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temperature on the effectiveness of solar cells. It provides an overview of passive
cooling strategies, including radiative cooling, natural convection, phase change
materials, and reflective coatings, alongside active approaches such as water cooling,
air cooling, and thermoelectric cooling. The integration of these techniques and their
impact on solar panel efficiency are discussed, highlighting their potential to enhance
performance. Furthermore, the paper discusses the challenges and limitations of
existing cooling techniques and underlines future research directions utilizing newly

Keywords: developed materials and computationally advanced models. Policy considerations are
Renewable energy; solar PV efficiency; also addressed to encourage the adoption of efficient cooling methods. This review
cooling techniques; passive cooling; aims to enhance solar PV systems' overall efficiency and reliability, moving a step
active cooling towards a clean energy future.

1. Introduction

Solar Energy plays a pivotal role in the worldwide pursuit of sustainable energy solutions due to
its extensive potential and environmental advantages. The increasing global population and demand
for advanced technology underscore the importance of solar energy as a sustainable energy source
[1]. Integrating solar energy into electrical grids is crucial for establishing an eco-friendly and
adaptable energy environment. This integration provides advantages like grid stability, reduced
reliance on fossil fuels, and enhanced environmental sustainability [2]. Solar Energy's lifecycle
assessments show significant positive economic and ecological impacts. It highlights its importance
in global energy changes and environment and protection [3]. Solar Energy helps achieve many
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Sustainable Development Goals (SDGs) in agriculture. It provides clean energy access, supports
economic growth, and reduces greenhouse gas emissions [4]. The continuous improvement of solar
photovoltaic and concentrated solar power technologies improves the energy sector and creates
employment opportunities, significantly contributing to sustainable development [5].

Achieving a net-zero global energy system necessitates a substantial increase in investments,
policies, and regulatory frameworks for renewable energy sources, with solar power playing a
significant role due to its abundance and decreasing costs. Solar energy applications extend to various
sectors, including agriculture, water processes, heating, and cooling, demonstrating its versatility and
efficiency in daily life. Educational institutions worldwide are increasingly adopting solar power. This
adoption helps reduce carbon emissions, promote sustainability, and enhance academic experiences
despite financial constraints and regulatory complexities [6]. Additionally, solar energy is crucial for
charging electric vehicles (EVs), offering a sustainable and renewable power source that reduces
emissions and leverages technological advancements despite challenges like irregularities and
charging speed.

This review addresses the crucial interplay between temperature fluctuations and the efficiency
of solar photovoltaic (PV) panels, a pivotal concern as global demand for renewable energy escalates.
Elevated temperatures impair PV efficiency through increased semiconductor resistance and
diminished voltage output, reducing energy production [7]. This study proposes novel cooling
strategies to stabilize or improve PV efficiency under thermal stress, challenging established
approaches with more economical, adaptive alternatives. The primary objective of this research is to
provide a comprehensive assessment of both established and cutting-edge cooling strategies,
illustrating their effectiveness in enhancing PV panel performance and potential integration into
current solar power systems. Uniquely contributing to the field of solar photovoltaic efficiency, this
review synthesizes the latest advancements in cooling technologies and critically assesses their
applicability and effectiveness across various environmental scenarios. This study delivers a
comparative analysis of passive and active cooling techniques, offering a nuanced understanding of
their harmonious effects on solar panel performance. Moreover, this study highlights innovative
materials and emerging technologies poised to revolutionize cooling applications, addressing some
of the most pressing challenges in photovoltaic systems today. This study seeks to enhance solar PV
systems' global adoption and effectiveness by discussing future experimental and modeling efforts
and industrial practices, ultimately contributing to a sustainable energy future.

This paper is structured to systematically explore and analyze cooling techniques for solar
photovoltaic (PV) systems, fostering a deeper understanding of their role in enhancing solar panel
efficiency. Section 2 discusses the theoretical background, highlighting the scientific principles that
explain the impact of temperature on solar panel efficiency. Section 3 is dedicated to a detailed
review of cooling strategies, dividing them into passive and active cooling techniques. Section 4
presents a comprehensive analysis of the results of applying these cooling methods, supported by
simulation data and real-world applications. Section 5 encapsulates the discussion, reflecting on the
implications of the findings and their significance in the context of global energy solutions. The paper
concludes with Section 6, which summarizes the key outcomes, reiterates the importance of effective
cooling systems, and outlines future directions for research and development in solar technology
enhancement.

2. Theoretical Background

Solar Energy, a renewable and clean source, is crucial in reducing greenhouse gas emissions, thus
mitigating climate change effects [8]. The flexibility of solar energy is apparent in its ability to be
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scaled up or down, catering to various energy needs worldwide, from small off-grid systems to large
solar farms. This flexibility establishes solar power as a crucial element in the worldwide shift towards
renewable energy sources, aiding in fulfilling international energy and environmental goals, such as
those articulated in the Paris Agreement to combat global warming [9].

Solar panels operate on a basic yet ingenious principle to harness this energy. The core concept
revolves around the photoelectric effect, first observed by French scientist Edmond Becquerel, who
discovered that certain materials generate electricity when exposed to sunlight. Over the years, this
phenomenon has been refined into the modern photovoltaic cells used today [10]. Figure 1 illustrates
the typical three-layer configuration of these cells: an upper n-type layer enriched with electrons, a
lower p-type layer with fewer electrons, and an intermediary segment constituting a p-n junction.
Upon sunlight striking the cell, it dislodges electrons from silicon atoms at the upper layer, generating
positive "holes." These liberated electrons migrate towards the electron-abundant n-type layer,
while the holes drift towards the electron-scarce p-type layer, generating an electric current.

