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Abstract. This paper presents the design, and simulation of a novel concentrated solar power
(CSP) system integration with solid oxide electrolysis (SOE) to generate superheated steam
required for efficient hydrogen production. The system comprises of 10 parabolic dish collec-
tors, SiSiC cavity receivers, and a heat exchanger with two components. An evaporator and a
superheater collectively achieve a high thermal efficiency of 73%. Computational fluid dynam-
ics (CFD) simulations demonstrated that the SiSiC receiver can maintain an air outlet temper-
ature of 1555K, which is 8% more efficient than a similar design reported in the literature. This
would facilitate the generation of superheated steam necessary for the SOE process. A water
flow rate of 28.8kg/h directly influences the system's hydrogen production capacity, which
reaches 2.56kg/h at optimal conditions. The heat exchanger components were designed using
Aspen EDR, while the entire system simulation was conducted using Aspen Plus, demonstrat-
ing the system's potential to meet industrial standards for sustainable hydrogen production.
This article serves as a good reference in investigating the feasibility of CSP-SOE systems as
a promising pathway for large-scale renewable hydrogen production.

Keywords: Concentrated Solar Power (CSP), Solid Oxide Electrolysis (SOE),
Green Hydrogen Production.

1. Introduction

The increase in global demand for sustainable energy presents an increasing challenge [1].
Fossil fuels account for 80% of the world's energy consumption, contributing to a concerning
rise in carbon emissions and intensifying fears about climate change. Addressing the urgent
need for sustainable energy solutions is critical, requiring innovative strategies to mitigate the
impacts of climate change while ensuring energy security. International efforts are increasingly
focused on expanding the use of renewable energy [2]. Hydrogen is viewed as a promising
energy carrier due to its environmentally friendly nature, with the potential to transform the
global energy landscape [3]. However, a substantial proportion of hydrogen, approximately
94%, is currently produced from fossil fuels, undermining efforts to reduce carbon emissions
[4], [5]. Therefore, it is necessary to produce hydrogen using renewable energy sources to
align with global sustainability goals, a process known as green hydrogen production.
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Although green hydrogen is an appropriate source of energy for the environment, it faces
challenges that limit its production, especially in the aspect of efficiency and cost of the systems
[6]. Green hydrogen is mostly produced using water electrolysis [7]. There are different types
of electrolysis. Among them, solid oxide electrolysis (SOE) is considered promising in green
hydrogen production because it can produce hydrogen with high efficiencies, potentially reach-
ing 70% to 100% [8]. However, one of the main challenges facing SOE is the very high oper-
ating temperatures, which range between 973-1273 K. This is considered a major challenge.
Therefore, a clean energy source that can generate thermal energy with high efficiencies is
required to be integrated with SOE. This challenge can be met using concentrated solar power
(CSP) [9]. CSP systems with integrated SOE technology could increase the efficiency of the
electrolysis process, reducing operational costs [10]. CSP technology, particularly in the form
of parabolic dish and solar tower systems, could achieve the necessary high temperatures,
making it an ideal heat-renewable source for SOE.

A wide range of studies have been conducted on CSP-SOE systems integration due to
the potential benefits of the technology. Current research into the integration process of CSP
with SOE for hydrogen production has shown promising trends and highlighted serious issues.
[11] reported a study involving the application of a parabolic trough collector in producing tem-
peratures as high as 1100°C for SOE in Eshtehard City, Iran. The researchers’ system was
simulated, obtaining an exergy efficiency of 26.81% and a hydrogen production rate of 260
kg/day. The limitations, however, included design assumptions and that the parabolic trough
could not cover all heat demands. In [12], it was highlighted that the Seville, Spain station
integrated a linear Fresnel reflector with SOE for a hydrogen bus refuelling station, producing
over 500 kg/d of hydrogen with a high efficiency of 43.1%. However, it was reported to have
problems with optimisation at large-scale production of hydrogen. Another study by [13] con-
sidered a solar power plant with SOE and obtained a hydrogen production rate of 5.5 kg/hour
at an efficiency of 39.5% without thermal energy storage. Meanwhile, [14] conducted a simu-
lation for an 80 MW solar tower plant in Germany and obtained an estimated 680 kg/hour of
hydrogen production with 18% efficiency. [15] conducted a study on using parabolic dishes in
compressed air energy storage that produced 41.48 kg/day of hydrogen and reported the
power cycle and electrolysis cell efficiencies were 72.69% and 61.70%, respectively. Despite
these developments, the energy conversion efficiency of this integrated system is poor, and
the overall system efficiency still needs to be improved. These studies provide a receiver de-
sign that can improve the system's performance and efficiency. While previous studies have
often concentrated on individual components or theoretical models in this integration, this re-
search takes a new approach by optimising each part within a fully integrated system. The
system consists of 10 parabolic dish collectors, SiSiC solar cavity receivers, and a central heat
exchanger unit, all integrated to produce the required superheated steam for SOE operation.
The objective is to enhance thermal efficiency, reduce the need for additional heating, and
more effectively reach the high temperatures required for SOE operation. As a result, this re-
search offers a more practical and efficient solution for green hydrogen production, addressing
the high-temperature challenges and inefficiencies highlighted in earlier studies.

