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A B S T R A C T

Given the current state of sustainable, clean energy, most researchers are concentrating on alternative energy 
resources. Solar photovoltaic (PV) has become especially prominent in thematic research on energy these days. 
Research focusing on the keys to improving the energy efficiency of solar photovoltaics and managing the end-of- 
life issue, more specifically in materials recycling and reusing, is emerging in the recent era. Aligning with the 
UN-SDGs 7, 11, 12, and 13, a comprehensive survey is done about the advancements and challenges in solar 
photovoltaic technologies to emphasise enhancing efficiency and addressing end-of-life management for sus
tainable, clean energy. Solar PV efficiency, which is still low compared to competing technologies and depends 
on a large space to harness solar radiation, is severely affected by dusts and high irradiance in the middle east 
region. The current review shows a decrease in efficiency by 0.3 % to 0.5 % with a one-degree rise in temperature 
and a decrease in the output performance by 16 % to 24 % with 5 g/m2 dust accumulation on the panel. 
Therefore, there is a demand for mitigating strategies, such as cooling and cleaning procedures, which are critical 
in improving the efficiency and lifespan of PV panels. The review also confirms that the remanufacturing strategy 
for PV is crucially important as the feedstock (e.g., silicon rocks) for PV panels is finite and also a large amount of 
toxic e-waste will be produced at the end of life. Around 75 million tonnes of e-waste (solar PV waste) could be 
generated by 2050. This review uniquely combines advanced computational analyses, experimental findings, and 
mitigation strategies for cooling, cleaning, and recycling, focusing on performance optimisation and sustainable 
end-of-life management of solar PV panels. The readers will be aware of practical insights and a detailed 
framework for enhancing solar PV technology and provide useful information to researchers, policymakers, and 
industry stakeholders to address the barriers to the rapid uptakes of PVs in a sustainable manner.

1. Introduction

The greenhouse gas (GHG) emissions leading to climate change have 
become a global concern. According to IPCC (2023), there will be an 
increase in GHG emissions by 130 % due to a 70 % rise in the energy 
demand by 2050. Non-renewable sources like fossil fuels (oil, coal, and 
natural gases), which are very limited in nature, are consumed to meet 
the energy demand and are responsible for GHG emissions. The pro
duction of clean energy is critical as burning fossil fuels has increased 
GHG emissions. Apart from fossil fuel consumption, many parts of the 
world have already experienced the depletion of natural resources, 
resulting in rapid growth in renewable energy development to address 
climate change, employment creation and reduction in renewable en
ergy costs [1]. Therefore, integrating renewable energy instead of 

traditional non-renewable energy into the power grid has captured 
global interest in overcoming environmental problems, including air 
and water pollution, public health concerns, and global warming. 
Incorporating renewable resources as alternative energy sources into the 
energy mix has the potential to yield economic advantages [2]. Many 
nations have started integrating renewable energy into the power grid. 
Their main objective is to meet a net zero emission (NZE) target, 
improve resource efficiency, ensure stability, and provide an energy 
supply that is both environmentally friendly and economically viable. 
Renewable energy sources such as wind, tidal, solar, hydropower, 
geothermal, and bioenergy are commonly used. According to IRENA [3], 
solar energy is projected to be the leading energy source in the future. 
The total installed solar energy capacity is expected to rise from 402 
GWh in 2017 to 8519 GWh in 2050 to achieve the NZE target. Fig. 1(a) 
shows the global electricity generation and total installed power 
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capacity shared by different sources from 2016 to 2050.
Focusing on Middle East region, the region holds 58 % and 37 % of 