Furthermore, solar energy contributes to environmental conservation and fosters economic
growth by generating jobs in the renewable energy sector and decreasing energy costs over the long
term [11]. Unlike traditional energy sources, which involve recurrent expenses due to fuel
consumption and environmental harm, solar energy requires substantial initial investment but
minimal operational costs. Continuous technological advancements in efficiency and storage
capabilities are strengthening the position of solar energy as a crucial component of upcoming energy
infrastructures. With the increasing investments in renewable technologies, solar power is expected
to play a more prominent role in global energy policies. Adopting solar energy contributes to
environmental conservation by reducing greenhouse gas emissions and reliance on finite fossil fuels.
It fosters economic growth by generating employment opportunities in the renewable energy sector
[11]. Furthermore, integrating photovoltaic (PV) systems in small industrial firms can significantly
reduce operational expenses and carbon emissions, promoting energy independence and flexibility.
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Fig. 1. Basic operating principle of a solar cell [12]
2.1 Impact of Temperature on Solar Panel Efficiency
Temperature variations significantly affect solar photovoltaic (PV) panels' efficiency, declining

performance as temperatures rise. This decline is primarily due to the increased resistance in
semiconductor materials, which leads to higher resistive losses and reduced power output.
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Specifically, the conversion efficiency temperature coefficient quantifies this effect, indicating that
efficiency can drop substantially as temperatures increase, with resistive losses potentially doubling
when temperatures rise from 25 °C to 100 °C [11]. Moreover, elevated temperatures decrease open
circuit voltage, further compounding the efficiency loss [13]. The thermal effect impacts voltage and
increases series resistance, contributing to the overall decline in solar panel efficiency [14]. Figure 2
shows the current(l)-Voltage(V) curve characteristics of PV panels at various temperatures and 1000
W/m? solar irradiation.
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Fig. 2. |-V Properties of a photovoltaic panel at varying temperatures [15]

In hot climates, where solar radiation is abundant, this thermal challenge becomes particularly
pronounced, as the high ambient temperatures can significantly hinder the expected performance of
solar panels. Understanding these temperature-dependent dynamics is crucial for optimizing solar
energy systems, especially in regions with extreme heat, where effective cooling strategies may be
necessary to maintain efficiency. For instance, in Benghazi, Libya, it was observed that as solar
radiation levels increased to 1017 W/m?, the temperature of the PV panel soared up to 71.1°C,
surpassing the ambient air temperature by 34.7°C, which was identified as a primary factor
contributing to the deterioration of cell efficiency [16]. Dust accumulation is another factor that can
exacerbate temperature-related efficiency losses, as seen in Cairo, Egypt, where dust densities
significantly lower the output power and efficiency of PV modules [17]. Understanding these
temperature-dependent dynamics and implementing effective cooling strategies are crucial for
optimizing solar energy systems, especially in regions with extreme heat, to ensure sustainable and
efficient energy production.

Various cooling strategies have been developed to maintain or enhance the operational efficiency
of solar panels to combat these thermal effects. These cooling strategies are essential not only for
maximizing energy output but also for extending the lifespan of the solar panels, which can be
adversely affected by prolonged exposure to high temperatures. By integrating effective cooling
mechanisms, solar energy systems can achieve higher efficiency and reliability in diverse
environmental conditions.
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3. Overview of Cooling Techniques

Cooling techniques for solar panels are categorized into passive and active methods, each with
unique mechanisms and applications designed to enhance photovoltaic (PV) system efficiency by
managing temperature. Both strategies aim to maintain the panels at optimal temperatures to
maximize electrical output and prolong their operational lifespan, thus improving the overall
effectiveness of solar power systems. Developing and implementing these cooling techniques is
critical, as high temperatures can significantly degrade PV efficiency.

3.1 Passive Cooling Techniques

Passive cooling techniques for photovoltaic (PV) panels aim to improve their efficiency and
performance by reducing the operating temperature without external power sources or active
components. Some primary methods are described below and summarized in Table 1.

3.1.1 Radiative cooling

Radiative cooling is a technique that enhances the thermal management of solar panels by
utilizing materials that emit infrared radiation, allowing these panels to shed excess heat effectively,
particularly during cooler periods like nighttime. This method leverages the natural process of
thermal radiation, where objects emit heat to the more relaxed atmosphere, thereby maintaining
efficiency in solar energy systems [18]. Radiative cooling occurs when a surface emits more thermal
radiation than it absorbs from the environment. This results in a net heat loss, effectively cooling the
surface without requiring external power. It is particularly beneficial for solar panels as it helps reduce
the operating temperature, which can otherwise lead to decreased efficiency and energy output [19].
Figure 3 demonstrates the mechanism of the radiative cooling technique. Only a tiny fraction of
surface radiation escapes to deep space through the atmospheric window (mainly 8—13 um).

Materials designed for radiative cooling typically possess high emissivity in the infrared spectrum
while maintaining transparency to visible light. This dual functionality is crucial for solar panels, which
must capture sunlight while dissipating heat. Recent advancements include photonic structures, such
as hexagonal arrays of silica microcylinders, which enhance infrared emissivity without compromising
visible light transmission. Zhao et al., [20] demonstrated the use of B-SisN4 dielectric particles in a
PVDF matrix, achieving a solar reflectivity exceeding 0.91 and an atmospheric window emissivity of
0.93, resulting in a sub-ambient cooling performance of 11.63 °C and a theoretical radiative cooling
power of 45.41W/m? in the daytime.

