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Abstract
To implement global energy transitions, the efficient utilization of clean energy plays a central role in the process and has 
become an imperative task. Among various approaches, solid oxide electrolysis cells (SOECs) stand out as exceptional energy 
conversion devices because of their ability to transform thermal and electrical energy into chemical energy. For example, 
solar energy is a clean and renewable energy source and can be effectively harnessed to power SOECs, thereby facilitating 
efficient conversion from solar to chemical energy. In light of the growing interest in leveraging SOECs for solar energy con-
version, a systematic collation and comprehensive review of the relevant studies reported thus far have yet to be conducted. 
This review summarizes and analyzes recent advances in the field of SOECs, including their fundamentals, performance 
metrics, current status, and methods of integration with solar energy. It also proposes various optimization strategies for the 
existing integration of solar energy with SOEC systems, with a specific emphasis on full-spectrum utilization. Finally, this 
study provides a perspective on the future development and challenges for SOECs in the context of solar energy conversion.
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Abbreviations
SOECs	� Solid oxide electrolysis cells
PEMECs	� Proton exchange membrane electroly-

sis cells
SOFCs	� Solid oxide fuel cells
CSP	� Concentrated solar power
O-SOECs	� Oxygen-ion conducting solid oxide 

electrolysis cells
MIEC	� Mixed ionic and electronic conducting
YSZ	� Yttria-stabilized zirconia
FE	� Faradaic efficiency
STF	� Solar-to-fuel
STH	� Solar-to-hydrogen

SOPCs	� Solid oxide photoelectrolysis cells
AECs	� Alkaline electrolysis electrolysis cells
AEMECs	� Anion exchange membrane electroly-

sis cells
R-SOCs	� Reversible solid oxide cells
TPB	� Triple phase boundary
H-SOECs/PCECs	� Protonic ceramic electrochemical 

cells
TCOs	� Triple-conducting oxides
GDC	� Gadolinia-doped ceria
SEC	� Specific energy consumption
R-PCECs	� Reversible protonic ceramic electro-

chemical cells
PETE	� Photon-enhanced thermionic emission

1  Introduction

With the ongoing transformation of energy systems and the 
scarcity of traditional energy sources, the quest for more 
suitable alternative energy sources is more critical than 
ever. In 2016, almost all the member states of the United 
Nations signed the Paris Agreement, which states that by 
the year 2100, the global average temperature increase must 

 *	 Chenyu Xu 
	 mrxcy@zju.edu.cn

 *	 Yanwei Zhang 
	 zhangyw@zju.edu.cn

 *	 Jing‑Li Luo 
	 jingli.luo@ualberta.ca

1	 State Key Laboratory of Clean Energy Utilization, Zhejiang 
University, Hangzhou 310027, Zhejiang, China

2	 Department of Chemical and Materials Engineering, 
University of Alberta, Edmonton, AB T6G 1H9, Canada

http://crossmark.crossref.org/dialog/?doi=10.1007/s41918-025-00246-z&domain=pdf
http://orcid.org/0000-0001-5240-7599


	 Electrochemical Energy Reviews            (2025) 8:11    11   Page 2 of 26

be maintained well below 2 °C above pre-industrial levels, 
and efforts are required to limit the temperature increase 
even further to 1.5 °C [1, 2]. In response to the Paris Agree-
ment, many countries are transitioning toward clean and 
low-carbon energy sources to promote the decarbonization 
of their economies [3]. To reduce carbon dioxide emissions 
[4], capturing and converting CO2 [5–7], as well as devel-
oping clean fuel processes, have become important. As a 
result, an increasing number of researchers are turning their 
attention to the production of H2 [8]. On the one hand, H2 
can be applied to convert CO2 into fuels or higher-value 
chemicals [9–11], such as CH4 and C2H4 [12–15]. On the 
other hand, H2 is a pollution-free fuel; it only produces H2O 
upon combustion, making it environmentally friendly [16].

Hydrogen can be directly produced from H2O electrolysis. 
Currently, four main types of H2O electrolysis cells are used 
in power-to-gas systems: alkaline electrolysis cells (AECs), 
proton exchange membrane electrolysis cells (PEMECs), 
anion exchange membrane electrolysis cells (AEMECs), and 
solid oxide electrolysis cells (SOECs). For decades, AECs 
have been widely used in industry for hydrogen production 
and are known for their stability and reliability, but their 
low current density may limit their efficiency and scalability 
[17]. The PEMECs operate via the conduction of protons 
through a proton exchange membrane [18] and can be cou-
pled with renewable energy. The cost of platinum catalysts is 
the main factor that may restrict their economic viability in 
large-scale applications. The AEMECs operate through the 
conduction of hydroxide ions via an anion exchange mem-
brane, allowing for the use of non-precious metal catalysts. 
They face challenges related to ion conductivity and long-
term stability, such as the chemical degradation of mem-
branes under high-pH conditions [19].

The SOECs operate at high temperatures by transporting 
ions (O2−/H+) through solid electrolytes and are currently 
in the pre-commercial stage of large-scale deployment. 
The SOECs are receiving significant attention because of 
their remarkable energy conversion efficiency, which can 
approach 100% [20–22]. When operating at temperatures 
above 500 °C, SOECs efficiently harness the input electrical 
power and waste thermal energy from other systems [23], 
thereby increasing the overall energy utilization efficiency. 
Moreover, SOECs boast multiple advantages, such as low 
electrode overpotential, no requirement for costly catalysts 
(e.g., platinum and ruthenium), and the ability to perform 
co-electrolysis using various energy carriers [24–26], includ-
ing steam and carbon monoxide [27]. As the reverse reaction 
process of solid oxide fuel cells (SOFCs) [28, 29], SOEC 
technology can also be applied to reversible solid oxide cells 
(R-SOCs), enabling a single device to generate power in fuel 
cell mode or produce chemical energy carriers in electroly-
sis mode. This highlights the versatility and flexibility of 
SOECs in the field of energy conversion and storage. In this 

work, we focus mainly on the role of SOECs as devices for 
chemical energy conversion without extensively delving into 
their performance in R-SOCs. Owing to their high energy 
conversion efficiency, SOECs have the potential to utilize 
various hydrogen sources [30, 31], including biogas and 
industrial byproducts. The high efficiency and adaptability 
of SOEC technology to diverse hydrogen sources make it a 
strong contender for future hydrogen production [32, 33], 
especially in regions rich in renewable energy. Moreover, the 
use of renewable sources as energy inputs for SOECs further 
enhances the energy conversion process, making it cleaner, 
more efficient, and more sustainable.

Solar energy [34], recognized for its cleanliness and 
renewability, is an ideal energy source for SOECs. It can be 
coupled with SOECs to supply electricity through concen-
trated solar power (CSP) or photovoltaics [35], as well as to 
provide high-temperature heat through concentrated solar 
thermal systems. As illustrated in Fig. 1, the solar-driven 
electrolysis process not only achieves efficient conversion 
of solar energy to chemical energy but also contributes to 
building a sustainable energy system. Using solar energy 
for high-temperature steam electrolysis results in negligible 
carbon emissions, minimal environmental impact, and the 
generation of “green hydrogen” making this process highly 
environmentally friendly. The integration of SOEC technol-
ogy with solar energy has the potential to achieve higher 
solar-to-hydrogen efficiency and holds promise for com-
mercializing hydrogen production, thus making a significant 
contribution to the development of a hydrogen economy.

This study systematically elucidates recent advances from 
four critical perspectives: fundamentals, performance metrics, 
current status, and methods for integrating SOECs with solar 
energy. Through this comprehensive analysis, the study pro-
vides a scientific basis and strategic guidance for the appli-
cation of SOECs in the field of clean energy, particularly in 
the context of solar energy utilization, and contributes to the 
pursuit of a cleaner and more sustainable energy future.

2 � Fundamentals of SOECs

2.1 � SOEC Structure

The SOECs are composed of three primary layers: the elec-
trolyte, the cathode, and the anode. As illustrated in Fig. 2, 
a dense electrolyte layer is situated at the center, with the 
porous anode and cathode positioned on either side. The 
electrolyte separates the gases at the electrodes and facili-
tates the transport of ions, electrons, protons, and other parti-
cles during the reaction. The anode and cathode are designed 
to catalyze the chemical reactions of the reactants, with their 
porous structure promoting the diffusion and transport of 
reactants and products. Electrodes in SOECs are sometimes 
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Fig. 1   SOECs for chemical reactions based on solar energy

Fig. 2   The structure of the SOEC
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distinguished as air or fuel electrodes; the air electrode is 
where O2 is generated, and the fuel electrode is where fuels 
such as H2 and CH4 are produced.

Generally, an SOEC operates at relatively high tempera-
tures, typically ranging from 500 to 1 000 °C. The specific 
temperature range that can be effectively utilized largely 
depends on the characteristics of the materials [36]. In oper-
ational mode, the fuel electrode is supplied with reactants. 
A defined electrolysis voltage is applied across the anode 
and cathode of the SOEC. Concurrently, on the air electrode 
side, an electrochemical reaction occurs at the triple phase 
boundary (TPB), where the gas, electronic conductor, and 
ionic conductor converge [22, 37]. Electrons are liberated 
at this TPB because of the electrochemical process. These 
electrons are subsequently conducted through an external 
circuit and ultimately reach the fuel electrode.

