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Abstract: Parabolic dish solar collectors (PDSCs) offer exceptional potential for high-temperature solar-energy
conversion owing to their point-focus configuration, high concentration capability, and compatibility with advanced
thermodynamic and thermal energy storage (TES) technologies. However, their broader deployment remains
constrained by coupled optical, thermal, mechanical, materials, and operational challenges that are often addressed
independently in the existing literature. This review provides a critical and system-level assessment of recent
advances in PDSCs for high-temperature applications, integrating developments in concentrator geometry, optical
performance, solar tracking, receiver technologies, thermal management, power conversion, and TES. Particular
attention is given to cavity, tubular, volumetric, and phase-change-material-integrated receivers, together with Stirling
engines, thermoelectric generators (TEGs), and hybrid conversion architectures. The review further evaluates the
role of advanced materials, selective coatings, intelligent tracking, real-time monitoring, numerical modeling, and
experimental validation in reducing optical and thermal losses and improving system reliability. Emerging pathways
involving hybrid renewable systems, industrial process heat, decentralized energy supply, and solar-driven hydrogen
production are critically examined. The analysis identifies material degradation, thermal losses, high capital cost,
tracking accuracy, storage limitations, and scalability as major barriers to commercialization. A system-integration
perspective is therefore proposed in which optical optimization, receiver design, TES, intelligent control, and power
conversion are co-optimized rather than treated as isolated components. Future research should prioritize validated
multi-physics modeling, advanced high-temperature materials, intelligent control, scalable thermal storage, techno-
economic optimization, and long-duration field demonstration to accelerate the transition of PDSCs toward reliable,
dispatchable, and sustainable high-temperature energy systems.

Keywords: Parabolic dish solar collectors; Concentrated solar power; High-temperature applications; Thermal
energy storage; Stirling engines; Hybrid solar systems

1 Introduction

Parabolic dish solar collectors (PDSCs) can achieve high solar concentration ratios and operating temperatures,
making them attractive for electricity generation and high-temperature industrial processes. Their performance,
however, depends strongly on the accuracy of the parabolic geometry, reflector surface quality, and solar tracking.
Small deviations in curvature, surface slope, or alignment can broaden the focal spot and increase optical losses.
Consequently, precision manufacturing, high-reflectivity coatings, accurate tracking, and ray-tracing-based optical
optimization are essential for maximizing the solar flux delivered to the receiver [1, 2] .The overall performance of
a PDSC is determined by the integrated operation of the reflector, receiver, tracking system, power-conversion unit,
and thermal energy storage (TES) system. The reflector concentrates solar radiation, the receiver converts it into
useful thermal energy, while the power-conversion system determines the efficiency of electricity generation. TES
can further improve system flexibility by decoupling solar collection from energy utilization. In this context, Stirling
engines and phase change materials (PCMs) represent promising technologies for hybrid PDSC systems. Al-Hashmi
[3] experimentally investigated a parabolic dish integrated with a Stirling engine and PCM storage, demonstrating the
potential of combining concentrated solar power (CSP) generation with thermal storage. The effectiveness of PCM
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storage depends on key thermophysical properties, including melting temperature, latent heat, thermal conductivity,
thermal stability, and cycling durability [4]. Proper matching of these properties with the collector operating
temperature is therefore essential as shown in Figure 1. More recently, Al-Hashmi et al. [5] demonstrated the
benefits of integrating a PDSC, Stirling engine, and PCM-based TES to improve energy availability and operational
flexibility. Overall, integrating PDSCs with efficient power conversion and TES provides a promising pathway for
reducing solar intermittency and extending energy availability beyond periods of direct solar irradiation, particularly
in regions with high direct normal irradiance (DNI), such as Oman [5].
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Figure 1. Parabolic dish solar collectors (PDSCs): design, components, and efficiency

2 Design Principles and Components

The dish reflector is the most visually prominent component of the system, responsible for collecting and
concentrating sunlight. It is typically constructed from a lightweight framework covered with reflective materials,
such as polished aluminum or silver-coated glass. The precision with which the parabolic surface is fabricated directly
impacts the system’s ability to focus sunlight accurately onto the receiver. The studies reported in [6, 7] emphasize
that achieving an ideal parabolic shape with minimal surface imperfections is critical for maximizing the optical
efficiency of the collector. The choice of reflective material is equally significant, as it affects the system’s durability
and long-term performance. Materials with high reflectivity and resistance to environmental degradation, such as
oxidation or corrosion, are preferred. The study reported in [8] highlights the importance of material advancements
in enhancing the lifespan of parabolic dish collectors (PDCs) as shown in Figure 2.
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Figure 2. Parabolic dish solar collectors (PDSCs) with striling engine

2.1 System Architecture of Parabolic Dish Solar Collectors

For instance, the development of advanced coatings that can withstand high temperatures and harsh environmental
conditions has contributed to improving the reliability of these systems. The receiver is the component where
concentrated solar energy is absorbed and converted into thermal energy. Depending on the application, different
receiver designs, such as cavity receivers and tubular receivers, may be employed. Notes that the thermal performance
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of the receiver is influenced by factors such as its geometry, material composition, and heat transfer properties.
Receivers made from high-conductivity materials, such as copper or stainless steel, are commonly used to ensure
efficient heat transfer from the concentrated sunlight to the working fluid. The design of the receiver also considers
thermal losses due to convection and radiation. To minimize these losses, receivers are often equipped with insulating
materials or enclosed within a vacuum-sealed chamber. Discuss the integration of PCMs within receivers to enhance
their thermal storage capacity [8—11]. By storing excess thermal energy during periods of high solar irradiance,
PCMs enable the system to maintain a consistent energy output even under fluctuating sunlight conditions as shown
in Figure 2 and Table 1.

Table 1. System architecture and design principles of parabolic dish solar collectors (PDSCs)

Component Design Principle Function Key Considerations

Concentrates Direct
Normal Irradiance (DNI)
onto receiver
Converts concentrated
radiation into thermal

Parabolic geometry for
point-focus solar
concentration

High reflectivity, surface
accuracy slope error,
durability
Cavity/tubular design,

Parabolic reflector
(dish)

Located at focal point to

Receiver (absorber)

Solar tracking
system

Support structure

maximize energy absorption

Dual axis tracking for
continuous sun alignment

Structural rigidity with
minimal deformation

energy
Maintains optimal incident
angle

Maintains dish geometry
and stability

selective coating, thermal
losses
Tracking accuracy, control
algorithms, reliability
Wind loads, thermal
expansion, material

strength
Stirling engine coupling,
efficiency, cooling
PCM selection, thermal
conductivity, cycling

Power conversion
unit

High-temperature
thermodynamic efficiency

Converts thermal energy
to electricity

Thermal energy
storage (optional)

Sensible/latent heat storage
integration

Enables dispatchability
and load shifting

stability
Control & Real-time monitoring and Optimizes performance Sensors, automation, fault
instrumentation feedback control and system safety detection

