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Abstract

The integration of renewable energy into industrial processes is crucial for reducing the
carbon footprint of conventional hydrogen production. This work presents detailed design,
optical–thermal simulation, and performance analysis of a solar parabolic dish (SPD) sys-
tem for supplying high-temperature steam to a Steam Methane Reforming (SMR) plant. A
5 m diameter dish with a focal length of 3 m was designed and optimized using COMSOL
Multiphysics (version 6.2) and MATLAB (version R2023a). Optical ray tracing confirmed a
geometric concentration ratio of 896×, effectively focusing solar irradiation onto a helical
cavity receiver. Thermal–fluid simulations demonstrated the system’s capability to super-
heat steam to 551 ◦C at a mass flow rate of 0.0051 kg/s, effectively meeting the stringent
thermal requirements for SMR. The optimized SPD system, with a 5 m dish diameter and
3 m focal length, was designed to supply 10% of the total process heat (≈180 GJ/day). This
contribution reduces natural gas consumption and leads to annual fuel savings of approx-
imately 141,000 SAR (Saudi Riyal), along with a substantial reduction in CO2 emissions.
These quantitative results confirm the SPD as both a technically reliable and economically
attractive solution for sustainable blue hydrogen production.

Keywords: solar parabolic dish; concentrated solar power; steam generation; solar thermal
integration; blue hydrogen; COMSOL simulation; techno-economic analysis

