)



Where /1‘;];]; is the effective triple phase boundaries (TPB) length per unit volume (m? m?).

/1?;]; in the porous electrode can be calculated as [17]:
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Where req/el represents the radius of the electrode/electrolyte particles (m), 0 is the contact angle
(15°), n?, is the number density of electrode particles (m™), € is the porosity, vs is the volume
fraction, Pper is the percolation probability of electrode or electrolyte materials, Zj j is the

average contact number between k particles [18].

2.3 Charge transfer
The charge transfer process within the electrolyte is described by the Nernst-Planck equation,
where both diffusion and migration of charge carriers within the electrolyte material are taken

into account [19]:

z;F
Ji = —Dieff (V¢ +RL_T ¢; Voer) (11)

Where J; is the molar flux of species i (mol m™ s), Dl-e 17 represents the effective diffusion
coefficient (m? s!), F is the Faraday constant (96458.3 C mol™), ¢; is the concentration of
species i (mol m™). The conservation equation of mobile charge carriers within the electrolyte

can be given by:

dc;
6_tl+v']i:sd (12)



Where sq is the source term describing the defect species' production or consumption owing to
the defect chemical reactions. The last term in Eq.11, ¢, is the electrostatic potential. Poisson
equation portrays the relationship between electrostatic potential and local charge density as

[20]:

V. (Eabs V(;bel) +F Zzici =0 (13)
i

Where £, stands for the absolute permittivity (F m™') of the electrolyte, z is the number of
charges carried by species 1. The current density of a species i (i;) or the overall external current

density (i,, ) both can be derived through the molar flux calculated from Eq.11.

ij = z;F]; (14)

o =F ) 2= ) 13

Besides, to solve the above Nernst-Planck-Poisson equations, the concentrations of different
defect species are essential as the boundary conditions. Three defect chemical reactions,
involving four defect species (05, OH,, V,;, O,) and three gas species (H,, H,0, 0,), are taken

into consideration under wet condition [19]:

0.5H, + 0, = OH,, (16)
H,0 + 0% +V; = 20H, (17)
0.50, + 0% + V5 = 20, (18)

Where 0}y, OH,, V,y, O, stand for the lattice oxygen site, protonic defect, oxygen vacancy and
oxygen-site polaron, respectively. Therefore, the reaction rates of the three reactions (Eqgs. 16-

18) can be expressed by:

1 = kpicpco, — kpiCom,, (19)

— 2
T2 = Kr2C,0C05Cvs — Kb2Cony, (20)



— . 2
r3 = kf3C325Cog Cy; — kbzcob (21)
Where kr and ky are the forward and backward reaction rate constants, respectively. The ratio

of kr to ks, equals to the equilibrium constant for each reaction. Moreover, the equilibrium of

the three reactions can be calculated as [21]:

_ [oH;) .
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where [i] is the molar concentration (mol m™) of defect species i. The defect unit concentration

([i],) can be derived from the molar concentration:

[X5], = [Xp]V, (25)
where Vi, is the molar volume (m?® mol™). In addition, through the entropy change (4S") and

enthalpy change (AH"), the equilibrium constant can be defined as:

AS° AH’ (26)
K = exp | exp (—==

RT
Noteworthy, the parameters of the different defect reactions can be found in Ref. [19].
Furthermore, to solve the defect concentrations within the electrolyte, two additional
constraints are required. The first is the electroneutrality, the second is the O-site conservation

condition.

[0Hp] + 2[Vy]+ [0p] — [Ybz,] = 0 27)
[0Hp] + [Vo1+ [05] +[05] =3 (28)
The conductivity of a charge carrier i1 in the electrolyte can be calculated once the defect

concentration is obtained.



F? (29)

o; = RT 4 z?¢;D;
D; = D%xp (— ;C;d) (30)

where D? is the pre-exponential constant, E, 4 represents the activation energy (unit), both

of which can be found in Ref. [22]. The sum of the conductivities of different charge carriers

is the total conductivity of the electrolyte.

