
Academic Editors: Andrzej
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Abstract: The growing demand for efficient and sustainable energy solutions underscores
the importance of advancing solar energy technologies, particularly Concentrated Solar
Power (CSP) systems. This review presents a structured evaluation of two key innovation
domains in CSP: the application of nanofluids and the adoption of Industry 4.0 technologies.
The first part analyzes experimental and simulation-based studies on nanofluid-enhanced
CSP systems, covering four major collector types—parabolic trough, solar power tower,
solar dish, and Fresnel reflectors. Nanofluids have been shown to significantly enhance
thermal efficiency, with hybrid formulations offering the greatest improvements. The
second part examines the role of Industry 4.0 technologies—including artificial intelligence
(AI), machine learning (ML), and digital twins (DT)—in improving CSP system monitoring,
performance prediction, and operational reliability. Although a few recent studies explore
the combined use of nanofluids and Industry 4.0 tools in CSP systems, most research
addresses these areas independently. This review identifies this lack of integration as a gap
in the current literature. By presenting separate yet complementary analyses, the study
offers a comprehensive overview of emerging pathways for CSP optimization. Key research
challenges and future directions are highlighted, particularly in nanofluid stability, system
cost-efficiency, and digital implementation at scale.

Keywords: nanofluids; concentrated solar power; Industry 4.0; artificial intelligence; digital
twin; machine learning

1. Introduction
The World Health Organization (WHO) has reported that 80% of urban residents

worldwide are exposed to poor air quality, contributing to approximately 3 million pre-
mature deaths annually due to environmental pollution [1]. The CO2 concentration in
the atmosphere is expected to surpass current levels by 2030. As a result, government
regulations have mandated the reduction of these pollutants. Numerous studies over the
past two decades have focused on reducing emission levels [2].

Renewable energy is widely adopted worldwide for its environmental benefits [3].
Among various renewable energy technologies, solar energy has gained global attention
due to its universal availability and the cost-free nature of sunlight. Within solar tech-
nologies, Concentrated Solar Power (CSP) stands out as a highly efficient solution for
large-scale power generation [4]. Unlike photovoltaic systems, CSP uses thermal processes
to convert solar radiation into electricity. The growing interest in CSP is driven by its ability
to integrate thermal energy storage (TES) and provide stable power output, making it a
promising option for sustainable energy systems [5,6]. Various solar energy utilization
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techniques, such as solar photovoltaic (PV), CSP, and solar thermal, have been developed
based on the availability of space and technology [7]. It is important to distinguish between
solar collectors and solar concentrators. Solar collectors generally refer to systems that
absorb and transfer solar energy for thermal applications, including both non-concentrating
(e.g., flat-plate and evacuated tube collectors) and concentrating types. In contrast, solar
concentrators specifically refer to systems that focus solar radiation onto a smaller receiver
area using optical components, thereby achieving higher temperatures. CSP systems, which
are the focus of this review, utilize solar concentrators, such as parabolic troughs, solar
towers, Fresnel reflectors, and dish collectors.

The dominance of fossil fuels in the global energy mix remained stubbornly high,
hovering around 80% [8]. Global primary energy consumption set a record for the second
consecutive year in 2023, increasing by 2% to reach 620 exajoules (EJ). The ongoing depletion
of conventional energy resources underscores the escalating global demand for energy,
necessitating a shift towards non-conventional energy sources. The global distribution
of energy sources in 2023 has been recorded [8]. This growth rate exceeded both the ten-
year average and pre-pandemic levels. Although a new record was set for absolute fossil
fuel consumption in 2023, its share of global energy demand slightly declined to 81.5%
from 81.9% in 2022. Renewable energy capacity, particularly solar and wind, continued
to expand at a rapid pace in 2023. Surpassing the previous year’s record of 276 gigawatts
by approximately 186 gigawatts, the total increase was a substantial 67%. Solar accounted
for 75% of these additions, with China contributing significantly. Europe also played a
role, installing just over 56 gigawatts of solar capacity, representing 16% of the global
solar capacity increase. Figure 1 provides a breakdown of global CSP installation growth,
including the share of each region and the total installed capacity.
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Solar energy is recognized as having the greatest potential among all non-conventional
energy sources to meet both present and future energy demands. Solar energy, once
absorbed, is utilized in two primary forms: (a) through direct conversion into electrical
energy via PV cells, and (b) as thermal energy through solar collectors. However, the
high installation costs and relatively low conversion efficiency of PV cells continue to pose
challenges [9,10]. The thermal energy produced by these systems can be utilized to power
electrical generators. One significant advantage of using thermal energy compared to PV
panels is its ability to be easily stored with higher thermal efficiency, particularly in regions
with abundant solar radiation [11].
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A novel approach for enhancing heat transfer efficiency involves dispersing nanopar-
ticles within heat transfer fluids [12]. At Argonne National Laboratory in 1995, Choi intro-
duced the term “nanofluid”, by applying nano-powder suspensions as heat exchange media
in intensified refrigeration equipment, which yielded promising results [13]. Nanofluid
refers to a distinct fluid where nanoparticles, ranging in diameter from 1 to 100 nm, are dis-
persed within a base fluid. Studies have demonstrated that integrating nanomaterials into
conventional base fluids can effectively mitigate problems caused by water-induced rust
and corrosion. Nanomaterials hold great potential in solar applications due to their ability
to enhance thermophysical properties, such as specific heat capacity, thermal conductivity,
and heat transfer properties [14]. Subsequently, researchers have utilized nanofluids in
solar collector systems to enhance thermal efficiency. Nanofluid-based solar systems not
only facilitate applications at moderate to high temperatures, but also effectively harness
the entire solar spectrum, offering versatile control owing to the outstanding spectral
characteristics of nanofluids [15]. While our previous review article [16] provided a broad
overview of nanofluids in various solar energy systems, the present work is distinct in its
exclusive focus on nanofluid applications in CSP systems. Furthermore, this study uniquely
reviews the role of Industry 4.0 technologies in optimizing the various CSP applications.

Traditional simulations like CFD, COMSOL, OpenFOAM, ANSYS, etc., facilitate nu-
merical analysis, which is essential for optimizing solar energy systems, providing crucial
insights into design, performance, and cost-efficiency. By employing simulation tools,
researchers and engineers can model and predict system behavior under various condi-
tions, leading to improved designs and operational strategies. For instance, simulations
help optimize the placement and angle of solar panels and the design of solar collectors,
enhancing system performance and efficiency [17]. Furthermore, simulations contribute to
cost reduction by identifying optimal designs that minimize waste and streamline develop-
ment [18]. They are crucial for analyzing the integration of solar components with storage
systems and other energy sources, ensuring harmonious operation [19]. Thus, simulation
is a key tool in advancing solar energy systems and enhancing design, performance, and
research efficiency.

Industry 4.0 technologies are transforming renewable energy by optimizing generation,
transmission, and trade, and by enhancing efficiency, cost-effectiveness, and sustainability
through enabling tools such as digital twin (DT), artificial intelligence (AI), and machine
learning (ML) [20], while addressing challenges like inefficiencies and grid constraints.
This study explores their role in enhancing sustainability through data-driven solutions
and circular economy models [21].

Solar energy, with its significant potential for sustainable development, requires
accurate forecasting. Various methods have been explored for predicting global solar
radiation, shifting from traditional models to Industry 4.0 techniques. ML has proven
effective in modeling complex patterns and improving data-driven decision-making for
solar energy optimization [22]. DT optimizes urban solar energy systems through real-time
monitoring and performance analysis. Applied to five systems in Benguerir, Morocco, DT
uses 3D models and data processing to simulate solar production and detect anomalies,
ensuring optimal operation and system efficiency [23]. AI models enhance prediction
accuracy in renewable energy systems. For instance, in solar thermal applications, AI
models, like adaptive boosting and stacking ensemble learning, predict exergy efficiency
in parabolic trough collectors (PTCs), improving performance by using input parameters
such as temperature and nanoparticle types [24].

Traditional simulation methods have been widely used to model and optimize solar
energy systems by providing detailed insights into heat transfer, fluid flow, and system
performance. However, these methods can be computationally expensive and require an
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extensive manual setup. In contrast, Industry 4.0 technologies offer real-time monitor-
ing and predictive analytics. DT creates virtual replicas of solar systems for continuous
performance evaluation, while AI and ML enhance efficiency by identifying patterns and
optimizing operations. Integrating these advanced technologies with traditional simu-
lations can significantly improve the reliability, efficiency, and cost-effectiveness of solar
energy systems.

2. Earlier Assessments and Developments in This Review
Compiling previous reviews provides a valuable overview of advancements in solar

applications. This comprehensive analysis helps identify research gaps, successful method-
ologies, and challenges that require further investigation. CSP technology is increasingly
being favored over other solar collector types due to its ability to generate electricity on a
large scale with high efficiency [25]. Unlike PV panels, which convert sunlight directly into
electricity, CSP systems use mirrors or lenses to concentrate sunlight onto a small area, gen-
erating high-temperature heat that drives a turbine to produce electricity. This concentrated
heat can significantly enhance energy conversion efficiency and storage capability. One
key advantage of CSP technology is its potential for higher efficiency in energy conversion
compared to traditional solar thermal collectors [26].

The optical and thermal performance of PTCs has been studied. It analyzes various
modeling approaches, including analytical and ray-tracing methods for optical analysis,
and steady and transient heat transfer models for thermal analysis. Additionally, the
review explores potential improvements to PTC design, such as novel designs, passive
heat transfer enhancement, and nanoparticle-laden flows [27]. The use of nano-enhanced
phase change materials (PCMs) in solar energy storage systems has been examined. While
PCMs offer high storage capacity, their thermal conductivity can be improved through
nanoparticle addition. This review analyzes recent studies on nano-enhanced PCMs in
various solar technologies, highlighting potential benefits and challenges for practical
implementation [28]. The use of nanofluids in PTCs to improve thermal efficiency has been
reviewed. It analyzes the impact of various parameters, including nanoparticle type, size,
and concentration, on PTC performance. Additionally, the study explores the potential
benefits of using PCMs and nano-PCMs in these systems [29].

The comparison between flat plate collectors and PTCs was included to provide a
broader perspective on the performance of nanofluids across different collector types, as
these collectors operate under varying temperature ranges and thermal conditions. This
comparison allows us to examine how nanofluids affect the efficiency and heat transfer
performance in both systems, helping to identify the conditions where nanofluids offer
the most significant improvements in solar collector performance [30]. Nanofluids of-
fer selective absorption properties and improved physical characteristics for enhanced
performance in these systems. Future research should focus on optimizing systems and
improving nanofluid stability for wider applications [31]. The use of hybrid nanofluids
in solar-based TES systems has been explored. Hybrid nanofluids, particularly those con-
taining multi-walled carbon nanotube (MWCNTs) and alumina nanoparticles, enhance
heat transfer efficiency. Combined with PCMs like erythritol and nitrate salt, these systems
offer a reliable energy supply during non-sunlight hours. Future research should focus
on optimizing hybrid nanofluids and integrating improved PCMs for further efficiency
gains [32].

Moreover, this review explores how Industry 4.0 technologies can transform traditional
factories into smart factories. It also addresses challenges like intermittent power supply,
low efficiency, and grid bottlenecks, while highlighting the role of digital technologies in
advancing energy generation, transmission, and trade, alongside contributing to circular
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economies and sustainable development goals [21]. The use of the ML model to predict
key parameters in solar thermal collector efficiency has been reviewed. It also discusses
challenges, accuracy issues, and future research opportunities in applying AI to solar
thermal systems [33].

While challenges like high implementation costs and lack of standardization exist,
this study highlights the transformative impact of DTs on improving the reliability and
cost-efficiency of solar power plants, urging further research to overcome adoption barriers
and maximize its benefits [34]. It provides a comprehensive overview of the applications of
AI in renewable energy systems, consolidating many reports across various energy sources,
including solar power, wind, geothermal, and energy storage. It discusses current advance-
ments, research outcomes, and case studies, addressing challenges and offering potential
solutions while exploring future trends and opportunities for further advancements in
AI-driven renewable energy technologies [35].

A comprehensive review, as explored above, has been listed in Table 1, revealing a
dearth of studies that concurrently explore the integration of CSP, nanomaterials, tradi-
tional simulation, and Industry 4.0 technologies. This review uniquely builds upon three
foundational aspects—CSP, nanofluids, and traditional simulation techniques—commonly
addressed in earlier works, and extends the scope by incorporating a dedicated focus on
Industry 4.0 tools for optimizing various CSP types. While previous reviews have explored
one or more of these aspects separately, no study has integrated all these components.
Some entries lack data due to the specific focus of each study, as authors prioritized certain
aspects while omitting others based on their research objectives. This review paper presents
a comprehensive analysis of the integration of CSP, nanofluids, traditional simulation
techniques, and Industry 4.0 technologies—a combination not previously explored in detail.
While previous studies have examined aspects of CSP and nanofluids individually or in
combination, there is a lack of research that concurrently addresses the synergistic potential
of AI, ML, and DT technologies within CSP systems. Furthermore, existing reviews have
typically focused on one or two of these components, without considering their collective
impact on enhancing CSP performance. This study fills this gap by offering a one-stop
resource for understanding how these four factors can work to optimize CSP systems,
providing readers with insights into both their individual and integrated roles in improving
energy efficiency and performance. By combining traditional simulation techniques with
cutting-edge Industry 4.0 tools, this review offers a more holistic view of the future of CSP
technologies, positioning it as a novel contribution compared to prior works in the field.