This paper introduces an innovative design and simulation of a CSP-SOE system. The
parabolic dishes and SiSiC receiver are optimised to achieve the required thermal conditions,
while the heat exchanger efficiently delivers superheated steam for SOE. This section provides
an introduction, while section 2 provides the methodology and discusses the proposed design
components. The receiver performance was confirmed through ANSYS Fluent simulations,
while the evaporator and superheater performance were verified using Aspen EDR and the
whole system was simulated on Aspen Plus to check the feasibility and efficiency of the ap-
proach. Section 3 focuses on the results, providing key information for experimentation. Sec-
tion 4 concludes the paper by providing key information on the viability of CSP-SOE systems
as an attractive way for green hydrogen production.



Alrwili et al. | SolarPACES Conf Proc 3 (2024) "SolarPACES 2024, 30th International Conference on
Concentrating Solar Power, Thermal, and Chemical Energy Systems"

2. Methodology

The design of the CSP system integrated with SOE for efficient production of green hydrogen
is presented in this section. The CSP system was configured to consist of 10 parabolic dish
collectors that focus radiation onto corresponding cavity receivers. The cavity receivers are
made from solid silicon carbide, SiSiC, sharing their heat output with a central unit, the heat
exchanger containing an evaporator and superheater. A system has been integrated to max-
imise the capture of solar energy and transfer it efficiently to generate steam at superheated
temperatures for producing hydrogen by SOE. The focus areas of this work are the develop-
ment of the SiSiC cavity receiver, heat exchanger design, and overall system simulation for
performance and efficiency.

2.1 Parabolic Dish Design

Each parabolic dish collector was designed to concentrate the solar energy onto the aperture
of a cavity receiver. The design of the collector follows standard principles, focusing on achiev-
ing a high concentration ratio, which is critical for delivering sufficient thermal energy to the
receivers. To evaluate the area of the parabolic dish, this equation is applied [16]:

Q = Aclypay (1)

Where Q is the required heat to the receiver in W, assumed 5 KW, A, is the aperture area
of the collector in m?2, I,is solar irradiation, assumed 1000 W /m?, p is the reflectance of the
material, and Naugatuck reflectance is 0.95, which is selected for this dish collector [17]. a is
the absorptivity of the receiver, and y is the intercepting factor [18]. A typical value of the inter-
cepting factor ranges from 0.9 to 0.98 [19]. Figure 1 shows the integrated SCP-SOE system.
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Figure 1. Overview of the CSP-SOE system for green hydrogen production.
2.2 Receiver Design

The designed solar receiver was based on similar approaches used in several studies related
to cavity receivers [20], [21], [22], [23]. Cavity receivers are characterised by their capability to
reach very high temperatures because of their enclosed design, which minimises radiative
heat loss and maximises thermal efficiency. This makes them particularly suitable for applica-
tions like CSP systems where high operational temperatures are critical. Building on these
foundational designs, a cavity receiver has been developed using the thermal properties of
solid silicon carbide, SiSiC, known to have excellent thermal conductivity and mechanical
strength at elevated temperatures, surrounded by insulation materials to minimise heat losses
[17].
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shows the receiver materials. Heat absorbed by the receiver, Q, was obtained using the
standard energy balance equation [24]:

Q= mCp (Tout —Tin) (2)

Where m is the mass flow rate of air through the receiver, Cp is the specific heat capacity

of air, and T,,,; and T;,, are the outlet and inlet temperatures, respectively. The cavity receiver
can be seen in Figure 2.

Table 1. The properties of the materials used in the solar receiver.