Deep space ~2.7K

(813 um)

Passive daytime radiative cooling surface

(a)
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Fig. 3. Mechanism of passive radiative cooling. (a) Radiation
exchange with a passive daytime radiative cooling surface. (b)
Emissivity spectra of ideal and selective radiative coolers,
compared with solar irradiance, black body radiation, and
atmospheric  emissivity, emphasizing the transparent
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Another innovative approach by Zeng et al., [22] involves the use of a transparent-radiative heat
mirror (TRHM) combining an indium tin oxide (ITO) layer with polydimethylsiloxane (PDMS), which
allows visible light transmission while reflecting unnecessary heating photons, leading to a significant
temperature reduction and an increase in power conversion efficiency (PCE) of PV modules.
Additionally, a novel multi-layer prismatic photonic metamaterial film without any silver reflector has
been developed by Li et al., [23], exhibiting 96.4% sunlight reflectance and 97.2% emissivity in the
mid-infrared range, achieving an average temperature reduction of 6.8 °C below ambient during the
day. Integrating radiative cooling with solar cells further enhances energy density and reduces
consumption, enabling nighttime power generation and addressing energy crises and environmental
concerns. The effectiveness of radiative cooling is notably improved in regions that experience
significant temperature drops at night, such as arid and high-altitude areas. The temperature
differential between the solar panels and the atmosphere in these environments can facilitate more
substantial heat loss, improving overall system performance.

3.1.2 Natural convection

Natural convection is a highly effective and eco-friendly method for cooling solar panels,
leveraging warm air rising and cool air descending to regulate temperature without mechanical
intervention. This passive cooling technique enhances airflow around solar panels, facilitating heat
dissipation and improving overall system performance. Several factors influence the effectiveness of
natural convection, including panel orientation, spacing, height, ambient temperature, and wind
speed. For instance, the tilt angle of photovoltaic (PV) panels significantly impacts the mass flow rate
and mean Nusselt number, with increased tilt angles enhancing the cooling effect by promoting
better airflow [24]. Additionally, the inclined chimneys presented in Figure 4 and extensions at the
channel's inlet and outlet can improve cooling efficiency by increasing the mass flow rate and
reducing maximum temperatures [25].
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Fig. 4. Description of inclined solar chimney [26]

The design of air-cooled channels with optimal fin spacing, height, and thickness is crucial in
enhancing heat transfer and reducing panel temperatures. Moreover, integrating high thermal
conductivity materials, such as copper fins, can further optimize the cooling process [27]. The
Rayleigh number also influences natural convection effectiveness, which affects the heat transfer
rate and airflow velocity, particularly in systems with sloped entrance channels and aluminum flat
plates [28]. Floating photovoltaic systems, which utilize water bodies as heat sinks, demonstrate the
potential of natural convection cooling loops to significantly increase electrical efficiency by reducing
working temperatures [29]. Furthermore, using return air from HVAC systems in industrial settings
can enhance cooling efficiency by generating turbulent flow and increasing the convection coefficient
[30].

The transient behavior of natural convection, influenced by plate shapes and Rayleigh numbers,
also highlights the importance of optimizing design parameters to achieve steady-state heat transfer
and maximize cooling effectiveness [31]. Therefore, by strategically designing panel installations to
promote natural convection, the cooling of solar panels can be maximized, leading to improved
efficiency, cost-effectiveness, minimal maintenance, and environmental friendliness [32]. This
method addresses the challenge of elevated temperatures hindering PV panel efficiency. It
contributes to the sustainable adoption of renewable energy systems by reducing reliance on
mechanical cooling methods and conserving water resources in hot, dry regions.

3.1.3 Phase Change Materials (PCMs)

Phase Change Materials (PCMs) are increasingly recognized for their potential to enhance the
efficiency of solar energy systems by effectively managing temperature fluctuations. These materials
absorb excess heat during peak sunlight hours, preventing the overheating of solar panels and
releasing the stored heat as temperatures drop, thereby maintaining a consistent temperature. This
temperature regulation is crucial for optimizing the performance and longevity of solar panels,
particularly in fluctuating weather conditions. Research has demonstrated that integrating PCMs with
solar panels can significantly reduce panel temperatures and enhance energy production. Farhan et
al., [33] reported a temperature reduction of up to 18°C using soy wax as a PCM on the backside of
solar modules, resulting in a 10.89% increase in electricity generation compared to panels without
cooling systems. Additionally, using PCMs, such as aluminum fins and various nanoparticle
concentrations, passive cooling strategies have shown promising results in controlling panel
temperatures and improving electrical efficiency [34].
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PCMs are not limited to photovoltaic systems; they are also employed in various solar thermal
energy applications, including solar collectors, solar stills, and solar water heaters, to store thermal
energy and improve system efficiency [35]. Different types of PCMs, such as pure PCM, composite
PCM, finned PCM, and hybrid PCM systems, have been explored for their effectiveness in enhancing
solar system efficiency and electrical power generation. Hydrated salt HS36 and paraffin wax RT42 in
pure PCM systems and composite PCMs incorporating multiwall carbon and graphene nanoplatelets
have significantly improved efficiency [36]. Moreover, Shakibi et al,, [37] demonstrated hybrid
systems in Figure 5, such as PVT-RT35HC integrated with graphene nanoparticle nanofluids, which
provide substantial efficiency gains and electrical power enhancements.
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Fig. 5. Schematic view of PCM system [37]

3.1.4 Reflective coatings

Reflective coatings are crucial for enhancing the efficiency and longevity of solar panels, especially
in regions with high solar irradiance. These coatings reflect a portion of incoming solar irradiance,
thereby minimizing heat absorption and preventing excessive heat gain within the solar cells. This
temperature regulation is vital, as even a 1°C decrease in cell temperature can lead to a 0.5% increase
in efficiency, ultimately boosting overall power output. Reflective coatings can enhance power
output by up to 3% compared to non-coated panels and help reduce the degradation of solar panels
over time. Common materials used for these coatings include aluminum oxide, silicon dioxide, and
titanium dioxide, each offering varying reflectivity and durability. A reflective heat-insulation energy-
saving coating for building exteriors, which provides rutile titanium dioxide and ceramic powder, has
been shown to enhance sunlight and heat-reflecting performance, thereby reducing the temperature
of the outer surface and achieving energy-saving effects [38]. A schematic diagram of the system is
described in Figure 6.
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Fig. 6. Schematic diagram of the mechanism of thermal
insulation with coating [38]