2.2 � Mechanisms of Solar Energy Utilization 
in SOECs

To reduce the costs of electrical energy input, the integra-
tion of other forms of clean energy sources with SOECs to 
supply direct electrical or thermal energy is essential. Solar 
energy, with its abundance and renewable capacity, plays a 
pivotal role in SOEC industrialization [38]. The utilization 
of solar energy materializes in two primary forms, which are 
distinguished by their effects: thermal and nonthermal [39], 
as shown in Fig. 3. The nonthermal effect refers to the direct 
extraction and utilization of photoexcited charge carriers, 
such as conversion into electrical energy through photovol-
taic panels or chemical reactions through catalysis [40, 41]. 

When light irradiates semiconductor or plasmonic materi-
als, if the photon energy exceeds the bandgap energy of the 
material, then the light can excite electrons such that they 
transition from the valence band to the conduction band, 
creating electron–hole pairs [42]. These energetic charge 
carriers can participate in and drive chemical reactions. For 
plasmonic materials, such as metallic nanoparticles, when 
the frequency of incident photons matches the intrinsic fre-
quency of surface electrons oscillating against the restoring 
force of positive nuclei, a resonant photoinduced collective 
oscillation of free electrons occurs, which is known as the 
surface plasmon resonance effect [39]. This effect dramati-
cally enhances light absorption.

Conversely, the thermal effect involves the transfer of 
energy from energetic carriers to the lattice through pho-
non emission, thereby converting solar energy into thermal 
energy, or the direct absorption of photons by the lattice to 
generate thermal energy. In both semiconductor and plas-
monic materials, radiative and/or nonradiative decay occurs 
shortly after the generation of energetic carriers. During 
radiative decay, energy is emitted in the form of photons, 
which can be measured via photoluminescence spectroscopy. 
Along with the nonradiative relaxation of energetic carriers, 
electron–phonon scattering occurs after electron–electron 
scattering, and the energy of the electrons is eventually dis-
sipated as thermal energy. In simple terms, the energy of 
the carriers is transferred to phonons, thus intensifying the 
lattice vibrations, which macroscopically manifests as a tem-
perature increase [39].

Typically, to enable an SOEC to exploit the nonthermal 
effects of solar energy, photovoltaic panels are integrated 

Fig. 3   Thermal and nonthermal effects of solar energy
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to convert solar irradiation into electrical energy. Alterna-
tively, heat collectors such as parabolic reflectors can be 
used to focus solar energy, thereby converting solar energy 
into thermal energy for input into the system.

2.3 � Classification of Solid Electrolyte Types

Electrolyte materials are the most important components 
of SOECs. Based on the different transport mechanisms 
of electrolyte charge carriers, researchers have divided 
SOECs into two categories [43]. One category consists 
of SOECs that use oxygen ions (O2−) as the transport 
medium, also known as oxygen-ion-conducting solid 
oxide electrolysis cells (O-SOECs). The other category 
consists of SOECs that use protons (H+) as the transport 
medium, also known as protonic ceramic electrochemi-
cal cells (H-SOECs or PCECs) [44]. Researchers hope to 
introduce mixed ionic and electronic conducting (MIEC) 
materials to form triple-conducting oxides (TCOs) [45], 
thereby extending the TPB from the electrolyte/electrode 
interface to the interior of the SOEC [46]. This extension 
increases the number of reaction sites for water oxida-
tion and oxygen reduction reactions [47]. In addition, the 
higher density of the TPB can provide more active areas 
to support reactions and rapidly promote the movement 
of O2−/H+ [48].

2.3.1 � O‑SOECs

The mechanism of an O-SOEC is shown in Fig. 2. At 
the cathode, water is adsorbed on the electrode surface 
through a reduction reaction and decomposes into H2 and 
O2−. Owing to the oxygen concentration gradient and 
potential difference, O2− eventually reaches the anode 
surface, and O2 is generated [49]. Currently, the most 
common electrolytes are those that conduct O2−, which 
mainly include fluorite oxides (such as yttria-stabilized 
zirconia (YSZ) [50–52] and gadolinia-doped ceria (GDC)) 
and perovskite oxides (such as Mg/Sr-doped LaGaO3 and 
Y-doped BaZrO3) [37, 53]. Among them, YSZ, as a rep-
resentative ion-conducting electrolyte, has been widely 
applied [54]. However, YSZ only has a high conductivity 
(0.01–0.1 S cm−1) at high temperatures (800–1 000 °C) 
[36, 55, 56]. Operating at these temperatures is thermo-
dynamically advantageous, as it can reduce the power 
demand for steam electrolysis, but such high operating 
temperatures can lead to several issues, such as poor long-
term cell stability, interlayer diffusion, and material col-
lapse [57].

2.3.2 � H‑SOECs

Owing to the problems caused by high temperatures, the 
development of SOECs that operate at medium tempera-
tures (500–700 °C) has recently received widespread atten-
tion [58]. The mechanism of an H-SOEC is shown in 
Fig. 2. Water decomposes on the anode side, producing O2 
and H+. The H+ protons are then transported through the 
electrolyte to the cathode, where they combine with elec-
trons to produce H2. For H-SOECs, only pure hydrogen 
is produced on the hydrogen electrode side, eliminating 
the need for further gas separation. Moreover, the activa-
tion energy for proton conduction is significantly lower 
(0.4–0.6 eV) than that for ion conduction [59]. Therefore, 
H-SOECs can exhibit greater electrochemical performance 
at lower operating temperatures (450–650 °C) [60]. Cur-
rently, the materials that primarily conduct protons are bar-
ium-based perovskites [61], including BaCe0.6Zr0.3Y0.1O3−δ 
(BCZY) [62], BaCe0.4Zr0.4Y0.1Yb0.1O3−δ (BCZYYb4411), 
BaCe0.7Zr0.1Y0.1Yb0.1O3−δ (BCZYYb7111),  and 
BaZr0.8Y0.2O3−δ (BCY), all of which are used as electrolyte 
materials because of their high proton conductivity.

3 � Performance Metrics for SOEC Systems

To obtain a profound understanding of how different types 
of SOEC systems perform when various energy sources 
are input and converted into chemical energy, and to better 
assess their viability, establishing evaluation metrics for the 
parameters and efficiency during SOEC operation is impera-
tive. These metrics span several aspects, from thermody-
namic performance and kinetic characteristics to long-term 
stability, to fully assess the SOEC performance.

3.1 � Assessment of the SOEC Efficiency

Energy efficiency, also known as first-law efficiency [63], is 
defined as the ratio of the total useful output energy (usually 
calculated from the lower heating value (LHV) of the output 
products) to the total energy input. Therefore, the energy 
efficiency can be calculated via Eq. (1):

where Nout is the flow rate of the output gas (mol s−1) and 
wtot is the total energy input into the system, including the 
required thermal energy and electrical energy.

During H2O electrolysis, electrical power is input into the 
SOEC and converted into the chemical energy of the products. 

(1)�en =
LHV ⋅ Nout

wtot
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The electrolysis efficiency �ele,which is typically defined as the 
ratio of the LHV to the electrical energy consumed [64], can 
be calculated via Eq. (2):

where ni is the flow flux of species i (mol s−1). Einput is the 
electrical power consumed by electrolysis, which can be cal-
culated via Eq. (3) by multiplying the demanded voltage for 
electrolysis Vdemand by the operating current density J.

The faradaic efficiency (FE) is considered an important 
indicator of electrochemical devices [21, 65]. It is usually 
defined as the ratio of the actual output to the theoretical out-
put. For SOECs, the FE can be used to reflect the electron 
utilization rate in the electrocatalytic reaction process and is 
an important parameter for assessing the practical value of the 
SOEC. The FE can be calculated via Eq. (4):

where nH2
 is the flow rate of H2 (mol s−1) and F is the Fara-

day constant (96 485 C mol−1).
To analyze the performance of an SOEC under different 

operating conditions, two indicators, H2 production ( PRODH2
 ) 

and specific energy consumption (SEC) [66], can also be con-
sidered. They can be calculated via Eqs. (5) and (6):

(2)�ele =

∑
i

�
ni,out − ni,in

�
Einput

(3)Einput = Vdemand × J

(4)FE =
nH2

2F

(5)PRODH2
=

UH2O
⋅ MH2O

⋅ Vm ⋅ 3 600

1 000

(6)SEC =
Psystem

UH2O
⋅ MH2O

⋅ Vm ⋅ 3 600

where UH2O
 is the H2O utilization of the system, MH2O

 is the 
molar mass of H2O, Vm is the molar volume of the gas, and 
Psystem is the total power input into the SOEC system.

3.2 � Assessment of Kinetic Impacts on SOECs

To drive the water-splitting reaction, both electrical energy 
and thermal energy must be simultaneously supplied to the 
SOEC. The voltage required by the SOEC, VSOEC , is the 
sum of the reversible potential and the additional voltage 
generated by all irreversible losses, which can be calculated 
via Eq. (7):

where ENernst is the Nernst potential; �act,c and �act,a are the 
cathode and anode activation overpotentials, respectively; 
�ohimc is the ohmic overpotential; and �conc,c and �conc,a are 
the cathode and anode concentration overpotentials, respec-
tively. The Nernst equation is defined as Eq. (8):

where E0 is the standard potential related to the SOEC tem-
perature, R is the universal gas constant, T  is the operating 
temperature of the SOEC, P0

H2
 is the partial pressure of H2, 

P0
O2

 is the partial pressure of O2, and P0
H2O

 is the partial pres-
sure of H2O. E0 can be calculated via Eq. (9) [67–69]:

where �act,c , �act,a , �ohmic , �conc,c and �conc,a correspond to the 
cathode activation polarization, anode activation polariza-
tion, ohmic polarization, cathode concentration polarization, 
and anode concentration polarization, respectively. Figure 4 
shows the sites of action of the activation, ohmic, and con-
centration polarizations.

