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Abstract—SOEC (Solid Oxide Electrolysis Cell) require high temperature steam, but generating steam with
electricity is very energy intensive. Concentrated solar power can be a good substitute for electricity to gener-
ate high temperature steam. In this paper, the thermal performance of a solar steam generator is researched.
The steam generator improves the heat transfer capacity by installing porous ceramic material inside and
using spray cooling technique. Due to the limited heat transfer capacity of previous steam generators, other
types of steam generators can only produce steam with a temperature below 700°C. The steam generator in
this paper has a high thermal efficiency depending on the nozzle characteristics. Therefore, the steam gener-
ator has obvious advantages in terms of generating high-temperature steam. The experimental results show
that the instantaneous thermal efficiency of the steam generator with a new nozzle can reach a maximum of
58% when the solar irradiation power is 2.26 kW and the inlet water f low rate is 1.23 kg/h. At this time, the
steam generator can produce high temperature water vapour at a maximum temperature of 715.4°C. The opti-
mized solar steam generator was also coupled with the SOEC system, and hydrogen production was success-
fully achieved by experimental means. The solar SOEC system has great potential for hydrogen production.
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INTRODUCTION
Among the many current hydrogen production

methods, electrolysis of water is a technology with sig-
nificant development prospects and is capable of being
applied on a large scale [1–3]. Compared with other
types of electrolysis for hydrogen production (e.g.,
proton exchange membrane electrolysis) [4–6],
hydrogen production by solid oxide electrolysis cell
(SOEC) can reduce the polarization overpotential,
accelerate the reaction rate of electrodes, reduce the
electrical energy consumption, and improve the
energy conversion efficiency of the system [7].

Conventional SOEC requires a large amount of
electrical energy to meet the energy needs of the elec-
trolysis process [8–10], which includes the electrical
energy required for the electrolysis reaction, the elec-
trical heating to provide the SOEC system with the
high-temperature gas source required for electrolysis,
and to maintain the SOEC in a high-temperature
environment. Using solar energy to provide the SOEC

with high-temperature steam for electrolysis the con-
sumption of electric energy in this system can be
reduced [11]. The energy conversion efficiency of the
system can thus be further improved.

SOEC usually operates at high temperatures of
700–1000°C [12], a solar high-temperature steam
generator with good heat transfer performance, and
that can continuously generate stable high-tempera-
ture steam at these temperatures [13], plays an import-
ant role in the SOEC coupled with solar system.
Therefore, the current studies related to solar steam
generator are as follows.

Ben-Zvi et al. proposed a new solar tube steam
generator by dividing the position of the heat pipe on
the steam generator into an evaporation part and a
superheated part. Using simulations, the results
showed that the generator can produce superheated
steam at 550°C and 150 bars [14]. Houaijia et al.
designed a solar tube heat absorber that can produce
high-temperature steam at 700°C, which can be used
49
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for electrolysis at high temperatures [15]. Liu et al.
proposed a glass tube-type solar steam generator, and
proved through experiments that it could generate
steam with a temperature of up to 200°C at a pressure
of 0.55 MPa. It could produce stable, saturated steam
with a temperature higher than 150°C and a thermal
efficiency above 30% in the range of pressure of 0.1 to
0.55 MPa [16]. Pye et al. proposed a novel solar tube
steam generator and, through experiments, the results
showed that it can produce superheated steam at
560°C when the DNI is 1052 W/m2 [17]. The results of
experiments by Swanepoel et al. on a steam generator
showed that when the total incident area of the heat
absorber was 2.7 m2 and the rate of f low of water was
0.294 g/s, the f luid gained 861 W of heat, while the
temperature at the outlet was 343°C under an intensity
of solar radiation of 757 W/m2. This yielded a thermal
efficiency of the heat absorber of 42% [18]. Indira et al.
designed and built a hybrid system for using photovol-
taic/thermal solar energy, and validated its model
through simulations and tested its experimental per-
formance [19]. The results showed that its maximum
electrical efficiency was 4.86% and maximum thermal
efficiency was 40% when the intensity of solar radia-
tion was higher than 1000 W/m2. Zhang et al. devel-
oped a solar steam generator through theoretical mod-
eling, and the results showed that the spray had an
important influence on radiation-induced conduction
in the generator [20]. Wang et al. proposed a novel
solar steam generator to improve the heat exchange
capacity of the steam generator by installing a porous
structure and spray cooling inside the generator. The
experimental results show that this solar steam gener-
ator can produce high-temperature steam at 800°C
using concentrated solar energy [21].

