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Abstract

Concentrating photovoltaic (CPV) technology is a promising approach for collecting solar energy and converting it into
electricity through photovoltaic cells, with high conversion efficiency. Compared to conventional flat panel photovoltaic
systems, CPV systems use concentrators solar energy from a larger area into a smaller one, resulting in a higher density of
solar radiation and increased electrical output. However, the use of concentrators can lead to nonuniform radiation and high
temperatures that may damage the solar cells. Therefore, implementing a suitable thermal management solution is crucial
to ensure optimal performance of CPV systems. This review article aims to provide a comprehensive overview of recent
research and technical challenges in solar concentrators, trackers, and cooling systems for mitigating temperature effects
and enhancing the efficiency of CPV cells. It will explore the causes and potential solutions for temperature effects in CPV
systems, particularly focusing on the components involved.
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Abbreviations HCPV High concentrating photovoltaic
a-Si Amorphous silicon LCPV Low concentrating photovoltaic
AR. Area ratio LCPV/T Low concentrating photovoltaic/thermal
CIGS Copper indium gallium selenide LSC Luminescent solar concentrator
CdTe Cadmium telluride m-Si Monocrystalline silicon
CO, Carbon dioxide NCPV/T-TEG Nanofluid concentrating photovoltaic/
CPVD Daylighting window thermal-thermoelectric generator
CPV Concentrating photovoltaic OVSC New V-trough solar concentrator
CPV/T Concentrating photovoltaic/thermal OHP Oscillating heat pipe
CPV/TEG Concentrating photovoltaic/ p-Si Polycrystalline Silicon
thermoelectric generator Si Silicon
CLFR Compact linear Fresnel reflector SiC Silicon carbide
EMR Eliminating multiple reflections TMPL Two-phase mechanical pump loop
FL Fresnel TEG Thermoelectric generator
Greek symbols

) ) The angle between the incident center
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. U Solar flux distribution uniformity factor
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oy : Annual mean effective tracking factor
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Introduction

The 26th Conference of the Parties (COP26) acknowl-
edged that nations worldwide continue to confront climate
and environmental challenges [1, 2]. The primary driver
behind global climate change remains the excessive release
of greenhouse gases, notably CO, [3-5]. Fossil fuel com-
bustion predominantly contributes to the emission of these
gases; however, thermal power generation alone accounts for
approximately 42% of global CO, emissions [6-9]. There-
fore, an urgent quest for environmentally sustainable and
clean energy sources is imperative in mitigating CO, emis-
sions and addressing climate change concerns [10, 11].

Renewable energy development is crucial to achieving
a low-carbon economy [12-14]. Among the various
renewable energy sources, solar energy has garnered
significant attention from researchers due to its cost-free
nature, environmentally friendly, and without geographical
restrictions [7, 15]. Since Becquerel first discovered the
photovoltaic effect [16], solar energy has demonstrated
immense potential for electricity production. Over the
years of research, photovoltaic power generation has been
gradually transitioned from high-cost first-generation
crystalline silicon (Si) cells to lower-cost second-generation
thin-film cells, third-generation organic solar cells, and
dye-sensitized solar cells, among others [7, 17, 18]. It has
been reported that photovoltaic power could contribute
significantly to emission reduction potential by 2050 [19].
However, photovoltaic systems still suffer from drawbacks
such as low power generation efficiency and high cost [20,
21].

The concentrating photovoltaic (CPV) systems are the
technology that directly converts concentrated sunlight into
power through photovoltaic cells, achieving high conversion
efficiency [22, 23]. The diagram in Fig. 1 presents an over-
view of a CPV system, using a reflective condenser as an
illustrative example. This system employs a concentrator to
condense a larger area of solar energy onto a smaller surface,
thereby providing higher sunlight intensity to the solar cells
at specific locations. By utilizing low-cost reflectors/lenses

Solar radiation

Mirror
Solar cell

Fig. 1 Overview of the concentrating photovoltaic system (Take the
reflective condenser as an example)
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instead of expensive photovoltaic materials, CPV systems
aim to reduce the overall cost of photovoltaic systems while
addressing the issue of low density in solar radiation energy
flow and obtain more power output [24, 25].

In CPV systems, the concentration ratio serves as a metric
for assessing the incident radiation intensity on a solar cell
under concentration. Based on concentration ratio intensity,
CPV systems are categorized into low, medium, and high
concentrating photovoltaic (LCPV, MCPV, HCPV). The
light-harvesting capacity of a CPV system is determined
by the [26]. While higher concentration ratios can reduce
material requirements for solar cells, they also increase
power generation costs and exacerbate temperature effects
on solar cell efficiency [22]. Consequently, CPV systems still
face two primary challenges: nonuniform radiation [27] and
elevated temperatures resulting from high radiation exposure
[28].

The CPV system primarily consists of a photoelectric
converter, a concentrator system, and a balance system [29].
Among these components, the solar cell serves as the device
responsible for converting solar energy into electricity,
representing the core part of photovoltaic power generation
[30]. However, it is worth noting that the efficiency
and temperature of the CPV system are predominantly
influenced by the concentrator. Consequently, to prevent
any degradation in optical and cell efficiency levels [31],
solar tracking and cooling systems are often required in CPV
systems. Several measures can typically be implemented:

Adding cooling systems;

Adding solar tracking systems;
Optimization/development of solar concentrators;
Establishment of coupled systems for thermoelectric
power generation.

A comprehensive understanding of CPV system com-
ponents is crucial for addressing the temperature effects
of CPV systems. Therefore, this work aims to provide a
comprehensive review of strategies for mitigating the tem-
perature effect (including nonuniform radiation and high
temperature) of CPV systems from three perspectives: solar
concentrator (in “Solar concentrators” section), solar tracker
(in “Solar tracker” section), and cooling system (in “Cooling
systems” section), as illustrated in Fig. 2.

In addition, Table 1 also provides a comprehensive
summary of the most notable review papers published in
recent years. It is worth noting that the majority of these
reviews primarily focus on investigating specific aspects,
such as the impact of temperature distribution on cells
[32], concentrating technology [20, 33], and solar cells
[25]. However, to date, no researcher has conducted
a comprehensive review specifically examining the
temperature effects of CPV systems from the perspective
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Fig.2 The schematic diagram illustrating the challenges and solu-
tions encountered by the temperature impact on concentrating photo-
voltaic systems in this review

of CPV components. Therefore, this work will contribute
to a comprehensive understanding and in-depth analysis of
the latest advancements and emerging trends pertaining to
temperature effects in CPV systems.

Solar concentrators

The concentrator is an optical device that efficiently collects
sunlight onto a small area, thereby increasing the energy
density of solar radiation [38]. On the one hand, the con-
centrator in the CPV system enables high-performance solar
cells to receive concentrated sunlight on a smaller surface
area, enhancing the overall energy density. On the other
hand, inexpensive concentrators can be utilized as substi-
tutes for costly solar cell materials to effectively reduce the
cost of photovoltaic power generation systems [39]. Addi-
tionally, it serves as the primary determinant of tempera-
ture nonuniformity in CPV systems. Enhancing the existing
concentrator or developing novel ones can effectively of
nonuniform radiation in CPV systems. Table 2 summarizes
four common types of concentrators and their characteristics
in concentrating photovoltaic systems. It is noteworthy that

there are variations in the features of different concentrators
with respect to relative cost, operating temperature, and con-
centration ratio. The identification/selection of appropriate
concentrators under specific conditions is critical for con-
centrating photovoltaic systems. Hence, this section presents
a comprehensive review of recent research advancements,
encompassing Fresnel concentrators, Dish concentrators,
Composite Parabolic Trough concentrators, and Trough
concentrators.

Fresnel concentrators

Fresnel (FL) concentrators are extensively utilized in CPV
systems [43]. The continuous progress in manufacturing
technology and the development of novel synthetic mate-
rials have prompted a re-examination of FL after nearly
a century. Apart from their traditional use in lighthouses,
FL applications have expanded significantly to encompass
diverse fields such as lighting [44], communication [45], and
printing technology [46]. The excellent optical properties
and cost-effectiveness of FL have led to its proposed applica-
tion in solar photovoltaics, resulting in a series of extensive
studies Due to its compact size light-mass nature, large-scale
production capability, affordability, and high energy density
[43], FL has emerged as one of the most promising options
for concentrated solar energy applications. The schematic
diagram of a linear Fresnel reflector (LFR) as a concentra-
tor in a CPV system is illustrated in Fig. 3. Upon incidence,
solar rays are redirected by the LFR concentrator toward the
surface of the solar cell.