(7)
VSOEC = ENernst + �act,c + �act,a + �ohmic + �conc,c + �conc,a

(8)ENernst = E0 +
RT

2F
ln

[
P0
H2
(P0

O2
)0.5

P0
H2O

]

(9)E0 = 1.253 − 2.541 6 × 10−4T

Fig. 4   Schematic of the polari-
zation effects
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Activation polarization refers to the phenomenon in which 
the potential of an electrode deviates from its equilibrium 
potential due to the delay in electrochemical reactions at the 
electrode, which is a fundamental form of electrode polariza-
tion. The activation loss is related to overcoming the reaction 
energy barrier at the electrode‒electrolyte interface. The acti-
vation polarization voltage on the electrode is caused by two 
factors. The first is chemical transfer to activate the chemical 
equilibrium state of ions at the electrode‒electrolyte interface. 
The second is electron transfer, that is, overcoming the electric 
field due to the transfer of charged particles at the interface. 
Therefore, the energy required to activate the electrolytic reac-
tion mainly consists of chemical energy and electrical energy. 
The activation polarization voltage can be calculated via But-
ler‒Volmer Eqs. (10) and (11), and the current density can be 
calculated via Eqs. (12), (13), and (14) [66, 70]:

where �act,c is the cathode activation overpotential, �act,a is 
the anode activation overpotential, n is the number of cells in 
the stack, A is the effective reaction area of the SOEC, �c is 
the pre-exponential factor for the cathode exchange current 
density, and �a is the pre-exponential factor for the anode 
exchange current density.

Ohmic polarization is caused primarily by the resistance 
encountered by ions migrating within the electrolyte and 
electrons moving across the electrodes. Since the electronic 
conductivity of the electrodes is much greater than the ionic 
conductivity of the electrolyte, the ohmic polarization is due 
mainly to ionic conduction within the electrolyte. Ohmic 
polarization is a primary cause of degradation in SOECs, and a 
higher ohmic resistance can affect the stability of SOECs dur-
ing long-term operation [71]. In addition, the ohmic overpo-
tential of the electrolyte dominates the total overpotential [72]. 
Compared with the resistance of the electrolyte, the resistance 
of the anode and cathode is negligible. The ohmic polarization 

(10)

�act,c =
RT

F
sinh

−1

�
J

2J0,c

�
=

RT

F
ln

⎛
⎜⎜⎝

J

2J0,c
+

�
1 +

�
J

2J0,c

�2⎞
⎟⎟⎠

(11)

�act,a =
RT

F
sinh

−1

�
J

2J0,a

�
=

RT

F
ln

⎛
⎜⎜⎝

J

2J0,a
+

�
1 +

�
J

2J0,a

�2⎞
⎟⎟⎠

(12)J =
2UH2O

MH2O
F

nA

(13)J0,c = �cexp
(−�act,c

RT

)

(14)J0,a = �aexp
(−�act,a

RT

)

voltage can be calculated via Eq. (15) [70, 73, 74] or directly 
derived from Ohm’s law:

where �ohm is the ohmic overpotential and de is the electro-
lyte thickness.

Concentration polarization refers to the electrode polariza-
tion that occurs when the mass transfer step becomes the rate-
controlling step. It is caused by the resistance to the transfer of 
reactants approaching the reaction site and the resistance to the 
transfer of products leaving the reaction site. For SOECs, the 
concentration polarization voltage can be represented by the 
difference in gas concentration between the electrode surface 
and the electrode–electrolyte interface and thus can be calcu-
lated via Eqs. (16) and (17) [70]:

where dc and da are the cathode and anode thicknesses, 
respectively, and Deff

H2O
 is the combination of the molecular 

diffusion and Knudsen diffusion processes. In porous 
SOECs, diffusion within the electrodes is based on two main 
mechanisms: molecular diffusion and Knudsen diffusion 
[64]. When the pore diameter is much larger than the average 
free path of the gas molecules, molecular diffusion becomes 
the primary mechanism. Under these conditions, the diffu-
sion process is controlled by molecule–molecule interac-
tions. If the pore diameter is much smaller than the average 
free path of the molecules, the molecule–wall interactions 
dominate over the molecule–molecule interactions. Thus, 
Knudsen diffusion becomes the main mechanism. For most 
porous structures, both mechanisms are significant. The 
effective diffusion coefficient of steam can be represented by 
combining these two diffusion mechanisms and can be cal-
culated via the Bosanquet Eq. (18) [68, 70, 73]:

where �
�
 is the ratio of the electrode tortuosity to porosity, 

DH2−H2O
 is the effective molecular diffusion coefficient for 

the H2–H2O binary system, DH2O,κ
 is the effective molecular 

diffusion coefficient for H2O, and DH2−H2O
 and DH2O,κ

 can 
be obtained through kinetic theory and Chapman–Enskog 
theory, respectively [68].

(15)�ohm = 2.99 × 10−5exp
(
10300

T

)
Jde

(16)�conc,c =
RT

2F
ln

⎛⎜⎜⎜⎝

1 +
JRTdc

2FDeff
H2O

P0
H2

1 −
JRTdc

2FDeff
H2O

P0
H2O

⎞⎟⎟⎟⎠

(17)�conc,a =
RT

2F
ln

(√
1 +

JRTda

4FDeff
O2
P0
O2

)

(18)
1

Deff
H2O

=
�

�

(
1

DH2−H2O

+
1

DH2O,κ

)



	 Electrochemical Energy Reviews            (2025) 8:11    11   Page 8 of 26

3.3 � Assessment of Thermodynamic Influence 
in SOECs

In an ideal SOEC without any side reactions, the minimum 
electrical energy consumed during the electrolysis process 
is equal to the change in the Gibbs free energy (ΔG) [76, 
77]. Therefore, the total energy consumed by the electrolysis 
reaction (ΔH) is the sum of the electrical energy consumed 
(ΔG) and the thermal energy consumed (TΔS), which can 
be calculated via Eq. (19):

Figure 5 shows the thermodynamic data of a H2O elec-
trolysis system. The decomposition of H2O is an endother-
mic reaction. As the temperature increases, the thermal 
energy consumed (TΔS) gradually increases, whereas the 
electrical energy consumed (ΔG) gradually decreases. 
Therefore, high-temperature SOECs require less electrical 
energy consumption than do low-temperature electrolysis 
devices. Moreover, when an SOEC operates, the irreversibil-
ity of its operation generates entropy Sgen , which results in 
additional thermal energy. Sgen can be calculated via Eq. (20) 
[70]:

Therefore, the additional thermal energy generated or 
consumed during the operation of an SOEC system QSOEC 
can be calculated via Eq. (21):

(19)ΔH = ΔG + TΔS

(20)Sgen= 2F(�act,c + �act,a + �ohmic + �conc,c + �conc,a)

(21)QSOEC =
(
TΔS − Sgen

)
NH2O,reacted

=
J

2F

(
TΔS − Sgen

)

where NH2O,reacted
 is the molar flow rate of H2O in the 

reaction.
Under an operating voltage, an SOEC can be in exother-

mic, endothermic, or adiabatic mode. When Sgen > TΔS , 
the irreversible thermal energy of the SOEC is greater than 
the thermal energy required for the SOEC reaction, i.e., 
QSOEC < 0 ; the SOEC will be in an exothermic state and will 
not require an additional thermal source. When Sgen < TΔS , 
the irreversible thermal energy of the SOEC is less than 
the thermal energy required for the SOEC reaction, i.e., 
QSOEC > 0 ; the SOEC will be in an endothermic state and 
will require an external thermal source to supply the neces-
sary thermal energy.

When Sgen = TΔS , meaning that the irreversible thermal 
energy of the SOEC is equal to the thermal energy required 
for the SOEC reaction, the SOEC will be in an adiabatic 
state and will neither require thermal energy from the sur-
roundings nor radiate thermal energy to the surroundings. 
This condition is known as thermal neutrality, and the equi-
librium voltage corresponding to the SOEC at this point is 
called the thermoneutral voltage [78]. The thermoneutral 
voltage �th can be calculated via Eq. (22) [66]:

Notably, when an SOEC system operates at a thermo-
neutral voltage, the electrolysis efficiency is 100%. If the 
input voltage is greater than the thermoneutral voltage, the 
electrolysis efficiency is less than 100%. Conversely, if the 
input voltage is less than the thermoneutral voltage, the elec-
trolysis efficiency is greater than 100%.

3.4 � SOEC Efficiency Assessment from a Solar Energy 
Perspective

During the process of driving an SOEC with solar energy 
as the power source, solar energy is converted into electri-
cal and thermal energy. Electrical energy is generated by 
photovoltaic panels, whereas thermal energy is derived from 
the direct concentration of solar irradiance. In terms of uti-
lization methods, SOEC systems that exploit both thermal 
and nonthermal effects can employ three distinct methods: 
direct irradiation, spectral splitting, and synergistic response.