Solar tracking is essential for maintaining the alignment between a PDSC and the sun, thereby ensuring that
concentrated radiation remains focused on the receiver. Even small tracking errors can shift the focal spot and
significantly reduce the intercepted solar flux, particularly at high concentration ratios. PDSCs commonly employ
single-axis or dual-axis tracking systems. While single-axis systems are simpler and less expensive, dual-axis
trackers provide more accurate alignment by independently controlling azimuth and elevation angles, making them
more suitable for high-temperature applications [12, 13]. Tracking accuracy depends on sensor precision, actuator
response, structural rigidity, and control algorithms. Mechanical backlash, wind loading, thermal deformation,
and sensor errors can introduce additional angular deviations. Consequently, modern systems increasingly employ
closed-loop control, optical sensors, and real-time feedback to minimize tracking errors and maintain stable solar
concentration [14]. Artificial intelligence and machine-learning approaches offer further opportunities for predictive
tracking and adaptive correction under variable environmental conditions [15]. Material selection also strongly
influences PDSC efficiency and durability. Reflector materials should provide high solar reflectivity, low surface
roughness, mechanical stability, and resistance to ultraviolet radiation, humidity, dust, and temperature fluctuations.
Advanced reflective coatings can reduce optical degradation and extend service life [16, 17]. Similarly, receiver
materials must withstand high temperatures, thermal cycling, oxidation, and concentrated heat fluxes. High-
temperature alloys, ceramics, and selective coatings can enhance thermal stability while increasing solar absorptance
and reducing radiative losses [18, 19]. Optimizing tracking accuracy, reflector durability, and receiver materials
simultaneously is essential for achieving reliable high-temperature PDSC operation. Future systems should integrate
predictive tracking, real-time monitoring, advanced coatings, and high-temperature materials to improve efficiency,
reliability, and long-term performance.

2.2 Geometry and Optical Performance of Parabolic Dish Solar Collectors

The geometrical configuration of a PDSC is fundamental to its optical efficiency, concentration capability, and
high-temperature performance. The principal parametersrim angle, aperture diameter, focal length, and focal-to-
aperture ratio determine the concentration ratio, focal position, receiver size, and distribution of concentrated solar
flux ash sow in Figure 3. These parameters must be optimized collectively because increasing one parameter may
improve solar collection while simultaneously increasing structural, tracking, or optical requirements. The rim angle
affects concentration capability and flux distribution, whereas a larger aperture increases the intercepted solar power
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but requires greater structural rigidity and tracking accuracy [12, 14, 20]. Similarly, focal length influences the
concentration level and receiver configuration; shorter focal lengths can enhance concentration but may increase
sensitivity to slope and tracking errors [21, 22]. In practical systems, optical performance is reduced by reflector
surface roughness, manufacturing tolerances, slope errors, tracking inaccuracies, shading, blocking, and atmospheric
attenuation. These factors broaden the focal spot and reduce the fraction of concentrated radiation intercepted by
the receiver. High-quality reflective materials, precision fabrication, and accurate two-axis tracking are therefore
essential, particularly for large-aperture systems exposed to wind loading and thermal deformation [23, 24]. Optical
efficiency, intercept factor, concentration ratio, and receiver flux distribution provide complementary indicators
of system performance. Advanced ray-tracing and Monte Carlo simulations enable these losses to be quantified
and support optimization of reflector and receiver configurations [21, 25, 26]. Recent developments have shifted
PDSC design toward segmented, non-uniform, and adaptive reflector geometries. Segmentation can simplify
manufacturing and maintenance while allowing individual alignment correction; non-uniform configurations can
improve flux distribution and receiver utilization; and adaptive reflectors can dynamically compensate for changing
solar and operating conditions [27, 28]. These approaches demonstrate the transition from conventional geometric
optimization toward flexible and intelligent concentrator architectures as shown in Figure 3.
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Figure 3. Geometrical parameters, optical losses, and performance optimization of parabolic dish solar collectors
(PDSCs)

The effective PDSC design requires integrated optimization of geometry, optical quality, tracking, receiver
characteristics, and structural stability. Advanced reflective coatings, precision optical metrology, adaptive tracking,
and machine-learning-based control offer additional opportunities to minimize optical losses [29]. Future research
should therefore combine high-fidelity optical modeling with experimental validation and coupled optical thermal
structural analysis. Such an integrated strategy is particularly important for high-temperature applications, where
improved optical concentration directly enhances receiver temperature, thermal efficiency, and the performance of
downstream power-conversion and TES systems.

2.3 Receiver Configurations for Enhanced Thermal Efficiency

The receiver in a PDSC plays a critical role in capturing and converting concentrated solar energy into thermal
energy. Various receiver designs have been developed to maximize thermal efficiency and cater to specific high-
temperature applications. Two prominent configurations are cavity receivers and tubular receivers, each with unique
attributes that influence their performance.

2.3.1 Cavity receivers

Cavity receivers are enclosed systems designed to minimize thermal losses by reducing radiation and convection.
Their design typically includes a hemispherical or cylindrical cavity with an aperture to allow concentrated solar
radiation to enter. Once the solar radiation is absorbed, heat is retained within the cavity, ensuring higher thermal
efficiency. The geometry of the cavity is crucial; a smaller aperture relative to the cavity size reduces heat loss but
may limit the amount of solar energy entering the receiver. Emphasized that cavity receivers are particularly effective
in applications requiring prolonged thermal retention, such as industrial process heating [30, 31]. Additionally, cavity
receivers excel in applications where thermal energy needs to be stored or distributed consistently over timeas show
in Figure 4 and Table 2.
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Figure 4. Types of receivers for parabolic dish solar collectors (PDSCs)

Table 2. Parabolic dish solar collectors (PDSCs) with different thermal receiver configurations [32]

. . Operating .
Receiver DeS} gl} Temperature Thel:mal Advantages Limitations Typ 1cz?l
Type Description Range (°C) Efficiency Applications
Enclosed absorber Low heat Complex Stlﬂlr;ﬁgeli gimnes,
Cav.lty with small 500-1000 High losses, high des1gn, temperature
receiver  aperture to reduce . cooling
. absorption power
radiative losses challenges .
generation
Simple i Process heat
Tubular Array of tubes 300700  Moderate— design, easy nghe?r hvbrid CSP,
receiver carrying HTF high HTF C(.)nyectlve/ Y
circulation  radiative losses ~ systems
Porous structure Uniform
Volumetric allowing radiation temperature Material Advanced CSP
. penetration and 700-1200  Very high P ’ durability, ’
receiver . reduced . solar fuels
volumetric high cost
absorption surface losses
Low-
Low cost, Limited
Flat l?late Planar abs01Tber at 200-400 Moderate simple temperature temperature
receiver focal region L o thermal
fabrication capability .
applications
Receiver PCM
PCM- combined with Hich Thermal degradation,  Dispatchable
integrated  phase change 300-800 (effe ft ive) storage, load thermal power, hybrid
receiver material for shifting conductivity systems
storage limits
Hybrid Combines thermal . Systerp .
receiver receiver with 200-600 Moderate— Multi-energy  complexity,  Hybrid power
(TEG/PV) TEGs or PV cells high output thermal generation
management

Note: HTF = heat transfer fluid; CSP = concentrated solar power; TEGs = thermoelectric generators; PV = photovoltaic.
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2.3.2 Tubular receivers

