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H I G H L I G H T S

• 2D thermo-fluid-dynamic-electrochemical model of protonic ceramic electrolysis.
• Sensitivity analysis of operating conditions on the electrolysis performance.
• BCZY improves proton transport and faradaic efficiency compared to BZY20.
• Higher water content at electrodes enhances faradaic efficiency.
• Increased temperature raises proton diffusivity but lowers proton concentration.
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A B S T R A C T

The main goal of this work is the development of a model for a protonic ceramic electrolysis cell (PCEC), a 
technology emerging as a promising alternative to traditional solid oxide cells (SOCs). A two-dimensional nu
merical model has been developed for the simulation of a planar cell (5 × 5 cm2). The model is set up as the 
combination of a thermal-fluid-dynamic model and an electro-chemical one, also comprehending the transport of 
three defects (protons, electron holes and oxygen vacancies) through the membrane, typical for barium-based 
zirconate. Firstly, a state-of-the-art BaZr0.8Y0.2O3− δ (BZY) electrolyte material and cell structure (electrode 
supported Ni-BZY/BZY/SFM-BZY) with available experimental performance data have been selected from 
literature. Furthermore, the parameters required to model a novel material BaCe0.65Zr0.2Y0.15O3− δ (BCZY), still 
not available in literature, have been introduced. The purpose of this study is to quantify the effect of different 
operating conditions and modeling assumptions on the hydrogen production performance for the state of the art 
BZY electrolyte, also establishing the effect of the electronic leakage on the transport number and faradaic ef
ficiency. Finally, this material is compared to the newly introduced BCZY to assess their respective advantages 
and disadvantages.

1. Introduction

The increasing world’s energy consumption [1] and the environ
mental issues originating from fossil fuels being employed as sources are 
being tackled by exploiting renewable energy sources (RES). However, 
RES are characterized by issues such as intermittency and lack of 
programmability and therefore require solutions able to balance elec
trical power consumption, storage, and production [2]. At the same 

time, sustainable chemistry asks for molecules that guarantee a 
continuous and recyclable balance between reactants and products, 
considering Carbon (no new carbon added in the atmosphere).

In this context, looking at the available technologies, protonic 
ceramic cells (PCCs) are attracting growing interest. The interest shown 
in protonic ceramic cells, especially in comparison to solid oxide cells 
(SOCs) based on oxygen-ion conducting electrolytes, including lower 
activation energy due to hydrogen ion (H+) conduction, higher 
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theoretical efficiency, and reduced Balance of Plant requirements. They 
also exhibit better resistance to H2S poisoning, enabling the use of 
alternative fuels with less extensive desulphurization. Lower operating 
temperatures reduce degradation and enhance long-term efficiency, 
making PCCs suitable for electrolysis and fuel cell applications. How
ever, challenges remain, including issues with reaction processes, con
ductivity, durability, and scalability.

PCCs have potential in traditional electrolysis and fuel cells, as well 
as in emerging applications like advanced sensors [3], hydrogen sepa
ration, and the production of high-purity hydrogen [4] and chemicals 
such as ammonia and methane [5] as sources are being tackled by 
exploiting renewable energy sources (RES). However, RES are charac
terized by issues such as intermittency and lack of programmability and 
therefore require solutions able to balance electrical power consump
tion, storage, and production [2]. At the same time, sustainable.

PCCs were initially investigated in the 1980s with electrolytes made 
of barium cerate perovskite (BaCe1-xYxO3- δ) [6], material that exhibits 
proton conductivity already at moderate temperatures, between 400 
and 600 ◦C, enabling cost-effective operation [7]. Its high reactivity in 
CO2 and H2O environments, though, makes it impractical for some ap
plications. The alternative barium zirconate perovskite (BaZr1-xYxO3-δ) 
was therefore explored due to its higher chemical stability [6], associ
ated with the closer ionic radius and electroneutrality between zirco
nium and yttrium [8,9], the crystal structure of BZO, the shorter and 
stronger Zr-O bonds, and the bond length distances between Zr-O and 
Ba-O [10].

Considering the low technological readiness level of this technology, 
current research on proton-conducting electrolytes is focusing on ma
terials that combine yttrium-doped barium cerate and zirconate perov
skite. The goal is to achieve a trade-off between BZY, which offers 
greater stability, and BCY, which provides higher conductivity but is less 
durable in H2O and CO2 environments [6]. This is experimentally ob
tained throughout variable stoichiometry of Zr and Ce in the perovskite 
to obtain different zirconium and cerium doped barium perovskite 
(BaCeyZr1-x-yYxO3-δ). Higher contents of cerium, and consequently lower 
zirconium, will therefore increase the ionic conductivity, while higher 
zirconium will improve the chemical stability. Additionally, studies are 
being conducted on sintering aids to address manufacturing process is
sues [11].

One of the main disadvantages, when proton conducting perovskite 
materials are used for the electrolyte, is the current leakage. When 
compared to solid oxide cells, which operate by transmitting oxygen 
ions (O2− ) through the electrolyte, the protonic ceramic cells are char
acterized by a mixed ionic electronic conductor (MIEC) electrolyte 
membrane that transmits three mobile charge-carrying defects: protons, 
oxygen vacancies, and electron holes, usually defined as O-site polarons 
when attributed to an oxygen site [12–14]. O-site polarons may also be 
trapped in the yttrium dopant, as considered in this work [15]. The 
multiple mobile defects impact negatively the performance of the cell by 
producing a loss of potential, in both open and closed circuits, as well as 
increasing the resistive losses through the membrane [12].

When considering the electrolysis application, molecular hydrogen 
(H2) is produced at the cathode through the reduction of protons passing 
through the membrane, according to the reaction: 

2H+ +2e− →H2 

The opposite electrode is the steam electrode (anode), where the 
water splitting produces molecular oxygen (O2), protons and electrons 
through the following oxidation reaction: 

H2O → 1 /2O2 +2H+ + 2e−

Both water oxidation reaction (WOR) and hydrogen reduction re
action (HRR) occur in the mixed ion and electronic conducting (MIEC) 
electrodes and are confined to the triple phase boundaries (TPBs) where 
ion, electron and gas phases meet. It would be therefore also desirable to 

introduce proton conduction in the MIEC material to produce a triple 
conducting oxide (TCO). At the current state, it is still hard to produce 
sufficient defects for proton conduction with available hydrated oxygen 
vacancies [16–18].