the world’s oil and natural gas reserves, respectively [5]. As a result, the 
fossil fuels are excessively used across all sectors in these nations. The 
use of oil and gas in desalination and power plants has experienced a 
significant surge. The extraction and combustion of fossil fuels result in a 
significant release of CO2 emissions (ranging from 400 g to 1000 g CO2 
eq/kWh) into the atmosphere. This overconsumption is mainly due to 
the high living standards, population growth, and economic progress. 
[5]. Utilising renewable sources as an alternative means of power gen
eration will reduce GHG emissions and have the potential to boost na
tional revenue by decreasing domestic consumption of oil and natural 
gas, hence increasing the oil and gas exports share [6]. The renewable 
energy sources in the Middle East’s power mix for 2021 are as follows: 
The energy breakdown for the given sources is as follows: 15 MWh of 
municipal waste (0.26 %), 18 MWh of biofuel (0.32 %), 298 MWh of 
hydropower (5 %), 691 MWh of onshore wind (12 %), 200 MWh of 
concentrated solar power (CSP) (4 %), and 4464 MWh of solar photo
voltaic (PV) (79 %) (Fig. 1(b)) [4]. Solar PV technology, thus, dominates 
the power generation sector, surpassing other renewable energy tech
nologies (RETs) such as wind energy. Wind energy generation has some 
issues like noise pollution resulting from the sound of the rotating wind 
turbines, prone to pose a threat to flying birds, suitable for use in specific 
locations, distracting aesthetic aspect of the landscape, and requiring a 
substantial amount of installation area. It is worth mentioning that the 
maintenance of windmills at high elevations in the Middle East is 
challenging due to the high humidity and moisture levels, which nega
tively impact the durability of the materials (Mokri et al. [7]). According 
to Solar GIS [8], the Middle East area experiences the greatest sun 
exposure rates worldwide, ranging from 2000 to 3200 kWh/m2/year as 
opposed to world average of 1597.8 kWh/m2/year, due to its favourable 
climatic conditions. The sun produces around 173,000 terawatt-hours 
(TWh) of energy each second, which is over 10,000 times greater than 
the total world energy consumption. Additionally, the Middle East ex
periences an average of 10 h of daily sunlight and has 350 bright days 
per year [9]. Therefore, harnessing solar energy would be a more 
favourable choice. Therefore, it is crucial to investigate solar energy to 
preserve the natural resources of Middle Eastern nations and improve 
their long-term natural gas exports by decreasing greenhouse gas 
emissions [10].

Further focusing on the United Arab Emirates (UAE) which is situ
ated in the Middle East, located between 51◦ and 56◦25′ east longitude 
and 22◦30′ to 26◦10′ north latitude. On average, the UAE experiences a 
solar irradiation range of 1950 to 2300 kWh/m2/year [11]. In UAE, 90 

% of its electricity is generated by burning fossil fuels, which is abun
dantly available in this region. If the oil and gas consumption in power 
generation and water desalination continues similarly, the region may 
lose these non-renewable resources by the end of 2040, which may cause 
economic instability in the country [12]. The UAE has taken several 
steps to conserve natural oil and gases to sustain its exports and maintain 
the country’s economy. One of the major steps of the UAE is to generate 
75 % of its electricity from solar PV to conserve its fossil resources and 
reduce its carbon footprint to achieve a Net Zero Emission (NZE) by 
2050. Thus, the novelty aspect of this paper is to find gaps via literature 
review to identify technical and institution challenges with the use of PV 
technology in the UAE to maximise the penetration of solar electricity in 
Dubai’s grid to achieve the NZE target.

2. Method of selecting review paper

A comprehensive literature review has been performed to gather 
information on several aspects of solar photovoltaic technology. The 
review initially investigated the evolution of solar photovoltaic systems 
and the external factors affecting their performance, such as solar irra
diation, temperature, humidity, sand, dust, air pollution, wind speed, 
shading, and the recycling and waste management of PV panels at the 
end of the lifespan. Secondly, the review on soil mitigation was inves
tigated, including natural and artificial methods. The artificial methods 
classified into active and passive cleaning methods were investigated to 
obtain the optimised cleaning method. Thirdly, the review on the 
reduction of the surface temperature of PV panels with available cooling 
techniques like PCM, water spraying, heat pipes and radiative colling 
techniques were investigated to find the best-optimised cooling methods 
for enhancing the output performance and the life span of the PV panels. 
Finally, the review addressed photovoltaic waste management, investi
gating various strategies for managing end-of-life photovoltaic panels. 
Various recycling techniques from many experiments were evaluated to 
determine the most efficient methods for recycling and reusing solar 
photovoltaic panels.

The literature review included four essential steps: 

• Identifying appropriate keywords and creating criteria for accessing 
relevant databases.

• Consolidating the collected documents into Excel spreadsheets and 
deleting unnecessary data.

• The initial evaluation will be performed by thoroughly reading the 
abstracts of articles collected through search engines.