Vu et al. [48] proposed a cylindrical Fresnel lens inspired
by the design of a Fresnel lighthouse, which demonstrated
an optimal configuration that can increase the concentrator
ratio to nearly 21 with an optical efficiency of 70%. Com-
pared to a flat Si panel under identical sunlight conditions,
this CPV system based on such a concentrator increased
power output by 1.3 times. The linear Fresnel reflector solar
concentrator (LFRSC) comprises three main components:

Table 1 A review of the last 5 years of research on concentrating photovoltaic systems

Refs. Year The main content of the review

Lietal. [32] 2018 The effects of inhomogeneous light and temperature distributions on concentrating solar cells

Hasan et al. [20] 2018 Reviewed the thermal issues of different CPV systems and concentrating technologies

Alamoudi et al. [33] 2019 Reviewed the latest technological developments in static photovoltaic concentrators

Alves et al. [25] 2020 Reviewed the current status of the preparation of thin-film solar cells in CPV systems

Gharzi et al. [34] 2020 Reviewed the cooling techniques for concentrating photovoltaic modules

Tina et al. [35] 2021 Reviewed the research on machine learning in the field of photovoltaic systems

Zieminska-Stolarska et al. [36] 2021 Reviewed the application of LCA in the determination of the environmental impact of
concentrating solar panels

Ejaz et al. [22] 2021 Reviewed the progress and prospects of concentrated photovoltaic systems for light harvesters

Ibrahim et al. [37] 2023 Reviewed pulsating flow cooling in CPV cooling systems

@ Springer
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the primary mirror, secondary reflector, and absorber tube;
however, achieving superior performance requires more
efficient primary and secondary mirrors than conven-
tional ones. Ahmadpour et al. [49] optimized the LFRSC
structure for higher efficiency in three cases: small (Case
I), medium (Case II), and optimized (Case III). The study
findings indicate that Case III represents the optimal out-
put efficiency configuration, achieving full optimization.

@ Springer

However, Case II cases in terms of manufacturing cost and
simplicity. Wang et al. [50] proposed a CPV system with
a compact linear Fresnel reflector (CLFR) concentrator is
shown in Fig. 4a. The results demonstrate that the CLFR
exhibits the highest degree of uniformity in concentrated
solar radiation, while the CLFR-CPV system can achieve
a photovoltaic conversion efficiency of 15.9%, as shown in
Fig. 4b. Alamri et al. [51] proposed the potential of a novel
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Fig.4 a Diagram of the (a)
experimental setup of the con-
centrating photovoltaic system
based on full-type compact
linear Fresnel reflector; b I-V
characteristics test results of the
photovoltaic cell module [50]

integrated CPV system, comprising an FL concentrator as
the primary optical element, a multi-branch homogenizer as
the secondary optical element (SOE), a planoconcave lens,
and four Multi-junction solar cells. The study results show
that the irradiance uniformity of the refractive index homo-
geneity surpasses than that of the reflective index homoge-
neity. Wu et al. [52] developed a multi-physics model that
integrates optical, thermal, electrical, and structural mod-
els using MCRT-FVM-FEM to accurately determine the
installation position of concentrators. They investigated the
impact of concentrator placement on the thermal, electrical,
and structural properties of photovoltaic panels. The results
indicate that significant variations in these properties occur
when a="75°. However, the flow and temperature fields near
the photovoltaic panel are minimal impact on concentrator
placement.
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Dish concentrators

The popularization and application of the traditional Dish
system need to be improved due to its large size, complex
structure, and high cost [53]. Therefore, Zheng et al. [54]
proposed a novel ultralight Dish system consisting of a cable
mesh reflector, an ultralight thermoelectric converter, and
a triple telescopic rod (TER) solar tracker. This innovative
system demonstrates advantages such as low cost, simpli-
fied fabrication process, and convenient transportation.
Additionally, to achieve a uniform distribution of light inten-
sity for highly efficient triple-junction solar CPV modules,
Lokeswaran et al. [55] proposed the design of a two-stage
square CPV receiver with a total geometric concentration
ratio of 500-Suns, as depicted in Fig. 5a. The main research
results are shown in Fig. 5b. The optical module achieves
a maximum efficiency of 68 CPV module reaches an effi-
ciency of 32.03%. These efficiencies are obtained when the
homogenizer length is set at 0.005 m, and the receiver height
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Fig.5 a Schematic diagram of a square parabolic dish-based concen-
trating photovoltaic receiver; b Effect of tube string connection on
output power, optics, concentrating photovoltaic, and electrical effi-

Series connected strings

ciency of two stage concentrating photovoltaic and conventional sin-
gle stage receivers [55]
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Fig.6 a Schematic diagram of the dense-array concentrator photovoltaic system; b The percentage of Joule heat, mismatch loss and power to the
total energy of different series resistors when the total error of irradiance distribution is 4 [56]

is maintained at 3.7 m. Remarkably, this developed CPV
system generates an annual electricity output of 2.19 MWh,
representing a significant improvement of 33.54% compared
to conventional systems. To reduce significant mismatch loss
caused by nonuniform radiation, Pan et al. [56] developed
a novel connection method for dense-array concentrating
photovoltaic (DA-CPV) modules based on the dish Con-
centrating Photovoltaic system, as illustrated in Fig. 6a. As
shown in Fig. 6b, the conversion efficiency of dichotomic
rotational symmetry (DRS) and quartered rotational sym-
metry (QRS) connections is improved by 48% and 64.3%,
respectively, compared to the conventional series—parallel
(SP) connections.

Thirunavukkarasu et al. [57] studied the energy and
exergy analysis of solar parabolic disk concentrator external
spiral tube receivers under three different radiation condi-
tions. The study findings reveal that the receiver achieves an
average thermal efficiency of 56.21% and exergy efficiency
of 5.45%, respectively, under an average beam radiation
intensity of 750 W m~2. Moreover, the receiver demon-
strates a light-mass design and cost-effectiveness, making
it a promising candidate for process heating applications in
conjunction with solar parabolic concentrators. Yan et al.
[58] proposed a new disk-shaped concentrator with a rotat-
ing array of homogeneous mirrors. The results showed that
the concentrator maintained a good flux uniformity with
a maximum concentration ratio of 2963. Sahu et al. [59]
proposed a low-cost solar parabolic disk concentrator with
an aperture of 12.6 m? and dual-axis manual tracking. The
results show that the concentrator offered in this work is
more economical than other existing disk concentrators in
the literature, costing Rs. 6877.00 per m>. Liu et al. [60]
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investigated the impact of tilt error on the tracking perfor-
mance of a dish-type light gathering system, and Fig. 7 pre-
sents the corresponding results. The findings suggest that an
azimuth axis tilt error leads to a decrease in the initial track-
ing position deviation within the horizontal or vertical plane,
thereby compromising both the tracking performance and
stability of the collector system compared to its original due
east tracking position. To ensure simultaneous optimization
of tracking performance and stability throughout the year-
long operational it is recommended to maintain an azimuthal
axis tangent angle ¢, =0° (due south).

Compound parabolic concentrators

Compound parabolic concentrators (CPCs) are capable
of efficiently capturing both direct and diffuse solar
radiation, rendering them an optimal choice for fixed-
mounted non-imaging installations in CPV systems
[61-63]. The inhomogeneous radiation introduced by
CPC can be mitigated by integrating a homogenizer
[64]. This homogenizer typically takes the form of a
slender CPC extension, which ensures a more uniform
distribution of radiation. Chandan et al. [61] studied the
thermal and electrical performance of CPC-based low
concentrating photovoltaic/thermal (LCPV/T) systems,
both with and without homogenizers. They proposed
integrating a homogenizer into an air-cooling system for
LCPV/T. The findings demonstrate that the utilization of
a long composite paraboloidal concentrator in LCPV/T
can mitigate the adverse effects caused by nonuniform
irradiation and enhance system efficiency compared
to LCPV/T without a homogenizer. Furthermore,
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employing a desiccant-based air-cooled system with two
slender composite paraboloidal concentrator-based low-
concentration photovoltaic thermal systems connected
in series leads to a remarkable 50% improvement in
performance factor. Zhang et al. [65] proposed a novel
concentrator, the eliminating multiple reflections
(EMR) CPC, which was investigated for its effects on
the optical performance of concentrating photovoltaic/
thermal (CPV/T) systems, temperature distribution of
photovoltaic cells, and energy and exergy efficiency.
The results demonstrate that as the truncation position
decreases, the optical efficiency of the EMR concentrator
increases, while there is a slight increase in irradiance and
photovoltaic temperature nonuniformity initially followed
by a decrease. From an energy and exergy perspective,
the EMR concentrator with a height of 543 mm exhibits
superior performance with electrical, thermal, and total
energy efficiencies of 12.45%, 61.23%, and 73.68%,
respectively.

It is imperative to conduct meticulous optimization
and precise modeling predictions prior to practical
implementation. Taking into consideration the impact of
nonuniform radiation and temperature on the thermoelectric
performance of the CPV/T system, Parthiban et al. [66]
employed the Monte Carlo ray tracing (MCRT) technique
to simulate the flux distribution of a CPC absorber under
varying incidence angles. The study’s results demonstrate
the accuracy of the prediction results, with a maximum
deviation of less than 3% in the solar cell temperature. The
variation obtained when using nonuniform heat flow density
is much smaller than that obtained when using average heat
flow density. Zhang et al. [67] developed a two-dimensional

light-thermal-electric coupling model to predict the impact
of photovoltaic temperature distribution on truncated
CPC concentrating system performance. The findings
demonstrate that, with an increasing concentration ratio,
the irradiance and photovoltaic temperature inhomogeneity
at the lowest eliminating multiple reflections (LEMR)
exhibit a faster increase compared to those at the highest
eliminating multiple reflections (HEMR). Consequently,
as the concentration ratio increases, both filling factor and
electrical efficiency experience a more pronounced decline
at LEMR than at HEMR concentration.