Tubular receivers as show in Figure 3, on the other hand, consist of a series of tubes through which a heat
transfer fluid (HTF) circulates. These receivers directly absorb solar radiation onto the tube surfaces, transferring
heat to the HTF. Noted that tubular receivers are particularly suited for systems requiring rapid heat transfer and high
fluid flow rates. They are often coated with selective materials to enhance absorption while minimizing re-radiation
losses. The efficiency of tubular receivers largely depends on their configuration, material properties, and the type
of HTF used. Commonly used HTFs include molten salts, synthetic oils, and water-steam mixtures, each tailored
to specific temperature ranges and operational needs. The thermal efficiency of receivers is often evaluated using
metrics such as absorption efficiency, heat transfer rate, and thermal losses [30, 33, 34]. highlighted that the choice of
receiver design significantly impacts these metrics. Cavity receivers typically achieve Higher absorption efficiency
due to their enclosed design, which minimizes radiation losses. However, they may experience challenges related to
convection losses if not adequately insulated. Tubular receivers, while efficient in rapid heat transfer, may suffer from
higher radiation losses due to their exposed surfaces. Experimental studies have demonstrated that cavity receivers
can achieve absorption efficiencies exceeding 90% under optimal conditions, while tubular receivers often range
between 70% and 85% depending on their material and coating properties. The choice of receiver design should
align with the specific thermal requirements of the application, considering factors like operating temperature, HTF
compatibility, and system integration. The materials used in receiver construction are pivotal in determining their
thermal conductivity, durability, and overall performance. High temperature applications demand materials that can
withstand extreme thermal stresses while maintaining efficient heat transfer properties [29, 35].

2.4 Maetallic Materials

Metallic materials such as stainless steel and copper are commonly used due to their high thermal conductivity
and structural integrity. Stainless steel is particularly favored for its corrosion resistance and ability to withstand
temperatures above 500 °C, making it suitable for tubular receivers. Copper, while offering excellent thermal
conductivity, is often used in smaller-scale applications due to its higher cost and susceptibility to oxidation at
elevated temperatures [36, 37].

2.4.1 Ceramic materials

Ceramic materials, including silicon carbide and alumina, have gained popularity for their high-temperature
resilience and low thermal expansion. Noted that ceramic receivers are ideal for applications requiring temperatures
above 800 °C, such as hydrogen production and advanced industrial processes. Despite their advantages, ceramics
may face challenges related to brittleness and manufacturing complexity [36, 38, 39].

2.4.2 Active cooling systems

Active cooling involves the use of external systems to regulate the receiver’s temperature. For instance, forced
convection systems use pumps or fans to circulate air or liquid across the receiver surface, dissipating excess heat.
Highlighted the effectiveness of active cooling in maintaining stable operating temperatures in tubular receivers.
While active cooling systems are highly effective, they require additional energy inputs and may increase system
complexity [40].

2.4.3 Passive cooling systems

Passive cooling relies on natural heat dissipation mechanisms, such as radiation and convection, to regulate
receiver temperatures. Noted that passive cooling systems are particularly advantageous in remote or off-grid
applications where energy resources are limited. Designs incorporating fins or heat sinks can enhance passive
cooling efficiency by increasing the surface area for heat dissipation [41].

2.4.4 Phase change materials

The integration of PCMs into receiver designs represents a significant innovation in thermal management. PCMs
absorb and release heat during phase transitions, providing a stable temperature regulation mechanism. Demonstrated
that PCM-based cooling systems could reduce peak temperatures in cavity receivers by up to 30%, extending their
operational lifespan. However, the selection of PCMs must consider factors like melting point, thermal conductivity,
and compatibility with receiver materials. Several experimental studies have showcased advancements in receiver
designs and cooling mechanismsas shown in Table 3. For instance, Conducted a comparative analysis of cavity and
tubular receivers in a high-temperature solar collector system. The study revealed that cavity receivers achieved
a 15% higher thermal efficiency compared to tubular receivers under similar operating conditions, primarily due
to reduced radiation losses. Additionally, the integration of selective coatings in tubular receivers improved their
absorption efficiency by 10%, highlighting the importance of material optimization. Another study, explored the use
of PCMs in tubular receivers for industrial process heat applications. The findings indicated that PCM-based cooling
systems enhanced temperature stability, reducing thermal stresses and improving overall system reliability. These
results underscore the potential of innovative cooling mechanisms in advancing receiver performance [42, 43].
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Table 3. Parabolic dish solar collectors (PDSCs) with phase change material (PCM) energy storage

. Melting .
Typical PCM Storage Key Key Typical
PCM Type Materials Tg:f;:?:ge Mechanism Advantages Challenges Applications
. Small-scale
. Chs&r'mcal Low thermal PDSCs,
Organic Paraffin wax, stability, no .. .
PCMs stearic acid 50-300 Latent heat supercoolin conductivity, low-medium
P 1S flammability temperature
non-corrosive storage
Inoreanic Nitrates, ?;ig:gg?ﬁal Corrosion, High-temperature
g chlorides, 300-700  Latentheat . v hase PDSC-Stirlin
PCMs high storage p £
carbonates & . g segregation systems
density
Very high
. . thermal . Advanced
Metallic  Al-Si, Mg-Zn 500-900 Latent heat  conductivity, High cost, high-temperature
PCMs alloys oxidation
compact PDSCs
storage
Composite PCM + Latent + Improved heat Increased .
PCIi\/Is graphite/metal 100-700 enhanced transfer, stable complexity . Fast charglng/
foam conduction cycling and cost  discharging systems
Leakage
Encapsulated Micro/ 100800 Latent heat prevent;gon, Encapsulation Modular thermal
PCMs macroel:)ncc;l[)sulated modular degradation storage units
s design
PCM- PCM embedded Direct Reduced Structural and Dispatchable
integrated  in cavity/tubular 300-800 thermal temperature thermal stress PDSC power
receivers receiver buffering fluctuations generation

3 Performance Optimization Strategies
3.1 Heat Transfer Mechanisms and Thermal Management

The efficiency of PDSCs hinges significantly on the effective transfer and management of heat. Heat transfer in
these systems is influenced by three primary mechanisms: conduction, convection, and radiation. Each mechanism
plays a critical role in ensuring the system’s thermal energy is utilized effectively for high-temperature applications.
Additionally, innovative cooling strategies both active and passive are essential to maintaining optimal thermal
efficiency and preventing system degradation. Material advancements and system modifications have further refined
heat transfer processes, leading to improved performance metrics in experimental studies. This section delves into
the theoretical foundations of heat transfer within PDSCs, explores advanced cooling techniques, and discusses
experimental data highlighting advancements in thermal management. Heat transfer within PDSCs involves the
interplay of conduction, convection, and radiation, each contributing uniquely to the system’s thermal performance.
Conduction refers to the transfer of heat through solid materials, such as the receiver and support structures, which
are often exposed to high temperatures. The selection of materials with high thermal conductivity is crucial to
minimizing thermal resistance and ensuring efficient heat flow. For instance, metals like copper and aluminum are
frequently used due to their superior conductive properties [44—46].