Table 1. Review articles on nanofluid, traditional simulations, and Industry 4.0 applications in solar
energy research.

Ref Review Focus on Year CSP Nanomaterial Simulation Industry 4.0

[27] Performance and optimization of PTC 2018 ✔ - ✔ -

[28] Nano-enhanced PCMs for solar energy storage 2022 - ✔ - -

[29] Enhancing the performance of PTCs using nanofluids 2022 ✔ ✔ - -

[30] Comparing the performance of mono and hybrid nanofluids with
conventional fluids in solar thermal collectors. 2022 ✔ ✔ - -

[31] Nanofluid-driven multifunctional systems in solar energy 2022 ✔ ✔ - -

[32] Hybrid nanofluids for solar TES 2024 - ✔ ✔ -

[36] NEPCMs for solar heat collection 2023 - ✔ ✔ -

[37] Enhancing solar thermal collector efficiency using nanomaterials 2024 ✔ ✔ - -

[38] The application of nanofluids in various solar energy systems 2018 - ✔ - -

[39] The application of nanofluids in solar thermal collectors other
than CSP 2018 - ✔ - -
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Table 1. Cont.

Ref Review Focus on Year CSP Nanomaterial Simulation Industry 4.0

[40] It examines the technology’s cost evolution, the role of thermal
storage, and the properties of molten salts used in CSP plants. 2019 ✔ - - -

[18] Modeling and simulation of PCM-based solar energy
storage systems 2019 - - ✔ -

[41] The application of hybrid nanofluids in solar energy collectors 2021 ✔ ✔ - -

[42] The sustainability of nanofluids in thermal systems 2021 - ✔ ✔ -

[43] Hybrid nanofluids for solar thermal energy systems 2021 - ✔ - -

[44] Enhancing the thermal efficiency of parabolic solar collectors
using hybrid nanofluids. 2024 ✔ ✔ ✔ -

[45] Enhancing solar still performance using nano-enhanced PCMs 2024 - ✔ - -

[21] Industry 4.0 technologies optimize renewable energy production
and improve system efficiency 2023 - - - ✔

[33] Use of ML techniques to improve solar thermal collector
modeling and performance 2023 - - - ✔

[34] Challenges and opportunities in applying DT technology to solar
energy systems 2024 - - - ✔

[46] The potential of DT technology in addressing the challenges
associated with solar energy resources 2024 ✔ - - ✔

[47] DT impact on solar energy research 2025 ✔ - - ✔

[48] Application of AI technology in solar tower systems 2021 ✔ - - ✔

“✔” = reviewed by authors, “-” = not reviewed by authors.

3. Concentrated Solar Power Collectors
3.1. Parabolic Trough Collector (PTC)

PTCs are a leading technology CSP, offering a cost-effective and widely implemented
large-scale solution for generating electricity from the sun. These systems are foundational
to renewable energy production. PTC power plants harness solar energy by using a heat
transfer fluid (HTF) to capture heat, which is then converted into electricity through a
Rankine cycle. This process involves heating water to produce steam, which drives a
turbine to generate power [49]. PTCs employ parabolic mirrors to concentrate sunlight onto
a central receiver tube. HTF circulates within this tube, absorbing the concentrated solar
energy. The heated HTF is then transported to the power block where it transfers its heat to
generate high-temperature superheated steam in a series of heat exchangers. This steam
subsequently drives a turbine to produce electricity [50]. A thermal oil commonly serves as
HTF, capturing solar energy and transferring it to heat exchangers for steam generation
and subsequent power production.

The PTC’s receiver tube is constructed from stainless steel, coated with a selective
metal-ceramic material for optimal heat absorption, and enclosed within an evacuated glass
tube. This vacuum environment safeguards the absorber from oxidation and significantly
reduces heat loss at high operating temperatures. To minimize convective heat loss within
the annular space, the receiver tube is maintained at a vacuum below the conduction band
Knudsen gas limit, typically around 0.0001 mm Hg. A metal-ceramic multilayer coating
applied to the steel tube optimizes solar energy absorption by exhibiting low thermal
emissivity and high optical absorptivity while reducing radiative heat loss. The outer anti-
reflective coating on the glass envelope further enhances light transmission by minimizing
reflection and Fresnel losses [51]. Extensive research on PTCs is being conducted globally to
explore diverse applications. These research areas could be included in future nanomaterial
incorporation studies.



Energies 2025, 18, 2083 7 of 37

3.2. Solar Power Tower Collector (SPTC)

SPTC is a CSP technology that uses a central tower to gather focused sunlight. They
excel at generating electricity at high temperatures [52]. These systems employ an array
of sun-tracking mirrors, called heliostats, to concentrate sunlight onto a central receiver
positioned atop a tall tower. Heliostats precisely follow the sun’s path, directing solar
energy to create a high-temperature zone. The design and arrangement of the heliostat
field, accounting for 40–50% of total system cost, significantly impacts the tower’s efficiency
and economic viability [53].

Heliostats, the sun-tracking mirrors in SPTC, typically use mirrored glass or reflective
film for their reflective surfaces. Smaller heliostats often outperform larger ones due to
reduced shading, blocking, and wind load [54]. Tubular receivers, equipped with internal
vertical pipes acting as heat exchangers, capture and transfer absorbed solar energy to the
heat transfer fluid [55]. These receivers are housed within the tower, which can reach heights
of 100 to 300 m, facilitating large-scale power generation on extensive land areas [56]. The
high concentration of sunlight achieved in these towers, reaching up to 1000 times, enables
extremely high operating temperatures [57]. To harness this intense heat, molten salts or
water/steam mixtures are typically used with Rankine cycles, while higher temperatures
necessitate gas or particle-based fluids and Brayton cycles [58]. SPTCs have been the subject
of extensive global research, exploring a wide range of potential applications. This research
area could benefit significantly from incorporating insights emerging from recent studies.

3.3. Solar Dish Collector (SDC)

SDC is a CSP system featuring a single-point focus and a precise dual-axis tracking
mechanism. Its compact design, independence from cooling water, and limited integration
capabilities with thermal storage or other renewable energy sources significantly influence
its competitive standing in comparison to other concentrated solar power technologies [59].
An SDC system comprises a receiver positioned at its focal point, a parabolic reflector
equipped with solar tracking capabilities, and a network of pipes to circulate heat transfer
fluid. The parabolic reflector can be constructed as a continuous surface or assembled from
discrete segments to achieve the desired parabolic shape.

The receiver is securely mounted to the reflector’s support structure, ensuring both
components remain aligned with the sun’s position. By optimizing the receiver’s dimen-
sions, shadowing can be minimized, and the receiver’s support structure can be integrated
into the reflector design. The receiver’s weight can be optimized to reduce the energy
required for solar tracking. The most common approach integrates a Stirling engine di-
rectly into the receiver [60]. SDCs have been extensively researched globally for diverse
applications. This field stands to gain substantially from recent advancements in research.

3.4. Fresnel Reflector Collector (FRC)

FRC simplifies the parabolic trough design by replacing curved mirrors with a lin-
ear arrangement of flat or nearly flat mirrors [61]. This innovative approach, pioneered
by Giovanni Francia in 1961 [62], offers a more cost-effective method for concentrating
solar energy. FRC systems typically employ 10–20 elongated mirror segments to form a
linear collector, replacing the single parabolic trough design. These mirrors are aligned
north–south and can rotate along their length to track the sun’s movement.

Employing flat mirrors instead of parabolic reflectors significantly reduces the cost of
the collector field [63]. Additionally, FRC can concentrate sunlight onto a single receiver
over a larger area compared to PTC. This design characteristic often reduces the number
of collector loops required for a given field size, potentially leading to lower system costs.
The literature suggests that the investment cost of a FRC should be no more than 67%
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of that for a PTC to be economically feasible [64]. Additionally, ground-level mounting
of Fresnel mirrors reduces wind resistance [65], a significant advantage in windy desert
regions where solar energy is abundant. In addition to simplifying the reflector design, FRC
systems also streamline the heat-receiving process by using a fixed array of absorber tubes
relative to mirrors. The stationary nature of the heat receiver in Fresnel systems simplifies
construction, reduces maintenance requirements, and lowers the risk of working fluid
leaks compared to PTC, where the receiver moves along with the focused sunlight [66].
FRCs have been extensively studied globally for diverse applications. The field can benefit
significantly from continued research.

4. Nanofluids in CSP Systems
Nanofluid incorporation enhances the efficiency of CSP systems by improving thermal

conductivity, heat capacity, and stability. While this review paper primarily focuses on the
integration of CSP technologies, nanofluids, traditional simulation techniques, and Industry
4.0 tools, a more detailed analysis of the characteristics and performance of individual
nanofluids can be found in our recent publication [16]. In that paper, we provide an
in-depth examination of nanofluid properties, including thermal conductivity, particle
concentration, and their impact on the performance of energy systems. For a more detailed
numerical interpretation of how specific nanofluids influence CSP systems, readers are
encouraged to refer to this publication. The mechanisms by which nanofluids enhance
thermal conductivity and heat transfer, including the relevant equations and results, were
discussed in detail in our previous review article [16]. In our previous publication [16],
we presented a comprehensive review on nanofluids in TES systems, emphasizing their
ability to enhance thermal conductivity, phase change behavior, and overall energy storage
efficiency. We analyzed different types of nanofluids, such as metal oxides and carbon-
based materials, and their effects on latent heat and melting/solidification rates. The
paper highlighted key challenges, including nanoparticle agglomeration, environmental
concerns, and cost-related issues. These findings form a foundation for the present review,
which expands the discussion beyond TES to explore the integration of nanofluids in
CSP systems, and how their performance can be further optimized using simulation
tools and Industry 4.0 technologies. This connection gives the current review its own
identity, building upon earlier insights while providing a broader and more integrated
perspective. Nanofluid integration in PTC, SPTC, SDC, and FRC boosts heat absorption
and storage, reducing thermal losses. Current research efforts aim to optimize their role
in advancing next-generation solar energy technologies. The following section explores
their impact on various CSP configurations, highlighting performance enhancements and
potential advancements.

4.1. Nanofluids in Parabolic Trough Collectors

The integration of nanofluids into PTC systems has been extensively studied due
to their potential to significantly enhance heat transfer characteristics. The improved
thermal conductivity and specific heat capacity of nanofluids enable more efficient energy
absorption and heat exchange within the collector’s receiver tubes. Numerous studies,
employing both numerical simulations and experimental approaches, have quantified
these thermal benefits which often link them to nanoparticle type, size, and concentration,
demonstrating measurable improvements in system thermal efficiency and energy yield.
The potential of nanofluids in enhancing the performance of PTC has been investigated. By
incorporating CuO, TiO2, Al2O3, and SiO2 nanoparticles into Therminol VP-1, the study
observed a temperature increase of up to 9.57% and a maximum thermal efficiency of
1.03%. While this improvement came with increased pressure drop, the overall findings



Energies 2025, 18, 2083 9 of 37

highlight the potential of nanofluids in optimizing solar energy systems [67]. Abu-Zeid
et al. integrated MWCNT nanofluid into a PTC system to enhance residential water
heating performance [68]. By optimizing nanofluid concentration and system parameters,
a significant 25% increase in thermal efficiency was achieved compared to traditional flat
plate collectors. This improvement can be attributed to factors such as enhanced heat
transfer, reduced thermal losses, and improved solar energy absorption. The resulting
higher hot water temperatures and substantial reduction in CO2 emissions demonstrate
the potential of nanofluids and PTC technology in advancing sustainable water heating
solutions [68]. Table 2 provides a comprehensive overview of experimental and numerical
studies investigating the impact of nanofluids on PTCs.

Table 2. Impact of nanofluids on PTCs.

Ref Location Analysis Base Fluid Nano
Material

VF
(%)

PS
(nm) ηth ↑ (%) Findings

[67] Algeria EXP Therminol-VP-1 CuO, TiO2,
Al2O3, SiO2

4 - 1.03%, 0.97%,
0.97%, 0.81%

Nanoparticles boosted PTC outlet temperature by
up to 9.57%, enhancing efficiency by 1.03%. An
increased pressure drop was observed.

[69] Greece EXP Syltherm 800 Al2O3, TiO2 3 - 0.7
The hybrid nanofluid composed of TiO2 and
Al2O3 outperformed both individual TiO2 and
Al2O3 nanofluids in the studied parameters.

[68] Egypt EXP Water, EG MWCNT - 50 28%
Integrating MWCNT nanofluid into a PTC
significantly enhanced thermal efficiency, leading
to substantial reductions in CO2 emissions.