F? (31)
RT z?c;D;

i

Ogp =

In addition to the charge transfer within the electrolyte, the electrons transfer within the

electrode can be described by Ohm’s law [23]:

Vei,=V- (Ue,eff Vo) (32)
Where i, is the electronic current vector, g, ¢ is the effective electronic conductivity (S m™),

which can be determined as [24]:

Oerf = 00[(1 - E)Uspper]{ (33)

Where g, and ( are the intrinsic conductivity and Bruggeman factor, respectively.

2.4 Mass and momentum transport
The dusty gas model is implemented to describe the species transport in the PCEC, in which

both molecular diffusion and Knudsen diffusion are taken into account [25]:

yNe—yiN; 1 PVy; + y,VP + y,VP —— kP
j iK
(35)
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Where y; is the mole fraction of gas species i, N; is the molar flux of specie i (mol m? s,

DfI{f represents the effective Knudsen diffusion coefficient of species i (m? s,

D;.f f represents the effective binary diffusion coefficient (m? s™'), t stands for the tortuosity of
porous electrode, 1, is the radius of pore, Dl-oj denotes the binary molecular diffusion coefficient

(m? s™). This coefficient can be determined by a modified Chapman-Enskog relation [26-28].

In addition, the momentum transport in the porous media can be described by the Darcy’s term

modified Navier-Stokes equation [29,30]:

p u u 2p - Om
;(u-V)-Ez—VP+l7-[E(l7u+ VuT)—gg(V-u)]—(wc 1+?)u (39)
PV U= 0p = Wik, (40
_PN @ (41)
p_RTZMl-

Where p stands for the density (kg m™), u is the velocity vector (m s™), u is the viscosity (Pa

s1), x signifies the permeability, Qm is the source term of mass determined by the reaction rates.

2.5 Heat transfer

The heat transfer within the electrolysis cell is described by the following formula [31]:

PCoerrUVT +V - (=2ffVT) = Qp (42)
Where C, in the first term represents the effective specific heat capacity (J kg™ K™), while 4, ff

in the second term signifies the effective thermal conductivity (W m™ K!). Q,, represents the



source term, including the electrochemical reaction heat, ohmic heat, and heat due to the

polarization loss [32].

2.6 Boundary conditions

The boundary conditions applied for solving the 2D model are summarized in the Table 2. The
model is solved by the finite element method in COMSOL Multiphysics. Mesh independence
is obtained with 259338 DOF. The presented model is validated (Figure 2 (a)) against the

experimental data of a button-cell operating under fuel cell mode [21].

Table 2 The boundary conditions of PCEC model.

Condition/Locations Value Unit
Xca inlet Humidified air (10% H2O)
Xan,inlet 97% H2/3% H>O
Ve inlet 1.03x10%° kg s’!
Vaninlet 1.03x10* kg s

Lavg 0.5 A m?

Anode inlet Xan,inlet» Van,inlets Top

Cathode inlet Xca,inlet» Veajinlets Top

Anode upper-face i =iy

Cathode upper-face @ =0
Anode outlet Open boundary
Cathode outlet Open boundary
Other boundaries Insulation/Wall

3. Design of Experiments (DOE) Method

In this work, a design of experiments (DOE) method, combined with the 2D model, is
implemented to perform a more systematic parametric analysis than the traditional OFAT
method. Furthermore, DOE can effectively identify the most important parameters and reveal

how different operating parameters interact with each other. DOE is a method that



systematically varies multiple factors between different levels (e.g., two levels in this case) to
create combinations that can be tested and analyzed to determine the main and interactive
effects on the response variables of interest. This method produces structured and statistically
informed outcomes, unlike the OFAT approach, which could require many experiments to
achieve the desired results. Therefore, DOE can provide insight into how different factors affect
the response variables with a small number of cases. This is because DOE uses a structured
experimental design that ensures that each factor is varied systematically across the different
treatments, which allows researchers to isolate the effects of each individual factor. In
particular, in this work, we apply a well-known Yates technique to perform a full 2* factorial
design (16 cases) [1]. By using the factorial design, DOE can effectively control for the effects
of irrelevant variables and isolate the effects of factors of interest. In addition to applying a
systematic factorial design, DOE also employs analysis of variance (a statistical technique) to
analyze the data collected. Then, it can quantify the impacts of different factors and identify
the most important factor. Thus, by carefully conducting a factorial design in DOE and
performing statistical analysis of the results, valuable insights can be gained even with a limited
number of cases. To gain a better understanding and learn about the DOE method, Refs [34,35]
are highly recommended as they are excellent textbooks on the subject. Furthermore, additional
literature utilizing the DOE method can be found in Refs [36,37]. These resources provide
valuable insights and guidance on how to effectively design experiments and analyse data using
the DOE method. By utilizing these resources, researchers can gain a deeper understanding of

the DOE method and apply it more effectively to the research.