Convection, on the other hand, occurs when heat is transferred through a fluid medium, such as air or a HTF.
Forced convection, achieved through the use of pumps or fans, enhances the heat transfer rate by increasing the
fluid velocity over heated surfaces as shon in Figure 5. Natural convection, driven by temperature-induced density
differences, also contributes to heat dissipation but is often less efficient than its forced counterpart. Emphasize
the importance of optimizing the flow characteristics of HTFs to achieve superior thermal performance in high-
temperature applications. Radiation, the third mechanism, involves the transfer of energy through electromagnetic
waves. In PDSCs, radiation plays a pivotal role in the initial energy capture, as solar radiation is concentrated
onto the receiver. However, thermal radiation losses from the receiver can significantly impact overall efficiency.
Highlight the importance of minimizing radiative losses through the use of selective coatings and advanced receiver
designs that reduce emissivity while maximizing absorptivity. Cooling strategies are integral to maintaining the
thermal efficiency of PDSCs, particularly in high-temperature applications where excessive heat can lead to material
degradation and system inefficiencies. Cooling mechanisms can be broadly categorized into active and passive
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methods [11, 47-49].
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Figure 5. Parabolic dish solar collectors (PDSCs) performance optimization strategies

3.2 Active Cooling Strategies

Active cooling involves the use of external power sources to drive cooling processes. Common techniques
include forced air cooling and liquid cooling, which are particularly effective in high-temperature scenarios. Forced
air cooling employs fans to increase airflow over heated surfaces, thereby enhancing convective heat transfer. Liquid
cooling, on the other hand, uses fluids such as water or specialized HTFs to absorb and transport heat away from
the receiver. PCMs absorb heat during phase transitions, providing a buffer against temperature spikes and ensuring
stable thermal performance. Another innovative active cooling approach involves the use of thermoelectric coolers
(TECs). These devices exploit the Peltier effect to create a temperature gradient, enabling heat to be actively pumped
away from the receiver. While TECs offer precise temperature control, their energy consumption and cost can be
limiting factors [50].

3.3 Passive Cooling (Thermal Management and Heat-Transfer Enhancement)

Passive cooling strategies are increasingly attractive for PDSCs because they dissipate excess thermal energy
with minimal parasitic power consumption. These approaches exploit radiative heat transfer, natural convection,
optimized receiver geometry, and thermally functional materials to regulate receiver temperature. Effective thermal
management is particularly important in high-temperature PDSCs, where excessive temperatures can accelerate
material degradation and increase radiative and convective losses. Therefore, passive cooling should be considered
as an integral component of receiver and system-level design rather than an isolated heat-rejection strategy.

Radiative cooling is an important passive mechanism in high-temperature receivers as shown in Figure 6. It
relies on thermal radiation from the receiver toward the surrounding environment, with its effectiveness governed
by surface emissivity, temperature, and radiative view factors. Advanced coatings can modify these properties and
improve the balance between solar absorption and infrared emission. Highlighted the potential of advanced surface
treatments for improving thermal management. However, the optimum radiative characteristics depend strongly on
operating temperature and receiver configuration. Consequently, coating selection should be integrated with optical
and thermal optimization rather than based solely on nominal absorptivity and emissivity.

Receiver geometry also plays a critical role in passive heat dissipation. Configurations that promote buoyancy-
driven airflow and increase effective heat-transfer area can enhance natural convection without additional electrical
consumption. Cavity receivers are particularly attractive because they can reduce direct exposure of hot surfaces
while maintaining effective internal heat transfer. Emphasized the importance of incorporating passive cooling
features into receiver design. Nevertheless, excessive surface exposure may increase convective losses, indicating a
fundamental trade-off between heat dissipation and preservation of useful thermal energy.

Experimental research has also investigated advanced HTFs, coatings, and receiver configurations. Nanofluids
containing metal-oxide nanoparticles, such as aluminum oxide and copper oxide, can improve effective thermal
conductivity and convective heat transfer compared with conventional HTFs. However, their practical application
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remains constrained by nanoparticle agglomeration, increased viscosity, pressure-drop penalties, erosion, long-term
stability, and cost. Similarly, selective receiver coatings can increase solar absorptance while reducing infrared
emissivity, thereby lowering radiative losses [51]. Their long-term performance, however, depends on resistance
to oxidation, thermal cycling, contamination, and high-temperature degradation. Receiver geometry provides an
additional pathway for improving thermal performance. Demonstrated that optimized cavity configurations can
reduce convective and radiative losses by limiting direct exposure of the absorber. However, reported efficiency
improvements should be compared cautiously because differences in concentration ratio, operating temperature,
ambient conditions, and experimental methodology can significantly influence measured performance.

1. Passive Cooling Mechanisms 2. Heat-Transfer Enhancement Approaches
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Figure 6. Passive cooling and heat-transfer enhancement strategies for parabolic dish solar collectors (PDSCs)

TES provides complementary thermal management by storing excess heat during periods of high solar irradiance
and releasing it when solar input decreases. PCMs are particularly promising because their latent heat enables
high energy storage density with relatively stable operating temperatures. In PDSCs, PCM integration can reduce
temperature fluctuations and extend useful energy delivery. Nevertheless, limited thermal conductivity, phase
segregation, supercooling, material degradation, and containment requirements remain important barriers. Challenge
is balancing cooling effectiveness with system efficiency. Active cooling provides strong temperature control but
introduces parasitic energy consumption, whereas passive cooling may be insufficient under extreme operating
conditions. Hybrid cooling systems combining passive and selectively activated active cooling therefore offer a
promising compromise. In parallel, corrosion-resistant materials and durable coatings are essential for long-term
reliability under high-temperature and harsh environmental conditions [50-52].

Advanced computational fluid dynamics (CFD), radiation, and conjugate heat-transfer models can further
optimize receiver geometry, temperature distribution, and thermal losses. The value of computational modeling for
improving solar receiver performance. Future research should therefore integrate validated multi-physics simulations
with experimental testing, durable high-temperature materials, intelligent cooling control, and PCM-based TES.
Such integrated thermo-optical and materials optimization is essential for improving PDSC efficiency, reliability,
durability, and commercial viability in high-temperature applications.

4 Power Conversion Systems for High-Temperature Applications

The integration of advanced power conversion systems with PDSCs has been instrumental in harnessing solar
energy for high-temperature applications. These systems, which include Stirling engines, thermoelectric generators
(TEGs), and other innovative technologies, are essential for converting concentrated solar energy into usable power. In
this discussion, we explore the theoretical underpinnings of these technologies, examine their integration challenges,
and highlight recent innovations that have enhanced their efficiency and reliability. Power conversion technologies
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play a critical role in the functionality of PDSCs. Among the most promising technologies for high temperature
solar applications are Stirling engines and TEGs. These systems are uniquely suited to withstand and utilize the high
temperatures generated by parabolic dish concentrators.