Although [21] proposes a novel solar steam gener-
ator and uses concentrated solar energy to generate
high-temperature steam at 800°C, the solar steam
generator in [21] has a low thermal efficiency (the
maximum thermal efficiency of the steam generator
does not exceed 31% when generating high-tempera-
ture water vapor above 700°C). In this paper, based on
the research of [21], the nozzle in the solar steam gen-
erator of [21] is optimized to further improve the cor-
responding atomization performance of the nozzle.
Compared with [21], the optimized solar steam gener-
ator in this paper can not only produce high-tempera-
ture water vapor in the same temperature range as that
of [21], but also the thermal efficiency can be greatly
improved. Therefore, the high thermal efficiency of
the steam generator in this paper has a clear advantage
in light–heat conversion capacity. The optimized
solar steam generator was also coupled with the SOEC
system, and hydrogen production was successfully
achieved by experimental means. This study can lay
the corresponding foundation for the future applica-
tion of solar SOEC systems for photothermal synergis-
tic hydrogen production in real environments.

EXPERIMENTAL DETAILS
The solar steam generator in this paper is optimized

compared to [21]. Solar energy is converted into ther-
mal energy in the generator, then the supercooled
water is passed through the heat absorber in the gener-
ator, producing high-temperature superheated water
vapor. A diagram and photographs of the high-tem-
perature steam generation platform are shown in
Figs. 1 and 2. The experimental schemes of this solar
steam generator can be found in [21].

The solar steam generator consists of a porous
ceramic heat absorber, an insulated shell, quartz glass,
a high-pressure spray system, and a support structure.
The porous ceramic heat-absorbing body is a silicon
carbide cylinder with a diameter of 80 mm. The
porous silicon carbide ceramic material has a porosity
of 70%, a pore diameter of 15 PPI, and a thickness of
50 mm, and is mounted in the center cavity of the gen-
erator. The quartz glass, with a diameter of 115 mm
and a thickness of 15 mm, is mounted at the front of
the generator. The insulated enclosure consists of
refractory bricks and insulating cotton, which is
designed to minimize the heat conduction losses from
the generator to the outside during the experiment.
The high-pressure spraying system consists of sub-
mersible pump, high-pressure spraying machine, and
atomizing nozzle, in which the nozzle diameter is 0.1–
0.2 mm. The deionized water for the experiment was
passed through a submersible pump and then a high-
pressure sprayer and atomized to form small droplets
under the action of nozzles [21].

The high-temperature steam produced by the solar
steam generator is passed into the SOEC stack, where
an electrolysis reaction occurs to produce hydrogen.
The SOEC stack used in this paper is made of SOFC-
MAN-A-SCS2000 module manufactured by SOFC-
MAN, which consists of an anode supporting 30 single
Ni-YSZ/YSZ/CGO/LSCF-CGO cells, SUS430
metal connectors, and sealing materials [22]. The
dimensions of the stack are 190 × 190 × 440 mm, and
the effective electrolytic area of a single cell is 150 cm2.
The gas path of the stack is fully closed on the cathode
side and semi-open on the anode side, and the oxygen
generated from the anode is discharged to the atmo-
sphere from the semi-open structure of the stack
during the reaction process, as shown in Fig. 3. Spe-
cific information for the measuring instruments is
shown in Table 1.