Similarly, a highly reflective coating comprising an interface layer, a reflective layer, and multiple
passivation layers can significantly improve the reflectivity of substrates, making it applicable in rapid
thermal processing systems to enhance efficiency [7]. Reflective films, such as those used in
photovoltaic modules, can convert ultraviolet light into visible light, improving light utilization and
reducing UV damage, thus enhancing product stability and efficiency [39]. Additionally, reflective
structures modeled to increase irradiance on solar panels can boost efficiency, output power, and
temperature regulation, with potential increases in solar panel irradiation by up to 60% [8]. Reflective
mask blanks, which include multi-layer reflective films and phase-shift films, can reduce shadowing
effects and form highly accurate patterns, further contributing to efficiency improvements [40].
Applying reflective films on roof-distributed photovoltaic power generation systems can reduce roof
surface temperatures by 5-25°C, thereby increasing photoelectric conversion efficiency by 1-6% and
prolonging the service life of electronic equipment [41]. Techniques such as vacuum deposition or
sputtering are commonly used to apply these coatings, and regular maintenance is essential to
ensure optimal performance. Reflective decorative panels, which include a lattice framework and
reflective elements, also demonstrate the versatility and effectiveness of reflective technologies in

various applications [42].

Table 1
Summary of research on passive cooling techniques
Author Technique Electrical Temperature
Efficiency Reduction
Improvement
Nizeti¢ et al., [43] fixed aluminum fins 5-10% 15-20°C
Tian et al., [44] Aluminum Foil and Bubble Wrap - 4°C
Zhou et al., [45] Polymer coatings - 7°C
Genge et al., [46] Wavy Fins - 14.1° C
Mahamudul et al., [47] PCM 10-12°C
Wagas et al., [48] PCM 3% 8.5°C
Hasan et al., [49] PCM 13% 8-10°C
Dida et al., [50] Water Evaporation 14.75% 20°C
Drabiniok and Neyer [51] evaporation foil - 11.7°C
Chandrasekar and Senthilkumar [52]  Heat spreader with cotton wick 14 % 12%
Haidar et al., [53] Natural cooling 14 % 20°C
Agyekum et al., [54] cotton wick mesh 11.9% 23.5°C
Horng et al., [55] PCM 6.83% 31.67%
Rosli et al., [56] PCM -- 9.72%
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3.2 Active Cooling Techniques

Active cooling techniques involve mechanical systems that require additional energy input to
facilitate the cooling process, ensuring solar panels operate within their optimal temperature range.
These methods are particularly effective in regions with high ambient temperatures where passive
cooling may not suffice. Active cooling systems are designed to be more aggressive in managing heat,
thus significantly improving efficiency and preventing thermal degradation of the panels. By actively
controlling the temperature, these systems help maintain high levels of photovoltaic efficiency during
peak solar irradiance, which is crucial for maximizing energy production. A summary of active cooling
techniques is given in Table 2.

3.2.1 Water cooling

Water cooling is an effective technique to enhance the efficiency of photovoltaic (PV) panels by
mitigating the adverse effects of high temperatures on their performance. This method circulates
water across the rear surface of solar panels to absorb excess heat. Due to its high heat capacity,
water helps maintain lower operating temperatures. The heated water is then cooled and
recirculated, providing continuous cooling. Figure 7 illustrates the water-cooling setup for a PV
module. Shaaban et al., [57] demonstrated that surface cooling reduced panel temperatures from
65°C to 42°C, leading to a 10% increase in load voltage and an 18% rise in load power. Optimization
techniques, such as the Beluga Whale-assisted Jellyfish Optimization (BWJO) model, have also been
applied by Singh et al., [58] to improve water spraying systems, maximizing PV output by lowering
surface temperatures efficiently.

Inlet cooling water tube arrangement

Cooling Water
lines on PV
module surface

Collected
L water
conduit

Returned Water
to storage tank

- Storage battery

Fig. 7. Water cooling setup for PV module [59]

Water cooling systems can be integrated directly into solar panel designs or added externally,
depending on the specific needs of the installation. A study by Plachta et al., [60], combining a two-
axis tracking system with a water-cooling system, reported significant increases in energy production
across various weather conditions. Another approach, using a water film heat exchanger with optimal
parameters, was used by Hudisteanu et al., [61] achieved a thermal power extraction of 140.8 W with
a 3 mm film thickness and a flow velocity of 0.01 m/s. In scorching climates, water cooling offers

202



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 125, Issue 1 (2025) 193-219

substantial benefits. Floating photovoltaic (FPV) systems, which utilize water bodies for cooling, have
demonstrated up to a 30% increase in efficiency and a 60% reduction in water evaporation [62].
Copper pipe-based water-cooling systems have been shown to reduce rear panel temperatures by
up to 16°C, resulting in a 3% increase in efficiency at a flow rate of 300 I/h. The use of nanofluids,
such as silver nanofluid, has been explored by Deivakumaran et al., [63], revealing a 12.66% increase
in power efficiency compared to plain water due to superior heat removal capabilities.

According to Sornek et al., [64], water-cooling systems have a payback period of less than ten
years for typical household installations, which makes them a cost-effective solution. It indicates that
the economic viability of these systems is promising. In general, water-cooling systems increase the
amount of energy produced and prevent photovoltaic components from overheating, extending their
lifespan. Nevertheless, it is vital to have adequate management to minimize potential problems such
as water leakage, scaling, or corrosion, all of which have the potential to cause damage to the panels.
Regular maintenance and selecting suitable materials will enhance the longevity and effectiveness of
water-cooling systems.