The utilization of direct irradiation involves two beams of 
sunlight irradiating a photovoltaic panel and a heat collector 
to generate electrical energy and thermal energy (Fig. 6a). 
However, photovoltaic panels can convert light only in a spe-
cific wavelength range (ultraviolet and partially visible light) 
into electrical energy, with light beyond this range dissipating 
directly as heat. A heat collector can convert light into thermal 
energy. According to the second law of thermodynamics, heat 
generation increases irreversible losses and reduces the quality 

(22)�th = ENernst +
TΔS

2F
=

ΔH

nF

Fig. 5   Thermodynamic data of a H2O electrolysis system. Reprinted 
with permission from Ref. [75]. Copyright © 2020, Elsevier
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of energy. Considering the potential of high-energy photons, 
the use of the full spectrum for heating seems to be wasteful 
[39]. From a system design perspective, it is easy to imple-
ment the direct irradiation of two devices using two beams 
of sunlight, but this method utilizes only a partial spectrum, 
resulting in low solar-energy utilization efficiency. To utilize 
the full spectrum, the balance between the photoelectric and 
photothermal conversion performances should be determined. 
We can use a spectral splitting device to divide sunlight [79]. 
In spectral splitting, a beam of light is separated into light of 
different wavelengths via a spectral splitting device, where 
shorter-wavelength light (ultraviolet and partially visible light) 
is directed to the photovoltaic panels for electricity genera-
tion and longer-wavelength light (infrared and partially visible 
light) is directed toward a heat collector for heat generation 
(Fig. 6b). This method can effectively enhance the system’s 
solar-to-fuel efficiency, and further improvements in the struc-
ture of the spectral splitting device and the optical path of the 
system are needed. The synergistic response method requires 
the development of photovoltaic and photothermal synergis-
tic materials to absorb solar light of different wavelengths 
(Fig. 6c). The photovoltaic response layer of the material 
absorbs a portion of the light, exploiting the photoelectric 
effect to provide electrical energy, whereas the remaining 
light is transmitted through the photovoltaic response layer 
and is absorbed by the photothermal response layer, where 
it is converted into thermal energy. Unlike spectral splitting, 
the synergistic response method does not require a dedicated 
spectral splitting device but instead achieves full-spectrum 
conversion through the inherent properties of materials. It is 
necessary to design suitable multifunctional-layer materials 

and synergize the thermal and nonthermal effects within a 
single material.

Assuming that all the energy required for an SOEC is 
supplied by solar energy, we can construct the following 
formulas to analyze the efficiency of the existing solar 
energy conversion methods.

In the method depicted in Fig. 6a, the STF efficiency 
�solar1 can be calculated via Eq. (23):

where Qt is the thermal energy required by the SOEC, Qe is 
the electrical energy required by the SOEC, �t is the solar 
thermal concentration efficiency factor, and �e is the photo-
voltaic conversion efficiency factor.

In the method depicted in Fig. 6b, the STF efficiency 
�solar2 can be calculated via Eq. (24):

where �t is the solar thermal concentration efficiency fac-
tor after spectral splitting, �e is the photovoltaic conversion 
efficiency factor after spectral splitting, and � is the loss 
coefficient of the spectral splitting device.

Comparing �solar1 with �solar2 , it is evident that through 
the utilization of spectrally split solar energy, �t and �e 
are certainly greater than the factors �t and �e . This is 
attributed to the fact that after spectral splitting, the 

(23)�solar1 =
LHV ⋅ Nout

Qt

�t
+

Qe

�e

(24)
�solar2 =

LHV ⋅ Nout

Qt

�t
+

Qe

�e

�

Fig. 6   Types of SOEC solar energy harnessing techniques
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short-wavelength part of the spectrum is largely absorbed 
by the solar cells to induce the photovoltaic effect, while 
the thermal-concentration effect for long-wavelength light 
is also more pronounced. Therefore, the prospects for cou-
pling spectral-splitting devices with SOECs for chemical 
reactions are exceedingly promising.

In the method depicted in Fig. 6c, the STF efficiency 
�solar3 can be calculated via Eq. (25):

where �e is the photovoltaic conversion efficiency factor of 
photovoltaic synergistic materials, �t is the thermal conver-
sion efficiency factor of photothermal synergistic materials, 
�e is the transmission loss coefficient of the photovoltaic 
response layer and � is the synergistic response coefficient, 
which is related to the synergistic effect of the composite 
material.

When � ⩾ 1 , the solar energy transmitted through the 
photoelectric material layer to the photothermal response 
layer is sufficient to provide all the thermal energy 
required by the SOEC. Conversely, when 0 ⩽ 𝛽 < 1 , the 
solar energy reaching the photothermal response layer 
after passing through the photoelectric material layer falls 
short of the thermal demand. Under these conditions, addi-
tional solar energy input is necessary, which may result in 
surplus electrical energy being wasted in the photoelectric 
response layer.

A comparison of �solar2 with �solar3 clearly reveals that the 
approach depicted in Fig. 6c, which does not involve the 
use of a spectral splitting device, effectively mitigates the 
spectral splitting loss associated with � , thereby increasing 
the actual solar energy input into the system [80]. In the syn-
ergistic response method, the photovoltaic and photothermal 
response capabilities of the material are directly related to �e , 
�t , and �e , significantly affecting the overall STF efficiency. 
Therefore, the selection of responsive materials becomes 
particularly crucial. Maximizing the utilization of both the 
thermal and non-thermal effects of solar energy to achieve 
direct use of the full solar spectrum is imperative. Currently, 
research on synergistic response materials for solid oxide 
electrolysis cells (SOECs) in solar energy applications is 
relatively scarce, necessitating greater research efforts and 
attention from the scientific community in this area.

Furthermore, in traditional SOEC reaction systems, the 
thermoneutral voltage is widely recognized as the most suit-
able voltage for the SOEC, at which the energy input is mini-
mized. However, in solar-driven SOEC systems, owing to 
the inevitable thermal energy generation from solar irradia-
tion, adjusting the input voltage to a level slightly lower than 

(25)

⎧
⎪⎨⎪⎩

�solar3 =
LHV⋅Nout

Qe

�e

=
LHV⋅Nout

�Qt

(1−�e−�e)�t

(� ⩾ 1)

� =
(1−�e−�e)�tQe

�eQt

the thermoneutral voltage, thereby ensuring that the SOEC 
operates in an endothermic state, may be more compatible 
with solar-driven systems.

4 � Current Status of SOEC Systems

4.1 � Modeling of Existing SOEC Systems

In recent years, substantial progress has been made in the 
field of SOECs. Despite these advancements, there is an 
ongoing need for optimized designs of electrode materials 
and structures. A deep understanding of the electrochemi-
cal/chemical processes and the transport of mass, heat, and 
charge within an SOEC is crucial for improving the per-
formance and system efficiency [81]. Numerical models 
of SOEC systems can be utilized to investigate and predict 
material properties, thereby guiding the optimization of 
actual materials and structural designs. Hence, it is impera-
tive to establish a comprehensive understanding of the mod-
eling of existing SOEC systems.

Currently, SOEC system models can be built from three 
aspects: one-dimensional (1D), two-dimensional (2D), and 
three-dimensional (3D). A one-dimensional model does not 
require complex data such as flow and temperature fields. 
Instead, processes related to chemical equilibrium, electro-
chemistry, and energy conservation, involving multicompo-
nent diffusion and electrochemical processes, are integrated. 
In such a model, empirical formulas and related laws are 
used to explain various parameters, thereby predicting the 
performance of an SOEC. This type of model is particularly 
suitable for predicting the material composition and elec-
trochemical performance because it requires minimal com-
putational resources and does not need to consider the two- 
or three-dimensional spatial distribution within the SOEC. 
Only the flow of energy and matter from thermodynamic and 
kinetic perspectives needs to be analyzed. Lu et al. proposed 
a temperature control strategy tailored for different operating 
current densities. By constructing a one-dimensional model 
of an SOEC, they elucidated the relationship between the 
inlet gas flow rate and the cell temperature, thereby enabling 
rapid stabilization of the operating temperature under actual 
fluctuating current conditions [67]. Tanaka et al. developed 
a quasi-1D simulation model to assess the gas conversion 
impedance within an SOEC, which facilitated a better evalu-
ation of the overvoltage. The simulated voltages obtained 
were compared with the measured voltages, demonstrating 
a precision level of ± 0.3% [82]. Menon et al. developed a 
one-dimensional electrochemical model to study the co-
electrolysis of H2O and CO2 and explored the impacts of the 
operating temperature, porosity, cathode thickness, inlet gas 
velocity, and type of electrolysis on the reaction [83]. Li et al. 
simulated the co-electrolysis of H2O and CO2 considering the 
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coupling and competitive effects of heterogeneous chemical 
reactions and electrochemical reactions and investigated the 
influence of the cathode porosity, microstructure, gas compo-
sition, and temperature on the reaction [84]. Samavati et al. 
proposed a thermodynamic model for a pressurized SOEC 
system and analyzed and quantified the effects of the oper-
ating pressure on the SOEC system performance from five 
perspectives: pressure, temperature, reactant utilization rates, 
relative irreversibility, and economics [12]. For the current 
one-dimensional models, a univariate approach to analyzing 
the SOEC reactions is often adopted, either by assessing the 
overall system from the perspective of a single influencing 
factor or by studying the effect of one specific variable on 
another variable within the SOEC context. Consequently, 
there is a need for future studies to explore the synergistic 
effects and impacts of a multitude of conditions on the effi-
ciency of SOEC systems, moving toward a more holistic 
understanding of their performance dynamics.

A two-dimensional model accounts for the material flow 
field, and a heat-transfer model is constructed to analyze 
the energy flow and boundary conditions of the system to 
explain the macroscopic operation of the system from the 
perspective of heat transfer. Ni et al. developed a two-dimen-
sional thermal-fluid model consisting of a 1D model and 
a computational fluid dynamics model to study CO2 elec-
trolysis and investigated the effects of the inlet gas velocity, 
electrode permeability, and inlet gas composition on SOEC 
performance. They reported that below the thermoneutral-
voltage threshold of 1.463 V at 1 173 K, the average elec-
trolyte temperature first decreases with increasing operating 
potential, reaches a minimum at approximately 1.1 V, and 
subsequently increases as the potential continues to increase 
[72]. Nerat et al. modeled a two-dimensional axisymmet-
ric structure of an SOEC to study the effects of a partly 
delaminated anode on the electrochemical performance 
[85]. Currently, only a few researchers use two-dimensional 
models for SOECs. Although these models work well for 
small problems, they are less effective for larger or more 
complex systems because of the limitations of the boundary 
conditions.