• The final list of articles related to Solar PV technology was then 
categorised into four sections: evolution of Solar PV panels, soil 
mitigation technique by cooling techniques, surface temperature 
reduction by cooling techniques and end of life of solar PV panels.

The literature review was based on recent research findings pub
lished from 2014 to 2024 to identify gaps in the current research 
regarding Solar PV technology. The review was performed using three 
databases: Scopus, Web of Science, IEEE Xplore, Google Scholar and 
Science Direct. Keywords like Solar PV panels, generation of PV panels, 
efficiency, output performance, soiling migration, cooling techniques, 
and cleaning techniques. recycling, end of life and PV waste manage
ment were used in search engines. The scope was further refined by 
applying the following criteria to include publications in the survey: 

• The scope was refined using scientific research publications and 
documents published by reputed journals from 2014 to 2024.

• Peer-reviewed articles (refereed journals and conference 
proceedings).

• Published in English.

Around 300 published articles were found to address the challenges 
in Solar PV technologies. About half of these papers were selected based 

Nomenclature

αI Temperature coefficient of ISC STC
αP Temperature coefficient of Pmax STC
αV Temperature coefficient of VOC STC
Df Deteriorate factor
ISC PV panel short circuit current at that moment, Amperes
ISC STC PV panel short circuit current at Standard Test 

Condition, Amperes
POUT PV panel power output at that moment, Watts
Pmax STC PV panel power output at Standard Test Condition, 

Watts
SI Solar Irradiance, W/m2

TSTC PV cell temperature at Standard Test Condition, ̊C
Tcell PV cell temperature at that moment, ̊C
VOC PV panel open circuit voltage at that moment, Volts
VOC STC PV panel open circuit voltage at Standard Test 

Condition, Volts
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on keywords such as solar PV technological developments with 20 %, 
soiling and cleaning methods with 30 %, cooling strategies with 25 %, 
and recycling approaches to PV panel end-of-life with 25 % of selected 
papers, respectively.

Finally these information were categorised, synthesised and then 
analysed to become aware of the state of the art of PVs and to find out 
gaps leading to future research direction.

3. State of the art of solar PV technologies

3.1. Solar energy as a potential alternative option

The sun has the potential to provide solar energy for a minimum of 5 
billion years [13]. The importance of solar energy for providing thermal 

energy and electricity the examined neighbourhoods is compared to 
other renewable and alternative energy supplies such as wind energy, 
and waste-based energy. Results demonstrate that solar energy may play 
extremely important role in meeting all electrical demands, even in high 
density and highly mixed projects, delivering between 36 %− 100 % of 
the entire electrical energy consumption of specific neighbourhood units 
[14]. In 2021, the worldwide electricity production capacity from 
renewable energy sources’ reached 3250,000 MWh [4]. Solar energy 
accounted for 854,796 MWh, with CSP contributing 6391 MWh and 
solar PV contributing 848,405 MWh [4]. Solar energy is harvested using 
two methods: Concentrated Solar Power (CSP), which is an indirect 
method, and solar photovoltaics (solar PV), which is a direct method. 
Solar PV systems utilise the photoelectric effect to convert sunlight 
irradiance into electricity directly. Solar photovoltaic (PV) panels are 

Fig. 1. (a) The global electricity generation (left) and installed power capacity (right) (IRENA, [3]) and (b) The total electricity capacity of renewable energy sources 
available in the Middle East [4].

M.R. Nagaraja et al.                                                                                                                                                                                                                           Solar Energy Advances 5 (2025) 100084 

3 



more affordable because of the current availability of raw materials like 
silicon, which constitutes 27.1 % and is the second most prevalent ma
terial on the earth’s surface. Most PV panels, around 95 % available on 
the market, are manufactured using silicon [15]. Solar PV energy is 
favoured due to its easy installation, high efficiency, and relatively low 
installation cost (approximately 1331 USD/kWh), as well as its low 
operational and maintenance cost (around 15.19 USD/kWh/year) 
compared to wind and hydro energy [16]. There are various kinds of 
solar photovoltaic (PV) panels available on the market. Presently, the 
most common and frequently used varieties of PV panels in the market 
are polycrystalline, monocrystalline silicon panels and thin-film panels 
[17]. According to the survey conducted by Chowdhury et al. [17], the 
production of crystalline silicon (c-Si) is expected to decrease from 90 % 
to 45 % by the end of 2030. This drop is due to the ongoing decline in 
silicon availability. Currently, researchers and enterprises are exploring 
and manufacturing many types of developing PV panel technologies. 
These include dye-sensitizers, organic polymers, carbon nanotubes, 
inorganic-organic hybrid materials (such as perovskites), and inorganic 
materials (such as Cu2ZnSnS4 or CZTS).