3.2.1.1 Back surface water cooling

Back surface water cooling effectively dissipates heat from (PV) panels by circulating water along
the back side of the solar modules. The principle behind this technique is to utilize water's high heat
capacity to absorb excess heat generated by the PV cells, which helps maintain lower operating
temperatures and, consequently, improves energy conversion efficiency. In this setup, water flows
through channels or pipes attached to the back surface of the panel, extracting the heat and
preventing thermal degradation of the solar cells. Experimental studies have demonstrated that this
cooling technique can decrease PV module temperatures by 6.7°C to 20°C, significantly improving
electrical efficiency and power output [65]. The electrical efficiency of cooled PV panels increased
from 8% to 9.8%, as Hussien et al., [66] stated, while Shalaby et al., [67] reported an improvement
from 17.4% to 19.8%.

3.2.1.2 Front surface water cooling

Front surface water cooling is an innovative method that enhances the efficiency of photovoltaic
(PV) panels by reducing their operating temperature and cleaning the surface. This technique
involves applying a thin film of water, which absorbs heat and evaporates, thus cooling the panels
effectively. Amr et al., [68] found that water cooling can reduce PV temperatures by up to 44.8% and
improve electrical efficiency by 1.8%. Additionally, a controller-based water cooling system can
achieve a 34.5% reduction in average PV temperature and a 9.46% increase in power output [69].
The self-cleaning aspect of this method also mitigates dust accumulation, further enhancing light
absorption [70]. However, water evaporation and uneven distribution must be addressed to maintain
efficiency and prevent localized overheating [71].

3.2.2 Air cooling

Air cooling uses ventilators to force cooler air through the panels, actively removing the heat
generated by the solar cells. This technique is commonly implemented by strategically installing fans
or blowers to enhance airflow around the panels. Air cooling is particularly effective in moderate
climates where ambient air temperatures are relatively calm, but it can also be adjusted for hotter
conditions by increasing the airflow rate. Despite being generally less efficient than water cooling
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due to air's lower heat capacity, it is more straightforward to implement and maintain, making it a
popular choice for smaller installations or areas with limited water resources [72]. The effectiveness
of air-cooling systems is heavily influenced by ambient temperature and humidity levels; extremely
hot or humid conditions can reduce their cooling efficiency. However, advancements in air cooling
techniques, such as using high thermal conductivity materials like copper fins and optimized air-
cooled channel configurations, have shown promising results in enhancing cooling effectiveness. A
study on air-cooled photovoltaic (PV) systems in Nablus, Palestine, demonstrated that the optimum
design of air-cooled channels with fins significantly reduced the average PV panel temperature,
thereby improving efficiency [27]. The description of airflow into the PV module is described in Figure
8 below.
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Fig. 8. Cross-sectional side view for convention and improved air channel [73]

The use of return air from HVAC systems in industrial settings has been explored as an alternative
cooling method, showing that cooling the upper and lower surfaces of PV panels with exhaust air can
increase system efficiency from 11% to 18% [30]. Furthermore, solar air conditioning systems, which
integrate solar energy as the primary source for cooling, have been identified as a sustainable and
energy-efficient solution for buildings. These systems can reduce greenhouse gas emissions, lower
energy usage, and improve indoor air quality. However, they require careful consideration of design
and technological aspects to ensure optimal performance in different climates [74]. The integration
of solar panel cooling functions within air-conditioning systems, where a portion of the refrigerant
flow is diverted to cool the solar panels, has also been proposed to enhance the overall energy
efficiency of the system [75]. Despite the challenges posed by high ambient temperatures and
humidity, air cooling remains a viable option for many solar energy applications, offering a practical
balance between cost, complexity, and cooling effectiveness [76]. It is particularly relevant in rural
areas where power cuts and the high costs of conventional cooling systems make solar-powered air
coolers an attractive alternative.

3.2.3 Thermoelectric cooling

Thermoelectric cooling, employing the Peltier effect, offers a unique approach to managing the
temperature of solar panels by creating a temperature difference through the passage of electric
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current between two dissimilar conductors, resulting in heat flux. This method is particularly
advantageous for small or portable solar systems where precise temperature control is crucial for
performance and reliability, as it allows for localized cooling without extensive infrastructure [77].
Thermoelectric coolers (TECs) are compact, have no moving parts, and thus require less maintenance
and offer higher reliability than traditional cooling systems [78]. The explanation of this operation is
given in Figure 9. However, the efficiency of thermoelectric cooling is generally lower than that of
water or air cooling systems, and it demands a significant amount of electrical power to operate
effectively [79]. Despite these challenges, advancements in materials science are enhancing the
efficiency of thermoelectric devices, making them increasingly viable for a broader range of
applications [80].
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Fig. 9. Schematic of thermoelectric module operation for cooling and
heating [81]

The integration of thermoelectric modules with photovoltaic (PV) systems has shown promise in
improving the overall efficiency of solar energy conversion by maintaining a consistent temperature,
which is critical as the efficiency of PV panels drops with rising temperatures [82]. Experimental
studies by Mohaimin et al., [79] have demonstrated that incorporating thermoelectric cooling can
lead to a 5.6% increase in the power output of PV panels. However, the thermoelectric modules'
power consumption can offset these gains, suggesting that this approach may be more suitable for
smaller panels or systems with additional controllers to reduce power consumption. Moreover, dual
thermoelectric-photovoltaic (TE-PV) systems, which combine solar concentrators, photovoltaic cells,
and thermoelectric generators, have been developed to generate electricity from concentrated solar
radiation, achieving an estimated maximum power of 1.5 Watts in laboratory settings [83].

The use of advanced thermoelectric materials with high Seebeck coefficients, low thermal
conductivity, and high electrical conductivity is crucial for optimizing the performance of
thermoelectric coolers, as these parameters are interrelated and must be balanced to reduce electric
contact and thermal resistances [84]. Integrating thermoelectric cooling with other renewable energy
sources, such as solar water/air collectors and ground heat exchangers, further enhances its
applicability and efficiency [85]. Developing microcontroller-based thermoelectric cooling systems
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for various solar panel types has also been shown to preserve the efficiency of PV panels under a
wide range of temperature and irradiance conditions, addressing one of the most challenging issues
in solar system operation [86].