1. Introduction
Concentrated Solar Power (CSP) is a widely adopted form of renewable energy with

diverse applications in power generation and thermal processes. A global review by Alami
et al. [1] reported the existence of 114 operational CSP projects as of 2023, reflecting the
growing interest in solar thermal technologies. CSP systems include various technolo-
gies such as parabolic troughs, linear Fresnel reflectors, solar collectors, lenses, and solar
parabolic dishes (SPD) [1–3]. Among these, SPDs are considered the most efficient due
to their high concentration capability and ability to reach elevated temperatures [4–6].
SPD systems function by focusing incident solar rays onto a single point known as the
focal point. This concentration results in a significant thermal intensity at the receiver,
which can be used to heat working fluids [7–9]. The performance and effectiveness of an
SPD are influenced by two main categories of parameters: geometrical and optical [10,11].
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Geometrical parameters include the dish diameter, depth, aspect ratio, aperture area, focal
length, and the geometrical concentration ratio (GCR). These parameters define the shape
and focusing ability of the dish. Optical parameters, on the other hand, determine the
efficiency of solar energy concentration and include reflectivity, transmissivity, absorptivity,
emissivity, direct normal irradiance (DNI), and optical efficiency [10]. The choice of reflec-
tive materials significantly impacts the SPD’s optical performance. A comparative study
by Korwan [12] evaluated various coatings, including aluminum polymer, silver polymer,
and gold polymer films. The results demonstrated that aluminum polymer film exhibited
superior performance in terms of power output, thermal efficiency, and useful energy
delivery. Further optical performance analysis was conducted by Pavlovic et al. [7], who
modeled an SPD with a 3.8 m diameter under a DNI of 800 W/m2. The study highlighted
the importance of focal length optimization to maximize thermal energy capture. The
receiver, positioned at the focal point, is responsible for absorbing and transferring this
concentrated heat to a working fluid. SPD systems often use solar receivers, which typically
consist of a housing and tubular coil structures to contain and heat the fluid [13–15]. Among
the various receiver configurations, cavity receivers particularly cylindrical cavity designs
are most commonly used due to their high thermal efficiency. Bellos et al. [16] compared
multiple cavity geometries and found cylindrical receivers to be among the most efficient
designs tested. The performance of these receivers depends on several interrelated factors,
including thermal properties, fluid dynamics, and optical characteristics [17]. Material
selection for receiver tubes is also critical. Wang et al. [18] evaluated thermal stresses on
copper, aluminum, and stainless-steel tubes under concentrated solar irradiation. The
study concluded that copper, with a thermal stress of 5 MPa, is the most suitable material
due to its low thermal expansion and high conductivity. Working fluids such as air, molten
salt, liquid sodium, and water influence both the design and thermal performance of the
receiver system [19,20]. Key geometrical design factors like tube length, diameter, coil pitch,
number of turns, and helical radius are directly affected by the fluid properties and target
operating conditions. To optimize fluid flow in helically coiled tubes, Sigalloti et al. [21]
emphasized the importance of analyzing parameters such as the Reynolds number, Dean
number, and curvature ratio. The Dean number, a function of both the Reynolds number
and curvature ratio (tube radius to helical radius), plays a vital role in characterizing
secondary flows that enhance heat transfer in turbulent regimes. Water is a particularly
valuable working fluid due to its ability to generate steam at high temperatures, making
it suitable for processes such as Steam Methane Reforming (SMR). SPD systems can heat
water to temperatures up to 600 ◦C, which are adequate for initiating SMR reactions [10].
Finally, the integration of SPD with hydrogen production has been explored by Avargani
et al. [22], who proposed a solar-driven propane steam reformer. Their parametric analysis
demonstrated that the SPD system could support conversion processes at inlet pressures of
50 MPa and temperatures starting from 426.85 ◦C. These findings support the viability of
using SPD systems in SMR applications, particularly in sustainable hydrogen production.
It should be noted that this SPD system is a component of a larger, integrated blue hydro-
gen production process. The associated reforming and capture units are discussed in our
companion studies, while the present work focuses exclusively on the design and analysis
of the renewable thermal energy input system. While previous studies have analyzed SPD
systems for general applications, no prior work has focused on their direct integration into
SMR for blue hydrogen production. This study specifically addresses this gap. This study
therefore aims to bridge this gap by specifically designing, modeling, and evaluating a
solar parabolic dish (SPD) system to demonstrate its viability as a direct source of industrial
process heat. The intended outcomes of this research are to (1) develop an optically and
thermally optimized SPD design capable of delivering superheated steam at temperatures
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exceeding 500 ◦C; (2) quantify its specific contribution to the energy balance of an SMR
plant, targeting a 10% displacement of the natural gas-derived heat load; and (3) conduct a
rigorous techno-economic analysis to validate the economic and environmental merits of
this solar-integration strategy, ultimately providing a replicable model for decarbonizing
high-temperature industrial processes.

2. Geometrical Modelling
The incorporation of SPD into the SMR process instead of using a boiler like the

industry standard plays a pivotal role in enhancing sustainability and minimizing green-
house gas (GHG) emissions. Figures 1 and 2 illustrate the geometrical dimensions of the
SPD and the thermal receiver. The dish’s performance and thermal efficiency are strongly
influenced by several geometric and optical parameters such as the focal length, dish
diameter, cavity diameter, rim angle, reflectivity, emissivity, transmissivity, absorptivity,
and direct normal irradiance. These parameters were optimized to ensure maximum solar
energy concentration at the focal point where the receiver is positioned. Optimizing these
specifications allows the system to achieve the high temperatures necessary for Steam
Methane Reforming (SMR), specifically preheating steam to 500 ◦C.

Figure 1. SPD design and dimension.

Figure 2. Receiver cavity dimension.
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The geometry of the parabolic dish is defined mathematically to ensure efficient solar
energy concentration:

x2 + y2 = 4 f z (1)

Equation (2) represents the standard paraboloid geometry, where f is the focal length.
It ensures that all reflected rays converge at the focus, maximizing solar radiation capture.
The dish depth d is related to the diameter D and focal length f by:

d =
D2

16 f
(2)

A deeper dish enhances concentration efficiency but may require more precise solar
tracking, highlighting a design trade-off between performance and system complexity. The
focal length f depends on the dish diameter (D) and rim angle (ψrim) [23].