Concentrated Solar Power (CSP) is a process that utilises mirrors and 
concentrators to turn water into steam, which is then used to generate 
electricity. The current technologies employed in CSP include Parabolic 
trough collectors (PTC), Power tower systems (PTS), Parabolic dish 
systems (PBS), and Linear concentrator systems (LCS) [18]. Parabolic 
trough collectors are used in the PBS system to concentrate sunlight onto 
a fluid-filled absorber tube. The fluid contained in the tube absorbs 
thermal energy to produce steam and operates a steam-based power 
plant [18]. A Photovoltaic Tracking System (PTS) is a system consisting 
of a series of mirrors that track the movement of the sun and concentrate 
sunlight onto a receiver positioned on the top of the tower. Typically, the 
generator in towers operates by heating a liquid to create energy. 
However, several experimental designs utilise molten salts to enhance 
the efficiency of energy transfers [19]. PBS is a compact and less efficient 
CSP system that uses sunlight to concentrate heat onto a liquid, which 
drives an engine to produce electricity. In the context of LCS, solar ra
diation is focused into a receiver tube containing fluid. This fluid, when 
heated, drives a rotor that generates electricity through a generator 
[20]. The PTS systems are regarded as the most sophisticated and 
effective because of their elevated working temperature, which spans 
from 300 to 2000 ◦C (Jin et al. [21]).

CSP systems have several advantages, including a high efficiency of 
98.5 % when combined with thermal energy storage (TES) (Turchi et al. 
[22]), low operating costs of 0.182 USD/kWh [23], and the potential to 
seamlessly integrate with alternative fuel power plants to satisfy de
mand required at nighttime. CSP has several significant drawbacks. 
Firstly, higher installation cost, specifically 3432.17 USD/kWh for TES 
systems or the cost of batteries, in contrast to solar PV systems, which 
cost 1331 USD/kWh (Turchi et al. [22]). Additionally, CSP can have 
potential environmental impacts, including increased water consump
tion, changes in land use, and air pollution when operated in hybrid 
mode with diesel generators [24]. The flaws and degradation processes, 
such as corrosion, absorber tube carks and deformation, thermal diffi
culties in storage tanks, heat losses, mirror aging and deterioration, are 
permanent or cannot be avoided [25]. Solar photovoltaic (PV) tech
nologies can address these concerns successfully.

This article begins with a concise overview of the possibilities offered 
by solar energy in the Middle East region. The following section gives a 
comprehensive review of the solar PV technology. Firstly, a detailed 
review on the advancement in solar PV technology is presented 
regarding the progress in the production of solar photovoltaic (PV) 
panels. The focus of these advancements is on improving panel effi
ciency, extending lifespan, and facilitating sustainable practices like 
recycling. Furthermore, the emphasis is on reducing ecotoxicity and 
ensuring a reliable supply of essential raw materials to support the 
sustainable manufacturing of solar PV technologies. Secondly, the re
view on the mitigation technique where the performance of PV panels is 

significantly affected by factors including solar irradiation, temperature, 
humidity, sand, dust, air pollution, wind speed, and shading. The article 
offers valuable insights into techniques for mitigating these challenges. 
This involves creating technologies aimed at enhancing performance in 
the different climatic conditions of the Middle East, which include 
extreme heat and regular sandstorms that can affect efficiency. Also, the 
article investigates innovative techniques for the cleaning and cooling of 
solar PV panels, particularly in terms of the challenging environmental 
conditions present in the Middle East. These include robotic cleaning 
systems, waterless technologies, and cooling systems that utilise inno
vative materials to improve panel performance while decreasing 
resource consumption. Finally, the article explores the significance of 
handling solar PV panels once they reach the end of their lifecycle. 
Innovative recycling techniques are investigated, emphasising the 
extraction of precious materials like silicon, silver, and various metals. 
The objective is to establish a circular economy for solar technology, 
guaranteeing that panels are sustainably reused or recycled, therefore 
minimising environmental impact. By studying these vital components, 
the article provides a comprehensive look into the potential benefits and 
challenges associated with utilising solar energy in the Middle East. This 
highlights the necessity of incorporating cutting-edge solutions to 
improve the installation of solar PV, all while maintaining environ
mental and economic sustainability.