Four factors are chosen: the cathodic inlet steam molar fraction (xc_in, denoted as A), the
anodic inlet steam molar fraction (xa_in, denoted as B), the cathodic inlet flow rate (vc_in,
denoted as C) and the anodic inlet flow rate (va_in, denoted as D). Two levels, i.e., high level

(coded as 1) and low level (coded as 0), are assigned to each factor. Hence, the total 16



treatments are included. Three replications are performed to ensure the precision of the data.
Additionally, three important responses are recorded, namely, applied voltage, temperature
gradient and faraday efficiency. The 2*factorial design is shown in Table 3. The high-level and

low-level values of different parameters are summarized in Table 4.

Table 3 The list of 2* factorial design.

D A, . B, . C, . D, . Treat.men-t
xc_in | xa_in | vc_in | va_in | combination

1 0 0 0 0 (1)

2 1 0 0 0 A

3 0 1 0 0 B

4 1 1 0 0 AB

5 0 0 1 0 C

6 1 0 1 0 AC

7 0 1 1 0 BC

8 1 1 1 0 ABC

9 0 0 0 1 D

10 1 0 0 1 AD

11 0 1 0 1 BD

12 1 1 0 1 ABD

13 0 0 1 1 CD

14 1 0 1 1 ACD

15 0 | 1 1 BCD

16 1 | 1 1 ABCD

Table 4 The high-level and low-level of four operating parameters.

Factors High-level Low-level
A, xc in 0.05 0.45
B, xa in 0.1 0.5

C, vc_in 8.38x107 kg s™! 1.47x10% kg s°!




D, va in

6.19x10° kg s™!

1.24x10* kg s™!




4. Results and Discussion
4.1 OFAT

4.1.1 Effects of current density and working temperature
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Figure 2 (a) Model validations; effects of working temperature on (b) the voltage, FE and
temperature gradient, on (c¢) unit concentration of different charge carriers and on (e) upstream
FE and downstream FE; effects of current density on (d) the voltage, FE and temperature
gradient and on (f) upstream FE and downstream FE.



As illustrated in Figure 2 (b), with the increase of working temperature, both applied voltage
and temperature gradient decreases monotonically. In this study, the current leakage
phenomenon is indicated by the Faradaic efficiency (FE) value. FE is calculated by multiplying
the hydrogen production rate by 2F (where F is the Faraday constant) and dividing this result
by the applied current density. It is important to note that the numerator of this equation (2F
times the hydrogen production rate) is equal to the imposed current density minus the current
lost to leakage. As a result, when the current density is held constant, FE will increase as the
leakage current decreases, and conversely, FE will decrease as the leakage current increases.
The FE also shows the same trend as the change in working temperature. This can be explained
by the results exhibited in Figure 2 (c¢), where [h] is nearly tripled and [OH']. decreases by
around 4% as the working temperature increases from 773 K to 873 K. [h]. represents the
concentration of electronic hole in lattice unit. Electronic holes can react with electrons, which
is why current leakage occurs. The molar flux of electronic hole is proportional to the [h]L.
Thus, the sensitivity of [h]. to working temperature (Figure 2 (¢)) is equivalent to the sensitivity
of leakage current to working temperature, which is in turn equivalent to the sensitivity of FE
to working temperature. Additionally, as shown in Figure 2 (c), the [h]L increases with
increasing working temperature, indicating that the leakage current increases as well. Therefore,
the FE will decrease with increasing working temperature at 0.5 A cm™. Furthermore, upstream
FE (mre,1) and downstream FE (nrg2) are presented in this work, to investigate the effects of
various parameters on the FE distribution within the PCEC. As shown in Figure 2 (e), as the
operating temperature increases, the difference between upstream FE and downstream FE

becomes negligible.