f =
D

4tan(ψrim )2 (3)

In our case, a rim angle of 45◦ provided an optimal balance between focal length and
receiver placement for efficient boundary heating. The surface area S of the dish, critical for
determining the solar collection potential, is calculated as:

S =
8π

3
f 2


[

1 +
(

D
4 f

)2
] 3

2

− 1

 (4)

The aperture area Acon, through which sunlight enters, is given by:

Acon. =
π

4
D2 (5)

The receiver diameter depends on the focal length (f), angular acceptance (θa), and
incidence angle (ψm). A smaller receiver diameter reduces heat loss but requires precise
alignment with the concentrated rays [23].

Drec. =
f ∗ tan θa

cosψm(1 + cosψm)
(6)

This small ψm reflects the theoretical alignment; practical deviations are included in
the surface slope error parameter. The receiver aperture area determines the amount of
concentrated solar radiation absorbed. This must balance with the dish’s aperture area to
avoid under-utilization or excessive heat loss.

Arec =
π

4
D2

rec. (7)

To enhance thermal transfer, the receiver is designed as a helical coil, which increases
fluid contact time and promotes secondary flow, improving heat transfer performance. The
relevant helical parameters include the curvature ratio (γ) and dimensionless pitch (β):

γ =
R
Rc

(8)

β =
h

2πRc
(9)
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Based on findings from Pavlovic et al. [7] and Wang et al. [18], the focal length of 3 m
and the use of copper as a receiver material were selected to optimize solar concentration
and thermal conductivity in the model.

Table 1 shows the parameters of the SPD system. These parameters are critical for
the system’s performance, as they determine the ability to achieve a high boundary heat
source capable of reaching the temperatures required for the SMR reaction. Increasing
the dish depth enhances concentration efficiency but necessitates more precise tracking
systems, while reducing the receiver diameter minimizes heat losses but requires higher
optical precision. Following Pavlovic et al. [7] and Bellos et al. [16], the 5 m dish diameter
and 3 m focal length were chosen to balance high concentration with manageable tracking
requirements. Furthermore, the choice of receiver size and coil pitch was made to balance
heat transfer enhancement against pumping power, as noted in prior studies [11].

Table 1. Geometrical parameters of solar parabolic dish [7,18,23].

Symbol Value Unit Description

F 3 m Focal length of the dish
ψrim 0.7854 rad Rim angle of the dish

D 5 m Dish diameter
A 19.6350 m2 Dish projected surface area
ψm 0.00465 rad Maximum solar dish angle
R 5 mm Radius of the receiver tube
Rc 139 mm Receiver cavity radius
γ 0.0327 - Curvature ratio (tube radius to helical radius)
B 0.0208 - Dimensionless pitch

Optimization Strategy for SMR Integration

The selected 5 m dish diameter and 3 m focal length were determined from ASPEN
Plus process modeling of the SMR unit. The SPD was sized to displace 10% of the HEAT-
H2O unit load. Receiver coil dimensions were chosen to achieve superheated steam at
551 ◦C while minimizing pumping losses.

3. Optical Analysis
Proper alignment of the receiver at the dish’s focal point, as determined by Equation

(10), is critical for maximizing thermal efficiency. Continuous monitoring is necessary to
maintain optimal alignment under varying solar angles. Figure 3 illustrates the ray tracing
results, showing effective concentration toward the receiver, while Figure 4 presents the
spot diagram, confirming the focal sharpness and accuracy.

The focal spot pattern in Figure 4 was validated by comparing with Pavlovic et al. [7],
showing similar focal sharpness and confirming the adequacy of 10,000 rays resolution.