4.1 Stirling Engines

Stirling engines are external combustion engines that operate on the principle of cyclic compression and expansion
of a gas at different temperature levels, resulting in mechanical work. These engines are particularly well-suited for
integration with PDSCs due to their ability to convert concentrated solar heat into mechanical energy efficiently.
The high thermal efficiency of Stirling engines, which can exceed 40%, makes them a preferred choice for solar
power generation. Moreover, their compatibility with various heat sources, including solar energy, enhances
their adaptability in different operational contexts. Recent advancements in Stirling engine design have focused
on improving their thermal efficiency and operational stability as shown in Figure 7. For instance, researchers
have developed regenerative Stirling engines with enhanced heat exchangers, which maximize heat transfer and
minimize thermal losses. These innovations have significantly improved the performance of Stirling engines in
high-temperature environments, making them an integral component of solar power systems [53, 54].
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Figure 7. Components and working principle of a solar Stirling engine and the four processes of the Stirling cycle

4.2 Thermoelectric Generators

TEGs are another promising technology for power conversion in parabolic dish systems. These devices convert
heat directly into electricity uing the Seebeck effect, which occurs when a temperature gradient is applied across a
thermoelectric material. TEGs are particularly advantageous for solar applications due to their solid-state nature,
which eliminates the need for moving parts and reduces maintenance requirement [55, 56]. Additionally, TEGs can
operate over a wide range of temperatures, making them suitable for high-temperature solar applications. However,
the efficiency of TEGs has traditionally been limited by the thermoelectric materials used. Recent research has focused
on developing advanced materials with higher thermoelectric performance, such as nanostructured and composite
materials. These materials exhibit higher Seebeck coeflicients and lower thermal conductivity, which enhance the
overall efficiency of TEGs. For example, Demonstrated that incorporating nanostructured thermoelectric materials
into TEGs can improve their efficiency by up to 15%, making them more competitive with other power conversion
technologies. While power conversion systems like Stirling engines and TEGs offer significant advantages, their
integration with PDSCs presents several challenges. These challenges include thermal losses, operational stability,
and system compatibility.
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4.3 Thermal Losses

One of the primary challenges in integrating power conversion systems with PDCs is minimizing thermal losses.
Parabolic dish systems concentrate solar energy onto a receiver, where it is converted into heat. However, a significant
portion of this heat can be lost through conduction, convection, and radiation, reducing the overall efficiency of the
system. To address this issue, researchers have developed advanced receiver designs with improved thermal insulation
and selective coatings that minimize heat losses while maximizing energy absorption.

4.4 Operational Stability

Another challenge is ensuring the operational stability of power conversion systems under varying solar
conditions. Parabolic dish systems are highly dependent on solar irradiance, which can fluctuate throughout the
day and across seasons. These fluctuations can impact the performance of power conversion systems, leading to
inefficiencies and potential system failures. To mitigate these issues, researchers have developed advanced control
algorithms and real-time monitoring systems that optimize the operation of power conversion technologies under
dynamic conditions.

4.5 System Compatibility

The integration of power conversion systems with PDCs also requires careful consideration of system compatibility.
For example, Stirling engines require precise alignment with the focal point of the parabolic dish to ensure optimal
heat transfer. Similarly, TEGs must be designed to withstand the high temperatures and thermal stresses associated
with concentrated solar energy. Researchers have addressed these challenges by developing modular and scalable
power conversion systems that can be easily integrated with different types of PDCs. Recent advancements in power
conversion systems have focused on improving their efficiency, reliability, and adaptability for high-temperature solar
applications. These innovations include the development of hybrid systems, advanced materials, and novel design
approaches.

4.6 Hybrid Systems

Hybrid power conversion systems combine multiple technologies to optimize energy conversion efficiency.
For example, some systems integrate Stirling engines with TEGs, leveraging the strengths of both technologies.
This approach allows for more efficient utilization of the heat generated by PDCs, as TEGs can convert residual
heat into electricity after the Stirling engine has extracted the majority of the energy. Hybrid systems have
demonstrated significant performance improvements in experimental studies, with some configurations achieving
overall efficiencies of up to 50%.

4.7 Advanced Materials

The development of advanced materials has also played a crucial role in enhancing the performance of power
conversion systems. For instance, researchers have developed high-temperature-resistant materials for Stirling
engine components, which improve their durability and thermal efficiency. Similarly, the use of nanostructured
thermoelectric materials has significantly enhanced the performance of TEGs, as previously mentioned. These
materials are not only more efficient but also more cost-effective, making them a viable option for large-scale solar
power installations.

4.8 Novel Design Approaches

Innovative design approaches have further contributed to the advancement of power conversion systems. For
example, researchers have developed compact and lightweight Stirling engines that are easier to integrate with
PDCs. These designs also incorporate advanced cooling systems to prevent overheating and ensure stable operation
under high-temperature conditions. Additionally, modular TEG designs have been developed, allowing for flexible
configuration and scalability in solar power systems. Power conversion systems are a critical component of PDSCs,
enabling the efficient conversion of concentrated solar energy into usable power. Technologies such as Stirling
engines and TEGs have demonstrated significant potential for high-temperature applications, thanks to their high
efficiency and adaptability. However, their integration with parabolic dish systems presents several challenges,
including thermal losses, operational stability, and system compatibility. Recent innovations in hybrid systems,
advanced materials, and novel design approaches have addressed many of these challenges, paving the way for more
efficient and reliable power conversion technologies. As solar energy continues to play an increasingly important
role in the global energy landscape, the development of advanced power conversion systems will be crucial for
maximizing the potential of PDSCs. Future research should focus on further improving the efficiency, reliability,
and scalability of these technologies to meet the growing demand for sustainable and high-performance solar power
solutions.
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5 Integrated System Redesign for Maximum Efficiency

PDSCs have emerged as a pivotal technology in harnessing solar energy for high-temperature applications. As
the demand for more efficient and reliable solar energy systems grows, the need for integrated redesign approaches
has become increasingly important. A holistic redesign incorporates multiple elements of the parabolic dish system,
including advanced control algorithms, real-time monitoring, and optimized material selection, to ensure maximum
efficiency and operational stability. This section delves into the theoretical and practical advancements in system
integration, focusing on key aspects that collectively enhance the performance of parabolic dish systems. One
crucial aspect of redesigning parabolic dish systems is the incorporation of advanced control algorithms. These
algorithms enable precise tracking of the sun’s position, ensuring optimal alignment between the dish and solar
radiation throughout the day. The integration of predictive models that account for weather variations and solar
intensity fluctuations can further improve tracking accuracy. Control algorithms also play a vital role in adjusting
the receiver’s orientation and optimizing heat transfer mechanisms, which are critical for maintaining high thermal
efficiency. For example, the application of machine learning-based algorithms has shown promise in predicting solar
irradiance patterns and adapting system operations accordingly [57].