Trough concentrators

Meng et al. [68] proposed a novel trough-free secondary
solar concentrator (TFSC), comprising of a primary trough
concentrator and a secondary free-form reflector, to enhance
the thermal cycling performance of CPV module applica-
tion. Otanicar et al. [69] designed a secondary light concen-
trator by utilizing the existing primary light concentrator of
a parabolic trough solar thermal plant, as depicted in Fig. 8a.
Experimental results demonstrate that the secondary light
concentrator achieves a maximum measured cell efficiency
of 25.4%, as shown in Fig. 8b. Ullah et al. [70] studied an
optical model of a CPV system consisting of a primary par-
abolic trough and a secondary non-imaging reflector. The
findings demonstrate that the proposed concentration level
compared to the conventional slotted concentrator system,
enabling it to achieve a geometric concentration of 285.
Igbal et al. [71] proposed a slotted non-imaging CPV sys-
tem, comprising of a primary concentrator in the form of a
parabolic slot and a secondary concentrator in the form of a

@ Springer
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non-imaging reflective slot. The CPC achieves an impressive
concentration ratio of 622X with an optical efficiency reach-
ing 79%. Qu et al. [72] developed a spectroscopic parabolic
trough concentrator that effectively divides and concentrates
incident solar radiation. Their study demonstrates that by
utilizing monocrystalline Si photovoltaic, it is possible to
achieve a solar power efficiency of approximately 31.8%.
This represents an increase in efficiency by 15.3% and 6.3%,
respectively, when compared to single systems alone.

The performance of parabolic trough collectors is sig-
nificantly influenced by the thickness of the concentrator.
Chan et al. [73] conducted a comprehensive analysis, includ-
ing theoretical calculations, simulations, and experimental
validation, to investigate the impact of mirror refraction on
the concentration at various concentrator thicknesses. The
findings reveal that a fivefold increase in concentrator thick-
ness leads to a proportional increase in focal plane width
and a fivefold decrease in maximum flux density at the focal
plane. Additionally, there is a marginal reduction of 0.24% in
optical efficiency. Gong et al. [74] proposed a large-aperture
parabolic slot focusing system consisting of a new planar
secondary reflector and an improved absorber tube. Analysis
of the system’s optical, thermal, and thermodynamic models
through the study shows that using a large-aperture parabolic
slot concentrator can reduce costs and improve cycle effi-
ciency. Rehman et al. [75] proposed a method to optimize
the shape of the concentrator, aiming for high flux uniform-
ity while maintaining the same geometrical characteristics as
the parabolic trough concentrator (PTC). The optimization
results demonstrated that by achieving a concentration ratio
of 8.96 and a solar flux distribution uniformity factor (#) of
0.068, it was possible to obtain a concentrator with a C value
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close to that of PTC but significantly improved p=0.752,
resulting in an approximately tenfold enhancement.

The V-trough is a variant of the trough concentrator
design. Alqurashi et al. [76] employed a ray-tracing
technique based on the finite element method to investigate
the performance of a non-tilted CPV system with V-trough
concentrator, in absence of a tracking system. The findings
demonstrate that the utilization of V-trough concentrator can
enhance the radiance of photovoltaic panels. To mitigate
system costs and minimize energy losses resulting from
the angle of incidence, Rio et al. [77] proposed a two-
dimensional cone-textured anti-reflective coating (ARC)
for a V-trough photovoltaic concentrator. To mitigate the
impact of temperature rise on CPV system efficiency,
Alqurashi et al. [78] employed COMSOL Multiphysics
software to investigate the thermal profile of a V-trough
solar concentrator. By utilizing air cooling as the medium,
their study revealed that reducing the reflector size
resulted in partial coverage of the photovoltaic surface
by solar radiation, thereby diminishing the temperature
gradient without completely eliminating it. Alnajideen
et al. [79] proposed an innovative design for a V-trough
solar concentrator (OVSC) by arranging two conventional
V-trough concentrators in a crosswise manner to enhance
the concentration ratio. Their study findings demonstrate
that OVSC achieves a 40-60% higher concentration ratio
compared to conventional V-trough solar concentrators
(CVSC), while also offering additional advantages.
Moreover, OVSC exhibits significant cost reduction potential
in comparison with CVSC.
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Other concentrators

To mitigate the detrimental impacts of nonuniform radiation,
temperature fluctuations, and shadowing on the concentrated
photovoltaic (CPV) system, Narasimman et al. [80]
proposed a linear ridge concentrator photovoltaic system
incorporating 1-Sun and 2-Sun concentrations as a viable
solution to address the aforementioned challenges. The
results demonstrate that the output power gains for 1-Sun,
2-Sun, 1-Sun with tilt, and 2-Sun with tilt are increased by
11.5%, 24.3%, 19.2%, and 48.89%, respectively, compared
to the reference photovoltaic module. Furthermore, the
efficiency gains for these configurations (i.e., 1-Sun, 2-Sun,
1-Sun with SBA-15 and 2-Sun with SBA-15) are found to
be enhanced by approximately 6%, 7.4%, 12.1% and 16.2%,
respectively, in comparison to the reference module.
Ustaoglu et al. [81] proposed a new photovoltaic—ther-
mal system (CHCT-PVT) consisting of a composite hyper-
bolic concentrator-horn type concentrator. The results show
that the CHC-CPV system requires only half the size of a
v-tank or CPC system to achieve the same electrical power
as such a system at the same concentration. To address the
challenges of complex manufacturing, assembly, and low
efficiency associated with planar concentrators, Wei et al.
[82] proposed a side absorption concentrating photovoltaic
(SCPV) system that utilizes a single concentrating element.
This design offers several advantages including a compact
structure, feasible manufacturing and assembly processes,
and high efficiency. Wang et al. [83] proposed a CPV system
that utilizes a multi-segment plate concentrator, as depicted
in Fig. 9b. The results demonstrate that the concentrator
not only exhibits high uniformity of light concentration but
also demonstrates superior photoelectric conversion effi-
ciency compared to the CPV system with a parabolic slot
concentrator. Furthermore, its geometric concentration ratio

(a)

Sun light

Solar cell \,/4

Solar cell

support \_

MSP
Concentrator |

Sun tracker

(b)

increases as the solar cell mounting height rises. As shown
in Fig. 9b, under normal solar tracking conditions, the rela-
tive optical efficiency of CPV systems can reach 0.8 or even
higher.

Xu et al. [84] proposed a lens-based, non-tracking pho-
tovoltaic system for low-concentration applications, as
depicted in Fig. 10a. In contrast to the composite parabolic
concentrator, this novel design offers an expanded light
reception range and allows for adjustment of the installation
angle only four times per year. It effectively and uniformly
concentrates sunlight onto the cell surface for 5 h daily,
achieving an average optical efficiency of 0.77 (Fig. 10b)
and a heat flow distribution uniformity of 0.75 (Fig. 10c).
Furthermore, it exhibits a maximum temperature differ-
ence on the cell surface of only 18.93 °C while maintain-
ing a temperature distribution uniformity above 0.89 °C, as
depicted in Fig. 10d. Kolamroudi et al. [85] proposed using
mirrors for LCPV systems to maximize the output power
of photovoltaic systems, and four experimental setups are
depicted in Fig. 11a. By observing Fig. 11a and c, it can
be seen that the implementation of a cooling system on the
panel surface, in conjunction with perpendicular placement
of four-sided reflector mirrors, results in a threefold increase
in output power compared to non-concentrator systems. Fur-
thermore, the utilization of concentrators leads to an average
output power enhancement by 2.84 times when compared
to systems without concentrators. Ayane et al. [86] studied
a microphotovoltaic concentrating system with a geomet-
ric concentration ratio of 100 times consisting of a plano-
convex lens as the primary optical element, a spherical lens
as the second optical element, and a solar cell, as shown in
Fig. 12a. The research results are shown in Fig. 12b, and the
system’s optical efficiency is 92.13% at a simulated recep-
tion angle of 1.1°.