In Figure 2 (d), as expected, the applied voltage increases gradually with the increase of current
density. While the FE increases sharply with the initial increase of current density, which is

consistent with the previously reported data in Ref. [12]. The peak FE of 82% is obtained at a



current density of 0.4 A cm™ However, the FE of PCEC decreases with increasing current
density and is approximately 62.5% when the current density is 0.9 A cm™. This observation
of the present model is contrary to the data reported in Ref. [12] because the heat transfer within
the PCEC is accounted for in this work. Noteworthy, in this work, the temperature gradient
within the cell is defined as the maximum temperature minus the minimum temperature, then
divided by the length of the whole cell. Hence, the temperature gradient is consistently positive.
Before reaching the thermal-neutral voltage (TNV), the heat adsorbed by steam electrolysis
reaction is greater than the ohmic heat and the polarization heat. Therefore, the PCEC is in
endothermic mode when the voltage is < TNV. At 0 A cm™, the temperature gradient should
be zero (no heat generated or adsorbed). At 0.1 A cm™, the temperature gradient increases to
1.4 K cm™ (endothermic). At 0.4 A cm™, the temperature gradient decreases to 0 K cm’!
(thermal-neutral). Hence, as the current density increases, the temperature gradient initially
increases then decreases before reaching the TNV. Additionally, with a further increase in the
current density, the generated ohmic heat and polarization heat surpass the electrolytic
adsorbed heat, making PCEC in the exothermic operation mode. To better evaluate the
performance of the PCEC with regards to hydrogen production, the upstream FE and the
downstream FE are introduced. The upstream FE measures the FE of the first half section of
the PCEC, and the downstream FE measures the other. By comparing the upstream and
downstream FE, valuable insights can be gained into the performance differences between two
sections of the PCEC. If there is a significant difference between the upstream and downstream
FE, it may suggest that certain parts of the cell are not performing optimally, leading to
inefficiencies. Therefore, it is essential to compare the upstream and downstream FE. In Figure
2 (e), when the current density is 0.4 A cm™, the difference between the upstream FE and
downstream FE is around 13.9%. However, when the current density is 0.9 A cm™, the

difference between the upstream FE and downstream FE considerably increases to 26.5%. This



indicates that increasing the current density can remarkably widen the gap between the
upstream FE and the downstream FE, causing the energy efficiency downstream of the PCEC

less than expected.

4.1.2 Effects of inlet flow rate
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Figure 3 Effects of cathodic inlet flow rate on (a) the voltage, FE and temperature gradient and
on (c) upstream FE and downstream FE; effects of anodic inlet flow rate on (b) the voltage, FE
and temperature gradient and on (d) upstream FE and downstream FE.

Since either an increase in the anodic inlet flow rate or in the cathodic inlet flow rate can remove
the heat from the PCEC, the temperature gradient decreases monotonically as expected (Figure
3 (a) and (b)). Correspondingly, the FE of PCEC is improved with increasing inlet flow rate
either in the anode or in the cathode. Although the applied voltage increases with the increase
of cathodic inlet flow rate, the increase is negligible (< 0.04%) (Figure 3 (a)). As the anodic
inlet flow rate increases, the concentration of reactants within the electrode can be maintained

at a higher level, which can reduce the concentration polarization effect and lead to a decrease



in applied voltage. However, its effect on the applied voltage is negligible. When the anode
inlet flow is doubled, the applied voltage only increases by about 0.6%. In Figure 3 (d), FE
distribution becomes more uniform due to the increased anodic inlet flow. This can be
attributed to two consequences of increased flow: 1) more uniform distribution of reactants 2)
more uniform temperature distribution (decreased temperature gradient). Therefore, the
environment of upstream and downstream of PCEC becomes more similar, leading to a more

uniform FE distribution.



4.1.3 Effects of inlet steam molar fraction
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Figure 4 Effects of cathodic inlet steam molar fraction on (a) the voltage, FE and temperature
gradient, on (c) the equilibrium potential and unit concentration of different charge carriers and
on (e) upstream FE and downstream FE; effects of anodic inlet steam molar fraction on (b) the
voltage, FE and temperature gradient, on (d) the equilibrium potential, the unit concentration
of different charge carriers and steam utilization and on (f) upstream FE and downstream FE.