Some models have already been implemented for proton conductor 
ceramic cells in fuel cells, both traditional [19–21] or fed by alternative 
fuels [22–25] and for electrolyzers [26,27]. However, these models 
neglect the multiple defects transport and the corresponding impact on 
the performance.

On this aspect, several studies have been performed, even though for 
a limited variety of materials, to present models with a unidimensional 
approach [12–15,28].

Finally, only a limited number of studies implement models in fuel 
cells and especially electrolysis mode [29–31], for entire cells and 
considering the presence of multiple defects during the operation. Still, 
most recent work does not consider the polaron trapping which instead 
has been accounted for in this work. Furthermore, almost in all available 
literature, the membranes are modeled using the thermodynamic pa
rameters for the BZY electrolyte material. This aspect has also been 
tackled by adding thermodynamic parameters, not available in litera
ture, for the material (BaCe0.65Zr0.2Y0.15O3− δ) comparing them to the 
state-of-the-art BZY. Finally, also different assumptions in terms of 
thermodynamic properties and compressibility for the fluids have been 
considered.

Hence, in this study, a multi-physics fluidic, thermal, and electric 
two-dimensional model for a proton conductive electrolysis cell is 
implemented considering the motion of three defects, including the 
trapping of the polarons when interacting with the yttrium dopant. The 
materials selected for the electrolyte, cathode and anode, are respec
tively yttrium-doped barium zirconate (BaZr0.8Y0.2O3-δ), abbreviated as 
BZY in this work, nickel and electrolyte material composite (Ni-BZY), 
and composite between molybdenum doped strontium ferrite (SFM) and 
BZY (SFM-BZY).

This study first extends the modeling approach already available in 
literature to a novel electrolyte material, BCZY, whose thermodynamic 
parameters are not available in the literature. One of the objectives of 
introducing BCZY into the model in comparison to the well-established 
BZY, is to provide a quantitative assessment of how different electrolyte 
compositions influence operational performance. This includes evalu
ating hydrogen production rates, electronic leakage, and key transport 
properties. Furthermore, another contribution is the additional and 
detailed quantification of how different operating conditions, such as 
temperature and gas compositions, affect performance metrics, also 
considered as critical for understanding the applicability of these ma
terials providing inputs for future development of the technology.”

2. Materials and methods

2.1. Cell geometry

The model has been implemented for a single cell, having the 
structure shown in Fig. 1.

The cell shown, with size 5 × 5 cm2, is composed, from the outermost 
to the innermost, of dual channels for fluidic and electronic purposes 
with segregated flow paths, porous electrodes divided into gas diffusion 
electrodes and gas diffusion layers and membrane with defects trans
port. Each one of these elements will be further described in the 
following sections.

The cell is assumed to operate in a steady state condition. Heat 
transfer is imposed throughout all the layers. The boundary conditions 
defined at the inlet for the fluids are 1) flow rate (both channels), 2) inlet 
flow composition, and 3) inlet temperature. Boundary conditions were 
chosen according to the reference used from literature [32]. The cell 
operates at ambient pressure. Regarding the electrical model, the elec
tric potential is imposed at the electrode/interconnect interface 
boundary with the ground on the cathodic side. The channels are 
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assumed equipotential to the set values.
Finally, a detailed description of the multi-physics is described in the 

following sections.

2.2. Membrane model and thermodynamic parameters estimation

2.2.1. Nernst-Planck-Poisson problem
As already mentioned, in the membrane the three mobile charge- 

carrying defects, written using the Kröger-Vink notation, are assumed 
to be respectively the protons 

(
OH⋅

o
)
, oxygen vacancies (V⋅⋅

o
)

and elec
tron holes (h⋅) which, when assumed to be located in an oxygen site, 
constitute a positive polaron (O⋅

o
)

[28]. These last defects are also 
assumed to interact with a portion of the dopant yttrium in the B-site 

(YX́B

)
, producing a trapped polaron (YX́B

− O⋅
o). Furthermore, in the 

Kröger-Vink notation, also the neutral oxygen site is used (Ox
o). The 

model setup and the parameters used for the BZY material have been 
defined according to the research available in literature from Zhu et al. 
[15].

The incorporation reactions occurring between gas and electrolyte 
interface can be described and modeled according to the equilibrium 
constant (KP), defined in terms of gas partial pressure (p). Both the re
actions and corresponding constants can be summarized as: 

- Interface with hydrogen:

1
2
H2 +O⋅

o ↔ OH⋅
o [1] 

KP,H2 =

[
OH⋅

o
]

L
[
O⋅

o
]

L⋅ p1/2
H2

[2] 

- Interface with oxygen:

1
2
O2 +Ox

o + V⋅⋅
o ↔ 2O⋅

o [3] 

KP,O2 =

[
O⋅

o
]2

L
[
OX

0
]

L⋅ p
1/2
O2

[4] 

- Interface with water:

H2O+V⋅⋅
o + Ox

o ↔ 2OH⋅
o [5] 

KP,H2O =

[
OH⋅

o
]2

L[
OX

o

]

L⋅

[
V⋅⋅

o

]

L⋅ pH2O
[6] 

- Polaron trapping:

Yʹ
XB

+O⋅
o ↔

(
Yʹ

XB
− O⋅

o

)
[7] 

KP,Trap =

[(
Yʹ

XB
− O⋅

o

)]

L[
YX́B

]

L⋅

[
O⋅

o
]

L

[8] 

The subscript (L) is used to represent the formula unit concentration, 
estimated through the equation [Xk]L = [Xk]⋅Vm with Vm representing the 
lattice molar volume. The equilibrium constants can be evaluated 

through the equation KP = exp
(

ΔS◦
R

)

exp
(

− ΔH◦

RT

)

. All of the constants 

are coupled by the gas-phase reaction H2 +
1
2O2 ↔ H2O through the 

relation K2
P,H2KP,O2 = KP,H2OKP,gas− phase . The values of Vm for the BZY elec

trolyte employed is 4.57⋅10− 5 m3

mol.
Finally, the value for the equilibrium constant of the hydrogen 

interaction with the perovskite can be estimated via Equation (9), while 
the thermodynamic parameters are evaluated according to Equations 
(10) and (11). 