0.8

0.4

0.2

0'0 1 1 I 1 1 1 1 1
—1

Fig.9 a Schematic diagram of the multi-segment plate concentrator; b The tracking error effect on the relative optical efficiency [83]
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Fig. 10 a Schematic representation of the geometric structure of the
novel concentrator; b Evaluation of shadow area proportion on the
cell surface and uniformity analysis of heat flux distribution at differ-
ent time intervals for the concentrator; ¢ Assessment of average tem-

(a)

perature on the solar cell surface and temporal variations in tempera-
ture uniformity; d Comparative analysis of temperature distribution
on the cell surface between compound parabolic concentrators and
new concentrator at various time points [84]
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Fig. 11 a Diagram of experimental research objects; The DC power generation for reference panel and low concentrating photovoltaic system
with cooling by 1-4 mirrors in summer average (b) and typical day (c) in September 2020 under the circumstances of Famagusta, Cyprus [85]

The luminescent solar concentrator (LSC) is a light
absorber that utilizes cost-effective polymeric materials with
optical windows a substitute for conventional photovoltaic
modules, thereby effectively reducing the levelized cost of
energy (LCOE) associated with photovoltaic power [87].
Delgado-Sanchez et al. [88] investigated the role of tun-
able photoluminescent optical layers in LSCs. The findings

@ Springer

demonstrate that the tunable photoluminescent optical layer
can be extended to accommodate six dyes in randomly
oriented configurations, thereby showcasing its inherent
advantage of tunability and resulting in a notable 16.2%
increase in LSC optical efficiency. Nie et al. [§9] proposed
a smart LSC for BIPV windows, which consists of a wave-
guide and a thermochromic hydrogel film doped with the
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Fig. 12 a Schematic diagram of the geometry of the miniature concentrator; b Optical efficiency of the micro concentrator versus incident angle

[86]

Fig. 13 a Schematic diagram
of concentrating photovoltaic
system; b Normalized optical
efficiencies of high concentrat-
ing photovoltaics system under
various incidence angles along
x-axis and y-axis [91]
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H : MJ
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organic dye Lumogen F Red-305 (BASF). By simulating a
100 mm X 100 mm X 3 mm smart LSC with a bottom solar
cell measuring 100 mm X 10 mm, an optically effective con-
centration range of 1.23—1.31 was achieved, resulting in an
experimental power gain of up to 1.26 over the bare solar
cell. Qu et al. [90] proposed and designed a spectroscopic
concentrator, which demonstrated an absolute increase in the
conversion efficiency of solar energy to electricity and fuel
by > 5% compared to photovoltaic and solar thermal power
alone. To enhance the concentration ratio of HCPV systems,
Vu et al. [91] proposed a solar concentrator with a concen-
tration ratio exceeding 1000x, as depicted in Fig. 13a. The
system comprises a primary double-lens concentrator, a
secondary concentrator, and a homogenizer for achieving
high concentration ratios. The research results are shown in
Fig. 13b, and the efficiency of the CPV system utilizing such
concentrators can attain up to 75%.

To optimize solar energy collection for the purpose of
renewable energy generation and facilitate light-harvesting
functionalities, Xuan et al. [92] devised a two-dimensional
static concentrator featuring an uncoated lower section near
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the base area to establish a “daylighting window” (CPVD),
as illustrated in Fig. 14a. The study findings revealed that
the average daily transmittance of CPVD was measured at
8.73% under clear-sky conditions (as shown in Fig. 14b),
while a lower light transmission rate of 7.11% was observed
during cloudy conditions (as Fig. 14c). Lv et al. [62] pro-
posed a design methodology for an indoor lighting system
that utilizes planar concentrators as light-harvesting mod-
ules, enabling the achievement of illuminance levels above
500 Ix and meeting commercial lighting requirements. In
the field of agricultural utilization, Vu et al. [93] proposed
a solar spectral splitting CPV system designed for dual land
use, comprising a free-form lens array and planar wave-
guides. The findings of their study demonstrate that this
system can achieve a light efficiency exceeding 82.1% for
blue and red light transmission, over 94.5% for diffuse sun-
light in agriculture applications, and more than 81.5% for
planar waveguide light efficiency in power generation at a
concentration level of 200 times.
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Fig. 14 a Schematic diagram of the “daylighting window” (CPVD);
b Instantaneous integral box illuminance, external iluminance, and
transmittance of the system under direct solar radiation on October

Solar tracker

The fixed tilt of the CPV panel restricts its ability to track the
sun's movement, resembling a static structure rather than a
dynamic “sunflower” [94]. Consequently, conventional CPV
systems suffer from the drawback of incomplete utilization
and nonuniform distribution of solar radiation. To address
this issue effectively, solar trackers have been introduced as
an efficient means to enhance photovoltaic system efficiency
[95, 96]. The introduction of single-axis and dual-axis
solar trackers enables CPV systems to achieve uniform
radiation distribution and optimize solar energy utilization
[97, 98]. Previous studies have indicated that single-axis
solar tracking systems can enhance the power output of
photovoltaic modules by approximately 20% compared to
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Time

31; c Instantaneous integral box illuminance, external iluminance,
and transmittance of the system under diffuse solar radiation on
December 14 [92]

fixed-axis configurations [99]. In contrast, dual-axis solar
trackers can increase the power output of photovoltaic
modules by around 33%.

Single axis

The single-axis ST system is considered the most cost-
effective option for power generation when compared to the
dual-axis solar tracker [100]. However, it is more susceptible
to environmental and climatic factors, which may result in
additional maintenance expenses. Taking into consideration
the influence of wind loads, Martinez-Garcia et al. [101]
investigated the impact of panel inertia and aspect ratio on
the initiation of torsional runout. The findings indicate that
while the tilt angle affects the critical deceleration speed for
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Mercedes vehicles, it is predominantly unaffected by key
structural parameters such as torsional stiffness, inertia, and
spreading ratio. Considering the effect of parameters such as
wind direction and module inclination on the development of
wind load disturbance in single-axis solar trackers, Valentin
et al. [102] conducted an investigation on the torsional
vibration failure of single-axis solar trackers. The findings
from this study revealed that the loss was attributed to high-
speed winds and the resulting torsional fly-by phenomenon
when the solar tracker tilted to 0°. Ma et al. [103] conducted
wind tunnel tests to measure the pressure on single-
axis solar trackers and tracker arrays using rigid models,
aiming to investigate the impact of tilt angle and wind
direction on their aerodynamic characteristics. The study
findings demonstrate that the interference effect becomes
increasingly significant with an increase in tilt angle. Wind-
excited vibrations have a greater impact on the solar modules
located at the rear end of the solar tracker array compared
to those at the front. The influence uneven distribution of
wind loads along the length of the solar tracker. Therefore,
when designing solar trackers, it is crucial to consider how
wind direction enhances wind load on the edge area of the
solar array.

Revisiting the impact of climate on tracker performance,
Kuttybay et al. [104] conducted an investigation into the
operational efficiency of single-axis solar trackers and
stationary photovoltaic installations across diverse weather
conditions. The study findings demonstrate that the
schedule-based solar tracking system exhibits a 4.2% higher
efficiency compared to the LDR solar tracker under diverse
weather conditions. Moreover, the tracker outperforms a
fixed solar panel set at the optimal tilt angle by an impressive
margin of 57.4%. Considering the orientation sensitivity
of solar tracker, Gomez-Uceda et al. [105] investigated
the impact of terrain orientation on uniaxial solar tracker
systems. The findings suggest that, for non-south-facing
land, aligning the azimuth of the rotation axis of the solar

Soiled module

Clean module

tracker with the same orientation as that of the land can
optimize energy production. Chu et al. [106] conducted a
series of wind tunnel experiments on a rooftop-mounted
solar tracking system. The findings demonstrate that the
wind's angle of attack on the tracker is a crucial parameter
for assessing its wind load, irrespective of wind direction
and azimuth. Moreover, an increase in base height and tilt
angle leads to an elevation in net pressure exerted on the
tracker. Campos et al. [107] proposed a novel model based
on angular deviation control in single-axis structures, aiming
to minimize the manufacturing and maintenance costs of
single-axis ST systems. The analysis results demonstrate that
this optimization approach for single-axis ST can effectively
reduce panel displacements, thereby mitigating mechanical
wear and tear as well as energy consumption.

Dual axis

Dual-axis solar tracker, in comparison to the single-axis
solar tracker, offers 2 degrees of freedom enabling it to track
the sun both vertically and horizontally, thereby achiev-
ing optimal efficiency [108]. Wu et al. [109] proposed an
enhanced dual-axis solar tracker to address the challenges
of low solar incidence angle and manual orientation/eleva-
tion calibration, thereby enhancing the performance of solar
energy collection. The study findings demonstrated that this
solar tracker achieved automatic alignment with the sun,
ensuring robustness, convenience, and reliability across
different geographic locations and photovoltaic panel con-
straints. To enhance the precision of solar energy tracking
by the dual-axis solar tracker and optimize energy harvesting
for the HCPV system, Satué et al. [110] proposed an auto-
matic calibration algorithm. The algorithm presented herein
enables a greater tolerance during the installation process by
employing error estimation techniques, thereby obviating
the need for extensive time investment in error minimiza-
tion. Dahlioui et al. [111] proposed an integrated cleaning
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Fig. 15 a Diagram of a dual-axis concentrating photovoltaic system with automatic cleaning function; b The resulting graph of soiling losses

recovery by manual and automatic cleaning [111]
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system that combines a two-axis solar tracker system with
an automated cleaning mechanism, as depicted in Fig. 15a.
The research results are shown in Fig. 15b, and within arid
regions, the efficacy of automatic cleaning was compara-
ble to manual cleaning, with only a marginal difference of
0.95 pp and an energy increment of 11.5%.