[70] Saudi
Arabia NUM Syltherm-800 Al2O3,

MWCNT 1–2 21 2.3
The optimal combination of 2% Al2O3 and 1%
MWCNT nanofluids within a PTC yielded the
highest thermal efficiency of 70.54%.

[71] India EXP Water CuO
0.05,

0.075,
0.1

10 5.15%, 51.19%,
53.26%

Enhanced efficiency by up to 53.26% compared to
water, with a corresponding 1.08% increase in cost.

[72] China NUM Therminol-VP-1
Syltherm-800 Cu <10 100 7.99

Nanoparticles enhance heat transfer but also
increase pressure drop, with Syltherm 800
demonstrating better performance than
Therminol VP1.

[73] Saudi
Arabia EXP Water Al2O3,

MWCNT
0.1–
0.3 <100 18

Enhanced thermal conductivity and heat transfer
capabilities of the nanofluid, resulting in higher
energy storage capacity and overall
system performance.

[74] Saudi
Arabia EXP

Therminol VP-1,
Therminol 75,
Syltherm-800

TiO2, Al2O3 1.5 - 0.48%, 1.61%,
0.87%

Al2O3-TiO2 hybrid nanoparticles with
Syltherm-800 as the base fluid in a PTC improved
thermal and exergy efficiency.

[75] India EXP Water CuO, Al2O3 0.05 20 to 40 44 Among all the materials tested, CuO exhibited the
highest thermal efficiency.

[76] India EXP Water Al2O3 0.06 <20 29
The improved thermal efficiency was primarily
due to a decrease in energy losses and the
prevention of nanoparticle sedimentation.

[77] Iran EXP Water CuO 0.08 <100 52
A general upward trend in thermal efficiency,
ranging from 18 to 52%, was observed as the
nanoparticle volume fraction increased.

[78] South
Korea EXP Water CeO2, Al2O3,

TiO2
3 - 27

Among the nanofluids tested, CeO2/water
exhibited the most significant enhancement in
thermal efficiency, followed by TiO2 and Al2O3.

[79] Iran EXP EG MWCNT, SiO2 0.3 4,6 30
MWCNT/EG nanofluid demonstrated a superior
thermal efficiency compared to its
SiO2/EG counterpart.

[80] Mexico EXP Water Al2O3 3 10 28

The thermal performance of a solar collector is
significantly influenced by its incidence angle,
with even slight increases leading to appreciable
improvements in thermal efficiency.

[81] India EXP Water Fe3O4 0.6 - 1.6
The combined application of fins and nanofluid
resulted in an 87% increase in the heat transfer
coefficient.

[82] Iran EXP Mineral oil MWCNT 0.03 10 7

The incorporation of MWCNTs into mineral oil
significantly enhanced the overall efficiency of
PTC systems compared to those utilizing pure
mineral oil.
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Table 2. Cont.

Ref Location Analysis Base Fluid Nano
Material

VF
(%)

PS
(nm) ηth ↑ (%) Findings

[83] Turkey EXP Therminol-VP-1 CuO, Al2O3,
Fe3O4

3 - 0.2

In terms of thermal efficiency, Al2O3/Therminol
nanofluid demonstrated superior performance
compared to CuO/Therminol, while
Fe3O4/Therminol exhibited the lowest efficiency
among the tested nanofluids.

[84] Greece NUM Syltherm 800 CuO, Al2O3 4 - 1.3 The CuO/Syltherm nanofluid exhibited the
highest thermal efficiency among all fluids tested.

[85] Pakistan EXP Water Al2O3, Fe2O3 0.30 20 to 40 13
Al2O3/water nanofluid outperformed
Fe2O3/water nanofluid in terms of
overall performance.

[86] Iran EXP Water CuO 0.01 30 79

The combined use of CuO/water nanofluid and
metal foam within a PTC system resulted in
superior thermal efficiency when compared to the
individual application of either component.

“VF”—volume fraction, “PS”—particle size, “ηth”—thermal efficiency, “↑”—Increased.

Alhamayani et al. optimized a PTC using a hybrid nanofluid comprising 2% Al2O3

and 1% MWCNTs in Syltherm-800 [70]. An artificial neural network (ANN) model accu-
rately predicted system performance with an R2 value of 99.99%. R2 is a statistical measure
that indicates the proportion of variance in the dependent variable (system performance)
that is predictable from the independent variables (input features). An R2 value of 99.99%
implies that the model explains nearly all the variation in the system’s performance, reflect-
ing a high degree of accuracy in the predictions. The optimized system demonstrated an
8% increase in dynamic viscosity and a 9% increase in thermal conductivity compared to
the base fluid, leading to a 70.54% thermal efficiency. While this improvement was accom-
panied by a 26.2% increase in pressure drop, the overall enhancement in energy conversion
efficiency highlights the potential of nanofluids in optimizing solar energy systems [70]. A
study investigated the influence of CuO-H2O nanofluid on PTC performance. By varying
nanofluid concentrations and mass flow rates, efficiency increases of up to 53.26% were
achieved compared to water. The enhanced performance is attributed to reduced radiation
and convection losses, despite a 1.08% increase in cost. Future research should focus on
long-term stability and pressure drop analysis for large-scale systems [71]. The efficiency
enhancements of approximately 0.48%, 1.61%, and 0.87% were reported using TiO2 and
Al2O3 nanoparticles dispersed in Therminol VP-1, Therminol 75, and Syltherm-800, respec-
tively, at a volume fraction of 1.5%. These variations in thermal efficiency are primarily
attributed to the differences in base fluid types used in the study [74].

These improvements were primarily achieved due to the enhanced thermophysical
properties of nanofluids, such as increased thermal conductivity, higher specific heat capac-
ity, and improved thermal stability. These properties promote more efficient heat transfer
between the working fluid and the absorber tube, leading to faster energy absorption and
reduced heat losses. Moreover, the uniform dispersion of nanoparticles minimizes thermal
resistance and facilitates better energy conversion. The optimization of nanoparticle type,
concentration, and base fluid also played a crucial role, enabling fine-tuning of fluid behav-
ior to maximize thermal efficiency while managing pressure drop and viscosity challenges.

4.2. Nanofluids in Solar Power Tower Collectors

Although fewer in number compared to PTC studies, investigations on the application
of nanofluids in SPTC systems have shown promising results. Enhanced thermal transport
properties of nanofluids support higher receiver temperatures and better energy absorption
in central receivers. Section 6 compiles various simulation-based studies that evaluate how
nanofluid parameters impact the thermal efficiency and operational performance of SPTCs.
Abu et al. numerically explored an SPTC thermal power plant, analyzing the performance
of a thermal storage tank and heat exchanger using nanofluids [87]. Numerical results
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showed that the temperature profiles of the melted salt and steam fluctuated slowly due to
the high thermal capacitance of the tanks. While the graphen oxide-distilled water (GO-
DW) mono nanofluid exhibited superior performance, the GO/SiO2-DW hybrid nanofluid
offered a more cost-effective solution [87]. Table 3 provides a comprehensive overview of
experimental and numerical studies investigating the impact of nanofluids on SPTCs.

Table 3. Impact of nanofluids on SPTCs.

Ref Location Analysis Base Fluid Nano
Material VF (%) PS

(nm)
ηth ↑
(%) Findings

[87] Saudi
Arabia NUM Distilled Water SiO2, GO - - -

GO-DW mono nanofluid exhibited superior performance
and GO/SiO2-DW hybrid nanofluid offered a more
cost-effective solution.

[88] Malaysia NUM 0.6 NaNO3 +
0.4 KNO3

Al2O3 0.5 <20 14 The addition of 0.5% Al2O3 nanoparticles to molten salt
increased thermal efficiency at a Reynolds number of 38,000.

[89] Arizona EXP Therminol
VP-1 GNP 0.001 - 10 Nanofluids offer a 5–10% efficiency boost.

“VF”—volume fraction, “PS”—particle size, “ηth”—thermal efficiency, “↑”—Increased.

A study investigated the enhancement of solar receiver tube performance in SPTC
through the addition of internal fins and nanofluids. The use of cosine heat flux distribution
resulted in a 102% improvement in receiver efficiency compared to Gaussian distribution.
Shifting the heat flux aiming point to the middle of the receiver increased thermal efficiency
by 10%. Furthermore, the incorporation of Al2O3 nanoparticles at 0.5 wt.% concentration
led to a 14% increase in overall efficiency, while internal fins reduced tube deformation and
thermal stresses, improving the receiver’s durability [88]. Taylor et al.’s study explored
the potential benefits of using nanofluids in SPTC [89]. By analyzing a notional nanofluid
receiver design, the researchers found that efficiency could be improved by up to 10%
compared to conventional systems, especially for power plants in the 10–100 MWe range.
Graphite nanofluids with low volume fractions (0.001% or less) were found to be suitable
for these applications. Laboratory-scale experiments further supported these findings,
demonstrating an efficiency increase of up to 10% under optimized operating conditions.
A financial analysis revealed that a 100 MWe SPTC in Tucson, Arizona, could generate an
additional $3.5 million per year by incorporating a nanofluid receiver [89].

4.3. Nanofluids in Solar Dish Collector

In SDC systems, the role of nanofluids is increasingly recognized for their ability
to improve thermal performance under high-concentration solar flux. Current research
focuses on optimizing nanoparticle type, size, and concentration to enhance heat transfer
rates, reduce thermal resistance, and increase the overall energy conversion efficiency.
These enhancements can make SDCs more viable for both power generation and industrial
heat applications. A numerical and experimental study employed MWCNT/thermal oil
nanofluid as the heat transfer fluid in a cylindrical cavity dish collector. Under steady-
state conditions, the thermal efficiency of the cavity receiver increased by 13.12%, and
the overall thermal performance of the MWCNT/thermal oil nanofluid improved by
4.72% [90]. A parabolic dish solar collector was studied using Al2O3, CuO, and TiO2

oil-based nanofluids in conjunction with a Brayton cycle re-heater. Among the nanofluids
tested, Al2O3 oil-based nanofluid exhibited the highest energy and exergy efficiencies at
33.73% and 36.27%, respectively. The results indicated that increasing the concentration
of nanoparticles within the receiver tube enhances convective heat transfer efficiency.
Additionally, the geometry and dimensions of the cavities in the solar dish significantly
influence its overall performance [91].

Evaluation of cubical, hemispherical, and cylindrical SDC cavity receivers using alu-
mina/oil nanofluids was performed, applying the first and second laws of thermodynamics.
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Their findings revealed that decreasing nanoparticle size and increasing nanofluid concen-
tration led to enhanced cavity thermal performance and electricity generation. Among
the cavity shapes tested, the hemispherical receiver demonstrated the highest thermal
efficiency, reaching 66.24% [92]. A numerical examination of an SDC with a spiral cavity
absorber was conducted, using four different nanoparticles: CuO, Al2O3, SiO2, and Cu. The
results indicated that Al2O3 nanoparticles exhibited the highest thermal performance, while
CuO nanoparticles outperformed the others in terms of exergy efficiency. In this study,
Al2O3/thermal oil and SiO2/thermal oil have been utilized in an SDC with a cylindrical
cavity receiver. The findings revealed that Al2O3/thermal oil demonstrated the highest
average thermal efficiency under steady-state conditions. Additionally, the heat loss coef-
ficient for Al2O3/thermal oil was lower compared to SiO2/thermal oil and pure thermal
oil [93]. A comprehensive overview of nanofluid-based SDCs is presented in Table 4.

Table 4. Impact of nanofluids on SDCs.

Ref Analysis Nano Material Cavity Shape VF (%) ηex (%) ηth (%) ηen (%) Findings

[90] NUM &
EXP MWCNT/oil Cylindrical 0.8% - 4.72 -

The thermal efficiency of the cavity
receiver increased by 4.72%
using nanofluid.

[94] NUM CuO-H2O Cylindrical 0.1–0.4% - 25.6 -

Employing a 0.1% CuO nanofluid at a
flow rate of 0.0083 kg/s, the collector’s
maximum thermal efficiency
was enhanced.

[95] EXP MWCNT/thermal
oil Hemispherical 0.8% - 13 -

Exergy and energy efficiencies were
calculated to be approximately 60.48%
and 12.94%, respectively.

[96] EXP Al2O3/oil &
SiO2/oil Hemispherical - 16 & 12 74.41 & 68.86 -

Al2O3/oil nanofluid outperformed
SiO2/oil and pure oil in reducing heat
loss from the hemispherical
cavity receiver.

[97] NUM Soybean oil-based
MXene

Hemispherical,
cubical &

cylindrical
0.025–0.125% - 0.6 -

The equivalent efficiency demonstrated
that the thermal benefits of using
nanofluids surpassed the additional
pumping energy, resulting in a net
increase in overall solar
collector performance.

[98] NUM&
EXP Water/Al2O3 Parabolic - 17.3 62.65 - Nanofluids enhance heat transfer, leading

to improved efficiency and performance.