Integrated redesign is essential for improving the efficiency, reliability, and long-term sustainability of PDSC
systems as shown in Figure 8. A holistic redesign combines advanced monitoring and control technologies,
optimized materials, improved optical configurations, enhanced thermal management, and robust structural designs.
Real-time monitoring systems are particularly important because sensors and data-acquisition technologies can
continuously measure critical operating parameters, including temperature, pressure, solar intensity, and optical
alignment. Continuous feedback allows operators to detect deviations and performance problems rapidly and
implement corrective actions. Sensors positioned on reflective surfaces can identify alignment changes resulting
from wind loads or structural deformation, while Internet of Things (IoT) technologies enable remote monitoring,
diagnostics, and control. These capabilities reduce dependence on on-site maintenance and improve operational
reliability.
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Figure 8. Integrated redesign for maximum efficiency for parabolic dish solar collators

Material selection is another important aspect of system redesign. Reflective materials with high optical
reflectivity and durability can reduce radiation losses, while thermally resistant materials improve receiver performance
under high-temperature operating conditions. Advanced coatings, including anti-soiling and self-cleaning surfaces,
canreduce optical losses caused by dust accumulation, which is particularly important in arid and desert environments.
Nanomaterials and advanced thermal coatings also offer opportunities to improve both optical and thermal performance.
Energy losses in parabolic dish systems can generally be classified into optical, thermal, and mechanical losses.
Optical losses occur when solar radiation is not accurately reflected and concentrated onto the receiver because
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of surface imperfections, tracking errors, misalignment, or dust accumulation. Ray-tracing simulations provide an
effective method for optimizing dish geometry, focal characteristics, and receiver positioning to maximize solar
concentration. Automated cleaning systems and self-cleaning coatings can further maintain the optical quality of
reflective surfaces and minimize losses associated with soiling. Thermal losses occur primarily during the transfer
of concentrated solar energy to the working fluid and through radiation and convection from the receiver. Advanced
cavity receivers can significantly reduce these losses by limiting direct exposure of the absorber to the surrounding
environment. Improved heat-transfer materials and optimized receiver geometries can further enhance thermal
performance. In addition, PCMs provide an effective TES solution because they can absorb and release substantial
amounts of thermal energy at relatively constant temperatures. PCM integration can stabilize system operation
and extend energy availability during periods of reduced solar irradiance. Mechanical losses are associated with
structural deformation, wind-induced movement, vibration, and inaccurate tracking. Lightweight, high-strength
materials can reduce structural loads and improve tracking performance, while advanced control algorithms can
maintain accurate solar alignment under changing environmental conditions. Consequently, successful system
integration requires simultaneous optimization of optical, thermal, and mechanical components rather than improving
individual components independently.

Several recent developments demonstrate the potential of integrated redesign. Hybrid systems combining
PDCs, high-temperature thermal storage, and Stirling engines have demonstrated the ability to maintain electricity
generation beyond periods of direct solar availability. The integration of PCMs provides thermal buffering, while
Stirling engines can efficiently convert high-temperature solar heat into electricity. Other applications have focused
on industrial process heat, where redesigned receivers and advanced heat-transfer materials improve thermal delivery
for high-temperature operations such as metal processing, smelting, and annealing. Real-time monitoring and control
further improve reliability and reduce operational downtime. Parabolic dish systems have also been investigated for
decentralized energy production in remote and off-grid communities. Lightweight and modular designs simplify
transportation, installation, and maintenance, while IoT-enabled monitoring systems allow system performance to
be supervised remotely. These features are particularly valuable in locations where conventional grid infrastructure
and technical maintenance services are limited.

The integrated redesign represents a promising pathway for maximizing the performance of parabolic dish
solar systems. Combining advanced optical optimization, real-time monitoring, intelligent control, improved
receiver designs, TES, innovative materials, and structural optimization can substantially reduce energy losses while
increasing efficiency, reliability, and operational flexibility. Continued research should focus on integrating these
technologies into cost-effective and scalable systems capable of operating under harsh environmental conditions.
Such developments can expand the application of parabolic dish technology from electricity generation to industrial
process heat, energy storage, and decentralized energy supply, thereby strengthening its contribution to sustainable
and reliable solar-energy systems.

6 Emerging Innovations and Technological Advancements

PDSCs are highly suitable for hybrid renewable-energy systems because they can concentrate solar radiation
to achieve high temperatures and support efficient thermodynamic energy conversion. Their integration with
complementary energy sources and storage technologies can overcome the intermittency of solar energy, improve
energy reliability, and provide continuous power during periods of low solar irradiance or nighttime. Hybrid
configurations therefore offer an important pathway toward more flexible, efficient, and sustainable energy systems.

One important configuration combines PDSCs with biomass energy. Solar energy can provide most of the required
energy during periods of strong solar radiation, while biomass can supply energy when solar availability decreases.
Demonstrated the potential of this approach through a large-scale system in Brack City, Libya, incorporating a 36,560
m?3 biomass generator and a 6,006 m2 PDSC collector field. The system generated an additional 5,670,534 kWh
annually, illustrating the potential of solar—biomass integration to improve energy supply while reducing dependence
on fossil fuels. PDSCs can also be integrated with wind energy because the two resources often have complementary
availability. Solar energy is generally strongest during daylight hours, whereas wind resources can remain available
during evening and nighttime periods. Numerical and experimental investigations, including the work of indicate that
combining PDSCs with wind turbines can increase energy output and improve operational stability. Such systems
reduce dependence on a single intermittent resource and can provide a more consistent renewable-energy supply.

Energy storage further strengthens the performance of PDSC-based hybrid systems. Batteries and TES can
preserve excess energy and release it when solar radiation is insufficient. Demonstrated the value of thermal storage
in parabolic dish—Stirling systems by maintaining power production during periods of reduced solar availability.
Thermal storage can also reduce repeated thermal cycling, potentially improving system durability and operational
life. The combination of PDSCs with storage is particularly important for applications requiring continuous and
stable power.

Hybridization also provides significant benefits for industrial energy applications. The integration of solar
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thermal energy into conventional steam power systems can improve overall energy efficiency and reduce greenhouse-
gas emissions [11]. For example, solar heat supplied through PDSCs can be used for feedwater heating, reducing
the amount of conventional fuel required. Similarly, hybrid PDSC systems can provide high-temperature heat for
industrial processes while maintaining greater operational flexibility than standalone solar systems.

Another major advantage is the potential for increased energy production through multi-technology configurations.
Other configurations combine PDSCs with PV cells and TEGs. In such systems, PV technology converts sunlight
directly into electricity, PDSCs provide high-temperature thermal energy, and TEGs recover part of the available
thermal energy for additional electrical production. This multi-conversion approach can increase the utilization
of available solar energy. PDSC hybridization is also promising for remote and off-grid applications. Combining
PDSCs with other solar concentration technologies, such as heliostat fields and central receivers, can provide reliable
electricity to communities with limited access to conventional power grids. These systems can reduce dependence
on fossil-fuel generators and contribute to improved energy access. Furthermore, PDSCs can support hydrogen
production by supplying the high-temperature thermal energy required by thermochemical or hybrid hydrogen-
production processes. The integration of thermal storage materials, including advanced nanoparticles such as
Co30y4, can further improve the stability and efficiency of these systems.

PDSC-based hybrid systems offer substantial advantages in reliability, efficiency, energy availability, environmental
performance, and adaptability. Their integration with biomass, wind, PV, TEGs, thermal storage, steam systems,
and hydrogen technologies enables more effective utilization of renewable resources and reduces the limitations
associated with solar intermittency. Nevertheless, successful implementation requires careful optimization of
system configuration, resource availability, thermal management, control strategies, storage capacity, and economic
feasibility. Future research should therefore emphasize advanced control systems, high-performance thermal storage,
intelligent energy management, techno-economic optimization, and integrated hybrid designs. Such developments
can enhance the role of PDSCs in creating resilient, low-carbon energy systems for residential, industrial, and remote
applications [58, 59].