KP,H2 =

(KP,H2O⋅KP,gas− phase

KP,O2

)1
2

[9] 

ΔH◦

H2 =
ΔH◦

,gas− phase + ΔH◦

H2O − ΔH◦

O2

2
[10] 

ΔS◦

H2 =
ΔS

◦

,gas− phase + ΔS
◦

H2O − ΔS
◦

O2

2
[11] 

To solve the system of Equations ((2), (4), (6) and (8), additional 
conditions have to be verified at the boundary and inside of the mem
brane such as: 

- Yttrium concentration maintained equal to dopant level:
[
Y’

XB

]

L
+
(

Y’
XB

− O⋅
o

)
=

[
Y’

XB

]◦

L
with

[
Y’

XB

]◦

L
= 0.2(BZY) ÷ 0.15(BCZY)

[12] 

- Conservation of the oxygen sites per formula unit, in a single 
perovskite lattice, as equal to 3:

[
V⋅⋅

o
]

L +
[
OH⋅

o
]

L +
[
O⋅

o
]

L +
[
Ox

o
]

L +
[(

Yʹ
XB

− O⋅
o

)]

L
=3 [13] 

- Electroneutrality condition:

Fig. 1. Cells structure with a) BZY and b) BCZY electrolytes showing the thickness and composition for each layer.
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2
[
V⋅⋅

o
]

L +
[
OH⋅

o
]

L +
[
O⋅

o
]

L −
[
Yʹ

XB

]

L
=3 [14] 

When the concentration of each defect at the boundary of the 
membrane is determined according to the local fluids’ composition and 
partial pressures, their motion can be described according to the Nernst- 
Planck-Poisson (NPP) problem, which is expressed by mass and charge 
conservation equations. First, the defect conservation inside the mem
brane can be described by the equation: 

∂[Xk]

∂t
+∇ ⋅ Jk =0 [15] 

which, in steady state condition, simplifies to ∇⋅Jk = 0 [12,15,28].
The term Jk represents the flux of a specific defect and can be 

described by the Nernst-Planck equation as: 

Jk = − Dk

(

∇[Xk] +
zkF
RT

[Xk]∇ϕe

)

[16] 

with Dk [m2/s] representing the diffusivity of a defect described by the 
equation 

Dk =D◦

k exp
(
− Ek

RT

)

.

The term zk represents the charge of the defects, respectively equal to 
1 for protons and polarons and 2 for the oxygen vacancies. Finally, ∇ϕe 
the gradient of the electrostatic potential.

This last term can be related to the local charge density (ρ (C/m3)) 
depending on the relative permittivity (εr) [33] through the Gauss Law 
shown in Equation (17). 

∇ ⋅ (εrεo∇ϕ)= -ρ= − F
∑

zk[Xk] [17] 

Both the defect concentration and electrostatic potential at the 
boundary of the membrane must be defined as boundary conditions for 
the resolution of the system of equations.

Useful for cell model implementation is also the definition of overall 
conductivity, defined as the summation of the partial conductivities of 
each defect, according to the Nernst-Einstein Equation (18). 

σ =
F2

RT
∑K

k=1

z2
k [Xk]Dk [18] 

2.2.2. Thermodynamic parameters estimation for BaCe0.65Zr0.2Y0.15O3− δ 

electrolyte material
Thermodynamic parameters, still not available in literature, have 

been estimated for a new material exploiting experimental data of 
conductivities with variable steam and oxygen partial pressures for the 
BaCe0.65Zr0.2Y0.15O3− δ already available in literature [34]. The selection 
of this specific composition has been performed since the available 
experimental data satisfies the requirements for the fitting procedure. 
Despite this reference already provided partial conductivities, these are 
not suitable for the NPP model implemented in this work and they also 
do not allow to determine separately the contribution of the interaction 
between gas and perovskite and of the diffusivities in the membrane for 
each ion. Furthermore, no values for the oxygen vacancies have been 
provided in the paper available in literature [34]. Therefore, enthalpies 
and entropies have been evaluated minimizing the conductivities esti
mated through the model, defined by Equation (18) with respect to the 
experimental ones according to the objective function shown in Equa
tion (19). For this parameter estimation, the trapping effect of polarons 
with the dopants has been considered. 

min
∑N

n=1

(
ln
(
σexperimental

)
− ln (σmodel)

)2 [19] 

It should be noted that the values obtained are not unique and 
different combinations provide the same overall conductivities 

measured experimentally. This problem could be assessed through new 
tests combining equilibrium and conductivity-relaxation measurements 
to improve the fidelity of the derived properties [28]. The parameters 
shown are those related to the best and most reasonable fitting and 
therefore to the lowest objective function.

Furthermore, the value for ΔH◦

H2O has been evaluated according to 
the available correlation to the difference in Allred-Rochow electro
negativities between A and B site elements as highlighted in Equation 
(20) well known and available in literature [35]. 

ΔH◦ =400 ΔxB− A − 180 [20] 

Being different dopants present in the B-site of this perovskite (Zr, 
Ce, Y), a weighted average has been used to account for the cations’ 
electronegativity.

The final values used for the modeling of the electrolyte materials for 
the state of the art BZY and for the newly extrapolated data for the BCZY 
have been summarized respectively in Tables 1 and 2.

The derived values show reasonable values also compared to other 
Ba(Ce, Zr,Y,Yb)O3− δ oxides available in literature [13,28]. A more 
detailed discussion is made in the comparison between the derived 
thermodynamic parameters for defects reaction in the BCZY and those 
available in literature for the BaCe0.7Zr0.1Y0.1Yb0.1O3− δ which shows 
similar cerium and zirconium content, to validate the oxidation 
enthalpy. The outcome of this comparison shows a slightly more endo
thermic enthalpy oxidation in the BCZY with respect to the BCZYYb 
which has a value of +114.88 kJ/mol. The slightly higher endothermic 
oxidation can be associated also to lower holes concentration due to 
shallow acceptor level depth [36]and as also confirmed by additional 
studies available in literature which focus on the effect of yttrium and 
ytterbium on the defects formation [37].

2.2.3. Thermal modeling
The final modeling approach for this layer involves thermal analysis. 

The thermal properties of the solid, such as thermal conductivity (k), 
density (δ) and heat capacity at constant pressure (Cp

)
are assumed 

respectively as 2.16 W/(m ⋅K), 452.62 kg/m3 and 3515.8 J/(kg ⋅K).
This layer is also a heat source, evaluated according to Equation (21), 

and produced due to the losses associated with its resistivity and to all 
the ions moving through the membrane. 

QJH =ASR⋅i2tot [21] 

The complete energy conservation equation for this element, in a 
control volume based formulation, is expressed by Equation (22), with u 
(m/s) being the velocity vector of translational motion, dz the charac
teristic length (m), Q the heat generation rate (W/m3), qo (W/m2) 
additional heat source and Qted (W/m3) additional thermoelectric 
effects. 