4.2 � Performance of Typical SOEC Systems

To understand the current state and development of SOEC 
models, it is necessary to conduct an initial comprehensive 
examination and evaluation of the current performance of 
SOECs. This involves not only understanding the existing 
technical parameters, such as the electrochemical perfor-
mance, energy conversion efficiency, and durability over 
long-term operation, but also analyzing the performance of 
SOECs under typical operating conditions.

For H-SOECs, researchers have focused on exploring 
materials that can reduce the temperature required for the 

reaction, especially those seeking electrolytes with a higher 
ionic conductivity at lower temperatures. This can increase 
the current density of SOECs at reduced temperatures, 
allowing SOECs to be coupled with waste thermal energy 
from industrial production for utilization, thereby improving 
the overall efficiency of the system. For O-SOECs, research-
ers are committed to enhancing the system performance 
through various strategies, such as electrochemical-activity 
enhancement and electrode-material optimization.

Notably, many R-SOCs, which can perform both elec-
trolysis and fuel cell operations, have already demonstrated 
impressive performance. These devices can operate at lower 
temperatures than traditional electrolysis technologies while 
achieving higher current densities. This means that, while 
providing the same electrolysis capability, they can be more 
energy-efficient and have the potential to play a role in a 
broader range of applications.

Table 1 and Fig. 7 present the performance of several 
representative SOEC H2O electrolysis systems examined in 
recent years. To date, the peak current density of SOECs 
under 1.3 V has surpassed 5 A cm–2. However, the current 
density for H2O electrolysis in most SOECs is primarily 
concentrated in the range of 0–2.5 A cm–2. Among these 
exemplary SOECs, Hu et al. reported an air electrode with 
a nominal composition of PrBa0.8Ca0.2Fe1.8Ce0.2O6–δ in a 
reversible protonic ceramic electrochemical cell (R-PCEC). 
This cell demonstrated exceptionally high performance with 
a current density of 5.00 A cm–2 at 1.3 V and 700 °C in the 
electrolysis mode, as shown in Fig. 8a [88]. Nonetheless, sta-
bility tests conducted at 500 mA cm–2 and 650 °C revealed 
that the electrode's stability was limited to only 95 h, indi-
cating that a significant gap remains before practical com-
mercial application. Luo et al. reported a single cell based on 
BaNb0.05Ce0.7Yb0.25O3–δ that achieved high current densities 
of 3.22 A cm–2 at 650 °C and 2.24 A cm–2 at 600 °C under 
1.3 V, as shown in Fig. 8b [89]. Notably, this cell exhibited 
no obvious degradation in performance during a long-term 
stability test in the electrolysis mode (0.5 A cm–2, 500 °C) 
for 800 h, indicating prominent advancements in the field of 
middle-temperature SOECs in recent years.

Achieving enhanced electrochemical performance at lower 
temperatures continues to be a significant challenge. Currently, 
many researchers are actively exploring SOEC H2O electroly-
sis at intermediate temperatures. However, few studies exist 
on the performance of SOECs at temperatures below 450 °C. 
Liu et al. developed a PCEC with an in-situ-formed composite 
cathode, which showed remarkable current densities in steam 
electrolysis mode (1.28 A cm⁻2 at 1.4 V and 450 °C). The cell 
sustained stable operation for a notable duration of more than 
250 h at 400 °C with a current density of 600 mA cm⁻2, as 
shown in Fig. 8d [60]. Moreover, Bian et al. conducted tests 
on a PCEC that underwent acid etching treatment within the 
temperature interval of 350–600 °C. They reported that this 
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Table 1   Summary of SOECs for H2O electrolysis

Electrolyte Steam electrode Hydrogen electrode Temperature/°C Current 
density 
@1.3 V/(A 
cm–2)

Stability Refer-
ences

BaZr0.7Ce0.2Y0.1O2.95
(BCZY72)

BaGd0.8La0.2Co2O6–δ-
BCZY72

Ni-BCZY72 600 0.097 No degradation for 700 h, 
62.5 mA cm–2 at 600 °C

[32]

BaCe0.4Zr0.4Y0.1 Yb0.1O3–δ
(BCZYYb4411)

3D PrNi0.5Co0.5O3−δ Ni-BCZYYb4411 600
500
400

1.18
0.56
0.23

10% increase for 120 h, 
1.4 V at 600 °C

[47]

BaCe0.4Zr0.4Y0.1 Yb0.1O3–δ
(BCZYYb4411)

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ Ni-BCZYYb4411 600
500

1.42
0.40

No degradation for 500 h, 
1.3 V at 550 °C

[93]

BaZr0.1Ce0.7Y0.2−xYbxO3−δ
(BZCYYb1711)

PrBa0.5Sr0.5Co2–xFexO5+δ Ni-BZCYYb1711 600
550
500

0.85
0.42
0.21

Constant activation for 
70 h, 1.6 V at 500 °C

[94]

BaCe0.7Zr0.1Y0.1Yb0.1O3–δ
(BCZYYb7111)

BaCo0.4Fe0.4Zr0.1Y0.1O3–δ Ni-BCZYYb7111 600
550
500

0.90
0.70
0.50

0.03 mV per hour deg-
radation for 1 200 h, 
1385 mA cm–2 at 550 °C

[20]

BaHfxCe0.8−xY0.1Yb0.1O3−δ
(BHCYYb3511)

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ Ni-BHCYYb3511 600 1.45 No degradation for 1 000 h, 
1 000 mA cm–2 at 600 °C

[90]

BaZr0.2Ce0.6Y0.2O3−δ
(BZCY)

Pr2NiO4+δ-BCZY Ni-BCZY 700
600

0.977
0.600

No data [95]

BaZr0.1Ce0.7Y0.1Yb0.1O3–δ
(BZCYYb1711)

Ba0.9Co0.7Fe0.2Nb0.1O3–δ Ni-BZCYYb1711 650
600
550
500

2.8
1.6
0.7
0.3

No degradation for 100 h, 
500 mA cm–2 at 600 °C

[33]

BaCe0.4Zr0.4Y0.1 Yb0.1O3–δ
(BCZYYb4411)

(PrBa0.8Ca0.2)0.95Co2O6−δ Ni-BCZYYb4411 600
550
500

0.72
0.39
0.16

No degradation for 160 h, 
1.3 V at 500 °C

[96]

BaZr0.6Ce0.2Y0.1Yb0.1O3−δ
(BZCYYb6211)

La0.8Sr0.2Co0.7Ni0.3O3–δ-
La0.5Sr0.5CoO3−δ

Ni-BZCYYb6211 600 1.22 1% increase for 100 h,  
1 000 mA cm–2 at 500 °C

[97]

BaZr0.1Ce0.7Y0.1Yb0.1O3−δ
(BZCYYb1711)

PrBa0.8Ca0.2Co2O5+δ-
BaCoO3−δ

Ni-BZCYYb1711 650
600
550

2.52
1.51
0.69

4.0% per 1 000 h degrada-
tion for 1 500 h,  
1 000 mA cm–2 at 600 °C

[92]

BaZr0.1Ce0.7Y0.1Yb0.1O3−δ
(BZCYYb1711)

(La0.6Sr0.4)0.95Co0.2Fe0.8O3−δ-
Pr1−xBaxCoO3−δ

Ni-BZCYYb1711 650
600
550

3.13
1.82
0.85

No degradation for 300 h,  
1 000 mA cm–2 at 600 °C

[98]

BaNb(Ta)0.05Ce0.7Yb0.25O3–δ
(BNCYb)

PrBa0.8Ca0.2Co2O5+δ (PBCC) Ni-BNCYb 650
600
550
500

3.22
2.24
1.21
0.69

No obvious degradation for 
800 h, 500 mA cm–2 at 
500 °C

[89]

BaZr0.1Ce0.7Y0.1Yb0.1O3−δ
(BZCYYb1711)

PrBa0.8Ca0.2Fe1.8Ce0.2O6–δ 
(PBCFC)

NiO-BZCYYb1711 700
650
600

5.00
3.45
1.73

No degradation for 95 h, 
500 mA cm–2 at 650 °C

[88]

BaZr0.1Ce0.7Y0.1Yb0.1O3−δ
(BZCYYb1711)

PrBa0.8Ca0.2Fe2O6–δ (PBCF) NiO-BZCYYb1711 700
650
600

3.12
1.92
0.94

2.36 mV per hour 
degradation for 50 h, 
500 mA cm–2 at 650 °C

[88]

BaZr0.1Ce0.7Y0.1Yb0.1O3−δ
(BZCYYb1711)

Ba0.8Gd0.8Pr0.4Co2O5+δ-
GdxCoyO3–δ

Ni-BZCYYb1711 700
650
600

3.485
2.336
1.323

No obvious degradation for 
200 h, 500 mA cm–2 at 
650 °C

[99]

(Li0.67Na0.33)2CO3- 
Sm0.2Ce0.8O2

Pr0.4Ba0.2Ca0.2La0.2Co0.2Fe0.8
O3 (PBCLCF)

PBCLCF 700
650
600
550

0.647 3
0.484 1
0.312 6
0.192 4

No data [100]

La0.8Sr0.2Ga0.8Mg0.2O3–δ La0.6Sr0.4Co0.2Fe0.8O3–δ-
Gd0.1Ce0.9O2–δ

Sr2FeCo0.2Ni0.2Mo0.6 
O6–δ- Gd0.1Ce0.9O2–δ

800
750
700

0.94
0.58
0.37

No degradation for 150 h, 
200 mA cm–2 at 750 °C

[101]

BaCe0.68Zr0.1Y0.1Yb0.1Cu
0.02O3–δ(BCZYYC2)

La1.2Sr0.8NiO4–δ-BCZYYC2 Ni-BCZYYC2-carbon 
microspheres

700
650
600

3.02
1.87
1.04

No degradation for 100 h, 
1.3 V at 700 °C

[102]

YSZ Pr1.39Ba0.14Sr0.53Co1.48Fe
0.76O6−δ-Ba0.66Sr0.34CoO3−δ

NiO-YSZ 750 4.4 3 mV per hour degradation 
for 60 h, 800 mA cm–2 at 
650 °C

[103]

YSZ Sm0.5Sr0.5CoO3−δ-
Ce0.8Sm0.2O1.9

Ni-YSZ 800
750

4.08
3.13

No degradation for 40 h, 1 
000 mA cm–2 at 750 °C

[22]
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method can effectively rejuvenate the electrolyte surface after 
high-temperature annealing, which in turn increases the elec-
trochemical performance. This PCEC exhibited stable electrol-
ysis operations with current densities surpassing 3.9 A cm−2 at 
1.4 V and 600 °C, as shown in Fig. 8d [110].