The Geometrical Concentration Ratio (GC) quantifies the focusing capability:

GC =
(

sin2 θa

)−1
=

Aa

Ar
(10)

To ensure accurate and reliable simulation results, it is essential to define the correct
optical conditions. Direct Normal Irradiance (DNI) represents the intensity of solar radi-
ation received per unit area, perpendicular to the sun’s rays, and is typically at its peak
(~1000 W/m2) around 12:00 P.M. The number of rays (N), set to 10,000 in this study (see
Table 2), which defines the resolution and precision of the optical simulation, as visualized
in Figures 3 and 4. The Geometrical Concentration Ratio (GC), calculated using Equation
(10), quantifies how effectively the parabolic dish focuses solar radiation. It is defined as
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the ratio between the aperture area (Aa) and the receiver area (Ar). A higher GC indicates a
greater ability to concentrate sunlight onto a small area. Finally, the surface slope error (σ)
measured at (0.00175 rad) describes the deviation in the mirror surface alignment from the
ideal shape, while in real mirrors slope errors are typically 0.002–0.01 rad. This parameter
influences the beam’s angular spread and thus the sharpness of focus at the receiver.

Figure 3. Optical ray trajectories.

Figure 4. Spot diagram at focal point.

Table 2. Optical parameters.

Symbol Value Description

DNI 1000 W/m2 Solar irradiance
N 10,000 Number of Rays

GC 896× Geometrical concentration ratio
σ 0.00175 rad Surface slope error

Reflectivity of Dish 0.9 Reflectivity of the mirror surface
Transmissivity 0.98 Transmission through cover

Optical Efficiency 0.882 Overall Efficiency

4. Thermal Analysis for Cavity Receiver
This section evaluates the heat transfer and fluid dynamics inside the helical pipe

receiver, which are critical for achieving the required outlet temperatures. The Dean
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number De, combining Reynolds number Re and curvature ratio γ, characterizes secondary
flow effects:

De =
√

γRe (11)

The friction factor F represents energy loss due to pipe wall interactions:

F = − R
ρv2

dp
ds

(12)

Bulk velocity (v) is derived as:

v =
⟨Q⟩
πR2 (13)

The dimensionless volumetric flow rate Q⋆ helps characterize pressure-driven flow:

Q⋆ =
1

R2

[
− ρ

(dp/ds)R

]1/2

⟨Q⟩ (14)

Heat transfer within the receiver involves conduction, radiation, and convection.
Fourier’s Law of heat conduction:

q = −k∆T (15)

Radiative heat loss:
∇ · q = εσ

(
Tamb

4 − T4
)

(16)

Convective heat loss:
q = h(Text − T) (17)

Conduction heat Loss:

Qconduction = k
Asupport

L
(Tsurface − Tambient ) (18)

Useful Heat Gain:
Quseful =

.
mcp(Toutlet − Tinlet ) (19)

Receiver Efficiency:

ηreceiver =
Quseful

Qabsorbed
(20)

The boundary heat source, which represents the effective thermal input to the
receiver, is:

Qb = ArDNI ηopt,dCR (21)

Here ηopt,d, and CR denotes the product of optical efficiency and geometric concentra-
tion ratio. Thermal property relationships:

Prandtl number:
Pr =

cpµ

k
(22)

Nusselt number (forced convection correlation):

Nu = 0.332Re
1
2 Pr

1
3 (23)

The heat transfer coefficient:
h =

k Nu
D

(24)

Table 3 shows the water entering the system at 23 ◦C and is heated to 551 ◦C, with
an inlet specific heat capacity of 4.18 kJ/kg·K and a mass flow rate of 0.005134 kg/s.



Hydrogen 2025, 6, 85 8 of 15

The flow is characterized by a Reynolds number of 701.8 and a Dean number of 179.41.
Confirming a transitional-to-turbulent regime suitable for enhanced heat transfer. A Prandtl
number of 6.44 and a Nusselt number of 22.8 yield a convective heat transfer coefficient of
1380.3 W/m2·K. The average fluid velocity in the helical tube is 0.0655 m/s.

Table 3. Flow conditions.