With an increase in the cathodic inlet steam molar fraction, the applied voltage decreases
continuously (Figure 4 (a)). The increased cathodic inlet steam molar fraction leads to a
reduction in the partial pressure of Hz, leading to a decrease in the equilibrium potential of

PCEC (Figure 4 (c)). It is also found that the temperature gradient decreases slightly as the



cathodic inlet steam molar fraction increases. Furthermore, the enhanced moist environment in
the cathode substantially promotes the formation of proton defects even if the formation of
holes is slightly improved as well. Consequently, the FE increases with increasing cathodic
inlet steam molar fraction. Besides, the applied voltage also decreases with the increase of the
anodic inlet steam molar fraction (Figure 4 (b)). The increased anodic inlet steam molar fraction
can increase the partial pressure of H>O within the PCEC, resulting in a decrease in the
equilibrium potential (Figure 4 (d)). It can also be observed from Figure 4 (b) that, when the
anodic inlet steam molar fraction increases to 20%, the applied voltage approaches TNV,
thereby making the temperature gradient in the cell equal to zero. Subsequently, with a further
increase in anodic steam molar fraction, the applied voltage becomes smaller than TNV,
making endothermic operation of PCEC. Furthermore, the increased anodic inlet steam molar
fraction can strongly suppress the formation of holes since the partial pressure of oxygen in the
anode is reduced (Figure 4 (d)). Considering both temperature and defects concentration effects,
the FE can be enhanced by increasing the anodic steam molar fraction. Impressively, in Figure
4 (e) and (f), the difference between the upstream FE and the downstream FE approaches zero
by increasing the inlet steam molar fraction either in the anode or in the cathode. From this
point of view, increasing the inlet steam molar fraction is beneficial to the uniform distribution
of FE. Nevertheless, it is worth noting that although increasing the anodic inlet steam molar
fraction is an effective way to reduce the temperature gradient and improve FE, the steam
utilization is remarkably reduced (Figure 4 (d)). This is detrimental to the overall energy
efficiency of PCEC. Moreover, if the anodic inlet steam molar fraction is increased, it will
result in the dilution of produced hydrogen. This means that a separation process must be
implemented to obtain pure hydrogen, and this additional step can decrease the overall
efficiency of the system and increase its cost. Therefore, it is crucial to exercise careful control

over the cathodic inlet steam fraction from the perspective of the entire PCEC system.



4.2 DOE

4.2.1 Applied voltage as the response
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Figure 5 When the applied voltage is the response: (a) standardized effects of different
parameters’ treatments, contour maps of interactions between (b) cathodic inlet flow rate and
cathodic inlet steam molar fraction, between (c) cathodic inlet flow rate and anodic inlet steam
molar fraction.

Figure 5 (a) shows the order of different parameters based on their importance. The most
important factor to the applied voltage is the anodic inlet steam molar fraction. Additionally,
the top five important treatments are: B> D > A > AC > BC. Figure 5 (b) and (c) demonstrate
the contour map of AC and BC interaction effects, respectively. In Figure 5 (b), it can be found
that, compared to the main effect of cathodic inlet steam molar fraction, the main effect of
cathodic inlet flow rate is negligible. Furthermore, the interaction of AC on the applied voltage

tends to increase the voltage when the cathodic inlet steam molar fraction is < 0.18, whereas



the opposite effect is observed when the cathodic inlet steam molar fraction is > 0.18. This
opposite effect becomes more remarkable as the cathodic inlet steam molar fraction increases.

In Figure 5 (c), the interaction of BC is considerably weaker than that of AC.