Table 2

Summary of research on active cooling techniques

Author Technique Electrical Temperature
Efficiency Reduction
Improvement

Bahaidarah et al., [87] Water cooling 9% 20%

Rahman et al., [88] Water cooling 27.3% 33.6°C

Kabeel and Abdelgaied Reflectors with cooling 16-39 % --

[89] methods

Singh et al., [90] Water cooling 6.08 %. 15.23 %

Idoko et al., [91] heat sink with water cooling 3% 20°C

Farhan et al., [92] Nanofluids -- 41-60 %

Algahtani et al., [93] Cooling Ducts with water 0.35% 7%

Setyohandoko et al., [94] Air cooling heat sinks 0.8% 13.1°C

PraveenKumar et al., [95]  Thermoelectric cooling 5.07% 12.23°C

Faheem et al., [96] Thermoelectric cooling 9.54% 11°C

Wu et al., [97] thermoelectric modules 13% 13°C

Nagvi et al., [98] Mist cooling 9.2% 9.9%

Bedair et al., [99] Air/Water injection 30% --

Abushgair [100] Air cooling 12.8% --

Arifin et al., [101] Air cooling 10-18.67 % 12.5°C

3.3 Integration of Passive and Active Techniques

Integrating passive and active cooling techniques in solar photovoltaic (PV) systems offers a
comprehensive approach to managing heat effectively, thereby enhancing solar panels' efficiency
and longevity. Hybrid systems combining PCMs with other cooling methods, such as thermoelectric
(TEC), have significantly improved temperature stability and efficiency. PraveenKumar et al., [95]
explored that a hybrid PV/PCM/TEC system can achieve a maximum temperature reduction of 9.28°C
and a 9.69% increase in power output compared to standard PV modules. Additionally, controller-
based water-cooling systems, which utilize a PID controller tuned by the Sine Cosine Algorithm (SCA),
have shown a 34.5% reduction in average PV temperature and a 9.46% increase in average power
output while also significantly reducing water consumption [69]. A summary of the hybrid cooling
techniques is given in Table 3.

Combining these passive and active cooling techniques allows for real-time optimization based
on temperature conditions, effectively minimizing the energy used for cooling while maximizing
overall system efficiency. This integrated approach enhances the performance of PV systems and
extends their operational lifespan by mitigating the adverse effects of overheating [102]. As research
advances, developing more stable and efficient PCM-based cooling systems and innovative active
cooling methods will be crucial in promoting the widespread adoption of sustainable and renewable
energy systems [103]. This hybrid approach allows for a dynamic cooling strategy that adjusts
according to the solar panels' environmental conditions and operational demands. For example,
active cooling systems can take the lead in dissipating heat during peak sunlight hours when
temperatures are at their highest. In contrast, passive cooling mechanisms can provide sufficient
temperature regulation without additional energy consumption during more excellent parts of the
day orin less intense sunlight. It ensures that the panels operate within their ideal temperature range
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throughout the day and reduces the operational costs and energy consumption associated with
active cooling systems.

Table 3

Summary of research on hybrid cooling techniques

Author Technique Electrical Efficiency Temperature

Improvement Reduction

Yusoff et al., [104] Hybrid cooling 1331 % -

Habchi et al., [105] Hybrid cooling 10%

Karaozan and Asker [106]  Hybrid Cooling 4.7 % 12°C

Azmi et al., [107] Hybrid Cooling 45%

Mahmood and Aljubury Evaporative cooling with  5.7-8.4 % 27-29.7°C.

[108] water spray

Enayatollahi and Farid Finned Convective and - 27°C

[109] radiative

Eid et al., [110] PCM with water cooling  11.23% 21°C

Aydin et al., [111] Nanofluids with 1.647% 13.28°C
heatsinks

Sahliet al., [112] Hybrid TEG system 14.9% --

4. Practical Challenges and Limitations of Current Cooling Approaches

Both passive and active cooling techniques present unique challenges and limitations that affect
their performance and applicability in managing heat for buildings and photovoltaic (PV) systems.
This section consolidates the key practical issues faced by both cooling approaches.

4.1 Effectiveness in Extreme Climates

While promising for reducing energy consumption and enhancing comfort, passive cooling
techniques often face limitations in extreme climates where ambient temperatures surpass their
cooling capacities. In extremely hot and arid regions, conventional passive methods like radiative,
reflective, and evaporative cooling cannot maintain comfortable indoor temperatures [113].
However, integrating advanced systems like the RC-IEC module, which combines radiative and
indirect evaporative cooling, has demonstrated improved efficiency in hot, dry climates. In extremely
dry, humid, and cold temperatures, a combination of passive strategies, including insulation, shading,
and natural ventilation, can significantly reduce HVAC loads, with insulation being the most
influential single strategy [114].

Similarly, while more robust in managing higher temperatures, active cooling techniques come
with their own challenges, particularly in hot climates. These methods, which include water and air
cooling, rely heavily on external energy inputs to function effectively. In extreme heat, the need for
constant operation of cooling systems results in significant energy consumption, which can offset the
efficiency gains achieved through temperature reduction. For instance, while active cooling may
enhance photovoltaic (PV) panel performance or improve indoor climate control, the increased
energy demand can lead to higher operational costs, undermining the overall economic viability of
the system. Thus, the challenge in extreme climates lies in balancing cooling efficiency with energy
consumption to maintain cost-effectiveness.
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4.2 Energy Consumption and Cost

Active cooling methods, while highly effective at managing heat and enhancing the performance
of photovoltaic (PV) systems, are significantly challenged by their dependence on external energy
sources. This reliance on electricity or other power inputs for water and air circulation leads to
increased operational costs, which can reduce the economic advantages gained from improved PV
performance. For example, water-cooling systems can drastically lower PV temperatures and boost
energy output. Still, the substantial water usage and the energy needed to circulate that water can
be prohibitive, especially in areas with high electricity costs [69]. Floating photovoltaic (FPV) systems,
which utilize water bodies for cooling, have shown potential in reducing panel temperatures and
minimizing water evaporation, thereby improving efficiency and offering dual benefits. However,
they, too, require careful consideration of energy and water use [62].