Receiver Materials Density Cal:):\ac:ty Co-lr:zr;‘i?llity Ref.
Solid siIicoSr}é:arbide Si- 3100 200 120 [25]
Stainless Steel 7954.3 473.62 15.311 [26]
Aluminium 2719 871 202.4 [26]
Cerium Oxide 7215 357.93 0.265 at 773K | [21], [27], [28]
0.174 at 1273K
0.167 at 1773K
Alumina-Silica 4300 1190 0.055 at 473K [29]
0.13 at 873K
0.23 at 1273K
‘$ 150 mm ~
Alumina-silica =+~ IAIr outlet
insulation ( ! P
J' l Steel shell : /

SiSiC

A
4 |
/ A

Air inlet

Aluminium
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Figure 2. 3D model of the solid SiSiC cavity receiver design.
2.3 Receiver CFD Modelling in ANSYS Fluent

To evaluate the thermal performance of the SiSiC cavity receiver, Computational Fluid Dynam-
ics (CFD) simulations were conducted using ANSYS Fluent. The simulations aimed to accu-
rately model the heat transfer processes and assess the receiver's efficiency under operational
conditions. Table 2 Summarises the key simulation parameters and settings used in the anal-
ysis.
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Table 2. CFD Simulation Parameters for Receiver Modeling in ANSYS Fluent.

Parameter Value/Setting Description
" Inlet Air 0.00275 kg/s The mass flow ra_te of air entering the re-
ass Flow Rate ceiver.
Inlet Air 300 K The temperature of the air at the inlet of the
Temperature receiver.
Solar Irradi- . . Assumed uniform solar irradiation across in-
. Uniformly distributed
ation ternal surfaces.
Receiver Convective, heat trans- Simulates environmental cooling effects
Shell Wall fer coefficient: 5 W/m?K '
. .S'S'C Emis- Emissivity: 0.90, Ab- Material properties used for the receiver sur-
sivity and Ab- sorptivity: 0.90 face [30], [31]
sorptivity T ’ ]
Insulation Adiabatic The insulation surrounding the receiver was
modelled as adiabatic.
Turbulence k-omega Chosen for capturing complex flow patterns
Model and near-wall effects.
Air Proper- Interpolated using Ref- Temperature-dependent air properties ob-
ties Prop tained from RefProp [32].
Radiation Discrete Ordinates Used for simulating solar radiation within the
Model (DO) receiver [33], [34].
Mesh High-quality mesh with A mesh independence study confirmed this
10,224,979 elements mesh size's accuracy.
E Governing Navier-Stokes and En- Solved using the finite volume method.
quations ergy Equations

2.4 Heat Exchanger Design and Simulation

The heat exchanger is a critical component in this integrated system because its function is to
convert the captured energy by CSP 10 cavity receivers to the required superheated steam for
SOE operation for green hydrogen production. The heat exchanger consists of two parts: an
evaporator and a superheater. The design process started with a thermal energy balance to
calculate the water mass flow rate that can be generated by the energy coming from CSP,
considering the phase change, using this equation:

Q = mCp (Tour — Tin) (2)

Next, Using Aspen Plus and Aspen EDR, the heat exchanger was designed in detail. The
overall system was modelled in Aspen Plus, while the evaporator and superheater were de-
signed using Aspen EDR. This approach ensured that the heat exchanger met the thermal
demands efficiently. Further optimisation was conducted in order to tune very finely the steam
mass flow rate so that the system would produce the required steam at the correct temperature
and pressure with high efficiency.

2.5 Overall System Simulation

The overall system simulation was conducted in Aspen Plus to assess the thermal efficiency
and performance of this system. The simulation combined the outputs of the ten parabolic dish
receivers, directing the thermal energy to the heat exchanger.

QU.SE u
Nthermal = 0 - (3)
Input
where Qs rv1 is the energy used for steam generation, and Q. is the total solar energy

captured.
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3. Results

This section includes the key findings from the simulation and analysis of the system, like the
air outlet temperature from the receiver, mesh independence study, the performance of the
heat exchanger, optimisation of the steam mass flow rate, and overall performance of the sys-
tem.