The effect of a factor on a response variable is divided into two types: 1) If the response variable
increases with the increase of the factor, its effect is positive; 2) If the response variable
decreases with the increase of the factor, its effect is negative. Therefore, according to the
impact types of different factors, it is possible to qualitatively understand how different factors
affect the performance of PCEC. Moreover, under the practical PCEC operation, when the
current density is fixed, reducing the applied voltage can be one of the optimization goals for
saving the electric power. Therefore, understanding the negative impact of different parameters
on the applied voltage is also important for planning PCEC operational strategies. As listed in
Table 5, the anodic inlet steam molar fraction exhibits the most negative effect on the applied
voltage. In other words, when reducing the applied voltage is the goal, then increasing the
anodic inlet steam molar fraction can be the most effective tactic. The standardized effect of
anodic inlet flow rate and cathodic inlet steam molar fraction is significantly less than that of
anodic inlet steam molar fraction. Additionally, although the negative of anodic inlet flow rate
is not as important as inlet steam molar fraction, the interaction effects of AC and BC cannot

be ignored.

Table 5 Order of different treatments.

Cases Order of different treatments

Negative impacts on the applied voltage | B>D>A>AC>BC>AD>C>AB>CD

Negative impacts on the temperature

. B>D>C>ABD>BCD>A>ABCD > AC
gradient

Positive impacts on the FE B>D>A>BCD>C>ABD >ABC




4.2.2 Temperature gradient as the response
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Figure 6 When the temperature gradient is the response: (a) standardized effects of different
parameters’ treatments, contour maps of interactions between (b) anodic inlet flow rate and
anodic inlet steam molar fraction, between (c) anodic steam molar fraction and cathodic inlet
steam molar fraction.

As illustrated in Figure 6 (a), the anodic inlet steam molar fraction is still the most significant
factor, when the temperature gradient is the response. The top five important treatments are:
B >D >BD > AB > C. In Figure 6 (b), it can also demonstrate that the main effects of anodic
inlet flow rate and anodic inlet steam molar fraction are comparable. While the interaction of

BD is more substantial with increasing anodic inlet steam molar fraction. In Figure 6 (c), the



main effect of the anodic inlet steam molar fraction is more significant than that of the cathodic
inlet steam molar fraction. When the anodic inlet steam molar fraction is < 0.3, the interaction
of AB on the temperature gradient tends to reduce the temperature gradient. However, the
opposite interaction effect is observed when the anodic inlet steam molar fraction is > 0.3.
Furthermore, to sustain the robust performance of the PCEC and promote the life span,
reducing the temperature gradient can be an optimization target [38]. Table 5 shows that the
anodic inlet steam molar fraction exhibits the most negative effect on the temperature gradient.

Additionally, the second effective parameter is the anodic inlet steam molar fraction.

4.2.3 Faraday efficiency as the response
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Figure 7 When FE is the response: (a) standardized effects of different parameters’ treatments,
contour maps of interactions between (b) anodic inlet flow rate and cathodic inlet steam molar
fraction, between (c) anodic inlet steam molar fraction and cathodic inlet steam molar fraction.



Figure 7 (a) shows that, when the FE is the response, the most important factor is still the anodic
inlet steam molar fraction. The top five important treatments are: B>BD >D > A > AB. It is
worth noting that the standardized effects of the anodic inlet steam molar fraction are more
than four times of that of the second important treatment (interaction of BD). Consequently, it
indicates that the effect of the anodic inlet steam molar fraction on the FE is dominant. It can
be found in Figure 7 (b) that, the interaction of BD is more significant under a low anodic inlet
steam molar fraction than that under a high anodic inlet steam molar fraction. In Figure 7 (c),
the interaction of AB is evidently weaker than that of BD. To enhance the energy efficiency of
PCEC, the FE can also be an optimization goal. The treatments with a positive effect on the FE
are summarized in Table 5. The anodic inlet steam molar fraction possesses the most important
impact on maximizing the FE of PCEC. Furthermore, the second effective parameter is the

anodic inlet steam molar fraction.

4.2.4 Regression model

To this point, the DOE results for different responses are analysed separately. According to the
above discussion, the anodic inlet steam fraction and anodic inlet flow rate are two of the most
significant factors. For the operation of PCEC, adjusting the anodic inlet steam fraction and
anodic inlet flow rate are the most efficient strategies to regulate the applied voltage,
temperature gradient and faraday efficiency. In other words, adjusting the anode operating
parameters is more beneficial and more effective in controlling the performance of PCEC than
adjusting the cathode operating parameters. Therefore, to optimize the performance of PCEC,
more efforts should be made in the future to further optimize the anode inlet steam fraction and
anode inlet flow rate. Besides, for each response, a regression model can be derived by applying
DOE. Table 6 lists the three regression models obtained from DOE analysis, in which the terms
of insignificant treatment are excluded. Three responses of PCEC under different conditions

are calculated by using both the 2D Multiphysics model and regression models. In addition, to



verify the effectiveness of different regression models, the coefficient of determination (R?) is

calculated for each response, which is listed in Table 6 as well. The value of R? is acceptable.