From Fig. 7, we can obtain Eq. (26) based on Ohm's law:

where U is the external voltage, � is the resistivity of the 
SOEC, and I is the current density.

U can be supplied through photovoltaic panels or an exter-
nal power source, and � is related to three factors: material, 
temperature, and the coupling method. The field of materials 
science has already undergone a plethora of studies focused 
on material modification and doping to increase SOEC per-
formance [89–91, 111, 112]. By applying the functional 
relationship between electrical conductivity and temperature 
(thickness of 100 μm), we can map the current density trend 
at 1.3 V, as shown in Fig. 7. This trend closely mirrors the 
typical performance trend of SOECs reported in the litera-
ture, particularly for the widely adopted proton-conducting 
electrolyte BaZr0.1Ce0.7Y0.1Yb0.1O3−δ [90]. Additionally, 
BaZr0.4Ce0.4Y0.1Yb0.1O3−δ has shown remarkable conduc-
tivity at 500 °C [112], whereas materials such as yttria-sta-
bilized zirconia (YSZ) [91], BaZr0.5Ce0.3Y0.1Yb0.1O3−δ [89], 
and BaZr0.55Ce0.3Y0.15O3−δ [111] lag behind in conductivity, 
hinting at their potential limitations for SOEC applications 
at lower temperatures.

(26)I =
U

�(M, T ,C)

As detailed in Sect. 3.2, ohmic polarization is identified 
as the primary culprit behind SOEC degradation and is pre-
dominantly influenced by the electrolyte conductivity. This 
suggests that the performance of current SOECs may have 
reached a plateau, underscoring the urgent need for innova-
tion in electrolyte materials. Temperature plays a dual role: 
it affects both the thermodynamics of the SOEC reaction, as 
discussed in Sect. 3.3, and the current density by influenc-
ing the electrolyte conductivity. Additionally, the methods 
of coupling solar energy to SOECs have the potential to 
markedly influence energy efficiency, as depicted in Fig. 6. 
The field of solar-driven SOECs remains largely unexplored. 
Consequently, this review focuses on methods for solar 
energy integration with SOECs in Sect. 5, with the goal of 
revealing novel pathways to optimize electrolysis efficiency.

4.3 � Stability Analysis of Typical SOEC Systems

Degradation issues hinder the long-term operation of 
SOECs, and their long-term stable operation can signifi-
cantly reduce costs. The degradation of an SOEC is related 
mainly to the following factors [37].

Local overpotentials: Local overpotentials at active sites 
within the cell, which are caused by excessively high or low 
oxygen activity, are directly related to degradation, such as 
the formation of O2 bubbles in the electrolyte, delamination 
at the electrolyte/air-electrode interface, Si poisoning of the 
fuel electrode, and Zr nanoparticle poisoning of Ni at the 
fuel electrode [113, 114].

Note: Data are extracted from different resources, thus with different significant digits

Table 1   (continued)

Electrolyte Steam electrode Hydrogen electrode Temperature/°C Current 
density 
@1.3 V/(A 
cm–2)

Stability Refer-
ences

YSZ Sr(Ti0.3Fe0.7−xCox)O3−δ Ni-YSZ 800
700
600

3.03
1.48
0.51

No obvious degradation for 
350 h, for 1 000, 1 200,  
1 500 mA cm–2 at 700 °C

[104]

YSZ Pr0.8−xBixSr0.2MnO3−δ Ni-YSZ 750
700
650
600

2.71
1.86
0.88
0.60

No obvious degradation for 
450 h, 250 mA cm–2 at 
700 °C

[105]

ScSZ PrBa0.5Sr0.5Co1.5Fe0.5O5+δ-
Gd0.1Ce0.9O2

Ni-YSZ 750
700
650
600

2.10
1.45
0.94
0.51

No degradation for 1 000 h, 
200 mA cm–2 at 700 °C

[106]

YSZ La0.8Sr0.2MnO3−δ-Y co-doped 
Bi2O3

Ni-YSZ 700
650
600

1.32
0.91
0.46

No degradation for 100 h,  
1 000 mA cm–2 at 700 °C

[91]

YSZ La0.6Sr0.4Co0.2Fe0.8O3−δ-
Sm0.075Nd0.075Ce0.85O2−δ

Ni-YSZ 750
700

1.37
0.97

No degradation for 300 h, 
200 mA cm–2 at 700 °C

[107]

YSZ PrBa0.5Sr0.5Co1.5Fe0.5O5+δ-
Gd0.1Ce0.9O2

Ni-YSZ 800
700

2.75
1.27

No degradation for 300 h, 
300 mA cm–2 at 700 °C

[108]

YSZ PrBaFe1.9Zr0.1O5+δ-
Gd0.1Ce0.9O2

Ni-YSZ 700 2.21 No degradation for 100 h, 
180 mA cm–2 at 700 °C

[109]
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Gas composition: Variations in the local gas composition, 
especially in the electrode thickness direction, can affect the 
progress of electrochemical reactions, thereby impacting cell 
degradation.

Temperature and thermal gradients: The operating tem-
perature and thermal gradient within a cell significantly 
affect the performance and degradation of an SOEC. A non-
uniform temperature distribution can lead to thermal stress 
and thermal fatigue in materials, resulting in degradation.

Current density: An increase in the current density may 
lead to accelerated electrode reactions, increased local over-
potential, and thus accelerated degradation.

Operating cell voltage: The operating voltage of the cell, 
whether below or above the thermoneutral voltage, affects 
the thermal behavior of the cell, which in turn affects deg-
radation. A low voltage may lead to endothermic behavior, 
whereas a high voltage may lead to exothermic behavior.

Material properties of electrodes and electrolyte: The 
choice of materials for electrodes and the electrolyte, man-
ufacturing processes, particle size, porosity, and tortuosity 
can affect degradation.

Gas flow rates: The magnitude of the gas flow rate affects 
the transport and distribution of gases within the cell, which 
in turn affects the efficiency of electrochemical reactions 
and degradation.

Cell geometry: The geometry of the cell, including the 
thicknesses of the electrodes and electrolyte, also affects the 
degradation process.

Cell polarization: The cell polarization, geometry, oper-
ating parameters, and radiative heat loss affect the perfor-
mance and degradation of a cell.

Liu et al. developed a PCEC with an in-situ-formed com-
posite cathode. In electrolysis mode, it can operate stably for 
more than 250 h at 400 °C with a working current density of 
600 mA cm−2, as shown in Fig. 9a [60]. Shao et al. reported 
a full-size Ni-YSZ cell unit that operated for 336 h at a cur-
rent density of 2 A cm−2, demonstrating the feasibility of 
operating an SOEC at high current densities, as shown in 
Fig. 9b [115]. Duan et al. proposed a reversible PCEC based 
on a yttrium- and ytterbium-codoped barium-zirconate elec-
trolyte and a tri-electroconductive oxide air/steam reversible 
electrode. In the electrolysis mode, the PCEC maintained a 
current density of 1 385 mA cm⁻2, and the device was sub-
jected to stability tests for 1 200 h at 550 °C. Researchers 
reported that the reduction in the FE was negligible and that 
the low voltage drop rate was less than 30 mV per 1 000 h, 
as shown in Fig. 9c [20]. Zhou et al. reported an air electrode 
composed of PrBa0.8Ca0.2Co2O5+δ and in-situ-precipitated 
BaCoO3−δ nanoparticles, which had the lowest polariza-
tion resistance (approximately 0.24 Ω cm2) at 600 °C and 
high stability in humid air with 3%–50% H2O. This PCEC 
performed well at 600 °C, achieving a current density of 
1.51 A cm−2 at 1.3 V in the electrolysis mode. More impor-
tantly, the PCEC demonstrated exceptionally high durability, 
with over 1 833 h of continuous operation in electrolysis 
mode, as shown in Fig. 9d [92].

Fig. 7   Performance of rep-
resentative SOECs for H2O 
electrolysis. [20, 21, 32, 33, 47, 
88–109]



Electrochemical Energy Reviews            (2025) 8:11 	 Page 15 of 26     11 

Figure 7 clearly shows that under conditions of high tem-
perature and high current density, the stability of existing 
SOECs requires enhancement. In the 700–800 °C tempera-
ture bracket, the majority of SOECs exhibit less than 300 h of 
stability, with a mere handful exceeding the 1 000 h thresh-
old. As the reaction temperature decreases, the stability of the 
SOECs appears to improve, but this improvement is accompa-
nied by a significant decrease in the current density. A quali-
fied SOEC material should maintain its integrity, i.e., show no 
degradation, for a minimum of 100 h. To date, some SOECs 
have demonstrated remarkable stability, enduring over 1 000 h 
of continuous operation without any detectable performance 
decline. The cornerstone of enhancing the stability lies in 
refining the electrode materials and optimizing the electrode 
configuration, which are critical for the enduring performance 
and resilience of SOECs in practical applications.