3.2. Solar PV panel generations

Harvesting energy from solar has become a major contributor in the 
energy sector. Solar PV technologies play an important role in har
nessing the energy from the sun. The solar PV cells work on the principle 
of the photovoltaic effect, transforming the received sunlight into elec
tricity. Solar PV cell technologies involve many techniques in 
manufacturing PV cells, including the use of materials to enhance effi
ciency, regulate cell temperature, and extend the lifespan of the cells 
[26].

The manufacturing procedures for solar PV cells are categorised into: 

• First generation of solar PV technologies.
• Second generation of solar PV technologies.
• Third generation of solar PV technologies.
• Fourth generation of solar PV technologies.

3.2.1. First generation of solar PV technologies
The first-generation PV cell technologies are thick crystalline films 

made of crystalline silicon wafers (c-Si) with positive-type silicon doped 
with boron as a base material. There are high-efficiency n-type Si base 
materials cells available, but there are some technical challenges in 
achieving uniform doping compared to p-type (Goetzberger et al. [27]). 
Crystall silicon PV panels are currently the most common and frequently 
used in the market. In 2014, 90 % of the PV panels manufactured 
worldwide were manufactured using crystalline silicon [17,28]. The 
wafers of single crystals are called mono-crystalline, and the wafers of 
multiple crystals are called polycrystalline [29].

Monocrystalline Solar PV Cells: The mono-crystalline PV cells are 
manufactured using single silicon crystals. Mono-crystalline cells have 
~1.1 eV of band gap energy, with an efficiency of 27.6 % and a life span 
of 25 years (Sharma & Goyal [30]). These cells have high performance 
and stability with high manufacturing costs and are very sensitive to 
higher temperatures (Marques et al. [31]).

Polycrystalline Solar PV Cells: Polycrystalline or multi-crystalline 
cells are manufactured by melting various high-purity fine silicon 
crystals and crystallising them by a direct solidification process 
(Goetzberger et al. [27]). The multi-crystalline cells have ~1.7 eV a 
band gap energy, with an efficiency of 23.3 % and a life span of 14 years 
(Sharma & Goyal [30]). Polycrystalline cells are cheaper and less effi
cient than mono-crystalline PV panels [32].

M.R. Nagaraja et al.                                                                                                                                                                                                                           Solar Energy Advances 5 (2025) 100084 

4 



Passivated Emitter and Rear Solar PV Cells (PERC): The passiv
ation layer is added to the rear surface to enhance the electrical and 
optical properties of the Al-BSF cells and improve passivation and in
ternal reflection, as shown in Fig. 2(a). These cells with the passivation 
layer were named Passive Emitted and Rear Cell (PREC) [33]. PERC cells 
have ~1.4 eV of band gap energy, with an efficiency of 23 % and a life 
span of 18 years [31].

Silicon Heterojunction Solar PV Cells (SHJ-Type): The SHJ-type 
cells are made by stacking a layer of intrinsic and doped amorphous 
silicon on the passivated contacts of the cells. The SHJ-type cells, known 
as Bifacial modules, can produce more electricity than a regular module 
[35]. The SHJ-type cells are available in thin wafers because of their less 
stressed structure, as shown in Fig. 2(b). The SHJ-type cells achieved an 
efficiency of 24.7 % with a lifespan of 18 years and a high manufacturing 
cost compared to other crystalline cells (Taguchi et al. [36]).

Gallium Arsenide (GaAs) based III-V junction’s Solar PV Cells: The 
GaAs cells are thinner, lightweight, flexible, and easily placed on curved 
surfaces. These cells have greater absorption levels and stability and are 
very sensitive to low temperatures [31]. The GaAs cells have ~1.7 eV of 
band gap energy, with an efficiency ranging from 28 % to 30 % and a life 
span of 14 years (Sharma & Goyal [30]).

3.2.2. Second generation of solar PV technologies
Solar PV cell technologies are based on thin film cells used for roof 

tiles, windows, and curved surfaces due to their light, flexible and thin 
features. The cells are less efficient and cheaper than the crystalline PV 
cells as they use 99 % less semiconducting Si materials in manufacturing 
[37].