7 Hydrogen Production and Energy Storage

PDC:s offer significant potential for sustainable hydrogen production because of their ability to concentrate solar
radiation and generate the high temperatures required for advanced thermochemical and high-temperature electrolysis
(HTE) processes. By focusing sunlight onto a small receiver, PDC systems can achieve temperatures above 1,000
°C, providing substantial thermal energy that can reduce the electrical energy requirement of water electrolysis and
improve the overall efficiency of hydrogen production as shown in Figure 9. This makes PDC technology particularly
attractive for producing green hydrogen while reducing dependence on fossil-fuel-based energy. A major advantage
of PDC-based hydrogen production is the possibility of integrating solar thermal energy with electricity and other
useful outputs. Investigated a PDC-based multigeneration system capable of producing green hydrogen, electricity,
and clean water. Such integrated systems demonstrate the flexibility of concentrated solar technology to address
several energy and environmental challenges simultaneously. PDC systems are also highly scalable, ranging from
small, decentralized units for remote communities to large collector fields for industrial hydrogen production [60, 61].

Figure 9. Hydrogen production and energy storage parabolic dish solar collectors (PDSCs)

However, the intermittent nature of solar radiation represents an important challenge. TES is therefore essential
for maintaining stable operating temperatures and enabling hydrogen production beyond periods of peak solar
availability. Molten salts are among the most promising storage media because of their high heat capacity and ability
to operate at elevated temperatures. Stratified storage tanks can store excess heat during periods of strong solar
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radiation and release it later, including during nighttime or cloudy conditions. This improves the continuity of HTE
operation and increases the utilization of collected solar energy.

PCMs provide another attractive storage option. Unlike sensible-heat storage, PCMs store substantial amounts
of energy as latent heat during phase transitions. Their high energy-storage density and relatively compact
configuration make them suitable for PDC applications, particularly where space and system size are important
considerations. PCM-based storage can provide thermal regulation and improve operational flexibility, supporting
more stable hydrogen production under fluctuating solar conditions [62, 63]. In addition to thermal storage, efficient
hydrogen storage is required for the successful deployment of solar-powered hydrogen systems. Technologies such
as compressed hydrogen, metal hydrides, and chemical carriers can facilitate hydrogen storage, transportation, and
integration with existing energy infrastructure. The combination of solar thermal generation, TES, and appropriate
hydrogen-storage technologies can therefore create a more reliable and flexible renewable hydrogen supply chain.
Several experimental and numerical studies have demonstrated the feasibility of PDC-based hydrogen systems.
Investigated an integrated PDC and solar-pond configuration for hydrogen production and reported promising
energetic and exegetic performance. Other studies have explored the combination of PDCs with linear Fresnel
reflectors, demonstrating that hybrid solar-concentration technologies can improve thermal performance and reduce
optical losses through complementary operation. These studies highlight the importance of system-level optimization
rather than focusing solely on individual collector components.

Environmental performance is another important benefit. PDC-based hydrogen production can substantially
reduce carbon emissions compared with conventional hydrogen production routes based on fossil fuels. The
integration of renewable thermal energy and electricity can therefore contribute to the development of low-carbon
hydrogen and support global decarbonization objectives. Thermal storage can further improve environmental
performance by increasing the fraction of solar energy utilized and reducing the need for backup fossil-fuel generation.
Despite these advantages, several technical and economic barriers remain. High initial capital costs for PDC
collectors, receivers, tracking systems, and thermal storage can limit large-scale deployment. Receiver materials
must also withstand extreme temperatures while maintaining adequate thermal conductivity, mechanical strength, and
resistance to degradation. Advanced ceramics, coatings, and high-temperature composites are therefore important
areas of research. Accurate solar tracking and alignment are equally critical because small optical errors can
significantly reduce the concentration ratio and available thermal energy. Future developments should focus on
modular and scalable PDC configurations, advanced TES materials, improved receiver designs, and intelligent control
systems. Artificial intelligence and machine-learning techniques could optimize solar tracking, predict solar-resource
availability, manage thermal storage, and dynamically control hydrogen production. Reducing manufacturing costs
through advanced production methods and economies of scale will also be necessary for commercialization. PDC
technology combined with HTE, TES, and advanced hydrogen-storage solutions represents a promising pathway
for producing clean and reliable green hydrogen. Continued innovation, system integration, techno-economic
optimization, and large-scale demonstration projects will be essential to overcome current limitations and establish
PDC-based hydrogen systems as a practical component of future sustainable energy infrastructure [58, 59].

8 Decentralized Energy Supply for Remote Areas

The global energy demand continues to rise at an unprecedented rate, especially in remote and off-grid regions
where access to conventional energy infrastructure remains challenging. PDSCs, as a CSP technology, have emerged
as a promising solution to address this gap by providing decentralized energy supply. These systems leverage solar
energy to generate electricity or thermal energy, offering a sustainable and environmentally friendly alternative
to fossil fuels. This section explores the potential of PDSCs in delivering reliable energy solutions to remote
areas, examines the design and operational challenges associated with decentralized energy systems, and highlights
successful case studies showcasing their implementation.

PDSCs offer a promising solution to the persistent energy-access challenges faced by remote and off-grid
communities. Geographical isolation, limited grid infrastructure, and dependence on expensive diesel generators
often restrict reliable electricity access in these regions. PDSCs provide an alternative by directly converting
abundant solar resources into useful thermal or electrical energy without requiring connection to centralized grids.
Their compact configuration, high concentration ratio, modularity, and ability to achieve high operating temperatures
make them particularly suitable for decentralized energy systems as shown in Table 4. One of the principal advantages
of PDSC:s is their ability to concentrate solar radiation onto a receiver, generating high-temperature heat that can
be converted into electricity through technologies such as Stirling engines. The integration of PDSCs with Stirling
engines and energy storage can provide reliable electricity for households, water pumping, agricultural activities,
and small-scale industries. Hybrid renewable-energy systems can further improve reliability by combining solar
energy with thermal storage or backup resources such as biomass. Since electricity is generated close to the point
of consumption, decentralized PDSC systems can also reduce transmission losses and avoid the substantial costs
associated with extending centralized electricity grids to isolated locations. The modularity and scalability of
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PDSCs represent additional advantages for remote applications. Systems can be designed according to the energy
requirements of individual households, small communities, or larger industrial facilities. This flexibility allows
PDSCs to be adapted to different geographical conditions and energy demands. Their autonomous operation and
potential for remote monitoring can further reduce maintenance requirements and improve long-term reliability.