5 � Solar Energy Integration with SOEC 
Systems

After insights into the current state and performance of 
SOECs are gained, further exploration of how to integrate 
SOECs with solar energy is essential. Understanding the 
mechanisms of SOECs coupled with solar energy systems 
will elucidate their potential development directions and 
opportunities for future improvements. This exploration is 
crucial for harnessing the full potential of the SOEC tech-
nology and pushing the boundaries of what is possible in 
the realm of energy conversion and efficiency. Table 2 pre-
sents representative SOEC-coupled solar energy systems 
developed in recent years. The existing methods for cou-
pling SOECs with solar energy are primarily divided into 

Fig. 8   a Typical I − V curves of ​PrB​a0​.8​Ca​0.2​Fe​1.​8C​e0.2O6–δ|BaZr0.1 
Ce0.7Y0.2−xYbxO3−δ|NiO-BaZr0.1Ce0.7Y0.2−xYbxO3−δ for hydrogen 
production at 600–700 °C. Reprinted with permission from Ref. [88]. 
Copyright © 2023, John Wiley and Sons. b Typical I − V curves of 
PrBa0.8Ca0.2Co2O5+δ|BaNb(Ta)0.05Ce0.7Yb0.25O3–δ|Ni-BaNb(Ta)0.05 
Ce0.7Yb0.25O3–δ for hydrogen production at 500–650  °C. Reprinted 
with permission from Ref. [89]. Copyright © 2022, American 
Chemical Society. c Typical I − V curves of Ba0.62Sr0.38CoO3−δ-Pr1.44 

Ba0.11Sr0.45Co1.32Fe0.68O6–δ |BaCe0.7Zr0.1Y0.1Yb0.1O3–δ |NiO- 
BaCe0.7Zr0.1Y0.1Yb0.1O3–δ for hydrogen production at 350–450  °C. 
Reprinted with permission from Ref. [60]. Copyright © 2023, 
Springer Nature. d Typical I − V curves of PrNi0.7Co0.3O3−δ|BaZr0.4 
Ce0.4Y0.1Yb0.1O3−δ|NiO-BaZr0.4Ce0.4Y0.1Yb0.1O3−δ for hydrogen pro-
duction at 350–600  °C. Reprinted with permission from Ref. [110]. 
Copyright © 2022, Springer Nature
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two categories: partial-spectrum coupling and full-spectrum 
coupling, as depicted in Fig. 6.

5.1 � Partial Spectrum Coupling

In SOEC systems, the main methods of utilizing solar energy 
involve the use of photovoltaics, CSPs, and solar thermal 
collectors. These methods are used to generate the electri-
cal and thermal energy required for SOECs [116]. Since 
these devices are capable of absorbing only a portion of the 
solar spectrum for energy conversion, constructing a sys-
tem by merely interconnecting these devices leads to the 
coupling of a partial solar spectrum with SOECs. While 
this approach is relatively straightforward to implement in 
practical applications, it does not fully leverage the poten-
tial of the entire solar spectrum. Currently, many studies 
are exploring the integration of SOECs with photovoltaic 
devices, CSP systems, and other devices or systems, such as 
thermoelectric generators and energy storage systems [63, 
117–119], thereby constructing innovative multigeneration 
energy systems.

Restrepo et al. introduced an innovative arrangement 
for hydrogen generation in which an SOEC is operated in 
the thermoneutral mode. This system is powered by elec-
tricity derived from a concentrated photovoltaic array and 
augmented by thermal energy harvested from a solar field. 

The design incorporates both tubular and closed volumetric 
receivers for steam generation and superheating processes, 
which are complemented by an intricate heat exchange net-
work that efficiently recovers thermal energy at the SOEC 
outlet. This arrangement achieves a notable hydrogen 
efficiency of 31.8% [120], as shown in Fig. 10a. Razmi 
et al. proposed a novel design based on the hybridization 
of R-SOCs with a high-temperature heliostat solar field, 
as shown in Fig. 10b. The system comprises four primary 
units, including a heliostat solar field, an SOEC, an SOFC, 
and a Kalina cycle system, and has a hydrogen produc-
tion rate of 7.76 t per day when the SOEC is used and a 
power generation of 54.3 MWh when the SOFC is used 
for peak demand shaving [121]. Wang et al. introduced an 
innovative direct solar irradiated SOEC system, as shown 
in Fig. 10c. This method not only harnesses solar energy 
through direct irradiation but also integrates an efficient 
heat management system to maintain the high-temperature 
environment required for electrolysis. Under optimal opera-
tional parameters, the system achieved a current density of 
approximately 359 mA cm−2 at 1.5 V [122]. Wang et al. 
presented a novel hybrid hydrogen storage SOEC system 
powered by both photovoltaic and solar dish collector tech-
nologies, as shown in Fig. 10d. This innovative approach 
also incorporates a molten carbonate fuel cell to efficiently 
convert stored hydrogen into electricity during periods of 

Fig. 9   a Long-term stability testing at a current density of 
600 mA cm–2 at 400 °C. Reprinted with permission from Ref. [60]. 
Copyright © 2023, Springer Nature. b Long-term stability testing at 
a current density of 2 A cm−2 (blue) at 800 °C and 1 A cm−2 (purple) 
at 700 °C. Reprinted with permission from Ref. [115]. Copyright © 

2024, Elsevier. c Long-term stability testing at a current density of 
1385 mA cm–2 at 550 °C. Reprinted with permission from Ref. [20]. 
Copyright © 2019, Springer Nature. d Long-term stability testing at 
a current density of 1.0 A cm–2 at 650 °C. Reprinted with permission 
from Ref. [92]. Copyright © 2021, American Chemical Society
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peak demand. The system demonstrated a remarkable abil-
ity to generate up to 3.9 kg of H2 per day [123]. Lin et al. 
introduced an integrated solar-driven high-temperature 
electrolysis system operating with concentrated irradiation, 
as shown in Fig. 10e. This advanced concept combines a 
solar cavity receiver for reactant heating, an SOEC stack 
for water electrolysis, and concentrated photovoltaic cells 
to supply the electricity demand of the SOE stack. The 
system achieves a solar-to-hydrogen (STH) efficiency of 
up to 19.85% under optimal conditions, with the ability 
to generate hydrogen at a rate of 3.33% STH efficiency in 
experimental demonstrations [124]. The integrated design 
significantly reduces heat losses and enhances the over-
all performance of the system. Schiller et al. introduced 
a solar heat integrated solid oxide steam electrolysis sys-
tem for highly efficient hydrogen production, as shown in 

Fig. 10f. This system utilizes solar heat for the evaporation 
and superheating of water, which is then fed into an SOEC 
stack. The experimental setup includes a solar simulator, a 
solar steam generator, a steam accumulator, and a 12-cell 
SOEC stack with approximately 2 kW of electrical power. 
The system achieved a steam conversion rate of 70% at 
93% electrical efficiency, producing 1600 L of H2 over 4 h 
of operation [125].

The approach of coupling solar thermoelectric devices 
with SOECs involves harnessing solar power as the energy 
input for SOECs, thereby directly substituting the supplied 
electrical or thermal energy to reduce costs. To further 
increase the energy density supplied, optical devices such 
as heliostats and concentrators are employed to focus sun-
light effectively. These methods, while improving the system 
efficiency through external conditions, do not address the 
intrinsic reaction kinetics or energy barriers. As such, they 

Table 2   Summary of representative SOEC-coupled solar energy systems

Note: Data are extracted from different resources, thus with different significant digits

Coupling types Reaction Operating temperature Reaction conversion 
rate/yield

Efficiency References

Integrated system 
with solar methane 
cracking and co-
electrolysis

2H2O → O2 + 2H2
H2 + CO2 → CO + H2O

800 °C Methane conversion: 
95%

H2 production rate: 5.4 t 
per day

Syngas production rate: 
14.8 t per day

Methanol production 
rate:

3.9 t per day

SOEC energy effi-
ciency: 69.3%

SOEC exergy effi-
ciency: 29.3%

Integrated system 
energy Efficiency: 
40.6%

Integrated system 
exergy efficiency: 
37.5%

[63]

Solar-driven SOEC 
co-electrolysis for 
renewable methanol

H2O + CO2 → CO + H2 + O2
H2O + CO → CO2 + H2
3H2 + CO2 → CH3OH + H2O
2H2 + CO → CH3OH

800 °C CO2 conversion: 92.8% 
(1 073 K)

H2O conversion: 94.7% 
(1 073 K)

Methanol production 
rate:

46.3 kg h–1

Energy efficiency: 59%
Exergy efficiency: 

80.9%
STF efficiency: 34.50%

[132]

Solar hydrogen 
generation system 
integrating pho-
tovoltaic panel/
photon-enhanced 
thermionic emission 
and high-temperature 
electrolysis cell

2H2O → O2 + 2H2 600 °C–1 000 °C No data First-law thermody-
namic efficiency: 
77.05%

Exergy efficiency: 
55.99%

Solar-to-hydrogen 
efficiency: 29.61%

[75]