Symbol Value Unit

Tin 23 ◦C
Tout 551 ◦C
Cp-in 4.18 kJ/kg·K

ṁ 0.005134 kg/s
Re 701.8 -
De 179.41 -
Pr 6.44 -
Nu 22.8 -
h 1380.3 W/m2 K
V 0.0655 m/s

Although γ = 0.0327 appears low, the Dean number remains high (De = 179) due to
the interaction of Reynolds number with the helical coil curvature, consistent with Sigalotti
et al. [21]. To optimize heat transfer, the boundary condition was specified to have a small
mass flow rate. This approach was chosen to increase the temperature, as discussed in
Figure 5, due to the reduced velocity. The resulting Reynolds number (Re) indicates laminar
flow, while the Dean number (De) is greater than 50. According to the paper refenced prior
in the literature [11] a De value greater than 50 indicates the occurrence of secondary flow,
which enhances heat transfer. This characteristic is beneficial in achieving efficient heat
exchange in the system.

 

Figure 5. Circular Receiver analysis for temperature and pressure vs Reynolds number.
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Figure 6 illustrates the non-uniform distribution of Reynolds number (Re) along the
pipe length, which is attributed to the phase change occurring within the material. The
maximum Reynolds number observed is 1366, corresponding to a Dean number (De) of 259.
The phase change takes place at a pipe length of approximately 1.7 m, where the number of
Reynolds drops significantly to 41. This indicates a transition in the fluid flow regime, likely
caused by the phase transition from liquid to vapor. The graph clearly shows a substantial
fluctuation in Reynolds number at the phase change point, followed by stabilization as
the flow reaches a new equilibrium state. This behavior highlights the complex interaction
between heat transfer and fluid dynamics during the phase transition.

 

Figure 6. Reynolds Number vs. Pipe Length.

The observed fluctuations in Re (from 701 to 1366, then to 41) reflect phase transition
behavior, not inconsistency.

The approach of Figure 7 includes defining thermal load, sizing the dish and receiver,
and verifying if the outlet temperature and flow regime (Re > 1000) meet targets. If not,
receiver geometry is adjusted iteratively. The process continues until the system achieves
the desired thermal output and efficiency with a feasible number of dishes. The final design
ensures both thermal and hydraulic performance requirements are met.

Figure 7 illustrates the design workflow: (1) input process requirements, (2) calculate
thermal load, (3) select dish and receiver geometry, (4) perform outlet temperature (5)
adjust geometry iteratively, (6) finalize SPD configuration.
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Figure 7. Flow chart of designing the SPD system.

5. Results and Discussion
Figure 8 shows that the maximum outlet temperature reaches 857 K with a correspond-

ing pressure drop of 706 kPa at an inlet velocity of 0.987 m/s and an inlet pressure of 30 bar.
Since the Steam Methane Reforming (SMR) process requires a minimum outlet steam tem-
perature of 327 ◦C, the fluid velocity is intentionally kept relatively low to accommodate
the compact dimensions of the receiver. Although Sigalloti et al. [11] recommend operating
in the turbulent flow regime requiring higher velocities to enhance heat transfer, this would
in turn necessitate larger receiver dimensions and increased pumping power. Therefore,
optimization must be carried out to balance the benefits of lower velocities, which favor
higher outlet temperatures, against the additional energy demand associated with higher
fluid velocities.
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(a)  (b) 

Figure 8. Circular tube simulation (a) Temperature (K) and (b) Pressure (Pa).

Although turbulent flow improves heat transfer, the laminar regime was preferred due
to receiver constraints and the objective of maximizing outlet temperature. This behavior
arises because lower velocities increase the residence time of steam within the receiver coil,
allowing greater heat absorption and producing higher outlet temperatures. This trend
was also reported by Sigalotti et al. [21], reinforcing our findings. Figure 9 illustrates the
velocity field along the tube, showing that as the fluid approaches the outlet, it is directed
toward the left relative to the receiver. This behavior is attributed to the tube’s orientation.