[99] EXP Water/Al2O3 ,
ZnO Parabolic - 22.72, 15.90 - 20.06,

12.55

Al2O3 enhanced energy, exergy,
economic, exergo-economic, and
enviro-economic aspects.

[100] NUM&
EXP Oil/Al2O3

Hemispherical,
cubical &

cylindrical
0.01–0.2% - 12.9, 5.84, 1.44 -

The thermal enhancement is most
pronounced at higher temperatures,
making nanofluids a promising choice for
high-temperature applications.

[101] EXP Water/SiC Parabolic 1% 37.06 - - SiC/water nanofluid exhibited higher
exergy efficiency.

“VF”—volume fraction, “PS”—particle size, “ηth”—thermal efficiency, “ηex”—exergy efficiency, “ηen”—energy efficiency.

Nanofluids significantly enhance the thermal performance of cubical and hemispheri-
cal cavity receivers in SDC, with greater efficiency compared to cylindrical cavities. The
thermal enhancement is at higher temperatures, making nanofluids a promising choice for
high-temperature applications. The thermal enhancement is estimated at 5%. Nanofluids
increase thermal efficiency by up to 12.90% in hemispherical cavities, 5.84% in cubical
cavities, and 1.44% in cylindrical cavities. Thermal enhancement is more significant at
higher temperatures [100]. An experimental study compared the exergy efficiencies of
water and SiC nanofluids in a parabolic dish reflector receiver system. The study focused on
the impact of thermal conductivity and specific heat capacity on system performance. SiC
nanofluids exhibited a higher thermal conductivity (0.800115 W/mK) compared to water,
leading to a 17.59% increase in effective thermal conductivity. SiC nanofluids achieved a
significantly higher average exergy efficiency (37.06%) than water (21.08%). Nanofluids
carried 0.2378 kW more energy and 0.7593 kW more exergy than water for most flow rates,
contributing to the higher exergy efficiency. Overall, the study demonstrates the potential
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of SiC nanofluids to significantly improve the energy and exergy efficiency of parabolic
dish reflector receiver systems [101].

4.4. Nanofluids in Fresnel Reflector Collector

FRC, known for its lightweight and compact design, has proven to be promising
technology for CSP systems. To boost their efficiency and competitiveness, further advance-
ments are needed in energy conversion. Utilizing the distinctive properties of nanofluids,
including improved heat transfer and lower fluid viscosity, is expected to lead to consider-
able enhancements in the overall performance of these systems. Few investigations have
explored the potential of nanofluids to enhance FRC performance.

The FRC system was analyzed using nanofluids to enhance heat transfer and per-
formance. The study compared four working fluids: DW and MWCNT/DW nanofluids
with volume fractions of 0.05%, 0.1%, and 0.3%. A finite difference method was employed
to numerically solve the energy balance equations. The MWCNT/DW nanofluids exhib-
ited stable properties over six months without aggregation. Their thermal conductivity
increased by 3%, 6%, and 7% at 25 ◦C compared to DW, respectively, and further improved
with rising temperatures. Density and viscosity increased with higher volume fractions but
decreased with temperature. The MWCNT/DW nanofluid with a 0.3% volume fraction
achieved the highest thermal efficiency (33.81%), but also recorded the highest pressure loss
(2.31–4.625 Pa). All MWCNT/DW nanofluid concentrations demonstrated lower entropy
generation, making them advantageous for the system [102]. Huang et al. conducted a
numerical study on the performance of an FRC collector at a concentration ratio of 28, uti-
lizing thermal oil-based CuO and Al2O3 nanofluids [103]. The FRC was compared to PTC.
The results demonstrated that the FRC outperformed the others in terms of energy, exergy,
and entropy efficiency. When considering nanofluids as heat transfer fluids, water + Al2O3

offered the lowest levelized cost of energy (LCOE), which was 28.7% lower than water
+ CuO due to CuO’s higher purchase cost. Conversely, Thermia Oil B had the highest
LCOE at $0.48/kWh, primarily attributed to its higher fixed production costs [103]. Table 5
provides a comprehensive overview of experimental and numerical studies investigating
the impact of nanofluids on FRCs.

Table 5. Impact of nanofluids on FRCs.

Ref Location Analysis Base Fluid Nano
Material VF (%) PS (nm) ηth ↑ (%) Findings

[102] Algeria EXP DW MWCNT 0.05–0.3 8–15 33.81 ↑
The nanofluids exhibited a 3%, 6%, and 7% increase
in thermal conductivity at 25 ◦C for volume
fractions of 0.05%, 0.1%, and 0.3% respectively.

[103] Iran EXP & NUM Water/Thermal
Oil B Al2O3 , CuO 1–5 20–50 5.95 ↑

Al2O3 , which is 28.7% cheaper LCOE than water +
CuO due to the significantly higher purchase cost
of CuO.

[104] Greece EXP Syltherm 800 CuO 2,4,6 - 0.82 ↑
The optimum nanoparticle concentration is about
4% because a higher concentration does not lead to
significant thermal efficiency enhancement.

[105] Iran EXP Water Al, Ag, Ni, TiO2 0.01–2 20 10.8–11.3 ↑
Ni at a volume concentration of 0.5% led to thermal
efficiency of 11.2% in June, 10.8% in July, and 11.3%
in August.

[106] Algeria NUM Therminol 66
Oil

MXene
(Ti3C2) 0.05–0.1 - 29.38 ↑

Nanofluid with a 0.1 wt% concentration achieved an
average thermal efficiency of 58.07%, an exergy
efficiency of 12.21%, and a performance evaluation
criterion (PEC) of 15.50%.

[107] China EXP Thermal oil CuO 0.05, 0.1,
0.2 60 67.6

The thermal conductivity of CuO/oil nanofluids
with a 0.2% volume fraction was 3.8% higher than
that of the pure oil-based fluid.

[108] Iran EXP Water Gold 0.01–2 - -
At a mass flux of 100 kg/m2s, critical heat flux
(CHF) increased by 91.01%, while at 500 kg/m2s, it
increased by 114.1%.

“VF”—volume fraction, “PS”—particle size, “ηth”—thermal efficiency, “↑”—Increased.



Energies 2025, 18, 2083 14 of 37

Bellos et al. explored two common thermal efficiency enhancement techniques for a
linear FRC: the use of nanofluids (CuO in thermal oil up to 6%) and internal longitudinal
fins in the absorber. The study compared these techniques individually and in combination.
For a 600 K inlet temperature, the final evaluation revealed the following: a smooth
absorber with 4% nanofluid: 0.28% thermal efficiency enhancement; internal fins with pure
oil: 0.61% thermal efficiency enhancement; and internal fins with 4% nanofluid: 0.82%
thermal efficiency enhancement. While these enhancements are relatively small, they
highlight the potential benefits of these techniques. However, before adopting them in
LFRs, it is crucial to consider additional factors discussed in this paper [109]. This study
calculates the CHF of the FRC system. The effects of nanofluids (Al, Ag, Ni, and TiO2)
on critical heat flux length and convection heat transfer coefficient were investigated at
various concentrations (0.01–2%). Modeling results indicated that increasing nanoparticle
volume concentration improved the heat transfer coefficient. Nickel nanoparticles at 2%
volume concentration achieved a 10.6% increase compared to pure water. Dispersing nickel
nanoparticles in pure water also enhanced thermal efficiency. In June, July, and August,
thermal efficiency increased by 11.2%, 10.8%, and 11.3%, respectively, at a 0.5% nanoparticle
concentration [105].

5. Traditional Simulation-Based Evaluation of Nanofluids
Numerical modeling offers a complementary approach to experimental studies for

investigating nanofluid applications in solar collectors. Its advantages include cost-
effectiveness, time efficiency, and flexibility. Popular simulation software such as CFD,
COMSOL, OpenFOAM, ANSYS, etc., facilitate numerical analysis. The relative ease, lower
cost, and shorter timeframes associated with numerical modeling have contributed to its
prevalence in nanofluid-based solar concentrators’ research.

Traditional analytical approaches in CSP systems have primarily focused on simplified
geometries and steady-state assumptions, offering limited applicability when dealing with
complex phenomena, such as transient heat transfer, nanofluid dynamics, or heterogeneous
material properties. As these analytical models fail to capture the real-time operational
behavior of advanced CSP setups, particularly when nanomaterials are involved, numerical
simulations become indispensable. The following section explores how these simulations
have been employed to investigate nanofluid-enhanced CSP systems across different con-
figurations. Table 6 presents a compilation of simulation studies examining the integration
of nanofluids with all types of CSP.

Table 6. Traditional simulation studies on various types of CSP using nanofluids.

Ref CSP/
Location Simulation Tool Base Fluid Nano

Material VF (%) PS (nm) ηth ↑ (%) Findings

[110] SDC
Kuwait

Eulerian
two-phase model Thermal oil MgO,

MWCNT - 30,
20–30 41 Nanofluids boost thermal performance and exergy

efficiency but increase pressure loss.

[111] PTC
India COMSOL Water TiO2 0.2–0.5 20 11

The optimal configuration was achieved using a
nanoparticle volume percentage of 0.5% and a
45-degree inclination angle, resulting in superior heat
transfer and overall system efficiency.

[112]
PTC

Saudi
Arabia

CFD Water CuO, Al2O3 3–7 - 7.2 Incorporating porous obstacles and CuO nanofluids
boosted efficiency by 7.2%.

[113]
PTC

Saudi
Arabia

CFD Therminol-VP-1 Cu - - 1.6 Increasing fin height enhances thermal efficiency but
also leads to higher pressure losses.

[114] PTC
Morocco CFD Syltherm 800 MWCTN, TiO2 - - 2.5 MWCTN-TiO2/Syltherm800 hybrid nanofluid

significantly improved thermal performance.

[115] PTC
Hungary ANSYS Fluent Water Fe3O4

Graphene
0.01, 0.05,

0.1, 0.2 20–30, 1–5 0.11

Higher thermal efficiency is attributed to the
improved thermophysical properties of the
G-Fe3O4/water hybrid nanofluid, specifically its
higher thermal conductivity and lower viscosity
compared to water.
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Table 6. Cont.

Ref CSP/
Location Simulation Tool Base Fluid Nano

Material VF (%) PS (nm) ηth ↑ (%) Findings

[116] PTC
Iran CFD Therminol-VP-1 Al2O3 4 20 0.5

Application of nanofluid led to an appreciable
increase in Nusselt number compared with the
base fluid

[117]
PTC

South
Africa

CFD Therminol-VP-1 Cu, Al2O3 , Ag 6 <100 14
Among the tested nanofluids, Ag-Therminol
exhibited the highest thermal performance, while
Al2O3-Therminol demonstrated the lowest.

[118] PTC
Tunisia Python Syltherm-800

Therminol-VP-1 CuO, CeO2 1 - 34.82,
1.58

Syltherm-800 demonstrates superior performance
compared to Therminol VP1 in terms of heat transfer
enhancement.

[119] PTC
Iran 3D Numerical Water Al2O3, Cu - - -

Inserting turbulators in the form of conical helical
gear rings increased the heat transfer coefficient by up
to 57.3% while reducing total entropy generation by
32.8%, despite a rise in pump power consumption.

[120] PTC
China FlexPDE Water Cu, Al2O3 ,

Fe3O4 , TiO2
8 - -

Among the nanoparticles tested, CuO demonstrated
the highest thermal performance compared to Al2O3 ,
Fe3O4 , and TiO2 .

[121] PTC
Iran CFD Water Al2O3 1–2 - -

Al2O3 nanofluid in a PTC with direct steam
generation enhanced vapor volume fraction by 8.64%
compared to water, while increasing Nusselt number
by up to 544% under non-uniform heat flux

[109] PTC
Greece CFD Syltherm 800 CuO 6 - 1.5

The synergistic combination of nanofluids and finned
surfaces led to a substantial enhancement in both
thermal efficiency and convective heat transfer.

[122] PTC
Greece CFD Therminol-VP-1 SWCNT 2.5 10 4 Specific heat capacity also plays a critical role in

determining overall thermal performance.

[123]
SPTC
Saudi

Arabia
COMSOL Water Al2O3 1, 2 47 19 Adding 2% nanofluids to water can increase PEC by

up to 16%.

[124] SPTC
China EES Water CuO - - -

CuO increases the ERTE of a solar collector by 5.6%
under the maximum available DNI of 1000 W/m2 .

[125] SDC
Iran MATLAB Engine oil

MWCNT, SiO2 ,
Al2O3 , TiO2 ,
Fe2O3 , CuO

0.01–0.05 - 12 CuO shows the highest efficiency

[126]
SDC

China &
Iran

Numerical Water/Dowtherm MWCNT 0–0.04 20–50 - LCOE of SDC with nanofluid increased 5.5 times

[127] FRC
Greece SolidWorks Flow Syltherm 800 CuO 6 - 0.22–0.78

The nanofluid’s positive impact on thermal efficiency,
reaching 0.8%, was offset by a substantial 50% rise in
pumping energy demand.