While the majority of research has primarily focused on
solar tracking systems to enhance the incident solar radia-
tion on photovoltaic panels, limited attention has been given
to manually adjusting the tilt mechanism. Consequently,
Goniil et al. [112] conducted a techno-economic comparison
of solar tracking systems (including fixed-tilt, single-axis
east—-west (SA-EWT), single-axis north—south (SA-SNT),
and dual-axis (DAT)) equipped with manually adjustable
tilt mechanisms. The analysis revealed that implement-
ing monthly manual adjustments to the tilt emerged as the
most viable solution, resulting in a reduction in the payback
period for the fixed tilt system by approximately 8 months to
9.6—12.6 years and an enhancement in power generation by
3.6-5%. Badr et al. [113] proposed a two-axis elliptical solar
tracker, as shown in Fig. 16a. The study results indicate that
the measurement error of the solar tracker is not affected by
dusty or cloudy weather. Additionally, according to Fig. 16b
and Fig. 16c¢, the maximum temperature recorded for the
solar cell was approximately 42 °C. The electrical power
obtained from a solar cell area of 1.012 cm? was 1.08 W.

Fig. 16 a Diagram of the
experimental setup of a con-
centrating photovoltaic system
based on a two-axis elliptical
solar tracker; Variation of the
IV and photovoltaic curves for
the concentrator photovoltaic
cell at concentration ratio of 50
Sun at b DNI=982 W m~2, and
(c) DNI=927 W m~2 [113]
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To address the challenges of photovoltaic power generation,
Hua et al. [114] conducted an analysis on various solar track-
ers. The findings indicate that the horizontal axis tracker,
in conjunction with its bifacial module, complements other
solar trackers. Hammoumi et al. [115] proposed a cost-effec-
tive and simplified design of an active dual-axis solar tracker
(DAST), which offers the advantages of minimal compo-
nents and low expenses. The research findings demonstrate
that the intelligent DAST system yields an energy increase
of 36.26% compared to fixed panels.
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Fig. 17 The thermal management approach for concentrating photo-
voltaic systems
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Cooling systems

The high operating temperature on the surface of photovol-
taic cells poses another challenge for CPV systems, as it
can adversely impact of the system [116, 117]. The effec-
tive thermal management is crucial for the development and
commercialization of CPV systems [118]. Figure 17 sum-
marizes several thermal management approaches taken by
CPV systems. It is classified into active, passive, and hybrid
cooling according to the presence or absence of an external
power source. An efficient cooling system should be capable
of reducing the overall temperature while maintaining a uni-
form distribution [119-121]. Hence, the choice of cooling
medium plays a pivotal role in enhancing the efficiency of
CPV systems. In this section, we will provide a comprehen-
sive review of the research advancements and limitations
pertaining to cooling systems for CPV applications, catego-
rized into three types: active cooling, passive cooling, and
hybrid cooling systems.

Active cooling system

Active cooling systems increase the media’s cooling capacity
by varying the media’s flow through a pump control system
or an electronic control valve [34, 122]. Active cooling
systems can provide an excellent cooling source for HCPV
systems [123, 124]. The heat collected through the dynamic
cooling system can be used extensively for cryogenic
applications. However, increasing the light flow rate
increases the electrical consumption of the pump. Therefore,
it is necessary to determine an appropriate mass flow rate to
maximize electrical and thermal efficiency. This section will
review the research progress and status of typical passive
cooling technologies in the last 5 years.

Air cooling

Air cooling has been the predominant active cooling system
over the past 2 decades, and its development has reached
a relatively advanced stage [122]. However, its growth
is constrained by environmental limitations. Therefore,
addressing these limitations necessitates synergistic
integration with other cooling methods. This aspect will be
comprehensively discussed in the subsequent section.

Liquid cooling

The active water cooling technique is widely adopted due
to its straightforward design, exceptional heat dissipation
capability, and effortless operation, making it the simplest
and most cost-effective among all cooling methods
[125]. Gomaa et al. [126] conducted an evaluation on the

performance of planar photovoltaic/thermal and CPV/T
systems utilizing water as the active cooling working fluid.
The study findings demonstrate that a maximum electrical
energy output of 170 W and a total thermal energy output
of 580 W can be achieved at a concentration ratio of 3
and a cooling water flow rate of 1 kg min~!. The direct
contact liquid film cooling (DCFC) is a type of active
water cooling technology that utilizes deionized water to
extract heat from the rear side of solar cells. Wang et al.
[127] investigated the impact of employing the DCFC
technique on the performance of tilted high-concentration
photovoltaic cells. Under experimental conditions including
solar cell tilt angles ranging from 0° to 75°, inlet flow rates
between 100 and 300 L h™!, and inlet temperatures varying
from 30 to 75 °C, an optimal angle for liquid film cooling
was determined as 20°. Moreover, in practical applications,
photovoltaic panels are susceptible to contamination from
pollutants such as dust and dirt. To mitigate the impact of
surface contamination on CPV panel efficiency, Acar et al.
[128] conducted experiments on an active system designed
for cleaning and cooling photovoltaic modules. The study
findings demonstrate that the system facilitates both
automated cleaning and cooling processes. The application
of the cleaning-cooling process results in a temperature
reduction of 17 °C in the photovoltaic module compared
to those without this process. Furthermore, the proposed
design leads to a remarkable enhancement of 40% in power
output for the photovoltaic modules. The flow of coolant
consumes pumping power, resulting in a decrease in net
power output. Therefore, it is imperative to determine the
optimal operating conditions for systems employing active
water cooling. Sharma et al. [129] investigated the optimum
concentration ratio for an advection-cooled concentrated
photovoltaic (ACCPV) method through numerical analysis
using COMSOL Multiphysics software. The findings
revealed that the optimal concentrations for m-Si, p-Si, a-Si,
CIGS, and CdTe cells were 7, 9, 16, 9, and 20, respectively.
Correspondingly, the respective water mass flow rates were
determined as 0.055 kg s=!, 0.111 kg s~!, 0.098 kg s7!,
0.103 kg s}, and 0.161 kg s~'.

Additionally, microchannel cooling has been shown to
enhance water cooling [130]. In recent years, microchannel
flow boiling has garnered increasing attention as a
highly promising solution for the propulsion cooling of
high-throughput devices. However, the fluctuations and
inhomogeneities of CPV heat flow pose a challenge to
microchannel boiling for cooling CPV [131]. Yuet al. [132]
studied the transient flow and phase transition phenomena
in deionized water microchannels by numerical simulation
of flow boiling. The impact of sudden increases in heat
flow density on the two-phase flow pattern of flow boiling
was investigated. The findings demonstrate that higher
additional heat flux leads to diverse evolutions in the flow

@ Springer



1316

Y. Zou et al.

pattern, with more significant sudden heat flux increases
resulting in severe alterations. Wu et al. [133] investigated
the electrical and thermal behavior of a multi-stage channel
active cooling heat sink for CPV solar cells under indoor
(248cr) and outdoor (500x and 900X concentration
ratio) conditions. The study findings demonstrate that the
number of channels exerts a significant impact on the heat
sink performance. Increasing the inlet water flow rate or
reducing the inlet water temperature substantially lowers
the maximum temperature of the CPV solar cell, leading to
enhanced output power. The electrical efficiency of this heat
sink-integrated CPV cell reaches approximately 30%, while
its cogeneration efficiency achieves around 88%. Varghese
et al. [134] proposed a MEMS heat sink with a serpentine
microchannel made of Si. The results demonstrate that an
increase in Reynolds number leads to a proportional rise
in pump power and a corresponding decrease in thermal
resistance, irrespective of the MEMS heat sink geometry.
Furthermore, the characteristics of the serpentine
microchannel MEMS heat sink also exhibit independence
from the spotting ratio.

However, liquid cooling systems are constrained by nonu-
niform temperature distribution and temperature elevation
along the flow [135]. A spray cooling system can overcome
the limitation of variable temperature while also achiev-
ing efficient cooling performance and water conservation.
Jowkar et al. [130] first investigated the impact of spray
cooling methods on commercial joule cells, as depicted in
Fig. 18a. The study demonstrated that spray cooling effec-
tively reduced the cell temperature below the permissible
operating range of 353 K, as depicted in Fig. 18b. Further-
more, an increase in the nozzle-to-surface distance resulted
in a maximum cell temperature exceeding the allowable
range by 2—14% at various concentration ratios. Ansari et al.
[135] proposed a modified cooling duct design featuring an
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Spray system

e Thermal paste

isothermal heat sink with a cylindrical pin microstructure
for dense concentrating photovoltaic systems. The results
indicate that in the best case, the maximum temperature vari-
ation of the UHV heatsink is only 1.56 K, which is 84.1%
lower than its original value (9.82 K). There is a reduction in
pumping power by 33.1%. Han et al. [28] proposed a vapor
chamber cooling method for a CPV system based on a multi-
segment mirror concentrator. The study’s results showed that
the temperature of the CPV cell with a vapor chamber was
17.5 K lower than that without, thus improving the electrical
performance of the system. The steam chamber cooling sys-
tem can maintain the maximum instantaneous temperature
of the CPV cell at 323.8 K under 30 solar concentrations,
with minimum and average electrical efficiencies of 13.9%
and 14.4%, respectively, throughout the day.