Copper Indium Gallium Selenide (CIGS) Solar PV Cells: CIGS cells 
are thin-film cells multilayered with nanocrystalline Cu-(In1-x Gax)-Se2 
materials to absorb the majority of semiconductors as shown in Fig. 3(a). 
CIGS cell technologies use magnetron sputtering to stack thin films on 
the glass substrate [38]. The CIGS cells have ~1.7 eV of band gap en
ergy, with an efficiency of 20 % and a life span of 12 years (Sharma & 
Goyal [30]). Due to the low availability of indium, which is 0.1 parts per 
million on the earth’s surface, production has become less popular.

Cadmium Telluride (CdTe) Solar PV Cells: Cadmium Telluride cells 
are thin, flexible, lighter, and transparent. It consists of the multilayers 
with a back contact, a layer of CdTe and CdSeTe, a buffer and a trans
parent conductive oxide (TCO) layer made of Zn2SnO4 (Fig. 3(b)) [34]. 
The CdTe cells have ~145 eV of band gap energy, with an efficiency of 
15 % to 16 % and a life span of 20 years (Sharma & Goyal [30]). The 
disadvantage of CdTe cells is that they use cadmium, which is very toxic 
and hazardous to the environment, and their efficiency gradually de
creases with increased transparency [40]. These cells have many ap
plications in building integrated photovoltaics and rooftop systems.

Amorphous Silicon (a-Si) solar PV cells: The a-Si PV cells are the 
last type and most used thin film technology, and the cells are formed 
using a gas phase deposition technique with metals or gas as the sub
strate (Fig. 3(c)) [41]. The a-Si: H cells with a thickness of 300 nm have a 

90 % absorbing capability of photons in a single pass above the pass
band, making the cells lighter and more flexible [42]. These cells have 
an efficiency between 5 % and 7 %, which can be increased to 8 % to 10 
% with double and triple junction structures and a life span of 15 years 
(Sharma & Goyal [30]).

3.2.3. Third generation of solar PV technologies
The first- and second-generation PV cells have drawbacks such as 

technical, economic, and social aspects. To overcome these issues, third- 
generation solar PV cell technologies were introduced. These technol
ogies include high-efficient, expensive, and low-efficient, inexpensive 
solar cells based on their applications. Due to its low popularity in the 
market, it is referred to as an “emerging concept”. Third-generation cell 
technologies include Dye-sensitized, organic, perovskite, quantum dots 
and multi-junction solar PV cells [43].

Organic Solar PV Cells (OSC): These cells are lightweight, inex
pensive, semi-transparent, flexible, and can be manufactured on a large 
scale. These cells are made up of organic semiconductors, which include 
polymers, pentacene, polyphenylene vinylene, carbon fullerene, and 
copper phthalocyanine, as shown in Fig. 4(a) [44]. The OSCs are 
available with a thickness of 100 nm, an efficiency of 18.20 %, and a life 
span of 20 years [31].

Dye-Sensitized Solar PV Cells (DSC): These are hybrid organic- 
inorganic cells that use nanotechnology materials to harvest solar en
ergy. The DSCs, as shown in Fig. 4(b), work on principle photo
sensitisation, where the titanium dioxide (TiO2) nanocrystalline layer is 
used as a conductor in contact with organic dyes to absorb light [48]. 
The DSCs have an efficiency between 5 % and 20 %, and 13 % is the 
highest efficiency reported to date, with a lifespan of 12 years [49]. Due 
to their simple fabrication, manufacturing these cells is much cheaper, 
flexible, colour-capable, and transparent.

Perovskite Solar PV Cells (PSC): Perovskite solar cells were intro
duced to improve the material quality through synthetic methods, which 
relied on the metal halide perovskite (MHP) mechanism. The MHPs have 
a high absorption coefficient, longer life span, high diffusion length, 
higher band gap energy and lower defect density [50]. A single PSC 
junction with an MHP mechanism has an efficiency that has increased to 
25.2 % in the last decade and has a lifespan of 23 years [50]. The PSCs 
are revolutionary PV cells with a simplified structure, are lightweight, 
flexible, highly efficient, and have low manufacturing costs. The only 
disadvantage is that the PSCs are unstable, deteriorating faster and 
shortening working life (Sharma & Goyal [30]).