[128] FRC
UAE

MATLAB
Numerical Water rGO-Co3O4 0.05, 0.1, 0.2 - 2.75–31.95

The mean exergy efficiency increased by 2.27%, while
the FRC optical efficiency was 41.97%.
PEC values higher than 1.

[129] FRC
Ecuador

PYTHON
Numerical Therminol VP 3 Graphite - 10–45 94

Within the temperature range of 403 K to 343 K,
receiver efficiencies were consistently high, reaching
values between 92% and 96% with nanofluid.

[130] FRC
China CFD - Ag/propylene

glycol - - 49.3
Increasing the inlet nanofluid flow velocity or
decreasing the inlet nanofluid temperature can lead to
improved thermal efficiency.

[26] FRC
China Aspen-HYSYS Water Al2O3 , CuO 0.001–0.2 - -

The economic analysis of the proposed hybrid system
revealed an LCOE of 0.0446 Euro/kWh and an SPT of
7.74 years.

“VF”—volume fraction, “PS”—particle size, “ηth”—thermal efficiency, “↑”—Increased.

5.1. Parabolic Trough Collector

Arun et al. investigated the influence of TiO2 nanofluid on PTC performance. By
varying nanoparticle concentrations and mass flow velocities, researchers optimized heat
transfer properties and efficiency. CFD simulation revealed that the combination of a 0.5%
nanoparticle volume fraction and a 45-degree inclination angle yielded the best results,
enhancing the collector’s performance by 11% compared to the base fluid. This research
underscores the potential of nanofluids in improving solar collector efficiency [111]. Nu-
merical simulations using CFD were conducted on a PTC equipped with inner longitudinal
fins and a porous tube receiver using a Cu-Al2O3/synthetic oil hybrid nanofluid. At lower
Reynolds numbers, copper nanoparticles significantly increased outlet temperature com-
pared to aluminum oxide, which had a minimal effect. Convective heat transfer improved
with higher nanoparticle concentrations, with Cu nanoparticles demonstrating three times
the effectiveness of Al2O3 [112].

The study found that using Al2O3 nanofluids in a PTC with direct steam generation
enhanced vapor volume fraction by 8.64% compared to water. CFD simulation was im-
plemented. This improvement is attributed to the enhanced heat transfer and nucleation
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site properties of the nanofluids, which facilitated more efficient bubble formation and
growth. Consequently, the Nusselt number, a key indicator of heat transfer performance,
increased by up to 544% under non-uniform heat flux conditions. However, the addition
of nanoparticles also introduced complexities, such as increased pressure drop and poten-
tial for fouling, which require further investigation. Despite these challenges, the study
demonstrates the potential of nanofluids to significantly enhance the performance of PTC
for direct steam generation applications [121]. Simulation studies on PTCs show significant
improvements in convective heat transfer, TES efficiency, and receiver tube performance
when using nanofluids. These models validate the potential of nanomaterials to reduce
temperature gradients and improve collector efficiency under variable solar input.

5.2. Solar Power Tower Collector

Salilih et al. evaluated a study on the impact of Al2O3 nanofluids with water on
a small-scale heliostat thermal power plant [123]. By incorporating nanofluids into the
condenser cooling system, the researchers achieved a 5% increase in cycle efficiency through
COMSOL simulation. This improvement is attributed to the reduced water temperature at
the condenser outlet and enhanced heat transfer properties of the nanofluid. The study also
demonstrated that increasing the nanofluid flow rate can further improve efficiency, with a
maximum enhancement of 16% observed at a 2% nanoparticle concentration [123]. EES
simulation study found that using nanoparticles in the base fluid can increase the exergetic
efficiency (ERTE) of a solar collector by 5.6% under the maximum available direct normal
irradiance (DNI) of 1000 W/m2. Additionally, the use of nanoparticles can boost hydrogen
production by 5.3% compared to the base fluid. However, increasing receiver temperature
leads to higher output power but reduces hydrogen production, potentially increasing
unit product cost. The optimal operating point for maximizing both output power and
hydrogen production was found to be at 2420 kW and 148 kg/h, respectively [124]. In
SPTCs, numerical models illustrate that nanofluids enhance the volumetric absorption and
thermal stratification within central receivers. These findings demonstrate the ability of
nanofluids to support high-temperature operations and optimize the performance of the
TES system.

5.3. Solar Dish Collector

SDCs offer a promising solution for harnessing solar energy on a large scale. However,
optimizing their performance requires a deep understanding of the complex interactions
between the solar dish components, the working fluid, and the operating environment.
Simulation studies provide a valuable tool for investigating these interactions and identify-
ing potential improvements. Askari et al. investigated the impact of six engine oil-based
nanofluids (MWCNT, SiO2, Al2O3, TiO2, Fe2O3, and CuO) on a solar concentrating pho-
tovoltaic thermal collector [125]. The performance of the system was evaluated under
various operating conditions, including nanoparticle concentration, receiver tube diameter,
concentrator surface area, receiver length, channel ratio, beam radiation, and volumetric
flow rate. MATLAB simulation and two ML models were used to predict the system’s first
and second law efficiencies [125].

Ouyang et al. investigated the impact of a hybrid nanofluid (MgO, MWCNT) on a
semi-cone parabolic dish solar collector [126]. Results showed that nanofluids significantly
enhance thermal and exergy efficiency, although they increase pressure loss. This improve-
ment is attributed to the enhanced heat transfer properties of nanofluids, which allow for
more efficient absorption and transfer of solar energy. While the use of nanofluids offers
several benefits, it is important to note that they can also increase pressure loss within
the system. This is due to the increased viscosity of nanofluids compared to base fluids.
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However, the overall benefits of using nanofluids often outweigh the drawbacks, making
them a promising option for enhancing the performance of SDCs. The use of nanofluids
in solar collectors can significantly improve heat transfer and overall performance which
has been numerically simulated. In Iran, solar collectors using nanofluids may have better
exergy efficiency during certain months compared to China. However, using nanofluids
can increase the LCOE by more than 5.5-fold in Tehran. Further research is needed to
optimize the use of nanofluids in solar collectors to balance performance gains with cost
considerations [126]. Simulations of dish collectors indicate improved thermal conduc-
tivity and reduced heat loss at the receiver, especially in high-flux concentration zones.
These studies support the application of nanofluids for enhancing compact, high-efficiency
solar receivers.

5.4. Fresnel Reflector Collector

In a study by Bellos et al., an FRC system was evaluated using CuO nanofluid dis-
persed in Syltherm 800 (6% volume concentration) as a heat transfer fluid [127]. The
collector, with a net aperture of 154 m2 and a concentration ratio of 58.36, employed curved
primary mirrors, compound parabolic secondary reflectors, and an evacuated tube receiver.
Nanofluid performance was compared to pure thermal oil at various inlet temperatures
(350–650 K) and a flow rate of 200 L/min. While the nanofluid increased thermal efficiency
by nearly 0.8%, it also required up to 50% more pumping work. To comprehensively
assess nanofluid utilization, various criteria such as exergy efficiency, overall efficiency,
and entropy generation were applied. The analysis, conducted using SolidWorks Flow
Simulation with a validated model, concluded that nanofluid operation, particularly at
higher temperatures, is beneficial [127].

A MATLAB simulation was conducted to analyze the energetic behavior of a small-
scale FRC prototype using rGO-Co3O4/water hybrid nanofluids at various concentrations
(0.05, 0.10, and 0.20 wt%) and temperatures in Blida, Algeria. At 0.20% particle loading
and 60 ◦C, thermal conductivity increased by 19.14%, while viscosity rose by 70.83% [128].
The mean heat loss coefficient decreased by 5.49% to 0.921 W/m2K. Entropy generation
decreased with higher hybrid nanoparticle concentrations, with an average reduction of
59.48% to 0.55 J/K. The FRC prototype equipped with rGO-Co3O4/water hybrid nanofluids
reduced electrical energy consumption by 19.90% to 20.30%, equivalent to an electrical
capacity increase from 549.72 to 560.69 kWh. This resulted in a CO2 mitigation from 248.97
to 253.94 kg. The LFR reflector with rGO-Co3O4/water hybrid nanofluids is a cost-effective
and environmentally friendly device [128].

Finite volume discretization and Python coding were used to solve the equations.
Receiver efficiencies of 92–96% were achieved at temperatures ranging from 403 K to
343 K. The volumetric fraction (optical depth) significantly influenced radiation absorption,
temperature profiles, and receiver efficiency. Low optical depths resulted in low solar
absorption and high reflected radiation losses, while high optical depths led to increased
solar absorption, higher temperatures near the glass, and higher convection losses. Op-
timum receiver efficiency was found at an optical depth close to 2.3 [129]. Numerical
models for FRC systems reveal enhanced heat transfer coefficients and reduced entropy
generation when employing nanofluids. The findings highlight the ability of nanomaterials
to mitigate performance losses due to receiver geometrical limitations and irregular solar
flux distribution.

Overall, the reviewed simulation studies consistently demonstrate that the integration
of nanofluids significantly improves heat transfer efficiency, reduces thermal losses, and
enhances overall energy conversion in CSP systems. These findings not only validate the
thermal advantages of nanofluids in concentrated solar configurations, but also highlight
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the limitations of conventional simulation approaches when addressing system-level com-
plexity. This justifies the need to adopt advanced Industry 4.0 tools such as AI, ML, and DT
in future studies to enable real-time monitoring, predictive modeling, and optimization of
CSP operations.

6. Industry 4.0 in CSP Systems
Industry 4.0 technologies improve energy management and reliability. The following

section explores their impact across various CSP configurations, optimizing performance
and sustainability.

6.1. Parabolic Trough Collector

Table 7 compiles the implementation of Industry 4.0 technologies on PTCs. A
study [24] focuses on utilizing AI models to predict exergy efficiency in PTC, which are vital
components of solar thermal systems. A total of six AI models, including adaptive boosting
(AdaBoost), stochastic gradient descent (SGD), and stacking regressor, were developed to
predict the exergy efficiency of PTCs utilizing molten salt-based nanofluids (Al2O3, CuO,
and SiO2). Among these models, the stacking regressor showed the highest prediction
accuracy (R2 = 0.963), followed by AdaBoost (R2 = 0.947). The results suggest that AI mod-
els, especially when applied with a combination of input variables, significantly improve
the prediction accuracy of exergy efficiency in PTCs. These advancements enhance the
energy management of CSP systems by optimizing performance, reducing inefficiencies,
and supporting better energy forecasting. Future work includes exploring advanced AI
techniques, expanding the input parameters, and incorporating experimental validations
to further improve system performance and energy management strategies [24].

The potential of AI algorithms in predicting the energy and exergy efficiencies of PTCs
using oil-based nanofluids has been analyzed. Three types of synthetic oils—Therminol
VP-1, Syltherm 800, and Dowtherm Q—were mixed with metallic oxide nanofluids (Al2O3,
CuO, and SiO2) at varying volume fractions. The research applied multiple regression
techniques, including tree-based, linear, and non-linear models, to predict the performance
of PTCs. Among the nine models tested, the classification and regression trees (CART)
and extra trees regressor (ETR) showed the highest prediction accuracy for energy and
exergy outputs, with R2 values up to 0.9999 and 0.9983, respectively. The study highlights
the robustness of AI algorithms in optimizing energy and exergy performance, offering
valuable insights into improving PTC system efficiencies. These advancements not only
enhance energy management, but also contribute to cleaner production, sustainability, and
environmental performance by reducing errors and increasing the reliability of predic-
tions [131]. Recent studies have begun to explore the potential of AI and ML algorithms to
optimize nanofluid parameters within CSP systems. These include the prediction of opti-
mal nanoparticle concentrations, thermal conductivity behavior under varying conditions,
and long-term dispersion stability, which significantly influence system performance. Such
data-driven models reduce the need for extensive physical experimentation, accelerating
development cycles.
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Table 7. Integration of Industry 4.0 technologies in PTC systems.

Ref Nanofluid Used Industry
4.0 Tool Application in CSP Findings Impact on Energy

Management

[24] Al2O3 , CuO, SiO2 AI
Exergy efficiency
prediction using

AI models

Six AI models (AdaBoost, MARS, SGD, Tweedie, Stacking,
and Voting) were developed to predict the exergy efficiency of
PTCs using molten salt-based nanofluids. The stacking
regressor achieved the highest accuracy (R2 = 0.963), followed
by AdaBoost (R2 = 0.947).

AI models, particularly Stacking and
AdaBoost, enhance prediction accuracy,
optimize performance, and contribute to
more efficient management of energy in
PTC systems.

[131]
Therminol
VP-1-SiO2 ,

Dowtherm Q-SiO2
AI

Energy and exergy
efficiency prediction

using oil-based
nanofluids

AI algorithms to predict energy and exergy efficiencies in
PTCs using oil-based nanofluids. CART and ETR models
achieved the highest accuracy, with R2 = 0.9999 for energy
and R2 = 0.9983 for exergy using Therminol VP-1-SiO2 and
Dowtherm Q-SiO2 nanofluids.