Conventional heat transfer fluids, such as water and oil,
exhibit limitations in terms of capacity and heat transfer rate
[136]. Nanofluids, composed of nanoparticles with parti-
cle diameters below 100 nm dispersed in essential fluids
like water and oil, represent a novel class of heat transfer
fluids [137, 138]. They possess the ability to efficiently
absorb solar energy, convert it into heat, and demonstrate
exceptional thermophysical properties including thermal
conductivity and heat transfer efficiency [139, 140]. Conse-
quently, nanofluids offer a promising solution to overcome
the constraints associated with conventional heat transfer flu-
ids. Elminshawy al. [141] investigated an active cooling sys-
tem for CPV modules using two different flow rates of pure
water and water-based nanofluids as coolants. The prepara-
tion procedure of Al,O; nanofluid is shown in Fig. 19a. The
experimental results show that the electrical output, electri-
cal efficiency, and thermal efficiency of Al,O; nanofluid-
based CPV with a concentration of 0.7% were enhanced
by 10.40%, 10.24%, and 35.79%, respectively, compared
to those obtained with pure water, as depicted in Fig. 19b.
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Fig. 18 a High concentrating photovoltaic assembly integrated with spray cooling system; b Variations of maximum cell temperature with solar

concentration ratio [130]
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module versus nanofluid mass flow rates [141]

Rubbi et al. [142] investigated the effect of two-dimensional
MXene (Ti5C,), Therminol55 oil-based mono- and hybrid
nanofluids on the performance of CPV/T systems. The study
results indicate that the nanofluid exhibits an excellent cool-
ing effect on the photovoltaic modules in the system, result-
ing in temperature reductions of 25 °C and 24 °C for single
and mixed nanofluids, respectively. Salem et al. [143] inves-
tigated the cooling process required for implementing a CPV
system using Al,0;/H,0 as a nanofluid. The results indicate
that increasing the particle concentration or reducing the
particle size can significantly enhance the heat transfer coef-
ficient. Conversely, nanofluids lead to a substantial increase
in pumping power, particularly when there is greater atten-
tion given to reducing particle size.

Other cooling

In addition to the typical types of active cooling systems
mentioned above, researchers have investigated several new
potential active cooling systems in CPV systems. Elmin-
shawy et al. [144] assessed the impact of utilizing a buried
water heat exchanger (BWHE) as an active cooling system

on the performance of a V-trough photovoltaic concentra-
tor. The BWHE cooling system successfully reduced the
panel surface temperature from 72.5 °C to 47.2 °C, 45.5 °C,
41.8 °C, and 39.3 °C at water cooling flows of 0.01 kg s7h
0.02 kg s7!, 0.03 kg s7!, and 0.04 kg s™!, respectively. At
these water cooling flow rates (0.01 kg s!, 0.02 kg s/,
0.03 kg s™!, and 0.04 kg s7!), the peak electrical power
generation (GEP) increased by 18.6%, 20.9%, 23.5%, and
28.3%, respectively, compared to the uncooled panels.
The electrical and thermal efficiencies increased with the
increase in cooling water flow. Ji et al. [145] proposed an
active cooling method that utilizes silicone oil as the cool-
ing medium, which allows the silicone oil to flow directly
through both sides of the cell without obstructing light trans-
mission, as shown in Fig. 20a. The results, as depicted in
Fig. 20b, demonstrate that heat transfer fluids containing
silicone oil can effectively maintain solar cells within a safe
operating temperature range and facilitate the removal of
excess heat. Tan et al. [119] developed a metal foam heat
sink with a functional gradient for CPV systems and investi-
gated the effect of porosity and pore density on the flow field
and thermal performance of aluminum foam heat sinks. The
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study used water as the cooling medium and demonstrated
that the 10 PPI functional gradient aluminum foam heat sink,
with porosity gradients of 0.794 and 0.682, exhibited minor
pressure drop and achieved the highest thermal performance.
When the water mass flow rate was 20 g~!, the temperature
difference of the solar cell, which had a total heat generation
of 900 W, was measured to be 3.9 °C.

Pabon et al. [31] designed a new cooling method for
the LCVP system, the two-phase mechanical pump loop
(TMPL), as shown in Fig. 21a. The study results show that
using the TMPL system can effectively eliminate the heat
generated by the photovoltaic cells, thereby enhancing both
temperature stability and efficiency of the cells. As shown
in Fig. 21b, the LCPV-TMPL system utilizes four photovol-
taic cells with a diameter of 10 mm and a length of 5 m in
the case study area. It generates an average monthly power
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output of 2 kW and reaches a peak monthly power output of
5 kW, corresponding to an average and peak solar radiation
intensity of 400 W m~2 and 600 W m~2. The water tank can
heat an average of 2.2 m® per day from 8 °C to about 28 °C.
This means the LCPV-TMPL system can save 9000 kWh and
1900 kWh of electricity and thermal energy (water heating)
per year. The system can be used in localized areas with low
or moderate solar radiation and cold weather.

Passive cooling system

In contrast to active cooling systems, passive cooling
systems can cool and suppress cell heating in solar panels
without requiring an external power source [34, 141].
Passive cooling is less expensive than active cooling but also
less efficient [146, 147]. Therefore, passive cooling systems
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Fig.22 a Diagrams of rectan- (a)
gular fin (control group) and

flared fin heat sink (experi-
mental group) geometries; b
The overall thermal resistance
differences between the flared
fin and the rectangular fin heat
sink [148]
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are more suitable for LCPV systems. The past 5 years of
research on passive cooling technologies have primarily
focused on air, PCM, and heat pipe cooling. This section
will systematically and comprehensively review the research
progress and current status of standard passive cooling
technologies in these areas over the last 5 years.

Air cooling

Passive air cooling is commonly referred to as fin cooling.
Luo et al. [148] proposed an improved expanded fin heat
sink, as shown in Fig. 22a. The research results are shown
in Fig. 22, indicating a 10% reduction in the total thermal
resistance of the flared fin radiator compared to that of the
rectangular plate fin radiator. Alzahrani et al. [149] studied
the maximum cell temperature of the micro-fin heat sink
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with three different substrate materials. The results dem-
onstrate a linear relationship between the cell temperature
and the coefficient of thermal resistance, while the ambient
temperature remains unaffected by the substrate material.
Moreover, when compared to a flat heat sink with directly
bonded copper (DBC), an insulated metal substrate (IMS),
and Si wafer substrates, the integrated micro-fin heat sink
exhibits significantly higher heat dissipation rates of 25.32%,
23.13%, and 22.24%, respectively. This improvement can
be attributed to the lower thermal resistance offered by IMS
substrates in comparison to DBC and Si wafer substrates,
resulting in superior thermal performance that effectively
maintains cell temperatures below 80 °C, while accommo-
dating a wider range of high concentrator ratios. Song et al.
[150] proposed a heat pump (LCPV/fin-SAHP) system that
consists of fins and LCPV, as shown in Fig. 23a. The study
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Fig. 23 a Diagram of the experimental setup of the heat pump system; b Temperature at different locations [150]
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results demonstrated that this method exhibited excellent
cooling for CPV, reducing the temperature by approximately
50 °C and increasing the electrical efficiency by 4.6%, as
shown in Fig. 23b.

PCM cooling

Phase change materials (PCMs) are widely recognized as
key cooling devices in passive cooling systems, encompass-
ing organic, inorganic, and eutectic compositions [127].
PCMs possess remarkable flexibility and adjustability, ena-
bling efficient thermal energy storage during solar availabil-
ity and subsequent release when solar energy is scarce. This
capability optimizes waste heat utilization while effectively
reducing battery temperatures to enhance overall system
efficiency [151, 152]. Nevertheless, the implementation of
PCM cooling systems remains challenging due to their high
cost. Aslfattahi et al. [153] first proposed using novel gra-
phene—silver (Gr—Ag) hybrid nanomaterials combined with
paraffin as PCM for CPV/T systems. The results showed that
the hybrid graphene-silver nanoparticles exhibited the high-
est thermal efficiency of 39.62%, which was 4.16% higher
than pure PCM. Rejeb et al. [154] investigated the effect
of using PCM as a cooling medium on the performance of
CPV-TE systems in terms of temperature variation, power
generation, and energy efficiency. Under the climatic con-
ditions of Dubai and Naples, the maximum power in the
CPV module in the CPVT-TE is 170 W m™ and 66 W m™>
in summer, and 80 W m~2 and 64 W m~2 in winter, respec-
tively. Additionally, the TE module generates a maximum
power of 1.317 W and 0.127 W during summer and winter,
respectively. Yusuf et al. [155] studied and discussed the
effect of using different PCMs in CPV, CPV-PCM, CPV-
TE, CPV-PCM-TE, and CPV-TE-PCM and PCM containers
with different internal configurations on the energy output
of the system. The results show that the energy conver-
sion efficiency of CPV-PCM, CPV-TE, CPV-PCM-TE, and
CPV-TE-TEM systems is 34.8%, 97.3%, 106.5%, and 114%
higher than that of the stand-alone CPV system, respectively.
Furthermore, owing to the significant temperature gradient

Fig.24 a Schematic diagram (a)
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generated within the structure, the CPV-TE-PCM configu-
ration exhibits superior characteristics compared to other
forms. Sharma et al. [156] investigated the effect of PCM as
a passive cooling technique on the performance of window-
integrated concentrated photovoltaic (WICPV) systems. The
study results demonstrated that PCM is advantageous for
regulating the thermal conditions of WICPV.