Table 4. Decentralized energy supply for remote areas using parabolic dish solar collectors (PDSCs)

Aspect Description Key Benefits Challenges
Standalone or micro-grid PDSC
System. systf.:ms coupled with Stirling IndependenF power Tnitial capital cost
configuration engines and/or phase change generation
material (PCM) storage
Energy Direct Normal Irradiance (DNI) Abundant in ar idand Weather dependency
source remote regions
Small-scale (1-25 kW) modular Scalable and flexible lelte(.l n1gh}t1me
Power output . generation without
units deployment
storage
Energy PCM-based thermal storage or Dispatchable power, Thermal management
storage hybrid batteries load shifting complexity

Maintenance of

Reliability =~ Fewer moving parts (solar field side) High system reliability tracking system

Environmental . . . Reduced diesel Land and alignment

. Zero emissions during operation .
impact dependency requirements

Economic . Payback depends on

. Reduced fuel transport and costs ~ Long-term cost savings

feasibility DNI
Typical Rural electrification, telecom towers, Energy security for Skilled installation

applications desalination, off-grid facilities remote communities required

Despite these benefits, several technical, economic, and environmental challenges must be addressed. PDSC
performance depends strongly on local solar irradiation, ambient temperature, wind conditions, and other climatic
factors. Strong winds can cause structural deformation or damage to reflectors, requiring robust and lightweight
designs. Accurate tracking and alignment are also essential because even small deviations can produce significant
optical losses and reduce the amount of solar energy reaching the receiver. Therefore, reliable tracking systems and
advanced control strategies are particularly important for maintaining performance under changing environmental
conditions. Energy storage is another critical consideration. Because solar radiation is unavailable at night and may
fluctuate during cloudy periods, TES can improve the continuity of energy supply. However, the development of
efficient and affordable TES systems remains challenging in remote regions where advanced materials, technical
expertise, and maintenance services may be limited. Economic barriers are also significant. High manufacturing
and installation costs, together with the expense of precision tracking systems, receivers, and Stirling engines, can
restrict adoption. These challenges can be addressed through low-cost manufacturing methods, locally available
materials, government incentives, subsidies, technology-transfer programs, and partnerships among governments,
research institutions, non-governmental organizations, and private companies.

Environmental conditions create further operational challenges. Dust accumulation on reflective surfaces can
substantially reduce optical efficiency, particularly in arid and desert environments. Regular cleaning is therefore
necessary, although maintenance can be difficult and expensive in isolated locations. Extreme weather conditions,
including heavy rainfall, strong winds, or snow, may also affect structural integrity and system performance.
Consequently, PDSCs for remote applications should incorporate durable materials, protective designs, automated
cleaning, and remote monitoring technologies.

Several applications demonstrate the potential of PDSCs for decentralized energy supply. Solar-powered
microgrids integrating PDSCs and Stirling engines can provide electricity for lighting, water pumping, and local
industries while reducing dependence on diesel generators. Thermal storage can ensure continued operation during
nighttime and periods of reduced solar radiation. PDSCs can also support water desalination in remote coastal areas
by supplying the thermal energy required for processes such as humidification—dehumidification desalination. This
combination of renewable energy and water production is particularly valuable in regions facing both energy and
water shortages. PDSC-based solar cooking systems with thermal storage can provide clean cooking energy for
remote communities. By reducing dependence on traditional biomass fuels, these systems can contribute to lower
deforestation, reduced indoor air pollution, and improved public health. Overall, PDSCs have considerable potential
to enhance energy access and support sustainable development in remote and off-grid regions. Continued progress
in low-cost manufacturing, durable materials, intelligent tracking, thermal storage, and remote monitoring will be
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essential for overcoming current barriers and enabling wider deployment. Through appropriate system design and
supportive policies, PDSCs can provide reliable, clean, and locally generated energy while reducing dependence on
fossil fuels and strengthening the resilience of underserved communities.

9 Numerical Modeling and Experimental Investigations

The performance of PDSCs has garnered significant attention due to their potential in high-temperature applications.
To optimize their design and performance, researchers rely heavily on simulation techniques that predict system
behavior under various operating conditions. This section delves into the use of CFD and ray-tracing techniques
as key tools for modeling PDSCs. It also analyzes the accuracy and limitations of existing simulation tools and
highlights studies that demonstrate how these techniques have led to significant design improvements as shown in
Table 5.

Table 5. Numerical modeling and experimental investigations on the performance of parabolic dish solar collectors
(PDSCs) for high-temperature applications

Aspect Numerical Modeling Studies Experimental Investigations

Primary Predict thermal, optical, and electrical Validate models; assess real-world

objective performance; optimize design parameters performance and losses
Modeling/setup Computational fluid dynamics (CFD),  Prototype PDSCs, outdoor/indoor test

ray-tracing, Monte Carlo methods rigs

Concentration ratio, receiver geometry,
heat transfer coeflicients, material
properties

Solar irradiance, receiver temperature,
thermal efficiency

Parameters
studied

. Cavity, tubular, volumetric, phase change ~ Cavity and tubular receivers most
Receiver types

material (PCM)-integrated receivers common
Thermal High predicted efficiencies (70-90%) Slightly lower efficiencies due to
performance under ideal conditions optical and thermal losses
Optical loss Detailed evaluation of reflectivity, Measured optical efficiency and
analysis interception, and spillage losses tracking errors
Heat transfer Conduction, convection, radiation Temperature distribution and heat
analysis modeled in detail losses measured
Thermal output and power generation Actual thermal/electrical output
Energy output . .
potential estimated recorded
Cost-effective optimization; parametric Realistic validation; reliability
Advantages .
studies assessment
N Assumptions and boundary condition High cost, weather dependency,
Limitations o .. I
sensitivity limited scalability
Overall Design optimization and performance I o
oo gnop nandp Model validation and system feasibility
contribution prediction

10 Conclusion

PDSCs represent a highly promising CSP technology for high-temperature energy applications, offering superior
optical efficiency, high concentration ratios, and flexibility in power conversion integration. This comprehensive
review has examined the fundamental design principles of PDSCs, including concentrator geometry, optical
performance, receiver configurations, and solar tracking systems, highlighting their critical role in achieving
efficient solar-to-thermal energy conversion. The analysis demonstrates that precise concentrator design, advanced
reflective materials, and accurate dual-axis tracking are essential for minimizing optical losses and maximizing
system efficiency. Receiver technology remains a central factor in determining thermal performance. Cavity
receivers, tubular receivers, volumetric absorbers, and PCM-integrated designs each present distinct advantages and
limitations depending on operating temperature, heat transfer requirements, and application context. The integration
of PCMs and advanced cooling strategies has shown strong potential in enhancing thermal stability, reducing losses,
and improving dispatchability. Furthermore, the coupling of PDSCs with high-efficiency power conversion systems
particularly Stirling engines and hybrid Stirling—thermoelectric configurations—enables effective utilization of high-
temperature solar energy for electricity generation and industrial process heat. System-level optimization, including
real-time monitoring, advanced control algorithms, and integrated redesign approaches, has emerged as a key pathway
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toward improving operational reliability and long-term performance. Recent advancements in hybrid systems, TES,
and multi-energy integration further expand the applicability of PDSCs for decentralized power generation, industrial
heating, and solar-driven hydrogen production.

Despite their significant potential, challenges related to material durability, thermal losses, system cost, and large-
scale deployment remain. Addressing these challenges will require continued advancements in materials science,
receiver design, thermal management, and intelligent control systems, supported by robust numerical modeling and
experimental validation. Overall, PDSCs are well positioned to play a vital role in future high-temperature renewable
energy systems, contributing to sustainable energy transitions and the decarbonization of power generation and
industrial sectors.
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