AI models like CART and ETR optimize
energy and exergy performance, leading to
more efficient PTC operation, reduced
environmental impact, and
enhanced sustainability.

[132] - AI Fault detection in PTC Detects faults in optical efficiency, flow rate, and thermal
losses with accuracy ranging from 71.72% to 90.62%.

Improved operational efficiency and
reduced maintenance costs.

[133] - AI
Heat loss detection and

monitoring in
receiver tubes

The proposed Heat LOS system uses real-time infrared
camera images and CNN deep learning to achieve 93%
accuracy in detecting thermal

Reduced maintenance costs and optimized
OPEX by enabling early intervention.

[134] Graphene and silver AI
Optimizing solar
thermal collector

efficiency

Key parameters (e.g., Deborah number, Darcy number) affect
thermal profiles, Nusselt number, and entropy generation.
ANN model improved prediction accuracy.

Enhanced thermal performance and heat
transfer efficiency, optimizing energy use
in solar thermal systems.

[135] - AI Estimation of hourly
electric production

ANN model outperformed analytical models with 96%
accuracy, predicting annual energy production of
42.6 GWh/year.

Improved accuracy in energy production
estimates, beneficial for optimizing
performance in future solar power plants.

[136] - AI Fault detection
and isolation

A three-layer neural network methodology detected faults
with over 80% accuracy, reaching 90% when all layers
were used.

Enhanced fault detection and isolation,
improving plant efficiency and
reducing downtime.

[137]
Hybrid

Non-Newtonian
Nanofluids

AI Optimizing PTC
performance

Deep learning predicted the thermal efficiency of the system,
showing higher efficiency with helical absorber tubes and
optimized flow rates. The highest thermal efficiency was
58.2% at a 4% nanoparticle concentration and Re = 5000.

Demonstrated that deep learning can
optimize CSP performance by predicting
efficiency, and highlighted the benefits of
using hybrid nanofluids and helical
absorber tubes in enhancing heat transfer
and energy efficiency.

[70]
Al2O3-

MWCNT/Syltherm-
800

ML Optimizing PTC
performance

The addition of 2% Al2O3 , 1% MWCNT/Syltherm-800 yields
the highest thermal efficiency (70.54%). ML showed an R2

value of 99.99%.

Enhanced thermal efficiency and reduced
computation time for outlet
temperature prediction.

[138] - DT, ML PTC in the Mexican
dairy industry

DT model, combined with ML, accurately predicted energy
and cost indicators. Optimization identified the best solar
collector configurations for various climates.

Emphasized the value of DT models in
optimizing energy systems, enhancing
efficiency, and reducing environmental
impacts in industrial applications.

[139] - ML
Predicting transient

heat transfer in
sensible heat storage

ML tool showed the best prediction accuracy with errors
below 1.45%. The method reduces the computational time for
transient simulations.

Reduces computational effort, improves
site selection, and accelerates
design processes.

[140] - ML
Enhancing efficiency

with corrugated
tube receivers

The Huber model predicted friction factors with R2 = 0.97, the
support vector regression (SVR) model predicted the Nusselt
number with R2 = 0.96. Enhancements in thermal efficiency
(9%), Nusselt number (132%), and friction factor (38%).

Enhances CSP collector performance,
optimizing energy transfer and reducing
energy input needs.

An AI methodology for fault detection in a 50 MW PTC plant using a defocusing
strategy has been investigated. The methodology detects faults in optical efficiency, flow
rate, and thermal losses. Simulations demonstrate detection accuracies ranging from 71.72%
to 90.62%, improving the operational efficiency of the plant and potentially reducing
maintenance costs. Future work includes applying these methods to other plants and
considering real plant testing [132]. The Heat Loss Out (Heat LOS) system for real-time,
non-intrusive evaluation of thermal losses in PTC receiver tubes was analyzed. By using
infrared camera images processed with deep learning, the system achieves up to 93%
accuracy in identifying heat losses, reducing the need for manual inspections. This solution,
tested at the Green Energy Park in Morocco, allows for efficient monitoring of absorber
tubes, improving operational efficiency and reducing maintenance costs [133].

A study investigated the heat transfer performance of a Jeffrey hybrid nanofluid con-
taining graphene and silver nanoparticles with gyrotactic microorganisms, flowing through
a porous medium in a PTC. The study models the system using the principles of mass,
momentum, energy, concentration, and microorganism concentration. The results reveal
that various parameters, such as Darcy number, Deborah number, and thermophoretic
diffusion, significantly affect thermal profiles and heat transfer. The ANN model, using the
Levenberg–Marquardt algorithm, further enhances the accuracy of these predictions. The
findings support improvements in the efficiency of solar thermal systems, especially for
CSP applications [134].
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Zaaoumi et al. investigated three models for estimating the hourly electrical output
of a PTC solar thermal power plant located in Ain Beni-Mathar, Morocco [135]. The first
two models are analytical, focusing on heat losses and thermal efficiency, while the third
model uses an ANN. The ANN model demonstrated superior accuracy, with an R-value of
96%, providing an estimated annual energy production of 42.6 GWh/year, compared to
the operational value of 44.7 GWh/year. The ANN model proves effective for estimating
energy production, offering valuable insight for future projects in Morocco and similar
regions [135].

A deep learning-based methodology for detecting and isolating faults in parabolic-
trough plants was studied. The approach uses a three-layer hierarchical model that com-
bines an ANN with an analysis of flow rate dynamics and thermal losses due to defocusing.
The methodology was applied to a simulation model of the ACUREX plant, achieving
over 80% accuracy in fault detection, with accuracy exceeding 90% when all layers were
activated. The proposed methodology improves fault diagnosis, offering the potential
for optimizing plant performance and reducing maintenance costs. Future work includes
applying the methodology to real plants and enhancing it to handle multiple simultaneous
faults [136].

Another study investigates the impact of using a helical absorber tube in a double-
fluid PTC filled with hybrid non-Newtonian nanofluids. The research, employing AI
tools such as ANN, successfully predicted the system’s thermal efficiency. The helical
absorber tube improved efficiency, reaching a maximum of 58.2% at a 4% nanoparticle
concentration and Re = 5000. The findings highlight the effectiveness of using deep
learning for optimizing energy systems and suggest that hybrid nanofluids and helical
absorber tubes can significantly enhance heat transfer and overall energy efficiency in CSP
applications [137].

Optimizing PTC performance using hybrid nanofluids (Al2O3-MWCNT/Syltherm-
800) at varying concentrations [70]. A mathematical model and three ML models (decision
tree, SVM, and ANN) were developed to predict PTC outlet temperature. The results show
that 2% Al2O3 and 1% MWCNT/Syltherm-800 achieved the highest thermal efficiency
of 70.54%. The ANN model proved most accurate, with an R2 value of 99.99%. The
study also demonstrated improvements in dynamic viscosity, thermal conductivity, and
pressure drop with hybrid nanofluids, providing insights for better solar thermal energy
management [70].

DT model along with ML and multi-objective optimization to improve a PTC system
in the Mexican dairy industry were applied in a study [138]. The model, using the Gaussian
process for prediction, effectively estimated performance indicators. The optimization
process identified the most efficient solar collector configurations for various climates.
The findings underscore the importance of DT models in optimizing industrial energy
systems, enabling better decision-making, improving efficiency, and balancing economic
and environmental factors [138].

ML methodology was developed for predicting the transient heat transfer performance
in sensible heat storage systems used with direct steam generation in PTC thermal power
cycles [139]. The Gaussian process regression model demonstrated high prediction accuracy,
with a minimal error of 1.45% for a 14-day operation at Bawean Island. This approach
significantly reduces computation time compared to traditional simulations, benefiting
the site selection and plant design stages by improving temperature control management
and enabling faster analysis [139]. ML models, specifically the Huber and SVR models,
demonstrated high accuracy in predicting friction factors and Nusselt numbers, making
them valuable for optimizing heat transfer processes in CSP systems [140].
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6.2. Solar Power Tower Collector

An overview of how Industry 4.0 technologies are applied to SPTCs is presented in
Table 8. The application of AI in optimizing heliostat calibration for SPTC systems was
studied [141]. By using self-normalizing neural networks and transfer learning, the study
achieved a 0.42 mrad precision—three times more accurate than the best existing regression
algorithms. This method reduces tracking errors, enhancing the efficiency of solar energy
generation in SPTCs. The research demonstrates that neural networks, when pretrained on
suitable datasets, can optimize calibration and energy management in CSP systems [141].
The safety assessment of AI applications for heliostat calibration in SPTC systems has been
analyzed. The authors performed a sensitivity analysis on a neural network, showing that
errors caused by noisy data were kept below 0.02 mrad, even with small datasets. This
ensures the reliability and safety of AI-driven calibration, addressing concerns about its
deployment in critical infrastructure. The study emphasizes the potential for AI to improve
operational efficiency and reduce risks in CSP systems [142].

Table 8. Integration of Industry 4.0 technologies in SPTC systems.

Ref Industry
4.0 Tool Application in CSP Findings Impact on Energy

Management

[141] AI Optimizing heliostat calibration

A deep learning-based method using self-normalizing
neural networks and transfer learning achieved a heliostat
calibration accuracy of 0.42 mrad, three times more accurate
than the best regression algorithm.

Improved heliostat calibration leads to enhanced accuracy
and efficiency in SPTC operations, reducing tracking
errors and improving energy generation efficiency.

[142] AI Safety assessment of AI in
heliostat calibration

Sensitivity analysis of a neural network for heliostat
calibration showed that measurement errors due to noisy
data were guaranteed to be below 0.02 mrad, even with
small datasets (as few as 30 data points).

Ensures reliable calibration, reducing risks and improving
system efficiency.

[143] AI Optimizing heliostat
surface prediction

The iDLR method predicted heliostat surfaces with high
accuracy (MAE of 0.14 mm) based on target images,
achieving 92% accuracy in flux density predictions.

Increases efficiency by improving flux density
distribution, reducing the need for recalibration, and
optimizing power plant operations.

[144] ML Optimizing hybrid performance

The GWO-HSVR ML model was the most accurate in
predicting turbine and PV output. The SPTC-PV system
outperformed both SPTC-PV and stand-alone PV modules,
achieving an electrical output of up to 8.36 MW.

Enhances hybrid system efficiency, optimizes
performance based on location, and increases overall
electrical and thermal energy production.

[145] ML Optimizing the EOR factor with
solar-assisted carbon capture

The integration of SPTC heliostats and PV systems reduced
the energy penalty factor from 21.2% to 7.4%, while the
decision tree model achieved an R2 of 0.98, forecasting an
increase in the EOR factor from 19% to 43.16%.

The solar-assisted system, coupled with ML, reduces
energy consumption and enhances EOR performance,
improving overall system efficiency.

[146] DT Optimizing solar
chimney performance

DT model, using both multivariate regression and
MLP-ANN, successfully predicted performance parameters.
The optimized design through DT showed significant
improvements in air changes per hour, energy efficiency, and
environmental impact, with improvements of up to 87%.

Enhances building energy efficiency by integrating
passive solar chimney systems, providing real-time
optimization and performance projections, and reducing
energy consumption and environmental emissions across
different climatic zones.

A study introduces the Inverse Deep Learning Ray Tracing (iDLR) method, which
uses deep learning to predict heliostat surfaces from target images obtained during cali-
bration [143]. The method achieved high accuracy in predicting the heliostat surface with
a median mean sbsolute error (MAE) of 0.14 mm. When integrated into a ray-tracing
environment for flux density predictions, iDLR surpassed the ideal heliostat assumption,
achieving 92% accuracy. The approach is cost-effective, as it requires only software and
data already available from routine operations. By improving flux density distribution
and optimizing the overall operation of CSP plants, iDLR enhances efficiency and energy
output [143].

Salari et al. investigated the performance of a hybrid SPTC integrated with a pho-
tovoltaic thermal system, comparing it to conventional SPTC and SPTC-PV configura-
tions [144]. The research applies ML models, specifically support vector regression (SVR)
with various kernels, optimized by the Grey Wolf Optimizer (GWO), to predict and enhance
system performance. Results indicate that the SPTC-PVT system outperforms both SPTC
-PV and stand-alone PV modules, providing up to 8.36 MW of electrical output. The GWO-
HSVR model showed the highest prediction accuracy. The hybrid system optimizes both
electrical and thermal production, making it suitable for locations with varying weather
conditions, with San Diego proving to be the most optimal location for this setup [144].
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A solar-assisted approach to enhance the performance of Enhanced oil recovery (EOR)
systems, integrating solar tower heliostats, photovoltaic systems, and energy storage to
minimize the energy penalty of post-combustion carbon capture has been explored [145].
The hybrid system reduced the energy penalty from 21.2% to 7.4%, while ML models,
particularly the decision tree, significantly improved the prediction accuracy (R2 = 0.98)
of the EOR factor, increasing it from 19% to 43.16%. The integration of solar energy with
advanced carbon capture and predictive models presents an energy-efficient, sustainable
solution for EOR, reducing carbon emissions by 64.76% and minimizing fossil fuel depen-
dence. The results demonstrate a scalable and environmentally friendly pathway for oil
recovery in high-emission regions, contributing to global sustainability goals [145].