Figure 9. The velocity field for inlet and outlet.

Figure 10 presents the profiles of DNI and outlet temperature (Tout). The DNI reaches
a maximum of 1000 W/m2 between 12:00 and 13:00, while Tout attains a peak value of 857 K.
The system is capable of sustaining the thermal energy requirements of SMR (above 623 K)
for approximately 5 h per day. To enhance performance during off-peak periods, measures
such as feedwater preheating or auxiliary heating can be employed. The predicted outlet
temperature and flow behavior were validated against the results of Pavlovic et al. [3]
and Bellos et al. [7], showing consistent trends in both thermal performance and pressure
drop, thereby confirming the reliability of the developed model. Morning and evening
efficiencies are lower, reducing average daily performance. These effects were accounted
for in annualized savings estimates.
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Figure 10. Daily Variation of DNI and Receiver Tout.

The design of the SPD was driven by the specific thermal requirements of the Steam
Methane Reforming (SMR) process. The overall process flow, modeled in ASPEN Plus,
identified key heating demands. The SPD was integrated to offset the energy required by
the HEAT-H2O unit, which is responsible for preheating water and generating steam.

The boiler heating duty for the HEAT-H2O unit was calculated as 7785.2 kW (see
Table 4), forming the baseline against which the SPD contribution of 778.5 kW (10%) was
defined. The hybrid heating strategy was defined as follows:

• The SPD system was designed to supply 10% of the total heat duty for the HEAT-H2O
unit.

• This contribution translates to a solar thermal input of 778.5 kW for this specific duty.
• The remaining 90% of the heat required by the HEAT-H2O unit, along with other

process heaters (HEAT-CH4 and HEAT-MIX), is supplied by conventional natural
gas boilers.

Table 4. Process Heating Loads and SPD Contribution.

Component Heat Duty [kW] SPD Contribution Notes

HEAT-H2O 7785.2 778.5 kW (10%) Preheats water to 500 ◦C
HEAT-CH4 407.1 0 kW Preheats methane to 500 ◦C
HEAT-MIX 3282 0 kW Heats mixed feed to 900 ◦C

Reformer 8459 0 kW Provides endothermic
reaction heat

Total SPD Contribution 778.5 kW

In the ASPEN Plus model, the HEAT-H2O unit represents water preheating and steam
generation, HEAT-CH4 represents methane preheating, and HEAT-MIX corresponds to
heating the feed mixture to 900 ◦C. The SPD was integrated only with HEAT-H2O, since
this unit requires the largest fraction of process heating. This targeted integration approach
allowed for a scalable and pragmatic design, where the SPD directly reduces the fossil
fuel consumption of the most energy-intensive preheating step without compromising the
reliability of the entire SMR process.
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The SPD system was designed to supply 778.5 kW of thermal energy, covering 10% of
the 7785.2 kW heating load of the HEAT-H2O unit. Operating for an average of 5 h per day
at peak efficiency, this translates to a daily energy saving of 180 GJ/day.

• Annual Fuel Savings: 328,500 SAR/year (based on natural gas at 5.31 SAR/GJ)
• Annualized SPD Cost: 187,500 SAR/year (based on a 3.75 M SAR capital cost over

20 years)
• Net Annual Savings: 141,000 SAR/year

Although fuel price fluctuations occurred, a fixed value of 5.31 SAR/GJ was used for
baseline comparison.

6. Conclusions and Recommendations
This research successfully designed, modeled, and validated a solar parabolic dish

(SPD) system for direct integration into an industrial Steam Methane Reforming (SMR)
plant. The key outcomes and insights are:

• Demonstrated Technical Feasibility: The optimized SPD system consistently delivers
superheated steam at 551 ◦C, proving that concentrated solar thermal technology
can reliably meet the high-temperature, high-pressure demands of major industrial
processes like hydrogen production.