Integrated solar reactor 
using SOEC

2H2O → O2 + 2H2 Ambient temperature: 
300 K

Gas inlet temperature: 
400 K

H2O conversion ratio: 
74.13%

Energy conversion 
efficiency: 25.58%

[116]

Integrated solar reactor 
using SOEC

2H2O → O2 + 2H2 760–920 °C No data Energy conversion 
efficiency: ~ 30%

[133]

Integrated solar reactor 
using SOEC

2H2O → O2 + 2H2 Gas outlet temperature: 
323.15–353.15 K

H2 production rate: 
0.256 8 kg s–1

Exergy efficiency: 
13.15%

[73]

Solar heat integrated 
SOEC

2H2O → O2 + 2H2 770 °C H2O conversion rate: 
70%

Electrical stack effi-
ciency: 93%

[125]
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Fig. 10   a Schematic of high-temperature solar electrolysis coupled 
with a thermochemical cycle. Reprinted with permission from Ref. 
[120]. Copyright © 2022, Elsevier. b Schematic of the proposed sys-
tem based on heliostat solar, SOEC, SOFC, and Kalina cycles for 
green hydrogen storage. Reprinted with permission from Ref. [121]. 
Copyright © 2023, Elsevier. c Schematic of the direct solar irradia-
tion SOEC system. Reprinted with permission from Ref. [122]. Cop-
yright © 2024, Elsevier. d Schematic of the hybrid hydrogen storage 

SOEC system powered by both photovoltaic and solar dish collector 
technologies. Reprinted with permission from Ref. [123]. Copyright 
© 2022, Elsevier. e Schematic of an integrated solar-driven high-tem-
perature electrolysis system operating with concentrated irradiation. 
Reprinted with permission from Ref. [124]. Copyright © 2022, Else-
vier. f Schematic of a solar heat integrated solid oxide steam electrol-
ysis system (1 bar = 100 kPa). Reprinted with permission from Ref. 
[125]. Copyright © 2019, Elsevier
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do not fully realize the ultimate potential of increasing the 
overall solar-to-fuel (STF) conversion efficiency.

5.2 � Full Spectrum Coupling

The importance of photovoltaics as pivotal elements in 
coupling solar energy with SOECs for H2O electrolysis is 
underscored. However, the conversion of solar energy to 
electricity by photovoltaic panels is limited to a specific 
range of wavelengths within the solar spectrum, with the 
remaining wavelengths inducing a thermal effect [126]. The 
photovoltaic conversion efficiency rapidly decreases with 
increasing temperature, which can adversely affect nonther-
mal processes [127]. When solar energy is converted into 
thermal energy, energetic photons from the ultraviolet and 
visible light spectrum, ranging from hundreds to thousands 
of millielectron volts, are transformed into multiple phonons 
of much lower energy, leading to significant degradation in 
energy quality. Thus, in the process of hydrogen production 
through solar coupling with an SOEC, harnessing the full 
spectrum of solar energy, including its photothermal-photoe-
lectric potential, is imperative. By synergistically combining 
the nonthermal and thermal effects, the overall STF conver-
sion efficiency can be substantially enhanced, achieving a 
more comprehensive utilization of the solar spectrum.

Song et al. introduced an innovative system for hydrogen 
production that integrates a thermochemical cycle with an 
SOEC and leverages spectral splitting technology, as shown 
in Fig. 11a and b. Solar irradiance is meticulously distrib-
uted into three distinct bands after concentration and split-
ting: long-band ( �1 –4 000 nm), short-band (280 nm–�2 ), 
and medium-band ( �1–�2 ) light. The medium-band light 
is absorbed by photovoltaic panels, which efficiently con-
vert it into both electrical energy and thermal energy. The 
remaining spectral components are then harnessed to propel 
the two-stage TC process. Preliminary findings indicate that 
the exergy efficiency of the system can reach approximately 
32%, even without incorporating thermal recovery meas-
ures. Moreover, the STH conversion efficiency is remark-
ably high, near 40% [128]. Shafiei Kaleibari et al. simulated 
a concentrating solar tower plant that incorporates quantum 
and thermal receivers, as shown in Fig. 11c. These receivers 
are designed to capture and utilize both thermal energy and 
electrical energy efficiently through the use of beam splitters. 
Additionally, dichroic reflectors are employed to effectively 
divide the incoming solar spectrum. The calculated efficiency 
of this comprehensive system is 36.5%, which corresponds 
to H2 production of 850 g h−1 under typical operating condi-
tions [129]. Deng et al. reported a beneficial light-healing 
effect when light was directly added to the system used to 
electrolyze H2O with an SOEC, as shown in Fig. 11d. The 
light not only prevented the cells from breaking down but 
also increased the amount of hydrogen produced. They also 

suggested that the use of light might reduce the loss of oxy-
gen vacancies in the cell material and inhibit excess oxy-
gen formation in the cell structure. More oxygen vacancies 
could improve electrical conductivity and catalytic activity, 
enhancing the performance of the SOEC [130]. The light-
healing effect might address the current challenge of the poor 
SOEC stability at high temperatures. Wang et al. proposed an 
innovative hydrogen generation system that integrates a pho-
tovoltaic cell with a photon-enhanced thermionic emission 
(PETE) cell and an SOEC, as shown in Fig. 11e. The PETE 
cell unifies photovoltaic and thermionic mechanisms into a 
single, cohesive physical process. It exploits the high energy 
per photon and thermal energy derived from thermalization 
and absorption losses, enhancing overall system efficiency 
and offering a novel approach to hydrogen production [75]. 
Deng et al. also introduced a novel solid oxide photoelec-
trolysis cell (SOPC) for solar-driven hydrogen production 
[131], as shown in Fig. 11f. This device incorporates a pho-
toresponsive electrode into an SOEC, significantly enhancing 
performance under light illumination. Notably, they observed 
the photocurrent in SOPC for the first time and elucidated 
the photocurrent generation mechanism. The SOPC demon-
strates the practicality of substituting solar energy for a por-
tion of electrical energy in hydrogen production, paving the 
way for sustainable and efficient solutions.

Compared with SOEC systems without spectral splitting, 
the utilization of the full solar spectrum offers several advan-
tages, such as increased energy utilization efficiency, mini-
mized energy dissipation, and the potential to directly drive 
chemical reactions, thereby converting solar energy into 
chemical energy more effectively. However, current research 
on the coupling of solar spectral splitting with SOECs is 
limited, and there are potential limitations that need to be 
addressed. These include the complexity of integrating mul-
tiple energy conversion processes, the technological chal-
lenges associated with achieving high efficiency across the 
full solar spectrum, and the economic viability of systems. 
There is a pressing need for expanded investigations and 
explorations in this domain to unlock the full potential of 
this synergistic approach, ensuring that it can be effectively 
implemented and scaled up for practical applications.

6 � Conclusion and Outlook

In the future, the advancement of SOECs for solar energy 
conversion can be steered in several pivotal directions.

1.	 Energy conversion efficiency enhancement and coupling 
method optimization

 As innovative energy conversion devices, exploring the 
optimal coupling methods of SOECs with solar energy is 
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crucial for maximizing energy conversion efficiency. More 
efforts should be devoted to capitalizing on both thermal 
and nonthermal solar effects for full-spectrum utilization, 
directly transforming electrical and thermal energy into tar-
geted chemical energy, circumventing transformations into 
undesired chemical energy forms, and minimizing energy 
waste.

2.	 Development of composite-conductivity and photore-
sponsive materials

Crafting materials with composite-conductivity for 
SOECs is essential for facilitating the conduction of elec-
trons, ions, and protons, thereby broadening the reaction 
interfaces and increasing the number of active sites for 

Fig. 11   a, b Schematic of spectral splitting. Reprinted with permis-
sion from Ref. [128]. Copyright © 2023, Elsevier. c Schematic of the 
integrated spectrally split concentrated photovoltaics of an SOEC. 
Reprinted with permission from Ref. [129]. Copyright © 2019, Else-
vier. d Mechanistic schematic of a solar driven SOEC. Reprinted with 
permission from Ref. [130]. Copyright © 2024, American Chemical 

Society. e Schematic of a solar photovoltaic/PETE-SOEC hydrogen 
production system. Reprinted with permission from Ref. [75]. Copy-
right © 2020, Elsevier. f Schematic of a novel solid oxide photoelec-
trolysis cell. Reprinted with permission from Ref. [131]. Copyright © 
2025, Elsevier
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chemical transformation. To broaden industrial applications 
of SOECs, enhancing their long-term stability under high 
current densities is equally critical. This can be achieved 
by developing electrode materials that exhibit photorespon-
sive properties, leveraging the light-healing effect to prolong 
operational longevity.

3.	 Low-temperature operation of solar-driven SOECs

 Temperature reduction facilitates deeper integration of 
SOEC systems with industrial waste heat and solar concen-
tration technologies. However, lower temperatures can lead 
to rapid declines in electrolyte conductivity, significantly 
impacting SOEC performance. The development of electro-
lyte materials capable of providing superior conductivity at 
lower temperatures is urgently needed.

4.	 Industrial scale-up and economic viability of solar-
driven SOECs

 The transition from modest laboratory prototypes to robust 
industrial-scale systems poses a formidable challenge for 
solar energy-based SOECs. The majority of SOECs are con-
fined to the experimental stage, with many systematization 
efforts limited to software simulations. The small scale of 
SOECs, which seldom exceeds 5 cm2, highlights the gap 
between current capabilities and industrial aspirations. Fur-
thermore, the comparatively high costs of SOECs represent 
a significant barrier to their widespread adoption, particu-
larly compared with other fuel synthesis methods. Future 
initiatives must focus on devising cost-reduction strategies 
for the manufacturing of SOECs to increase their market 
competitiveness.
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