DT models have been used to optimize the performance of building-integrated solar
chimneys, incorporating both multivariate regression and multilayer perceptron artificial
neural network (MLP-ANN) techniques. The DT model provided precise predictions of
air changes per hour, energy efficiency, and environmental impact, achieving substantial
performance enhancements of up to 87%. A multi-objective optimization approach was
used with NSGA-II genetic algorithms and Technique for Order Preference by Similarity to
Ideal Solution (TOPSIS) to fine-tune solar chimney configurations, resulting in improved
performance across various climatic zones. The findings highlight the potential of DT in
real-time performance monitoring and optimization, contributing to improved building
energy efficiency, reduced energy consumption, and a lower environmental footprint. The
research advocates for the global integration of passive solar chimney systems, especially
in regions with high air-conditioner usage, and for building retrofitting [146].

6.3. Solar Dish Collector

Table 9 provides an overview of the application of Industry 4.0 technologies to
SDCs. The integration of AI models like Adaptive Neuro-Fuzzy Inference Systems-Particle
Swarm Optimization (ANFIS-PSO) has been studied to optimize the performance of an
SDC/Stirling system. The findings show that power generation increases with enhanced
solar radiation and concentration factors. ANFIS-PSO demonstrated superior predictive
accuracy for global efficiency and engine speed. The energy management improvements
suggest optimized system operation, reduced energy consumption, and better resource
allocation [147].

Table 9. Integration of Industry 4.0 technologies in SDC systems.

Ref Nanofluid Used Industry
4.0 Tool Application in CSP Findings Impact on Energy

Management

[147] - AI Optimizing the
SDC/Stirling system

The ANFIS-PSO method optimized power generation,
global efficiency, and engine speed under
various parameters.

The model improves system efficiency by optimizing
power output, reducing heat loss, and
enhancing performance.

[148] - AI Exergo-economic analysis

The ANN-Improved Particle Swarm Optimization
(ANN-IPSO) model provided highly accurate
predictions for exergy efficiency (R2 = 0.9903) and
product cost (R2 = 0.9948), outperforming
ANN alone.

Enhances forecasting accuracy, leading to optimized
system efficiency and reduced operational costs.

[149] - AI
Optimizing SDC
performance for

hydrogen production

ANN predicted heat flux with R2 = 0.979, RMSE =
0.438, and MAPE = 0.32%. Uniformity parameter
prediction achieved R2 = 0.925.

AI-based modeling reduces computational costs and
optimizes SDC configurations for efficient
hydrogen production.

[150] MWCNT-
Thermal Oil ML Optimizing SDC

performance

ANFIS-EO outperformed ANN and ANFIS, achieving
an R2 of 0.99999 and reducing RMSE by up to 91.86%.
Thermal efficiency improved by 10% using nanofluid.

Enhances prediction accuracy, reducing experimental
costs and optimizing CSP efficiency.

[151] - ML Optimizing SDC
performance

The integrated optical-thermal model combined with
ANN Exponential Linear Unit (ELU activation)
achieved R2 = 0.97, RMSE = 0.49, and MAPE = 5.38%.

ML-assisted modeling reduces computational
expenses and improves thermal
performance predictions.

AI tools like ANN and IPSO were used for predicting the exergo-economic perfor-
mance of a combined solar dish and desalination system. The hybrid ANN-IPSO model
demonstrated superior accuracy in forecasting exergy efficiency and specific unit cost, out-
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performing traditional ANN models. The findings highlight the effectiveness of AI-driven
modeling in optimizing system performance, improving energy efficiency, and reducing
operational costs. [148].

A study integrated optical and thermal analysis with deep learning to optimize a solar
parabolic dish cavity receiver system for hydrogen production [149]. The ANN model
accurately predicted heat flux and uniformity parameters, reducing computational effort
compared to iterative optical simulations. A 3D CFD model incorporating a non-uniform
heat flux distribution was validated, showing a maximum cavity temperature deviation of
75 K over time. The ZnO dissociation process resulted in a zinc mass fraction of 0.71 and an
oxygen molar flow rate of 1 × 10−5 mol/s. The findings support AI-assisted optimization
for efficient solar-driven hydrogen production [149].

Another study employs ML tools of ANFIS integrated with the equilibrium opti-
mizer (EO) to predict and optimize the thermal performance of SDC with a cylindrical
receiver [150]. The ANFIS-EO model outperformed ANN and standalone ANFIS in predic-
tion accuracy, achieving an R2 of 0.99999 and significantly reducing RMSE. Using MWCNT
thermal oil nanofluid resulted in a 10% thermal efficiency enhancement. The findings
highlight the potential of ML-driven modeling in improving CSP performance while mini-
mizing costly experimental efforts. Future work should explore additional metaheuristic
approaches to further refine prediction accuracy [150].

A study developed an integrated optical-thermal model combined with an ML tool
of deep learning to estimate the performance of a 40 m2 parabolic dish collector under
varying inclinations and wind conditions [151]. The deep learning model, using ELU
activation, demonstrated high accuracy with R2 = 0.97, RMSE = 0.49, and MAPE = 5.38
percent, effectively predicting thermal performance. This approach reduces computational
expenses and provides a reliable alternative to complex simulations, enhancing CSP system
efficiency [151].

The integration of Industry 4.0 technologies in SDC has seen significant advancements,
particularly in the design, thermal performance, and techno-economic analysis of SDC.
These systems have demonstrated high flexibility in distributed energy applications, with
generation capacities ranging from 1.0 to 38.8 kW and overall efficiencies between 13%
and 32%. Hybridization with micro gas turbines has further enhanced their performance,
achieving efficiencies between 18.35% and 26.48%. These findings highlight the potential
of SDC in providing sustainable, cost-effective solutions for energy generation, though
further efforts are needed to promote their commercial viability [25].

In parallel, the application of hybrid AI models has proven to be a valuable tool for
performance prediction in SDCs. The development of the RVFL-CHOA model, which inte-
grates the Random Vector Functional Link (RVFL) network with the Chimp Optimization
Algorithm (CHOA), has demonstrated superior prediction accuracy for both instantaneous
power output and monthly power production. The model achieved determination coeffi-
cients of 0.9992 and 0.9108, respectively, alongside minimal error values, showcasing the
effectiveness of AI in enhancing the prediction and optimization of SDC performance [152].

6.4. Fresnel Reflector Collector

Table 10 offers a summary of the integration of Industry 4.0 technologies into FRCs.
The optimization of a linear FRC using an AI tool like Monte Carlo Ray Tracing (MCRT) and
Improved Prey Predator Optimization Algorithm (IPPOA) have been implemented [153].
Three configurations—small, medium, and fully optimized—were analyzed, achieving
efficiencies of 42%, 47%, and 48%, respectively. The IPPOA method consistently outper-
formed other algorithms in optimizing parameters such as mirror spacing. The thermal
efficiency reached approximately 93%. The findings suggest that while the fully optimized
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model maximizes efficiency, the medium-sized model offers a balance between cost and
performance [153].

Table 10. Implementation of Industry 4.0 technologies in FRC systems.

Ref Industry
4.0 Tool Application in CSP Findings Impact on Energy

Management

[153] AI Optimizing FRC performance IPPOA achieved efficiencies of 42%, 47%, and 48% in
different cases. MCRT modeling had 97% precision.

AI-driven optimization enhances FRC efficiency,
improving cost-effectiveness and thermal performance.

[154] ML Performance prediction

The Relevance Vector Machine–Simulated Annealing
Algorithm (RVM-SAA) model outperformed RVM and
ANN, achieving R2 values of 0.9997 for thermal power and
0.9988 for outlet oil temperature. RMSE values were 0.4090
and 2.5150, respectively.

Enhanced predictive capabilities for FRC system
performance, improving long-term operation monitoring
and optimization.

[155] ML Performance prediction
K-nearest neighbors (KNN) demonstrated the highest R2 of
98.81% and MAPE of 1.975%, outperforming other ML
models for predicting output power.

Enhanced prediction accuracy for operational
optimization, leading to better energy management and
system efficiency.

[156] DT False data injection detection in
outlet temperature sensor

The neuro-fuzzy detector, based on ANFIS, demonstrated
over 97% detection accuracy in identifying false data
injections affecting the outlet temperature sensor of FRC.

Improved system reliability and security by accurately
identifying and mitigating cyber-attacks, ensuring
continuous operation and performance of the solar plant.

[157] DT DT for solar cooling optimization

The DT models, both ANFIS and PDE-based, successfully
simulated the operation of an FRC for cooling applications,
achieving excellent accuracy with a worst-case mean
absolute percentage error of 2.49%.

Enabled optimization and control of the cooling plant,
offering enhanced predictive control, adaptation to plant
aging, and faster twinning for operation improvement

The performance of a large-scale FRC system with an evacuated compound receiver
and thermal oil energy storage was tested in Al-Khobar, Saudi Arabia, with the assistance
of ML models [154]. The system achieved an energy efficiency of 35.10% and an exergy
efficiency of 7.82%, with thermal oil temperatures reaching up to 213.25 ◦C. ML models,
specifically the RVM and an enhanced version combining RVM with the SAA, were used
to predict the system’s performance. The RVM-SAA model significantly outperformed
traditional models, providing high prediction accuracy for thermal power production and
outlet temperature. The RVM-SAA model achieved the highest R2 values and lowest RMSE
and other error metrics, demonstrating its superiority for performance prediction [154].

Meligy et al. investigated the predictive performance of six ML models (multilayer
perceptron, LSTM, random forest, k-nearest neighbors, decision trees, and extreme gra-
dient boosting) for forecasting the output power of a linear FRC solar plant in Nicosia,
Cyprus [155]. The analysis, using data from May 2018 to September 2019, demonstrates
that the k-nearest neighbors (KNN) model outperforms all other algorithms with an R2

of 98.81% and a mean absolute percentage error (MAPE) of 1.975%. The KNN model’s
efficiency, both in accuracy and training time, makes it highly suitable for practical applica-
tions. Additionally, the KNN model was found to outperform the ISO9806 physical model,
offering improved estimation accuracy and a simpler implementation process [155].

DT model based on Adaptive Neuro-Fuzzy Inference Systems (ANFIS) to identify false
data injections (FDI) was employed in the outlet temperature sensor of an FRC system [156].
The proposed system detects three scenarios: normal operation, negative data injection,
and positive data injection. Simulation results indicate that the detector performs with
over 97% accuracy and precision in detecting FDI, providing a robust solution to safeguard
against cyberattacks on the solar plant’s control system. The approach, integrating ANFIS
and Principal Component Analysis (PCA), proves reliable for maintaining operational
integrity, with potential for future application to other variables and the development of an
FDI-tolerant control system [156].

DT of a FRC has been integrated into an absorption cooling plant [157]. Two dy-
namic models are employed: one based on ANFIS and another using phenomenological
modeling through Partial Differential Equations (PDE). Both models were validated with
real operational data and demonstrated excellent accuracy, with ANFIS offering faster
computational times. The models capture the effect of mirror defocus on temperature
dynamics and are adaptable to changes such as plant aging or process modifications. This
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research contributes to advanced optimization and predictive control techniques for solar
cooling systems, enabling better operation and future scientific advancements [157].

7. Challenges in CSP
7.1. Nanofluid Incorporation

Nanofluids face various challenges, including erosion, corrosion, high production
costs, nanoparticle size and concentration effects, increased pumping requirements, pres-
sure drop, instability, and changes in viscosity.

• Obstacles to nanofluid preparation: Nanofluids are prepared using one-step or two-
step methods; the two-step method risks stability issues, while the one-step method
may introduce impurities affecting performance [16].

• Selecting appropriate base fluids and nanoparticles: The selection of base fluid and
nanomaterials in nanofluids depends on heat capacity, viscosity, and solubility; hy-
brid nanofluids improve heat transfer, with oil-based ones for lubrication and wa-
ter/ethylene glycol-based ones for cooling, while performance depends on nanoparti-
cle size, concentration, and pumping power [16].

• Substantial production costs: Nanofluid production is complex and costly; the one-
step method ensures stability but has low yield and high costs, while the two-step
method is efficient for large quantities but expensive, driving research toward more
economical solutions [16].

• Stability: Nanofluid stability is crucial; surfactants enhance stability but may reduce
thermal conductivity, while higher nanoparticle concentration boosts conductivity but
can hinder stability [16].

• Sedimentation: It remains a key barrier to long-term nanofluid performance; however,
recent advancements such as nanoparticle surface functionalization, use of advanced
surfactants, and ultrasonication techniques have significantly improved dispersion
stability [16].

• Erosion and corrosion: Erosion and corrosion are challenges in thermal nanofluids;
studies show ZrO2 and TiO2 cause high corrosion, while SiC has minimal impact, with
long-term effects in solar collectors linked to nanoparticle accumulation [16].