The diameter of the atomizing nozzle ranges from
0.1 to 0.2 mm, making it one of the core components
APPLIED SOLAR ENERGY  Vol. 60  No. 1  2024
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Fig. 2. Photographs of high-temperature steam generation platform [21]: (a) Photograph of the experiment with the solar simu-
lator turned on. (b) Photograph of the overall experimental system.
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Fig. 1. Diagram of the platform for high-temperature steam generation [21]: (1) insulated shell; (2) quartz glass; (3) porous silicon
carbide ceramic; (4) micronozzle; (5)  water tank; (6) regulating valve; (7) high-pressure pump; (8) infrared temperature-mea-
suring instrument; (9) local display equipment; (10) computer for data acquisition; (11) solar simulator; (12) steam outlet.
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Table 1.Specific information for the measuring instruments [22]

Name Quantity Specification Accuracy

Thermocouple (steam generator) 4 Type K ±0.1%
Pressure sensor (steam generator) 3 Model PS6000-CR-BZ-A1-B-2/D ±0.25%
Infrared Thermometer 1 T40-LT-70-SF2-2 ±1.0%
Thermocouple (SOEC) 3 Type K ±0.0075t (t-Temperature

of thermocouple, °C)
Pressure sensor (SOEC) 2 Model MN100-G5M14AI600KPaF 0.5%
Flowmeter (H2) 1 D07-19B 0.2%
Flowmeter (AIR) 1 Model D07-19BM 1.05%
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Fig. 3. SOEC stack: Photographs of the (a) SOEC stack and (b) anode side outlet [22].
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of the solar steam generator. It consists of the nozzle
head and connecting base, as illustrated in Fig. 4. The
schematic shows that maintaining a good sealing per-
formance is critical when utilizing the nozzle in a
high-temperature environment. In this regard, the
connection points between the nozzle and the con-
nection base, as well as the connection base and the
water inlet port play a critical role. According to a
report by [21], the sealing performance is ensured by
welding all of the above parts, as shown in Fig. 5a.

This nozzle, with a good sealing performance, was
tested at room temperature and pressure with the inlet
f low rate set to 3.96 L/h at an inlet pressure of
0.3 MPa. The f low rate of the nozzle was compared
with that of the B3 model nozzle from CSAN FOG
Nozzle INC (Tianjin, China) at the same inlet pres-
sure, as shown in Fig. 6. It can be seen that the inlet
pressure increases, the inlet f low rate of the B3 model
nozzle increases. When the inlet pressure increases
from 0.3 to 7 MPa, the inlet f low rate of the B3 model
nozzle increases from 1.2 to 6.22 L/h. And at an inlet
pressure of 0.3 MPa, the inlet f low rate of [21] is
Fig. 4. Diagram of the nozzle structure.

Foundation
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3.96 L/h. The inlet f low rate, as reported by [21], is
higher at the same inlet pressure, and the atomization
performance of the nozzle is poorer compared to that
of the B3 model nozzle from CSAN FOG Nozzle INC
(Tianjin, China). After switching the solar simulator
on, the heat transfer process atomizes the supercooled
water through the nozzle. This leads to the formation
of small droplets that are sprayed onto a porous silicon
carbide ceramic material and eventually form high-
temperature steam. The solar steam generator
reported in [21] produces high-temperature water
vapor. Additionally, owing to the poor atomization
performance of the nozzle, the steam generator has a
low thermal efficiency of up to 31% when generating
high-temperature water vapor above 700°C. There-
fore, in this study, structural optimization was per-
formed for the nozzle used in the solar steam generator
reported previously. To seal the nozzle, the distance
between the nozzle and the base was maximized, as
shown in Fig. 5b. This was done to prevent any dam-
APPLIED SOLAR ENERGY  Vol. 60  No. 1  2024

Fig. 5. (a) Nozzle in [21]. (b) Optimized nozzle.
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Fig. 6. Variations in inlet pressure and water f low.
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age to the nozzle structure caused by the high tem-
perature generated during the welding process when
the nozzle is connected to the base, thus affecting the
spray performance of the nozzle. When the nozzle
operates under a differential pressure of 0.44 MPa, the
optimized nozzle inlet f low rate measures 1.23 L/h. At
this f low rate, the nozzle f low rate closely aligns with
that of the corresponding nozzle under the differential
pressure in the B3 model nozzle, as shown in Fig. 6.
Consequently, it can be inferred that the spray perfor-
mance of the optimized nozzle is more consistent with
that of the B3 model nozzle and achieves a superior
atomization effect.