Table 1 
Thermodynamic parameters for defect reactions with trapping for the electro
lyte materials.

Reaction
ΔH◦

[
kJ
mol

]

ΔS◦

[
J

mol⋅K

]

BZY 
[15]

BCZY (own 
calculation)

BZY 
[15]

BCZY (own 
calculation)

1
2
H2 + O⋅

o ↔ OH⋅
o

− 228.36 − 119.27 − 54.80 − 33.25

1
2
O2 +

Ox
o + V⋅⋅

o ↔ 2O⋅
o

115.31 +132.57 − 45.89 − 119.93

H2O+ V⋅⋅
o +

Ox
o ↔ 2OH⋅

o

− 93.30 − 123.00 − 100 − 130.95

YX́B
+ O⋅

o ↔ (YX́B
−

O⋅
o)

− 90.30 − 35.36 − 6.71 105.65

H2 +
1
2
O2 ↔ H2O − 248.11 − 55.48
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dzρCpu ⋅∇T+∇ ⋅ (− dzk∇T)= dzQ+ qo + dzQted [22] 

2.3. Gas ducts and interconnects

In the gas channel domains, this paper employs a mixed-gas feed 
consisting of hydrogen and nitrogen on the cathode, and steam and air 
on the anode with compositions at the inlet modified during the various 
case studies in this work, particularly in terms of water content.

The cathode stream acts solely as a sweep gas to remove produced 
hydrogen, and the anode stream provides the necessary reactant water 
for the splitting reaction to occur.

2.3.1. Fluidic model
The model assumes fluid flow occurs in open regions, allowing for 

the definition of velocity field components in two dimensions (u, v) [m/ 
s] and pressure (p) [Pa]. The governing equations in this domain include 
Navier-Stokes equations to describe momentum conservation for New
tonian fluids in the channel and mass conservation, expressed by the 
continuity equation.

The model considers temperature, composition, and pressure- 
dependent fluid properties, such as density and viscosity, determined 
using the Peng-Robinson equation of state for the gas phase. The flow 
within the channels is considered compressible due to limited speed 
inside the channel, with atmospheric pressure and temperature serving 
as reference conditions. A no-slip boundary condition is applied at the 
interconnector walls, contrasting with the membrane wall at the inter
face with the electrode, described in the following section. In addition to 
the Navier-Stokes and mass conservation equations, the Maxwell-Stefan 
diffusion is implemented to model the motion of gas phases in the gas 
duct. Furthermore, the model includes electric and thermal components. 
From an electrical perspective, equipotential to the imposed voltage is 
considered, assuming negligible electrical resistance.

2.3.2. Thermal model
The thermal model considers energy balance and simplified heat 

transfer equation: 

ρCpu ⋅∇T +∇⋅q = Q [23] 

With q [W/m2] heat flux and Q [W/m3] additional heat sources. The 
fluid’s thermal conductivity, density, heat capacity, and the ratio of 
specific heats, as previously introduced, are defined considering a real 
fluid according to the Peng-Robinson model.

2.4. Electrodes

2.4.1. Electrical and ionic conduction model
These layers can be depicted as porous media, allowing gas transport 

toward the membrane. First, the gas diffusion layer, essential for the 
flow of electricity and fluid, is established followed by the gas diffusion 
electrode where the electrochemical reactions are also occurring. Within 
these domains, the conservation of charge, outlined by Ohm’s law in 
Equation (24), and the charge balance shown in Equation (25) are 

considered: 

i= − σs,eff∇Φe [24] 

∇ ⋅ is = − iv,tot [25] 

Within these equations σs,eff represents the effective electronic conduc
tivity, assumed to be 10000 S/m, while iv,tot (A/m3) indicates the overall 
volumetric current density due to the electrode reactions and is assumed 
as null in the GDL.

The GDE is also characterized by additional physics, including the 
introduction of electrolyte conductivity. The effective conductivity 
value is lower than that in the membrane and is defined by a correction 
factor, which depends on the electrolyte volume fraction in the active 
phase. This factor is assumed to be 0.4 for both electrodes [38].

The most relevant difference though, as mentioned above, is the 
introduction of the oxidation and reduction reactions at the two sides. 
The first meaningful parameter is the cell voltage in equilibrium con
dition, valid in open circuit voltage, which only depends on the Gibbs 
free energy of the reaction and on the partial pressure of the reactants 
and products according to the equation, in electrolysis mode with a 
Δgreaction > 0: 

Eeq =
Δgreac(t, pi)

zF
= −

Δgreac(t, p0)

zF
−

RT
zF

ln

∏

R

(

pi/pυi
0

)

∏

P

(

pi/pυi
0

) [26] 

The second term introduced is the activation overvoltage, defined as 
η = Ect − Eeq with

Ect = Φs − Φl difference between electrode and electrolyte electro
static potential. This parameter is connected to the charge transfer in 
both electrodes and therefore to the kinetic of the reaction and to its 
kinetic law.

The approach used considers the Butler-Volmer kinetic expression 
which is: 

iloc = i0
(

exp
(

αaFη
RT

)

− exp
(
− αcFη

RT

))

[27] 

with αa and αc respectively anodic and cathodic transfer coefficient and 
i0 the exchange current density, characteristic of the open circuit 
condition.

The electrode reaction source and the local current are finally linked 
to one another through the active specific surface area considered to be 
equal to 109 1/m.

2.4.2. Fluidic and thermal model
The gas transport considers the gas diffusivity through a porous 

medium with a gas pore volume fraction of 0.4, used to evaluate the 
correction factor (fg) that multiplies the diffusivity according to the 
Bruggeman method which uses the equation fg = ϵ1.5

g . A permeability of 
10− 10 m2 is assumed. The flow model considered in the porous medium 
is a Darcian flow where conservation of mass, defined by continuity 
equation, and considers mass sources or sinks (Qm).

The equation imposed in this domain, when the inertial terms are 
considered, is the Stokes-Brinkman equation in a porous media.

Inside of the electrode, heat is also produced due to irreversibility 
compared to the ideal reaction.

2.5. Model calibration and validation

The calibration of the model is performed using data and measure
ments available from literature for a cell with structure Ni-BZY|BZY| 
SFM-BZY [32]. While SFM is not an optimal anode material, its selec
tion was driven by the relevance of experimental data rather than its 
performance. The reference was chosen primarily for its electrolyte 

Table 2 
Diffusion coefficients of the defects with trapping for the electrolyte materials.