In this light, the regression model attained from DOE show a potential capability to be used as

a surrogate model for the 2D numerical model. It reveals the power of the DOE method, which

can be widely used in the future theoretical research of PCEC.

Table 6 The regression models.

Response

Regression model

1.36 —5.73x 1073 - xc_in — 0.19 - xa_in + 5.52 X 103 - vc_in
—92.73-va_in+ 8.7 x 107* - xc_in - xa_in
—4.22 x 103 - xc_in-vc_in — 34.7 - xc_in - va_in
—1.29 X 10* - xa_in - vc_in — 46.9 - xa_in
~va_in — 3.27 x 107 - vc_in - va_in + 8.06 x 107
-xa_in - vc_in - va_in

0.97

Gradr

10.11 — 1.83 - xc_in — 15.03 - xa_in — 7.63 X 10> - vc_in
—5.80 X 10* - va_in + 5.84 - xc_in - xa_in
—9.434 X 10° - xc_in - vc_in + 7.62 x 103
-xc_in-va_in + 1.02 X 10° - x_h20a - vc_in
+9.70 X 10* - xa_in - va_in + 5.25 x 10° - vc_in
-va_in + 2.80 X 10° - xc_in - xa_in - vc_in
—2.29 % 10* - xc_in - xa_in - va_in — 7.73 x 10°
-xa_in-ve_in-va_in — 1.17 x 101 - xc_in
-xa_in-vc_in - va_in

0.93

FE

57.45+ 12.11 - xc_in + 69.92 - xa_in + 2.79 x 10° - vc_in
+1.48 %X 10° - va_in — 13.10 - xc_in - xa_in
—1.33x10% - xc_in-vc_in —3.16 X 10* - xc_in
-va_in — 5.67 X 10° - xa_in - vc_in — 3.00 X 10°
-xa_in-va_in — 1.69 X 101° - vc_in - va_in
—3.22x10% - xc_in-xa_in - vc_in — 3.27 x 103
-xc_in- xa_in - va_in + 3.45 x 1010 - xa_in
-ve_in-va_in

0.94

5. Conclusions

In this study, a 2D model is developed for a PCEC to investigate the effects

of different

parameters on the applied voltage, faraday efficiency and temperature gradients. The heat

transport within the PCEC is considered, allowing a more realistic description of the current

leakage phenomenon. Furthermore, a framework combining 2D numerical model, OFAT



method and DOE method is constructed to reveal the main and interaction effects of different

operating parameters.

By using OFAT method, the peak FE of 82% is obtained at 600 °C and a current density of 0.4
A cm?. A further increase of current density decreases the FE. The non-uniformity of FE
distribution increases with increasing current density. The temperature gradient of the cell
decreases with the increase of inlet flow rate, while the FE shows the opposite trend. The
applied voltage and temperature gradient decrease with increasing inlet steam molar fraction,
while FE increases continuously. In addition, by analysing DOE results, the anodic inlet steam
molar fraction and the anodic inlet flow rate are found to be the most significant factors. When
the applied voltage is the response, the interaction between the cathodic inlet steam molar
fraction and the cathodic inlet flow rate is important. The interaction between the anodic inlet
steam molar fraction and the anodic inlet flow rate are found to be significant when the
temperature gradient or the FE is the response. Moreover, three regression models are derived
from the DOE results. The good validity of the regression model shows its potential ability as
a surrogate model for 2D numerical model. In summary, the main contribution of this study is
the development a framework to combine the numerical model with OFAT method and DOE
method. Such a framework can provide deep insights in the effects and interactions of different
parameters. Moreover, the significant parameters and interactions can be identified, thereby

enhancing the understanding of PCEC.
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