3.1 Mesh Independence Study

An investigation on mesh independence was carried out to verify the precision of the CFD
simulations. The investigation utilised different mesh sizes and observed the air outlet temper-
ature to ascertain the point at which the findings reached a state of convergence. Convergence
was attained when the number of elements reached 10,224,979. Further refinement resulted
in negligible alterations in the outlet temperature. This verifies that the selected mesh size is
adequate for accurately representing the important thermal events occurring in the receiver,
hence guaranteeing the dependability of the simulation outcomes. Figure 3 displays the find-
ings of the mesh independence analysis.
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Figure 3. Mesh independence study graph.
3.2 Air Outlet Temperature from the Receiver

The receiver air outlet temperature was evaluated using CFD simulation in Ansys Fluent. The
receiver was able to generate an airflow rate of 0.00275 Kg/s at 1555 K. This high temperature
at the outlet is critical to be transferred to the next heat exchange process for its efficiency, as
this would have a direct influence on the generation of superheated steam required during
SOE. This temperature can be held without cutting off, thereby showing the design efficiency
of the receiver in capturing and then converting solar energy in the high DNI places during the
summer period. Figure 4 shows the temperature distribution concerning the receiver, and it is
an indication of effective heat absorption. As shown in Figure 4, it is obvious that the air gains
heat mostly in the path between the SiSiC wall and the cerium oxide wall.
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Figure 4. a. Temperature contour of y-z centre cut-view, b. Temperature contour of x-y centre cut-view
of the model from simulation.

3.3 Heat Exchanger Inlet and Outlet Temperatures

The performance of the heat exchanger, including both the evaporator and superheater com-
ponents, was assessed by monitoring each one's inlet and outlet temperatures. Table 3 sum-
marises the calculated areas of the parabolic dish and receiver with the corresponding heat
generated.

Table 3. Summary of the areas and thermal performance of the system components.

Soft-

2 Generated Number of
war:g)eack- Component Area (m?) Heat (KW) Units
Manual Parabolic Dish 5.97 5 10

calculation
CFD Solar Cavity Receiver 0.21 3.86 10
(Ansys)
Aspen
Plus/Aspen Evaporator 2.29 22.55 1
EDR
Aspen
Plus/Aspen Superheater 2.28 13.29 1
EDR

3.4 Overall System Performance

The performance of the overall CSP-SOE system is shown in Figure 5. The available heat from
the air leaving the receiver is transfer to water to generate steam. The aim was to create su-
perheated steam at the required temperature and pressure for the SOE to generate green
hydrogen. It was found that the optimal steam flow rate was obtained to be 28.8 kg/h at 1262K.
The effectiveness of the steam generation depends on water flow rate, air temperature from
the receiver, and the heat transfer efficiency of the heat exchangers. The system efficiently
turned solar energy into superheated steam for hydrogen generation which achieved an effi-
ciency of 73%. In addition, the SOE efficiency hydrogen generation was obtained to be 80%,
which generate 2.56Kg/hr of hydrogen. This shows the system's capacity for major hydrogen
generation, therefore satisfying industrial criteria for sustainable energy generation. Table 4
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show the inlet and outlet temperatures of each step in the system. Determining these temper-
atures allows to evaluate the efficiency of the heat exchanger, ensuring meeting the required
superheated steam temperature for SOE.

Air393K

Evaporator Superheater

\ Steam 1262 K }—E: >

:

2

Water inlet 300 K

Air 1555 K

10 Cavity Receivers

|:|‘> Airinlet 300 K @

Figure 5. Overall system performance schematic from Aspen Plus.

Table 4. The fluids inlet and outlet temperatures of each component.

Inlet Tempe- | Outlet Tempera-
Component Fluid rature ture Heat duty KW
(K) (K)
Solar Cavity :
Receiver Air 300 1555
Superheater Air (hot fluid) 1555 1148 13.29
Steam (cold fluid) 551 1262
Evaporator Air (hot fluid) 1148 393 22.55
Water (cold fluid) 300 511

4. Conclusion

This study presents the design, and simulation of a novel CSP-SOE system aimed at efficient
superheated steam generation for SOE to enhance green hydrogen production. The integrated
system, comprising 10 parabolic dish collectors, SiSiC cavity receivers, and a dual-component
heat exchanger, demonstrated a high overall thermal efficiency of 73%. The integrated CSP
system was able to produce a superheated steam flow rate of 28.8kg/h at 1262K, leading to
2.56kg/h of green hydrogen. A key novelty of this research lies in the application of solid silicon
carbide (SiSiC) in the cavity receiver design, which, through CFD simulations, was shown to
maintain a high air outlet temperature of 1555K, critical for the downstream heat exchange
process. The optimisation of the water flow rate and the integration of system components in
Aspen Plus confirmed the system’s capability to meet industry standards for sustainable green
hydrogen production. The findings of this study provide important knowledge on the potential
of CSP-SOE systems for large-scale hydrogen production. The study serves as a good refer-
ence for further research on the technical feasibility of CSP-SOE systems.
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