Defects
D◦

k

[
m2

s

]

E◦

k

[
kJ
mol

]

BZY [15] BCZY (own 
calculation)

BZY 
[15]

BCZY (own 
calculation)

OH⋅
o 5.18⋅ 

10− 7
1.63 ⋅10− 7 60.66 47.19

V⋅⋅
o 2.03⋅ 

10− 7
1.36 ⋅10− 7 85.19 68.06

O⋅
o 1.38⋅ 

10− 5
2.50 ⋅10− 3 7.18 9.73
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material, for the experimental data in electrolysis mode, the comparison 
between BZY and BCZY cathodes, along with multiple information for 
validation like open circuit voltage, transport number and faradaic ef
ficiency.The chemical composition for the BZY and SFM are respectively 
BaZr0.8Y0.2O3− δ and Sr2Fe0.15Mo0.5O6− δ. The geometry of the cell used 
for the calibration has already been shown in Fig. 1-a. The calibration 
has been performed with two extreme operating temperatures provided 
in the reference, considering 80 % N2 – 20 % H2 and 3 % H2O + Air, 
respectively as cathodic and anodic streams, and a validation with the 
intermediate one has been performed. Validation has also been per
formed by comparing the modeled faradaic efficiency, a fundamental 
key performance indicator for this technology, with the ones provided in 
the reference and with other similar materials available in literature [13,
34].

Another parameter used for validation is the open circuit voltage 
(OCV), for which modeled and experimental values have a discrepancy 
lower than ±2 % as shown in Table 3. The values provided have been 
evaluated in this model by imposing the overall electrode current den
sity as equal to zero and calculating the OCV as the difference between 
the electrode potential on the surface of the two electrodes, resulting as 
equipotential surfaces (i.e. average potential on the electrode surface 
equal to local potential), that provides this condition. The final valida
tion is also performed through a comparison of the transport number of 
ions at OCV shown in Table 3 and defined through ionic and electronic 
resistances [39]. The relationship between OCV, Nernst and transport 
number agrees with what has been defined in literature [40].

The exchange current densities defined from calibration data from a 
button cell have been maintained during the various simulations.

The variables have mostly been assessed through average values on 
the domain, horizontal and vertical cut lines.

2.6. Sensitivity analysis

The calibrated model is finally used to extrapolate the results, in 
terms of performance, focusing on the effect that different operating 
conditions have mainly on the polarization curve, internal temperature 
profile, transport number at the OCV and faradaic efficiency.

This evaluation is performed by acting on two main operating con
ditions which are operating temperature and gas composition at the inlet 
of each electrode.

Concerning the temperatures, the impact of operating temperatures 
of 550 ◦C, 600 ◦C and 650 ◦C on the most important parameters of the 
cell, such as current leakage or voltage gradients, are assessed.

Regarding the composition, mainly the impact given by the humid
ification is provided by focusing on water content respectively on the 
cathode or on the anode. The gas fed assumed for the sensitivity analysis 
are respectively 10 %-30 %-50 % H2O + remaining N2+H2 (4:1 ratio) at 
the cathode side and 30 %-60 %-90 % H2O + Air at the anode. It is 
important to clarify that degradation and negative effects on the 
chemical and mechanical stability of the membrane that may derive 
from high water contents are here neglected.

3. Results and discussion

The results obtained from each sensitivity analysis are introduced in 
the following sections.

3.1. Temperature sensitivity

In this section, the effect of different operating temperatures is 
assessed by showing some of the most relevant performance indicators 
(e.g. polarization curves, transport number at OCV, current densities for 
each ion and related faradaic efficiency, voltage and ions distribution 
within the membrane).

During this evaluation, the gas composition at the inlet of both 
electrodes is set to dry 80 % N2+20 % H2 at the cathode side and 30 % 
H2O + Air at the anode. The temperature of the fluids at the inlet, 
instead, is fixed to the operating temperature of the cell. The first result, 
as highlighted by the polarization curve in Fig. 2-a, confirms the positive 
effect of the higher temperature on the overall performance. The lower 
temperatures will present a higher slope of the curves and therefore 
higher area specific resistances (ASR) and consequently worse perfor
mance. But the temperature affects in different ways multiple defect 
conduction.

As depicted in Fig. 2-b and 2-c, both proton and electron hole con
ductivities exhibit an increase with rising temperatures, mainly due to 
the enhanced diffusion and mobility of defects within the membrane. 
However, a distinction in the sensitivity of their diffusivities can be 
observed, especially at higher applied voltages, which increase the 
electrolyte potential gradient across the membrane. Since the diffusivity 
of electron holes exhibits a stronger temperature dependence compared 
to protons as well as showing higher absolute values, an increase in the 
potential gradient has a more pronounced effect on electron hole 
transport especially since the diffusivity term is directly multiplied by 
the potential gradient in the Nernst-Planck equation, leading to an 
amplified contribution of electron holes to the overall ionic flux at 
elevated voltage gradients. Consequently, while the i-V curves for pro
tons maintain a relatively uniform spacing across the voltage range at 
different temperatures, the curves for electron holes diverge more 
prominently at higher voltages, since the electrochemical heating of the 
cell further increases the operating temperature, reflecting also their 
heightened sensitivity to thermal and electrical driving forces.

To better assess the effect of temperature, the transport number is 
also evaluated at the OCV, providing values at 550,600 and 650 ◦C 
respectively equals to 0.970,0.957,0.948.

From the faradaic efficiency, defined as FE =
JOH⋅

o
|Jext |

shown in Fig. 2-d, 
two main trends can be highlighted: one associated with the operating 
voltage and one with the temperature. Regarding the first, we observe 
that higher voltages, which are also associated with higher current 
densities, negatively impact the FE, especially when higher operating 
temperatures are employed. The higher current densities have a double 
impact, one on the ions concentrations through the membrane and 
another on the heating of the cell. The change in ions trend affects, 
according to Equations (16) and (18), both diffusivity due to gradient 
variation (∇[Xk]) and migration due to change in absolute value ([Xk]), 
but this has a minimal effect on the transport number and faradaic 
efficiency.

The primary explanation lies in the non-isothermal nature of the cell 
behavior within the model, which results in spatially non-uniform 
operating temperatures, higher than the gas inlet temperature, that 
has been imposed constant during the simulation of cell operation. This 
temperature increase, driven by electrochemical heating, has the same 
effects that can be deduced by the temperature sensitivity analysis, 
attributed to the different transport mechanisms of protons and electron 
holes, as previously discussed, which also cause the voltage corre
sponding to the maximum faradaic efficiency to shift. At higher tem
peratures, this maximum occurs at lower applied voltages due to a 
reduced difference in the electric migration contribution between holes 
and protons fluxes. A more detailed explanation is provided by the 
temperature-dependent variation in proton concentration at the mem
brane boundaries and within the membrane, as illustrated in Fig. 2-e. 
Increased temperatures lead to reduced membrane hydration, which in 

Table 3 
Open circuit voltage baseline validation.