RESULTS AND DISCUSSION

The solar steam generator in this paper is used with
optimized nozzles for the following experiments.
APPLIED SOLAR ENERGY  Vol. 60  No. 1  2024

Fig. 7. The steam generator: (a) Pressure variations in the no
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When the solar simulator is switched on, Figs. 7a and 7b
show the pressure and inlet water temperature of the
solar steam generator against time during the heat
exchange process. It can be seen from Fig. 7 that the
pressure before and after the nozzle, and the inlet
water temperature of the steam generator, f luctuate to
a lesser extent as the heat exchange process proceeds.
When the irradiation power is 2.26 kW and the differ-
ential pressure of the nozzle is 0.44 MPa, the inlet
water temperature of the steam generator is kept at
about 30°C. When the differential pressure of the noz-
zle remains unchanged, it is considered that the inlet
water f low rate of the steam generator remains
unchanged, and the inlet water f low rate through the
electronic scale to measure changes in water weight
over a period of time is 1.23 kg/h.

Figure 8 shows the variation of the front-end pres-
sure of the steam generator with time during the heat
transfer process when the solar irradiation power is
constant. From Fig. 8, it can be seen that the front-end
pressure of the steam generator remains around
0.037 MPa when the irradiation power is 2.26 kW and
the inlet water f low rate is 1.23 kg/h.

The difference in enthalpy between the inlet and
outlet of water  is:

(1)
Then, the thermal efficiency of the steam generator
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zzle. (b) Inlet temperature variations in the steam generator.
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Fig. 8. Variations in the front-end pressure of the steam
generator.
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where  is the enthalpy of water at the inlet (kJ/kg),
 is that at the outlet (kJ/kg),  is the solar irradia-

tion of the simulator (kW),  is the mass f low of water
(kg/s).

Figures 9a and 9b show the variation of thermal
performance using the steam generator from [21] and
the optimized steam generator. Figure 9a shows the
variation of outlet temperature with time during the
heat exchange process using the steam generator from
[21] and the optimized steam generator. It can be seen
that when the solar simulator is turned on and the
radiation power is 6.07 kW in [21] and 2.26 kW in this
paper, both solar steam generators are able to produce
high-temperature superheated water vapor within a
given temperature range (690–720°C), and the peak
outlet temperature can be more than 800°C in the
multi-operating condition test [21]. According to [21],
this new type of solar steam generator offers a signifi-
cant advantage in producing high-temperature vapor
because of the installation of a porous structure inside
the generator and the spray cooling method used. Fig-
ure 9b shows the variation of thermal efficiency during
the relatively stable phase using the steam generator
from [21] and the optimized steam generator. When
the solar simulator is turned on and the radiation
power is 6.07 kW in [21] and 2.26 kW in this paper, the
thermal efficiency of the steam generator from [21] is
up to 30.7%; the optimized steam generator is up to
58%, and the difference in thermal efficiency between
the two solar steam generators can be up to 27.3%.
This is due to the nozzle used in the spray cooling in
[21]. The spray characteristics of the nozzle deteriora-
tion, resulting in water and generator of porous silicon
carbide ceramic heat absorber heat transfer perfor-
mance between the deterioration of the water, in order

inh
outh Q

�m
to make the water vapor maintain at a temperature of
700°C or higher, for the solar steam generator in [21],
it is necessary to increase more irradiation power. The
heat absorption of the porous silicon carbide ceramic
material is increased, so that the heat exchange
between the water and the porous silicon carbide
ceramic material is increased, and the final tempera-
ture of the water vapor is increased. According to
Eq. (2), when the heat absorption is constant, the
higher the irradiation power, the higher the tempera-
ture of the water vapor produced, and the lower the
thermal efficiency of the steam generator. For the
optimized solar steam generator in this paper, less irra-
diation power is invested to produce high-temperature
water vapor in the same temperature range when com-
pared to the generator in [21]. According to Eq. (2),
the thermal efficiency of the steam generator increases
with decreasing irradiation power input at constant
heat absorption. The solar steam generator in this
paper has a high thermal efficiency and therefore has a
significant advantage in terms of photothermal con-
version performance.

The optimized solar steam generator is coupled
with the SOEC system. The generated high-tempera-
ture water vapor is passed into the SOEC stack at an
operating temperature of 730°C, where an electrolysis
reaction occurs and ultimately hydrogen is produced.