Heat pipe cooling

Heat pipe cooling exhibits exceptional heat transfer
capability, cost-effectiveness, and reliability, rendering
it a highly efficient cooling solution for CPV systems in
recent years [157]. Shittu et al. [158] conducted a study
on a hybrid concentrated photovoltaic—thermoelectric
design with/without a flat plate heat pipe. The results of
the study demonstrated that when concentrator ratio is 6,
the efficiency of the photovoltaic—thermoelectric-Heat
pipe system was 1.47% and 61.01% higher than that of
the photovoltaic—thermoelectric and photovoltaic systems,
respectively. Wang et al. [159] proposed an innovative
atmospheric plate thermo-siphon (APT) cooling system
for efficient heat dissipation in single-concentrating or
low-concentrating solar cells. The research findings
demonstrate the effectiveness of the APT cooling system
in reducing photovoltaic cell temperatures, with a shorter
start-up time observed as the heat flow density increases.
Soliman et al. [160] investigated the impact of flat-plate
heat pipe cooling on the performance of concentrated solar
cells, revealing that an increase in the size of the heat pipe
condenser and a decrease in the length of the adiabatic
zone resulted in higher cell efficiency and output power.
The oscillating heat pipe (OHP) is renowned for its
coreless design, which effectively dissipates a substantial
amount of heat from high-density solar cells [161-163].
However, there is limited literature on the utilization of
OHP as a cooling system in CPV cooling applications. To
address this gap, Wang et al. [118] devised and fabricated
a three-dimensional OHP featuring a flat plate evapora-
tor, as depicted in Fig. 24a. Subsequently, they conducted
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experimental investigations to evaluate its cooling perfor-
mance on concentrated photovoltaic cells. The starting
performance, effective thermal resistance, and the effect
of tilt angle on the thermal performance of oscillating heat
with/without sintered copper particles in the evaporator
section were compared and evaluated. The results dem-
onstrate that the presence of a porous structure formed by
sintered copper particles on the evaporator significantly
enhances vapor bubble generation and growth rate, facili-
tates rapid thin film evaporation formation, and improves
latent heat transfer capability. Consequently, it can be
concluded that 3D oscillating heat pipes exhibit excellent
heat transfer performance and are well-suited for cooling
concentrated photovoltaic systems, as shown in Fig. 24b.

Hybrid cooling techniques
Active + passive cooling

The impact of each cooling medium on the CPV system
is positive; however, their effects vary to some extent.
Combining active and passive cooling techniques
can effectively mitigate the temperature influence on
photovoltaic panels [164, 165]. Therefore, Ji et al. [166]
conducted a comparative study of CPV systems employing
three prevalent active cooling techniques: air-cooled,
water-cooled, and heat pipe cooling. The findings of the
investigation demonstrate that the CPV cell integrated
with heat pipe cooling exhibits superior output power.
Considering pump consumption, however, the water-
cooled CPV cell demonstrates optimal net electrical
efficiency and electrical energy efficiency. Kouravand et al.
[167] investigated five cooling methods for CPV systems,
including water circulation CPV-T (CPV-T/W), nanofluid
circulation CPV-T (CPV-T/NF), nanofluid and PCM mixed
circulation CPV-T (CPV-T/NF/PCM), nanofluid and finned
PCM combined circulation CPV-T (CPV-T/NF/FPCM) and
water circulation and finned PCM mixed circulation CPV-T
(CPV-T/W/FPCM). This indicate that the best cooling
performance was achieved by the CPVT-NF-FPCM method
under experimental conditions, which can narrow down the
technology gap of using PCM, metal fins, and nanofluids in
CPVT systems. Soliman et al. [168] investigated the effect of
the heatsink (H.S.) size, microchannel (mic) structure, and
the use of nanoparticles on the cooling CPV performance of
the heatsink-microchannel system. The results demonstrate
that the incorporation of SiC nanoparticles in conjunction
with cooling water within the mic enhances photovoltaic
efficiency and mitigates both the maximum photovoltaic
temperature and temperature variation on the photovoltaic
surface. During experimentation, a spreader was interposed
between the photovoltaic and the mic. Increasing the area
ratio (A.R.) of this spreader to the photovoltaic leads to

improvements in photovoltaic efficiency, output power,
and temperature uniformity. Under similar flow conditions,
compared to water without SiC NPs, incorporating SiC
nanoparticles resulted in a net capacity increase of 9.2%
at A R.=1 and 0.3% at A.R.=7 when Re=35; as well as
an increase of 2.6% at A.R.=1 and 1.5% at A.R.=7 when
Re=385.

Nasef et al. [169] developed an integrated passive and
active cooling system for the thermal regulation of CPV
solar systems, which combines a PCM thermal storage cell
with a closed-loop water/nanofluid cooling system. The
study results demonstrate that compared to conventional
direct PCM- photovoltaic and water-cooled stand-alone
systems, the average CPV temperature can be reduced by
60%. Rahmanian et al. [170] proposed to combine a novel
PCM heat sink with a building-integrated concentrated
photovoltaic (BICPV) system. The study findings
demonstrate the effective enhancement of both electrical
and thermal efficiency in the system, attributed to the
increased thermal conductivity. Torbatinezhad et al. [171]
introduced a wave-shaped small channel radiator mixed
with a jet impingement cooling system. The experimental
results demonstrate that the microchannel wavelength can
be reduced from 12.5 to 5 mm at a mass flow rate (7z) of
0.08 kg s!, leading to an average temperature reduction
of 4.46% and an enhanced performance improvement of
28.77%. Furthermore, increasing the coolant rate from
m=0.05kg s™! to i=0.15 kg s~! resulted in a temperature
decrease of approximately 12 °C at a 30° impact angle,
accompanied by an impressive electrical efficiency
reaching up to 29.65%. Torbatinezhad et al. [172] proposed
a jet impingement/small channel heat dissipation model to
enhance the surface temperature reduction of triple-junction
solar cells in a flat-plate concentrating solar system. The
study findings demonstrate that the utilization of a pin—fin
reinforced heat sink improves the heat transfer characteristics
compared to a simple heat sink. Increasing the angle of the
heat sink from 0° to 40° resulted in a decrease in temperature
from 321.9 to 321.2 K, thereby enhancing electrical
efficiency up to 28.95%.

Thermoelectric system

The utilization of a semiconductor device thermoelectric
generator (TEG) enables the generation of electrical
energy by harnessing the temperature difference between
its surfaces [173]. Consequently, integrating TEG and CPV
systems within a CPV/not only facilitates passive cooling
of solar cells but also yields additional thermoelectric
power [146]. Sabry et al. [174] investigated the system
performance of three TEG modules with varying sizes and
node quantities. The findings demonstrate that the proposed
hybrid concentrating photovoltaic/thermoelectric generator
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(CPV/TEG) system outperforms the CPV-only system in
terms of net power generation. Specifically, the power output
of the hybrid CPV/TEG system exhibited an increase of
7.4%, 5.8%, and 3%, respectively, compared to a scenario
where only a CPV cell was installed on top of the radiator.
Lekbir et al. [175] investigated a hybrid cooling system
based on nanofluid concentrating photovoltaic/thermal-
thermoelectric generator (NCPV/T-TEG). The findings
demonstrate an enhancement in the electrical performance
of the NCPV/T-TEG structure, with improvements of 89%
compared to standard photovoltaic modules, approximately
13.9% compared to CPV/TEG, and around 8.4% compared
to water cooling. Rodrigo et al. [176] initially conducted
an analysis on the potential of CPV/TEG systems for
passive cooling technologies and subsequently developed
an electrical/thermal/economic model for concentrating
photovoltaic—thermoelectric modules. The study findings
demonstrate that the proposed model exhibits a significant
enhancement in efficiency and cost reduction compared to
conventional CPV modules with 800 light gathering factor
and 36.4% efficiency. Hajji et al. [177] proposed an efficient
cooling system using indirectly coupled CPV mixed with
concentrated thermoelectric (CTE) modules. In their study,
the performance of the CPV/CTE system was investigated
using both nanofluid and water as cooling media separately.
The results demonstrated that incorporating copper-based
nanofluid as a coolant could significantly enhance the
efficiency of this hybrid system compared to conventional
water cooling methods. Specifically, the hybrid CPV system
achieved a remarkable 10% increase in overall efficiency
when compared to typical CPV systems. Lekbir et al.
[178] proposed a new configuration of a NCPV/T-TEG
hybrid system with cooling channels. The obtained results
demonstrate that the electrical energy output of the NCPV/T-
TEG structure surpasses that of NCPV/T, CPV, and CPV/
TEG-HS systems by 10%, 47.7%, and 49.5%, respectively,
at both the optimum concentrator ratio value and maximum
operating temperature.