Temperature 
[◦C]

Experimental 
OCV [V]

Experimental 
transport number 

[− ]

Model 
OCV 
[V]

Model 
transport 

number [− ]

550 0.948 0.967 0.960 0.966
600 0.921 0.942 0.916 0.949
650 0.894 0.916 0.879 0.936
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turn lowers the proton concentration. This reduction affects the ionic 
concentration gradients within the membrane, impacting directly on the 
diffusion and indirectly influencing the migration contribution to the 
ionic fluxes.

The change of gas composition in the air side between the calibration 
condition, at 3 %, and the current case study at 30 %, also impacts the 
open circuit voltage value.

In Fig. 2-a lower values of OCV are observed, compared to those 
provided in the calibration shown in Table 3. This change in OCV occurs 
since atmospheric conditions have an impact, and in particular, higher 
water content at the air side tends to decrease it [41,42], bringing the 
values close to other results available in literature, where BZY20 is also 
used in electrolysis mode [43].

Additional results, obtained from the thermal and fluidic model, are 
presented to assess the temperature distribution within the cell. Spe
cifically, the temperature distribution at an intermediate value of 600 ◦C 

at thermo-neutral and maximum operating voltage of 1.6 V, respectively 
shown in Fig. 3-a and 3-b. These results are consistent with other 
operating temperatures, with differences primarily in the absolute 
temperature values.

Several key observations can be made regarding the temperature 
distribution. If the thermo-neutral operation shows uniform tempera
ture distribution throughout the cell, since the heat produced is 
consumed for the electrochemical reaction, more interest can be given to 
the operation at 1.6 V.

First, the temperatures inside the cell can reach up to 45 ◦C higher 
than the theoretical operating temperature. This effect is particularly 
pronounced on the right half of the cell and can be attributed to multiple 
factors.

One key contributor is the inlet temperature of the fluid streams, 
which is maintained at the operating value. As a result, the fluid serves 
primarily as a reactant rather than a coolant, leading to a buildup of heat 

Fig. 2. Polarization curves considering (a) all defects (b) protons (c) electron holes, (d) faradaic efficiency, (e) protons defects in the membrane; depending on 
operating temperature.
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within the channels and a corresponding temperature rise. On the anode 
side, the temperature initially increases and then decreases as the fluid 
moves downstream, primarily due to the cooler cathode-side stream.

This temperature behavior is also influenced by the distribution of 
reactants within the cell, which is linked to the counter-flow configu
ration employed. The cathodic inlet is located at the top left of the cell, 
while the anodic inlet is at the bottom right. Consequently, the current 
density distribution within the membrane is not uniform, with the 

maximum current density coinciding with the regions of the cell where 
the highest temperatures are observed.

Changes in the flow rate at the two channels and especially in the 
streams’ temperature at the inlet could also therefore affect the tem
perature distribution, but it is not further studied and deepened in this 
work.

Fig. 3. Temperature distribution inside of the cell at 600 ◦C operating temperature and at a) thermo-neutral voltage b) cell potential of 1.6V

Fig. 4. Polarization curves considering (a) all defects (b) protons (c) electron holes, (d) voltage profile, (e) faradaic efficiency; depending on water content at the 
cathode side at 600 ◦C.
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3.2. Water content sensitivity

In this section, the effect of the various inlet stream humidification 
levels on the overall performance of the cell is presented. The temper
ature is kept constant to a value of 600 ◦C.

The main indicators used for the assessment of the performance, 
similarly to the previous section, are polarization curves, voltage pro
files through electrodes and electrolyte, current density for the main 
defect and faradaic efficiency and corresponding contribution on the 
overall current density.

3.2.1. Cathode sensitivity analysis
In this section, only the water content at the inlet of the cathode is 

modified by keeping the anodic one to a constant composition of 90 % 
H2O-10 %Air, the use of values this high will have an impact on the 
sensitivity of the cathode gas composition, specifically reducing it.

It is important to note that the final aim of his study is not related to 
practical implications, except for some limited application in hydrogen 
pumping, but it is focused on understanding the impact of humidity on 
the membrane conductivity, specifically assessing how different 
hydrogen ions could influence the diffusion term in the Nernst-Planck 
equation. As shown in Fig. 4-a, an increase in the humidification af
fects the slope of the polarization curve, leading to lower current den
sities for a given operating voltage, which can be attributed to multiple 
phenomena such as changes in voltage profile and defects 
concentrations.

Firstly the transport number at OCV for water content at the cathode 
side of 10 %–30 %-50 % reach almost unitary value, especially when 
higher water contents are used thanks to the combined effect on the 
Nernst voltage, OCV and OH concentrations, showing, just like for the 
performance indicators, an improvement when higher water content at 
the cathode are used.

There is also the effect associated to the change in the voltage profile, 
shown in Fig. 4-d, due to variation in the partial pressures of the 
hydrogen, which shifts from a minimum of 1855 Pa with a 50 % water 
content up to a maximum of 2243 Pa when 10 % humidification is used.

This variation arises from the definition of the hydrogen content at 
the inlet, calculated as 0.2(1, − xH2O) which alters the equilibrium 
voltage at the cathode. The main effect is, therefore, the change in the 
equilibrium voltage at the hydrogen electrode side, which can be 
explained by looking at Equation (26), and has values that move from 
0.7838 V with 10 % up to 0.791 V when 50 % water content is used. The 
increase in the equilibrium voltage at the cathode side, combined with 
the constant value maintained at the anode side, results in higher 

voltage gradient through the membrane as represented by the slope in 
Fig. 4-d. This voltage profile is also derived from the overpotential, 
which decreases as the water content increases.

One of the most impacting elements, though, is linked to the change 
is the concentration of the defects, according to Equations [1-8] with the 
corresponding change in flux through the membrane. This is shown by 
the ions’ concentration through, and especially at the boundary, but also 
by looking at the change in the current density linked to the protons and 
to the holes.

As depicted in Fig. 5, an increase in the water content will enhance 
the hydration of the membrane, therefore increasing the protons con
centration (OH⋅

o
)
. Although the decrease in hydrogen partial pressure 

slightly reduces the proton concentration, the equilibrium constants of 
the competing reactions favour proton production, resulting in a net 
increase in defect concentration.