• Environmental consequences: The disposal of nanofluids, especially those containing
hazardous nanomaterials, raises serious environmental concerns. Improper disposal,
such as landfilling or incineration, can release toxic substances into the air, contributing
to environmental degradation and posing risks to both human and biodiversity. To
mitigate these concerns, further research is needed to explore alternative, eco-friendly
disposal methods and develop biodegradable nanomaterials, which could help mini-
mize the environmental footprint of nanofluids in energy systems and promote a more
sustainable approach to their lifecycle [16].

7.2. Industry 4.0 Implementation

As already noted, the integration of Industry 4.0 technologies into the renewable
energy sector presents significant opportunities for optimizing energy production, effi-
ciency, and sustainability. However, the widespread implementation of these advanced
digital tools faces a range of challenges, spanning technical, regulatory, economic, and
social dimensions. Addressing these challenges is crucial to unlocking the full potential
of digital technologies and ensuring their successful deployment across the renewable
energy landscape.

• Technical and Regulatory Challenges: These include technical issues such as system
malfunctions, interoperability problems, unreliable connectivity, and cybersecurity
risks. Regulatory hurdles involve the lack of clear frameworks and standards for
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digital technology integration in renewable energy systems, as well as the challenge of
keeping up with rapid technological advancements [20].

• Economic and Social Challenges: High capital costs, uncertain return of investment
(ROI), and energy consumption of digital technologies are significant economic bar-
riers. Social challenges include job displacement due to automation and the need
for workforce retraining, as well as addressing the digital literacy gap among users
and maintenance staff [20]. Predictive analysis frameworks in DT systems, as seen
in study [158], enable proactive maintenance, reducing downtime, preventing costly
repairs, and extending equipment lifespan [158]. Performance optimization frame-
works reduce energy waste and operational costs, enhancing economic sustainability
by lowering production costs and supporting affordable renewable energy [159]. Risk
and fault assessment frameworks, like the proactive approach, enable early issue de-
tection, reducing downtime and minimizing costly reactive maintenance, improving
economic resilience in renewable energy plants [160].

• Data Integration and Interoperability Challenges: Effective implementation of Indus-
try 4.0 in renewable energy relies on the seamless integration of diverse data sources,
such as sensors, weather forecasts, and historical performance data. Ensuring inter-
operability across different technologies and standards while transforming legacy
systems into digital formats is a significant hurdle [47].

• Workforce and Knowledge Gap: The lack of expertise in both digital technologies and
the renewable energy domain creates challenges in adopting Industry 4.0 solutions.
There is a high demand for skilled professionals, but many digital experts lack expe-
rience with specific energy technologies, further complicating the process of digital
transformation [47].

• Cybersecurity Concerns: With increased digital connectivity comes a higher risk of
cyber threats to critical infrastructure. Ensuring the security and privacy of vast
amounts of data is essential [21].

• Coordinated Defense Strategies: Due to the complexity of distributed energy resources
(DERs), it is crucial to move from isolated cybersecurity solutions to coordinated,
defense-in-depth strategies across interconnected systems like VPPs, DERMS, and
energy trading platforms. These strategies should adapt to the flexible and dynamic na-
ture of DERs, ensuring comprehensive protection against evolving cyber threats [161].

• Advanced Technologies for Resilience: To enhance cybersecurity, DER systems should
adopt blockchain and cloud/edge computing for decentralized frameworks, and
software-defined networks (SDN) for better visibility and control. Additionally, large
language models (LLMs) can be utilized for intelligent, real-time decision-making,
strengthening defense mechanisms and ensuring a proactive response to threats [161].

8. Future Prospects for Research
As CSP technologies continue to evolve, nanofluids present significant potential

to enhance heat transfer, energy storage, and overall system performance. Despite the
promising benefits, challenges such as stability, long-term economic sustainability, and
environmental impacts must be carefully addressed. Advancing research into nanofluid
technology offers pathways for optimizing CSP systems, address existing challenges, and
enhancing solar energy management. This section provides a discussion of key findings
from recent research and outlines future research directions for the integration of nanofluids
in CSP systems, particularly focusing on nanofluid-based configurations.

• Nanofluid Enhancement: Future research will concentrate on developing nanofluids
with smaller nanoparticle sizes and enhanced dispersion properties. These improve-
ments are expected to significantly increase thermal conductivity and heat transfer
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efficiency, which are crucial for the optimal performance of CSP systems. By focus-
ing on these enhancements, future studies can push the boundaries of nanofluid
application in CSP systems, leading to greater energy capture and storage efficiencies.

• Hybrid Systems for Energy Storage: Combining nanofluids with phase change ma-
terials (PCMs) for energy storage in CSP systems is a promising avenue for future
research. Such hybrid systems could significantly improve energy storage capacity
and heat transfer efficiency, enabling CSP systems to operate more sustainably and
efficiently. This integration could prove critical for overcoming the intermittent nature
of solar energy, providing better heat retention and continuous energy supply.

• Stability and Functionalization of Nanofluids: One of the key challenges in utilizing
nanofluids in CSP applications is their stability, especially under extreme operating
conditions. Advances in functionalized nanoparticles and the development of ad-
vanced surfactants will help improve the stability of nanofluids, making them more
viable for long-term use in CSP systems, particularly in parabolic trough collectors
(PTC) and solar power tower collectors (SPTC). Overcoming these challenges is essen-
tial for the sustained operation of CSP systems in harsh environments.

• Comprehensive Evaluation of Nanofluid Viability: Future research will also need to
integrate economic, environmental, and exergy evaluations to assess the long-term
viability and sustainability of nanofluids in CSP systems. These assessments are
crucial for understanding how nanofluids can be integrated into CSP systems without
compromising environmental sustainability or leading to negative social impacts. A
balanced approach is necessary to ensure that the advantages of nanofluids outweigh
any potential downsides in their application.

• CSP’s Economic Perspective: CSP holds strong potential for large-scale renewable
integration due to its dispatchability and storage capabilities. However, its higher
levelized cost of electricity (LCoE) compared to PV and wind remains a challenge.
Despite a 68% drop in global average LCoE since 2010 and significant reductions in
capital and Operations and Maintenance costs, further cost optimization is essential.
Innovations in materials, storage, and system design alongside supportive financing
and policy frameworks are crucial to enhancing CSP’s economic competitiveness in
the global energy transition [162].

• CSP’s Environmental Perspective: Climate change has led to global efforts like the Ky-
oto Protocol and Clean Development Mechanism (CDM) aimed at reducing emissions.
CSP projects have been part of CDM initiatives, offering potential for sustainable
energy generation in developing countries. Multi-criteria decision analyses have been
used to evaluate the environmental sustainability of these projects, incorporating
indicators such as emissions reduction, ecological impact, and long-term viability. This
approach provides a structured framework for assessing the environmental perfor-
mance of CSP systems and supports informed decision-making for future sustainable
energy deployments [163].

• CSP’s Social View: Life Cycle Assessment studies on CSP systems reveal gaps in data
standardization and impact category coverage, especially regarding decommissioning
and subsystem-specific analyses. While climate change remains the most assessed
impact, there’s a need for broader social and environmental evaluations, including
operational issues and community-level effects, to enhance CSP’s sustainability and
public acceptance [164].

The integration of Industry 4.0 technologies holds great promise in transforming
CSP systems. The application of AI, ML, and DT technologies can substantially improve
the efficiency, monitoring, and optimization of CSP operations. These advancements can
facilitate the transition to more sustainable and cost-effective solar energy solutions.
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• AI and ML in CSP Optimization: The incorporation of AI and ML into CSP plants
can enable data-driven decision-making for optimal energy production. AI-based
optimization models have the potential to improve heat transfer in various CSP config-
urations, including PTC and SPTC, by dynamically adjusting to real-time operational
data. This integration can drive higher performance and cost efficiency in CSP systems.

• Digital Twin for Enhanced CSP Operations: DT technology could allow for the virtual
simulation and management of CSP plants. This will enable better system control, trou-
bleshooting, and enhanced reliability, ultimately reducing downtime and increasing
the operational lifespan of CSP systems. The application of DT could be particularly
beneficial for both large-scale and small-scale CSP operations by providing a more
accurate representation of the system’s behavior under different conditions.

• Role of Industry 4.0 in Global Decarbonization: Emerging evidence from bibliometric
evaluations shows that Industry 4.0 technologies have contributed significantly to
carbon footprint reduction and environmental sustainability across various sectors,
including supply chains [165]. This further reinforces the potential for their integration
into CSP systems to enhance sustainable energy management.

• Nanofluid-Industry 4.0 Synergy: Despite limited research into the integration of
nanofluids with Industry 4.0 technologies, future studies should focus on leveraging
AI and ML to optimize nanofluid performance. This combination could improve heat
transfer efficiency, stability, and overall system performance in CSP systems, while
addressing key challenges related to nanofluid application. The synergy between
nanofluids and Industry 4.0 technologies holds significant potential to unlock new
efficiencies and operational capabilities in CSP systems.

9. Conclusions
This review discussed the synergy of CSP technologies, nanofluids, and Industry 4.0

technologies, highlighting the potential to increase energy efficiency, thermal efficiency,
and operational sustainability. Each CSP technology, such as PTCs, SPTCs, SDCs, and
FRCs, presents specific benefits in the conversion of solar energy, and further optimizable
potential using nanofluids and digitization technologies.

• Nanofluids provide significant improvements in the thermal conductivity, energy
absorbance, and exergy efficiency of every type of CSP system. They depend on the
type of nanoparticles, concentration, and compatibility of nanofluids with receiver
geometries. However, issues including increased viscosity, pressure drop, stability,
and environmental concerns must also be addressed.

• To better understand how nanofluids behave inside CSP systems, engineers use simu-
lation tools like CFD. These tools make it easier to optimize designs without the need
for costly experiments. Even so, some compromises, such as higher pumping power,
must be managed during system design.

• The use of Industry 4.0 technologies such as AI, ML, and DT boosts the performance
of CSP further by implementing real-time monitoring and predictive analytics. These
technologies enhance system performance by identifying faults early, reducing mainte-
nance, and improving overall reliability. However, there are still technical, regulatory,
and financial barriers to overcome.

• Future studies need to work on stabilizing the nanofluids, advancing hybrid TES
systems, and specifying optimization and control using Industry 4.0 technologies
more precisely. Overcoming the present technological and economic barriers is crucial
to ensure the scalable and sustainable use of the technologies in realistic CSP systems.

• While the integrated use of nanofluids and Industry 4.0 technologies in CSP systems is
promising, the potential of their integration will create a more favorable opportunity
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for next-generation CSP system development. This dual approach also bears an
immense ability to enhance the utilization of solar energy, contributing to global
sustainability and renewable energy targets.
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CDM Clean Development Mechanism
CFD Computational Fluid Dynamics
CHF Constant heat flux
CNN Convolutional Neural Network
COMSOL COMSOL Multiphysics
CSP Concentrated Solar Power
DNI Direct Normal Irradiance
DT Digital Twin
DW Distilled Water
EES Engineering Equation Solver
EG Ethylene Glycol
ELU Exponential Linear Unit
EO Earth Mover’s Optimization
EOR Enhanced Oil Recovery
ERTE Exergetic Efficiency
ETR Extra Trees Regressor
EXP Experimental
FDI False Data Injections
FRC Fresnel Reflectors Collector
GNP Graphene Nanoplates
GO Graphen Oxide
GtCO2e Gigatonnes of carbon dioxide equivalent
GWO Grey Wolf Optimizer
HTF Heat Transfer Fluid
iDLR Inverse Deep Learning Ray Tracing
IPSO Improved Particle Swarm Optimization
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IPPOA Improved Prey Predator Optimization Algorithm
KNN K-Nearest Neighbors
LCOE Levelized Cost of Energy
LOS Loss Out
LSTM Long Short-Term Memory
MAE Mean Absolute Error
MCRT Monte Carlo Ray Tracing
MAPE Mean Absolute Percentage Error
ML Machine Learning
MLP Multilayer Perceptron
MWCNT Multi-Walled Carbon Nanotube
NSGA-II Non-dominated Sorting Genetic Algorithm II
NUM Numerical
OpenFOAM Open-Source Field Operation and Manipulation
OPEX Operational Expenditure
RVM Relevance Vector Machine
PCA Principal Component Analysis
PCM Phase Change Material
PDE Partial Differential Equations
PSO Particle Swarm Optimization
PTC Parabolic Trough Collector
PV Photovoltaic
RMSE Root Mean Squared Error
ROI Return of Investment
SAA Simulated Annealing Algorithm
SDC Solar Dish Collector
SGD Stochastic Gradient Descent
SPTC Solar Power Tower Collector
SVM Support Vector Machine
SVR Support Vector Regression
TES Thermal Energy Storage
TOPSIS Technique for Order Preference by Similarity to Ideal Solution
WHO World Health Organization
ηen Energy efficiency
ηex Exergy efficiency
ηth Thermal efficiency
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