• Precision Engineering through Integration: The SPD was not designed in isolation.
Its specifications were directly derived from the ASPEN Plus process model to meet
a precise heating load of 778.5 kW, covering 10% of the duty for the water preheater
(HEAT-H2O unit). This ensures seamless and efficient integration into the overall
plant layout.

• Proven Economic and Environmental Value: The system generates net annual savings
of 141,000 SAR by offsetting natural gas consumption, demonstrating that decarboniza-
tion can be economically advantageous. This directly reduces the carbon footprint of
the blue hydrogen produced.

• A Paradigm Shift in Solar Application: The core innovation of this work is a new
application for CSP. We moved beyond power generation to demonstrate CSP’s role
as a direct process heating partner for conventional industry, offering a pragmatic and
scalable path to decarbonization.

• A Replicable Blueprint for Industry: This study provides a generalizable design and
integration framework. The methodology of linking process simulation with solar
component design can be adapted for other energy-intensive sectors (e.g., cement,
metals, chemicals), significantly amplifying its impact.

• A Foundation for the Future: This work lays the groundwork for next-stage innova-
tions, most notably the integration of thermal energy storage to extend operational
hours and further increase the solar fraction, moving closer to a fully sustainable
industrial heat supply.

In essence, this research proves that solar thermal energy is a viable, ready-to-deploy
partner for heavy industry, transforming a major energy consumer into a more sustainable
and cost-efficient operation. Future work will explore integrating thermal storage and
higher solar fractions to extend operating hours and increase renewable contribution.

Author Contributions: Conceptualization, T.M., M.A.-Z., S.H., A.A., M.A. (Mohammad Aljohani),
M.A. (Murad Alghamdi), F.A., L.A. and S.A.; methodology, T.M. and S.A.; software, T.M., A.A., S.H.,
M.A. (Mohammad Aljohani), M.A. (Murad Alghamdi) and F.A.; methodology, T.M., A.A., S.H., M.A.
(Mohammad Aljohani), M.A. (Murad Alghamdi) and F.A.; validation, T.M., M.A.-Z., A.A., M.A.
(Mohammad Aljohani), M.A. (Murad Alghamdi), F.A., L.A. and S.A.; methodology, T.M. and S.A.;
formal analysis, T.M., M.A.-Z., A.A., M.A. (Mohammad Aljohani), M.A. (Murad Alghamdi), F.A.,



Hydrogen 2025, 6, 85 14 of 15

L.A. and S.A.; methodology, T.M. and S.A.; investigation, T.M. and S.A.; resources, T.M. and S.A.;
data curation, T.M. and S.A.; writing—original draft preparation, T.M.; writing—review and editing,
T.M., M.A.-Z., A.A., S.H., M.A. (Mohammad Aljohani), M.A. (Murad Alghamdi), F.A., L.A. and S.A.;
methodology, T.M. and S.A.; visualization, T.M. and S.A.; supervision, T.M.; project administration,
T.M. and M.A.-Z.; funding acquisition, T.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data supporting this study’s findings are available from the
corresponding author upon reasonable request.

Acknowledgments: We would like to acknowledge the Imam Abdulrahman Bin Faisal University
for the assistance and support provided to conduct very efficient research. Thanks are also extended
to Maaden Company (Riyadh, Saudi Arabia) for providing the red mud samples.

Conflicts of Interest: The authors declare no conflicts of interest.

Nomenclature

Abbreviation Full Term
DNI Direct Normal Irradiance (W/m2)
ψm Maximum solar dish angle
Cp-in Heat Capacity (kJ/kg·K)
ψrim Rim angle of the dish
Rc Radius of the receiver tube
γ Curvature ratio
F Focal length of the dish
ηopt Optical Efficiency (%)
ṁ Mass flow rate (kg/s)
Re Reynold number
Tin Inlet Temperature (◦C)
Tout Outlet Temperature
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