Hence, there is a decrease in the gradient of the protons between the 
two sides of the membrane.

Therefore, even though the diffusion driven protonic flux, which 
depends on protons concentration differences, is diminished, the 
migration term, directly associated with the voltage gradient, is favored 
due to its increase, as previously explained. Hence, the overall current 
density connected to the protons is increasing, as represented in Fig. 4-b. 
A similar explanation applies to the electron holes flux, again repre
sented in Fig. 4-c, with differences in terms of absolute values and trends 
due to the different diffusivities.

The different behavior of the two defects, when water content is 
changed, can also be summarized by the faradaic efficiency shown in 
Fig. 4-e which follows similar trend depending on the cell voltage as 
already previously described.

The low sensitivity of the performance is also emphasized according 
to studies in literature focused on hydrogen separation and electro
chemical hydrogen pumping (EHP) [44].

The results presented here align with these observations, reinforcing 
the notion that humidification effects on membrane transport must be 
carefully managed in practical electrochemical applications.

3.2.2. Anode sensitivity analysis
For this study, the sweep gas composition at the cathode inlet of the 

stack is maintained as equal to dry 20 % H2 + 80 % N2.
Firstly the transport number at OCV for water content at the anode 

side of 30 %–60 %-90 % are calculated and are respectively equals to 
0.957,0.962,0.966 at 600 ◦C.

Firstly an increase in the water content at the anode inlet will 
improve the i-V curve, as shown in Fig. 6-a. This improvement is 

Fig. 5. Protons defects in the membrane depending on water content at the cathode side at 600 ◦C.
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attributed to the enhanced water availability, which serves as a reactant 
in the electrochemical reaction, leading to increased equilibrium voltage 
and reduced polarization losses.

Most of the observed advantages, though, originate from the change 
in the defects concentration at the boundary (Fig. 6-d and Fig. 6-e) for 
both protons and electron holes. The increase in water content, and 
consequently its partial pressure, raises the concentration of protons at 
the air electrode side according to hydration reaction from Equation (6), 
while simultaneously reducing the concentration of holes as described in 

Equation (4). This second effect can be explained by the decrease in the 
partial pressure of oxygen at the anode inlet, calculated as 0.21(1 −

xH2O), due to the increase of water concentration.
As already introduced in section 3.1 and as further validated in this 

sensitivity analysis, higher water content at the air side tends to decrease 
the open circuit voltage.

The redistribution of defects’ concentrations at the boundary, and 
therefore also of their profiles inside of the membrane, has two conse
quences. Firstly, it raises the current density associated with the protons 

Fig. 6. Polarization curves considering (a) all defects (b) protons (c) electron holes, (d) protons concentration along the membrane, (e) electron holes concentration 
along the membrane (f) voltage profile (g) faradaic efficiency; depending on water content at the anode side at 600 ◦C.
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therefore increasing hydrogen production. Furthermore, it also lowers 
the electron hole contribution to the charge transfer further decreasing 
the current leakage.

If in the previous sensitivity analysis, there is a tradeoff between the 
diffusion and the migration, as in this study both of them contribute 
favorably to the performance of the cell due to higher defects and 
voltage gradient across the membrane, as shown in the voltage profile of 
Fig. 6-f. This stronger driving force enhances charge carrier mobility, 
further improving proton conduction.

This aspect is also further highlighted in the plot representing the 
faradaic efficiency (Fig. 6-g) which follows similar voltage relation than 
the previous case studies. Not only does a higher water content allow for 
a greater maximum faradaic efficiency, but it also shifts the voltage at 
which this maximum is attained towards lower voltages. This behavior 
derives from different defect diffusivity and mobility which alter the 
relative contributions of protons and electron hole on the overall charge 
transport mechanism.

Therefore it can be concluded, regarding this operating parameter, 
that higher humidification improves the performance of the cell. How
ever, this improvement must be weighed against potential stability 
concerns, particularly for electrolyte materials containing ceria, which 
are known to exhibit degradation under high-humidity conditions. This 
highlights the need for careful optimization of operating conditions to 

balance performance gains with long-term durability considerations.

3.3. Comparison between trapping and no trapping assumption

As already mentioned in Section 1, different approaches have been 
used in literature to model the membranes with one of the main dif
ferences being the consideration or not of the trapping effect between 
polarons and dopant materials highlighted in Equation (7). Despite in 
literature, several studies have tried to assess the effect that this 
assumption has on membrane behavior and performance [13,15], a gap 
in literature has been found in the assessment on the effect that these 
two different modeling approaches have on the overall electrochemical 
performance of fuel-cell, and electrolyzers as in this case, when also 
electrodes are included.

Therefore, in this section, the thermodynamic parameters for gas- 
perovskite interaction and the values for the diffusivities typically 
used for BZY with trapping, have been instead substituted with the ones 
fitting neglecting this interaction between electron holes and dopant, as 
presented in available literature [15]. The assumptions regarding elec
trodes and the remaining elements of the cell have been maintained the 
same. The results are obtained with temperature values of 550 ◦C, 
600 ◦C and 650 ◦C while maintaining the stream compositions at the 
inlet of 80 % N2+20 % H2 at the cathode side and 30 % H2O + Air at the 

Fig. 7. Polarization curves considering (a) all defects (b) protons (c) electron holes, (d) faradaic efficiency (e) protons defects in the membrane; comparison between 
trapping and no trapping with BZY electrolytes.
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anode used already in section 3.1.
The results, summarized in Fig. 7, show that the overall electro

chemical performance of the cell remains unaffected by the inclusion or 
exclusion of the trapping with no significant deviations between the two 
assumptions. This also aligns with other findings which suggested that, 
although trapping reduces the concentration of mobile electron holes, 
the electrochemical performance is mitigated by changes in their 
diffusivity [15]. Other ions, such as the hydrogen one, instead are not 
affected as also highlighted in Fig. 7-e.

These findings confirm and align with prior research [13,15] and it 
highlights that, despite the different assumptions also in terms of the 
fundamental behavior of the perovskite on an ionic point of view, the 
overall electrochemical performance remains robust despite differences 
in the microscopic description of polaron transport. This can be in part 
justified especially when considering that these thermodynamics pa
rameters, summarized in 2.2, are extrapolated by optimization and 
fitting to the overall conductivity of the electrolyte and have been found 
to have similar values for the objective functions regardless of whether 
trapping is included or not. Therefore, it can be confirmed and 
concluded that this assumption is not critical in terms of performances 
on a macroscopic basis, the impact on other aspects could be assessed.