According to the Nernst equation, the equilibrium
voltage of the SOEC can be expressed as:

(3)

where  is the gas constant (J/mol),  is the electrol-
ysis temperature (K), , ,  indicate the partial
pressures of hydrogen, oxygen, and water vapor,
respectively.  is the standard electric potential,  is
related to the electrolysis temperature.

The electrolytic performances of the system during
electrolysis of SOEC stack is shown in Figs. 10a and
10b. Figure 10a indicates that the electrolytic current
increases from 76.6 to 102.5 A when the electrolytic
voltage is increased from 39.7 to 43.7 V. The electro-
lytic power increases from 3042.8 to 4482.3 W when
the electrolytic voltage is increased from 39.7 to 43.7 V
(Fig. 10b). The electrolytic voltage of SOEC com-
prises the equilibrium voltage during electrolysis and
total overpotential. According to the Nernst equation,
the equilibrium voltage is determined by the electroly-
sis temperature and the partial pressures of the reac-
tants on both the cathode and anode sides of the com-
ponents. The equilibrium voltage of the SOEC
remains constant when the conditions on both the
cathode and anode sides (temperature and partial
pressure) are kept constant. The total overpotential of
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Fig. 9. Comparison of thermal performance between [21] and the optimized steam generator. Variations in (a) temperature and
(b) thermal efficiency.
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Fig. 10. Electrolytic performances of the system. Variations in (a) voltage-current and (b) voltage-power.
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Fig. 11. Performance of the hydrogen production of the system. (a) Hydrogen production rate. (b) Steam conversion ratio.
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SOEC is comprised of three components: ohmic, acti-
vation, and concentration overpotentials. All three of
these overpotentials exhibit a certain positive correla-
tion with the current density. When the equilibrium
voltage is maintained at a constant value, and the elec-
trolytic voltage is gradually increased, the total over-
potential of the SOEC gradually increases, leading to
a corresponding increase in the electrolytic current. As
the total overpotential increases, the corresponding
polarization loss increases and the final electrolytic
power required gradually increases.

The hydrogen production performance of the sys-
tem during SOEC stack electrolysis is shown in
Fig. 11a and 11b. Figure 11a shows that the hydrogen
production rate of the system increases from 16 to 21.5
SLPM as the electrolysis voltage is increased from
39.7 to 43.7 V. When the electrolysis voltage is gradu-
ally increased, the corresponding electrolysis current
gradually increases in accordance with Faraday’s law
of current, resulting in more hydrogen production. As
shown in Fig. 11b, the steam conversion ratio of the
system increases from 62.8 to 84% as the electrolysis
voltage is increased from 39.7 to 43.7 V. With the
increasing voltage, the electrolysis current also
increases gradually, leading to a greater consumption
of water vapor in the electrolysis reaction. Conse-
quently, when the incoming water f low rate remains
constant, the steam conversion ratio of the system
becomes progressively higher.

CONCLUSIONS
In this study, building upon the findings of [21], the

optimization of the nozzle in the solar steam generator
was performed to improve its atomization perfor-
mance. The optimized solar steam generator was then
coupled with the SOEC system, and through experi-
mental methods, hydrogen was successfully produced.
Consequently, the following conclusions were drawn:

In comparison to the results presented in [21], the
optimized solar steam generator in this study demon-
strates the capability to generate high-temperature
water vapor at 715.4°C when exposed to a solar irradi-
ation power of 2.26 kW and an inlet water f low rate of
1.23 kg/h. Furthermore, the thermal efficiency of the
steam generator can reach a maximum of 58% in the
relatively stable stage. The high thermal efficiency of
the steam generator has a clear advantage in terms of
light-to-heat conversion capacity. The production of
high-temperature water vapor by the steam generator
lays the corresponding foundation for subsequent
photothermal synergistic hydrogen production in the
solar SOEC system. When the solar irradiation power
is 2.26 kW, with an inlet water f low rate of 1.23 kg/h,
and the system operating at a temperature of 730°C
while performing electrolysis at a constant voltage, the
solar SOEC system can produce hydrogen at a rate of
up to 21.5 SLPM. Additionally, the water vapor con-
version rate can reach up to 84%.
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