The combination of a CPV system and a photovoltaic/
thermal system offers the advantages of both technologies
[26, 179]. In an open-air environment, Kong et al. [180]
investigated the effect of different heat sinks (s-type and
h-type) on the photothermal, photovoltaic, and cogeneration
performance of a composite parabolic concentrated
photovoltaic/thermal phase change system. The results
show that the h-type heat sink system with integrated PCM
performs better temperature regulation. In contrast, the
CPV/T phase change system with an s-type heat sink shows
excellent potential in terms of cogeneration performance.
Rejeb et al. [181] investigated the effect of water-containing
and 0.5% graphene/water nanofluid charged as a coolant
on the performance of CPV/T-TE systems, respectively.
The results showed that the total electrical power and
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exergy increased. In contrast, the thermal energy decreased
significantly for CPV/T-TE and CPV/T-TE with 0.5%
graphene/water nanofluid addition compared to the CPV/T
system. However, the utilization of full-spectrum solar
radiation in a CPV/T system may result in an elevation of
system temperature. Therefore, timely removal of waste heat
is necessary and can be achieved through a coupled cooling/
thermal system or by splitting the full spectrum solar energy
into two parts using a beam splitter. The high-frequency part
is then directed to the concentrating photovoltaic module,
while the remaining portion is utilized by the near-field
thermal photovoltaic module. A spectroscopic beam splitter
utilizes the spectral splitting capability of a substance to
effectively lower the temperature of a photovoltaic cell
[182, 183]. Selective absorption coating represents one
form of SBS that has been employed. However, limitations
such as high cost and susceptibility to degradation hinder
its widespread application. To address this issue, Alzahrani
et al. [184] proposed employing graphene as an illumination-
cooling technique for solar cells. The findings demonstrated
that incorporating graphene as a neutral density filter
component reduced the geometric concentrator ratio and
enhanced the efficiency of solar cells.

Fluid-selective absorption filters represent an alternative
approach to utilizing selective absorption coatings. Distin-
guished from the latter, fluid-selective absorption spectrom-
eters can serve as both a cooling medium and a spectrometer
in CPV systems [179, 184]. Han et al. [185] proposed a
CPV/T system that consists of an/CoSO,-propylene gly-
col nanofluid spectroscopic beam splitter and utilizes heat
pipe cooling technique. The study also discussed the impact
of heat pipe cooling on the performance of the nanofluid
spectroscopic beam-splitting system. The results show that,
on average, there is a 10.4% difference in total efficiency
between the system with heat pipe cooling and without it
when varying the concentrator ratio from 1 to 8 Suns. At a
typical daily solar irradiance with a concentrator ratio of 5
Suns, the instantaneous total efficiency reaches its maximum
at 73.20% at 17:00, with electricity contributing to 7.55%,
and the average total efficiency for the entire day is 53.66%.
Meraje et al. [186] investigated the use of ZnO nanofluid
as a beam splitter for CPV/T systems to achieve full spec-
trum utilization. The results showed that the combined
efficiency of CPV/T was 50.35%, 65.2%, 72.70%, 74.7%,
and 85% for ZnO nanofluids with volume concentrations
of 0.00036%, 0.00089%, 0.0017%, 0.0036%, and 0.0089%,
respectively. Lin et al. [187] proposed a two-stage concen-
trated split photovoltaic/thermal system based on nanofluid,
which achieves a thinner split layer of optical nanofluid and
effective thermal management. The study results show that
the two-stage robust split photovoltaic/thermal system with-
out cooling channels improves thermal efficiency by 1.4%
and 2.9%, respectively, compared to the conventional split
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Fig.25 a Schematic diagram of the structure of a transmissive active cooling system in a concentrating photovoltaic/thermal system; b Map
showing distribution of solar energy flux on the concentrating photovoltaic module [124]

photovoltaic/thermal system. Not only does it achieve high-
temperature protection of nanofluid, but also the flexible
hybrid system has an output power that is 14.3% and 10%
higher than that of the conventional photovoltaic/thermal
system without cooling concentrated split photovoltaic/
thermal system, respectively. Anand et al. [188] proposed a
hybrid system that combines a CPV/T system with a desali-
nation and cooling unit to fully utilize solar energy. The
CPV/T system provides hot water for HDH desalination and
electrical power for the vapor compression refrigeration sys-
tem. The study results showed that coupling a CPVT system
with a desalination and cooling unit increased the energy
utilization factor (EUF) of the unit. The highest increase in
the EUF of the electric field was 49% at a hot water tem-
perature of 47.5 °C. Islam et al. [124] proposed a transmis-
sive active cooling system for hybrid spectroscopic CPV/T
systems, as shown in Fig. 25a. The study results showed that
the cooling channel maintained the temperature of the CPV
cell below 69 °C during a concentrated test with 175 Suns.
The experimentally validated model predicted, as shown in
Fig. 25b, that the cell temperature would remain below the
maximum temperature of 110 °C even at high concentrations
of up to 665 Suns.

Conclusions

Compared to photovoltaic systems, CPV systems offer
significant advantages in cost reduction and more efficient
solar energy collection. This paper aims to enhance
the overall efficiency of CPV systems by addressing
the temperature effect. We review and discuss the key
components influencing the temperature effect of CPV
systems, along with corresponding solution measures and
research progress in this field. The main steps proposed

for mitigating the temperature effect of CPV systems
include improvements in solar concentrators, solar tracking
systems, and cooling mechanisms. The review presents a
comprehensive exposition of these three recommendations.
The subsequent deductions can be derived from this article:

1. The solar concentrator serves as the fundamental
component of the CPV system and plays a crucial
role in its temperature effect, leading to an increase in
surface temperature of the solar cell with intensified
concentrated light. Additionally, solar concentrators
concentrate dispersed sunlight onto the solar cell,
resulting in nonuniform radiation across its surface.
Consequently, optimizing and designing the concentrator
becomes imperative for mitigating the temperature effect
of CPV systems. This review paper comprehensively
examines various types of solar concentrators including
Fresnel, Dish, composite parabolic troughs, and trough
concentrators. design process, researchers primarily
focus on investigating how concentration ratio impacts
both optical and electrical performance of CPV systems
while also developing accurate predictive models and
implementing measures to minimize their temperature
effect.

2. Conventional CPV systems feature stationary panels that
lack sun-tracking capabilities, resulting in limited daily
solar energy intake and suboptimal utilization of solar
single-axis and dual-axis solar trackers has significantly
enhanced the efficiency of CPV systems. Further
research on solar trackers should focus on investigating
the impact of wind speed, module angle, and other
factors on tracker performance.

3. The cooling system is considered one of the most
effective thermal management methods for enhancing
the temperature performance of CPV systems. These
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systems can be categorized into active, passive, and
hybrid cooling systems based on their reliance on an
external power supply. Active cooling systems are
typically employed in HCPV systems, while LCPV
systems commonly utilize passive cooling techniques.
Researchers have extensively explored active cooling
approaches such as liquid cooling, microchannel
heat dissipation, and nano-fluid cooling. Noteworthy
advancements in active cooling methods include buried
water heat exchangers, silicone oil applications, metal
foam heat sinks, and two-phase mechanical pump
circuits.

4. Nanofluid cooling is an emerging technology in active
cooling systems, which can serve as a coolant in CPV
systems and a spectrometer in CPV/T systems. However,
the spectral response and absorption properties of
nanofluids are influenced by factors such as nanoparticle
size, concentration, and type. Therefore, it is crucial to
fully consider these factors when studying nanofluids.
Nevertheless, long-term stability remains a challenge
for nanofluids currently. Research on passive cooling
technologies has primarily focused on three areas:
air cooling, phase change materials (PCM) cooling,
and heat pipe cooling. PCM cooling shows promising
potential but still faces the limitation of high cost.

5. The hybridization of active and passive cooling systems
can effectively overcome the limitations imposed
by a single cooling medium, thereby combining the
advantages offered by two or more media. This approach
leads to a significant reduction in the temperature
impact on CPV systems. Moreover, the integration of
thermoelectric cogeneration system not only maximizes
the utilization of waste heat generated by CPV systems
but also substantially lowers the surface temperature of
PV panels. Consequently, it enhances overall efficiency
and facilitates comprehensive exploitation of solar
energy resources.

In conclusion, the elimination of temperature effects
in CPV systems remains a technological challenge yet to
be overcome. Based on the literature review, it is evident
that the most effective approach to mitigate these effects
involves optimizing and designing the solar concentra-
tor, tracker, and cooling system separately. However, this
coupling strategy necessitates higher construction costs
and increased maintenance complexity. Therefore, future
research should prioritize mitigating the adverse effects of
elevated temperatures on CPV systems. This can be achieved
through the implementation of cogeneration or the utiliza-
tion of thermoelectric materials for efficient heat and waste
heat harvesting, thereby ensuring optimal energy utilization.
Additionally, it is crucial to assess the economic feasibility

@ Springer

and practical benefits of these approaches in real-life engi-
neering applications.
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