3.4. Comparison between BaZr0.8Y0.2O3− δ and BaCe0.65Zr0.2Y0.15O3− δ

In this final section, the novel electrolyte material has been used as a 
substitute for the BZY predominantly used in almost all the models 
available in literature. To compare the two electrolyte materials in terms 
of overall performance and leakage, the thermodynamic parameters for 
gas-perovskite interaction and the diffusivities of ions for the BZY 
electrolyte material have been substituted with those of the BCZY. For 
both, values are summarized in Tables 1 and 2. The results are shown for 
temperatures of 600 ◦C, 650 ◦C and 700 ◦C, higher than previous sec
tions since the thermodynamic parameters for the BCZY have been fitted 
using experimental data from this higher range. Stream compositions at 
the inlet of 80 % N2+20 % H2 at the cathode side and 30 % H2O + Air at 
the anode used already in sections 3.1 and 3.3.

The transport number for BZY20 at OCV has already been previously 
introduced. For the new BCZY, respectively at 600,650 and 700 ◦C, it 
corresponds to 0.99, 0.987,0.981.The first key observation from Fig. 8-a, 
is associated with the current density obtained when considering all of 
the defects and highlights a trend of the polarization curves at different 
temperatures similar to the one that could be derived from a direct 
comparison of the experimental conductivities [34,45]. This result 
further emphasizes the significance of bulk electrolyte conductivity as a 

Fig. 8. Polarization curves considering (a) all defects (b) protons (c) electron holes, (d) faradaic efficiency, (e) protons defects in the membrane; comparison between 
BZY and BCZY at different temperatures.
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macroscopic indicator of the electrochemical cells performances. 
Another noteworthy is deduced from the increasing gap between the 
two electrolyte materials when lower temperatures are reached and 
since the PCC technology is typically operated at lower temperatures, 
this would give further advantages to the BCZY which performs better at 
600 ◦C. The benefit of using BCZY is intensified when considering the 
difference in protons and electron holes current densities with the 
related effect on the transport number and faradaic efficiency. The BCZY 
electrolyte exhibits higher protons current densities (Fig. 8-c) and lower 
electron holes ones (Fig. 8-b) across all investigated temperatures. The 
corresponding faradaic efficiency (Fig. 8-d) is consequently character
ized by more uniform and higher values, with the maximum values for 
the BCZY higher than BZY at every temperature indicating improved 
selectivity toward proton conduction. Also, the voltage value corre
sponding to the maximum faradaic efficiency is shifted to higher values, 
likely due to differences in ion diffusivities and the increased influence 
of the electric field on charge transport mechanisms. Another interesting 
conclusion is related to the peculiar trend in proton current density at 
higher voltages, as highlighted in Fig. 8-c, which sees a slight crossing 
between the polarization curves at 600 ◦C and 650 ◦C. This phenomenon 
can be explained by focusing on the conductivity of these ions and 
especially on the interplay between concentration, diffusivities and 
temperature. This parameter is especially important for the indirect ef
fect that it has on others. While an increase in operating voltage, in fact, 
is mainly related to the increase in the cell temperature due to heat 
generation in the cell, which enhances protonic diffusivity (DOH) and of 
decreasing the protons concentration at the gas-perovskite interfaces 
(OH), respectively with positive and negative effects on the conductiv
ities. This last contribution, more in detail, is the one having the highest 
sensitivity, leading to an overall decrease in conductivity and to the 
trend shown. This effect of the temperature on the concentration of 
protons is also highlighted in Fig. 8-e where lower values for BCZY 
compared to BZY are spotted. This behavior is strongly dependent on the 
entropy of hydration (ΔS

◦

H2O). Lower entropy values lead to higher 
proton concentrations when lower values are obtained in the fitting 
procedure. Often higher entropy is compensated for by higher diffu
sivity, leading to similar macroscopic outcomes.

Overall, these results suggest that BCZY is a promising alternative to 
BZY, offering enhanced protonic transport, lower electron hole leakage, 
and improved faradaic efficiency. The trend with the voltage is different 
between BZY and BCZY due to the different sensitivity of diffusivities 
and gas-perovskite equilibrium reactions to the electrochemical heating. 
However, its performance advantage at lower temperatures should be 
weighed.

4. Conclusions and outlook

The main findings deriving from this study regarding the effect of 
different operating conditions on hydrogen production performance, 
single defects current densities and related electronic leakage in the 
Protonic Ceramic Electrolysis Cell (PCEC) can be summarized into the 
following.

The model developed allowed the assessment of electronic leakage 
and its influence on the transport number at the OCV and faradaic ef
ficiency at different operating voltages in the PCEC, providing useful 
insights into the efficiency and performance limitations of the electrol
ysis process, and highlighting the importance of minimizing electronic 
leakage for optimal hydrogen production in the PCEC.

Higher operating temperatures, in the range 550 ◦C–650 ◦C were 
found to have a positive effect on the overall performance of the PCEC. 
Increased temperatures led to improved polarization curves, associated 
with reduced area specific resistances, while worsening faradaic effi
ciency due to an increase in the electron holes current higher than the 
protonic one given the same temperature increase.

Regarding the sensitivity linked to the gas compositions at the inlet 
of the electrodes, the study focused on the humidification levels at the 
cathode and anode sides. Water content variations in the gas fed to the 
electrodes (10 %–50 % at the cathode and 30 %–90 % at the anode) 
revealed significant effects on the polarization curves, voltage profiles, 
and current leakage, influencing the hydrogen production efficiency of 
the PCEC, especially when the anodic stream is modified.

Finally, the newly introduced and studied BCZY electrolyte material 
has been found to have slightly higher overall current densities, espe
cially at lower temperatures which are optimal for PCC technology, but 
it has exhibited superior faradaic efficiencies, further highlighting its 
advantages over the benchmark BZY electrolyte considered.

Overall, the findings emphasize the critical role of operating condi
tions, such as temperature and gas composition, in determining the 
hydrogen production performance of the PCEC. Additionally, the 
consideration of electronic leakage as a factor affecting faradaic effi
ciency underscores the need for efficient design and operation strategies 
to enhance the overall performance of protonic ceramic electrolysis cells 
improving the protonic current while decreasing at the same time the 
electric holes ones. The design of the cell and its thermal management 
are also important to remove excess heat produced during the operation 
which has been demonstrated to affect negatively the cell performances 
and faradaic efficiency number.
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