Moreover, active cooling systems' cost and maintenance requirements, such as water- or air-
based methods, can be prohibitive, especially for smaller installations in regions with high electricity
costs [115]. While passive cooling can reduce peak cooling loads and energy consumption, its
effectiveness highly depends on ambient conditions and climate [116]. In extreme climates or
densely populated urban areas, where natural ventilation is limited and high heat loads, passive
cooling may not be sufficient to meet cooling demands. Despite their potential for energy savings
and environmental benefits, passive cooling techniques may only sometimes meet cooling demands
independently, particularly in challenging climates.

4.3 Installation Environment and Spatial Constraints

Passive cooling systems depend highly on environmental and architectural factors to perform
efficiently. Building orientation is crucial, as it determines how sunlight and wind interact with the
structure, affecting natural airflow and thermal comfort [117]. Shading is another vital element,
acting as a barrier to direct sunlight, which can significantly reduce heat gain and enhance the overall
cooling performance of a building [118]. Additionally, surrounding structures can alter airflow
patterns and radiative properties, further complicating the effectiveness of passive cooling methods.
Natural ventilation strategies, which rely on airflow patterns, necessitate careful building orientation
and the presence of openings on opposite sides to facilitate cross ventilation [119]. Integrating
double roof structures and ventilation systems, including domes and gable fans, can also impact
cooling efficiency by promoting better airflow [120]. However, the variability in these environmental
factors can lead to inconsistent cooling outcomes across different buildings and locations, presenting
challenges in achieving optimal thermal comfort. Active cooling systems also face significant
challenges in urban environments, particularly due to the Urban Heat Island effect, which increases
cooling demand and strains these systems [121]. Water-cooled and air-cooled systems, such as those
used for photovoltaic panels, require specific site configurations that may not be feasible in
retrofitted or constrained spaces [122]. Integrating these systems into existing urban infrastructure
can be complex and costly.

4.4 Maintenance Requirements and Complexity
Passive cooling techniques for solar panels have advantages due to their lower maintenance
requirements than active systems, but they still have many limitations. Regular upkeep is crucial to

prevent issues such as mineral buildup and microbial growth, particularly in evaporative cooling
systems, which can significantly compromise their effectiveness. Srithar et al., [123] demonstrated
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that water use in cooling systems can lead to water loss and necessitate replenishment, as seen in
systems combining evaporative cooling with solar stills, producing distilled water as a byproduct.
Neglecting maintenance can reduce cooling efficiency, leading to higher operating temperatures for
solar panels and decreased energy output. Elevated temperatures are known to lower the voltage
output and overall efficiency of PV systems, as highlighted by the adverse effects of prolonged
exposure to solar radiation on semiconductor properties within solar cells [124]. Moreover, the
reliance on environmental conditions for passive cooling means that performance can fluctuate,
making consistent maintenance essential to ensure optimal functioning under varying weather
conditions. It is evident that while passive cooling methods offer significant advantages, their
dependency on environmental conditions and the necessity for regular maintenance to prevent
issues like mineral buildup and microbial growth remain critical factors in their overall effectiveness
and reliability [125].

Active cooling systems, while highly effective in managing heat dissipation of PV modules, involve
more complex installations and maintenance than passive cooling methods. These systems typically
require mechanical components such as pumps, fans, and other devices that introduce additional
points of potential failure and necessitate regular maintenance. For example, water cooling systems,
commonly used in various applications, depend on a continuous water supply and are prone to
leakage, scaling, and corrosion. These problems necessitate frequent checks and repairs to ensure
the system's efficiency and endurance [16]. Similarly, thermoelectric coolers, which utilize
thermoelectric elements in thermal communication with heat exchangers, involve moving parts that
can fail over time, increasing the complexity and cost of maintenance [127]. Moreover, integrating
energy management models and control systems to monitor and maintain optimal operating
conditions is crucial to prevent faults and reduce energy, maintenance, and repair costs. These
models must account for various potential failures, such as compressor, condenser, evaporator, fan,
and thermal and phase protection relay failures, which can significantly impact the system's
performance and efficiency.

5. Future Directions and Mitigation Techniques
5.1 Emerging Materials

Emerging materials offer promising avenues for enhancing the cooling efficiency of solar
photovoltaic (PV) systems. Bio-inspired materials, which draw inspiration from natural processes and
organisms that have evolved to manage thermal properties efficiently, are being explored for their
potential in passive cooling technologies. For example, materials that mimic the reflective properties
of certain desert beetles or the heat-dissipative structures of plant leaves could significantly reduce
the thermal load on PV panels. Similarly, nano-engineered materials can manipulate surfaces at the
molecular level to achieve superior heat rejection capabilities. These materials can be designed to
have enhanced reflective or emissive properties, making them ideal for solar panel applications. It
directly addresses the core challenge of heat accumulation in PV cells, which can significantly impact
their efficiency and lifespan. Research also focuses on optimizing structural configurations and
exploring phase change materials for their potential to absorb and dissipate heat more effectively.
These innovations aim to improve the overall performance and sustainability of PV systems. Future
directions for PV cooling techniques include further developing and integrating these advanced
materials with existing cooling technologies.
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5.2 Advanced Computational Models

Advanced computational models play a pivotal role in developing and optimizing cooling systems
for PV installations. These models help predict the performance of various cooling techniques under
different environmental conditions, allowing for the design of more efficient and cost-effective
cooling solutions. Computational fluid dynamics (CFD) simulations, for example, can meticulously
analyze air flow and heat transfer around solar panels, aiding in designing optimal configurations that
maximize natural convection or enhance the efficacy of active cooling systems. Furthermore, thermal
modeling can assess the impact of incorporating phase change materials or hybrid cooling systems,
providing detailed insights into their temperature regulation capabilities. Integrating machine
learning with these simulations could refine predictive accuracy, enabling the dynamic adaptation of
cooling strategies based on real-time data.

5.3 Policy and Economic Considerations

Policy and economic considerations are crucial in promoting the widespread adoption of efficient
cooling technologies for solar PV systems. Government incentives, such as tax rebates or subsidies
for solar energy projects incorporating advanced cooling technologies, can significantly lower the
initial capital barriers for these systems. Additionally, streamlined regulatory processes for approving
and installing innovative cooling technologies can accelerate market entry and uptake. Economic
policies that internalize the environmental costs of conventional energy sources can also make solar
power with enhanced cooling technologies more competitive. Such policies support the green energy
sector and encourage continuous innovation in solar technology, moving towards more sustainable
and efficient energy solutions.

5.4 Improving System Efficiency

Improving the efficiency of solar photovoltaic (PV) systems remains a critical focus for future
research and development, as it directly impacts the viability and adoption of solar energy globally.
One promising direction involves the integration of advanced material technologies, such as quantum
dots and perovskite cells, which have shown potential for higher energy conversion efficiencies
compared to traditional silicon-based cells. These materials can be engineered to absorb a broader
spectrum of sunlight, converting more of it into electricity. Additionally, ongoing improvements in
the architectural design of solar panels, including bifacial designs that capture sunlight from both
sides and the implementation of solar tracking systems, can significantly increase the energy yield of
PV installations. These technologies, combined with effective cooling solutions, can push the
boundaries of current efficiency levels and make solar energy more competitive with conventional
energy sources.

Beyond the hardware advancements, enhancing system efficiency also involves optimizing the
software that manages solar energy systems. Applying machine learning and artificial intelligence can
play a transformative role in predicting energy production and optimizing power output in real-time.
These systems can analyze vast amounts of data from environmental sensors, panel performance
metrics, and grid demand to adjust operating parameters, predict maintenance needs, and even
control energy storage systems to maximize efficiency and reliability. The future of solar PV
technology will likely see a greater convergence of digital technologies with traditional energy
systems, creating more innovative, more responsive, and efficient energy solutions that are better
aligned with the dynamic demands of modern energy grids and consumer needs.
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5.5 Addressing Integration Challenges

Addressing the integration challenges of active and passive cooling techniques in solar
photovoltaic (PV) systems involves tackling the complexities of system design and operational
efficiency. One of the primary challenges is achieving an optimal balance between energy
consumption and cooling efficacy. Active cooling methods, while more effective in heat removal,
consume additional power, which can detract from the net energy output of the solar panels. On the
other hand, passive cooling offers energy-free cooling but often cannot cope with extreme heat
conditions. A hybrid approach that intelligently combines both techniques can optimize the cooling
benefits while minimizing energy consumption. It requires advanced control systems that can
dynamically adjust the cooling strategy based on real-time temperature data and solar irradiance
levels, ensuring that the solar panels operate at maximum efficiency under varying environmental
conditions.

It is crucial to integrate various cooling technologies seamlessly while developing intelligent
adaptive control systems that harness the power of artificial intelligence and machine learning
algorithms to enhance the efficacy of PV module cooling systems in the future. These systems can
predict thermal load based on historical weather data and optimize cooling operations preemptively.
Additionally, incorporating modular design principles can facilitate the seamless integration of both
cooling types, allowing for customized solutions based on specific geographic and climatic needs.
Research and development should also focus on enhancing the compatibility and interoperability of
different cooling components, such as ensuring that the installation and maintenance processes are
streamlined and that components can be easily replaced or upgraded. These steps will ensure that
solar PV systems are more efficient and adaptable to future technological advancements and
environmental changes.

5.6 Ensuring Reliability and Maintenance

Ensuring the reliability and effective cooling system maintenance is essential for the sustainable
operation of PV installations. Regular reliability assessments help identify potential failures early,
which is crucial for systems that depend heavily on maintaining optimal temperatures for efficiency.
Maintenance strategies can be enhanced by incorporating intelligent sensors and loT technologies,
which monitor the performance of cooling systems in real time and predict maintenance needs
before system performance is impacted. Additionally, reliability can be further supported by robust
design principles that ensure cooling systems are effective and resilient to environmental stressors
such as dust, humidity, and temperature fluctuations. Ultimately, a focus on reliability and
maintenance extends the lifespan of solar panels and ensures consistent performance, maximizing
the return on investment in solar technology.

6. Conclusion

This paper provides a comprehensive review of cooling techniques to enhance the performance
and durability of solar photovoltaic (PV) systems. The analysis reveals that both passive and active
cooling methods are essential to managing thermal stress, which significantly impacts the efficiency
and lifespan of PV panels. Passive techniques such as radiative cooling, natural convection, and phase
change materials offer economical and sustainable alternatives, particularly in moderate climates. In
contrast, active techniques like water, air, and thermoelectric cooling provide more precise
temperature control but require higher energy consumption. Key findings demonstrate that hybrid
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cooling systems, which integrate passive and active approaches, are particularly effective in
improving PV performance across diverse climatic conditions. The novelty of this paper lies in its
focus on bio-inspired and nano-engineered materials for passive cooling and the exploration of
advanced thermoelectric technologies for active systems. Methodologically, this study highlights the
potential for integrating sophisticated computational models and machine learning to optimize
cooling strategies dynamically. However, challenges such as energy consumption, cost, and
environmental dependencies limit the widespread adoption of these systems. Future research should
focus on addressing these limitations, particularly through the development of more efficient
materials and the incorporation of predictive maintenance via loT technologies to ensure long-term
reliability and sustainability.
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