Quantum Dots Solar PV Cells (QD): Quantum dots (QDs) are used in 
manufacturing solar PV cells, also known as Nanocrystalline solar cells. 
QDs cells have high absorption coefficients, small exciton diffusion 
length of 10–20 nm, poor electron mobility, and a short lifetime of ex
citons, due to which there will be a drop in the conversion efficiency 
(Fig. 4(c)) [51]. QDs have an efficiency of 11 % to 17 %, and a record 
efficiency of 16.6 % was achieved using mixed colloidal QDs with PSCs 
and a lifespan of 18 years (Sharma & Goyal [30]). Nanocrystalline solar 

Fig. 2. (a) Solar PV cell structure: PERC (b) Silicon Heterojunction solar cell structure [34].
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cells using nanomaterials are very simple to fabricate and have good 
band gap tuning and control ability, which allows PV technologies to 
push the field even further.

Multi-Junction Solar Cells: These PV cells are fabricated using 
various semiconductor materials to form the p-n junctions; each junction 
has a different wavelength in response to light to produce electricity, 
increasing the conversion efficiency, as shown in Fig. 4(d). This concept 
is called tandem solar cells [47]. These cells have an efficiency of 45 % 
and a lifespan of 25 years (Sharma & Goyal [30]). Manufacturing these 
multi-junction cells is complex and expensive due to stacking multiple 
layers of different cells [52].

3.2.4. Fourth generation of solar PV technologies
The fourth-generation solar PV technologies are based on low-cost, 

flexible thin-film polymer with stable organic nanomaterials such as 
graphene and its derivatives, carbon nanotubes, and hybrid inorganic 
cells [53].

Graphene-Based Solar PV Cells: Graphene is considered the future 
of nanomaterials because of its unique properties, such as flexibility and 
compatibility with metal oxides, high transmittance, high carrier 
mobility, 2D lattice packing and low resistivity [54]. The advantage of 
combining graphene with other PV cell materials is that it can be used as 
a hole/electron transport material, transparent electrode, and interfacial 
buffer layer [55]. The graphene-based perovskite and heterojunction 
organic cells showed an increase in their efficiency by 20.3 % and 10 %, 
respectively (Geim & Novoselov [56]). Also, these cells have a life span 
of 25 to 45 years, and due to their 2D lattice packing structure, 
graphene-based solar cells have less environmental degradation and 
ensure long-term stability [57]. The cross-sectional view and schematic 

representation of the Graphene-silicon Schottky junction solar cell are 
shown in Fig. 5.

Further, the PV panel’s performance can be improved by continuous 
monitoring and real-time control of PV panels without any human 
interaction are very essential. To optimize the performance of PV 
technologies, the Internet of Things (IoT) and blockchain technology can 
be integrated. The Internet of Things (IoT) enables the convenient use of 
interconnected technologies for ongoing monitoring and regular eval
uations of PV module performance, enabled by the widespread adoption 
of wireless networking. Continuous monitoring would be conducted on 
several factors like surface temperature, defect diagnosis, output power, 
dust buildup, air quality, weather conditions, shading, battery usage, 
and energy consumption by the user (Kumar et al. [58]). This data will 
be sent to the cloud using the most compact communication packages. 
The user may get the uploaded information from the cloud regardless of 
location, and any choice made can be sent back to the cloud to be 
reversed (Nallapaneni et al., 2017). The transfer of data and decisions 
will be regulated by a secure network created by state-of-the-art 
blockchain technology. PV technologies may be integrated into a con
dition monitoring system connected to an Internet of Things (IoT) model 
and a blockchain platform. This integration aims to enhance the PV 
panel’s performance, reduce costs, and optimise energy usage.

3.2.5. Summary of generation of solar PV panels
From the literature on the solar PV generation, the inferences are 

drawn. The mono and polycrystalline silicon cells from first-generation 
technologies are the most popular and widely used market, producing 
80 % of the total. It has an efficiency ranging from 23 % to 28 % and a 
better lifespan of 25 to 30 years. The major drawbacks were the 

Fig. 3. Schematic diagram of (a) CIGS cells [38], (b) CdTe cells [34], and (c) Amorphous silicon (a-Si) cells [39].
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manufacturing cost, high-temperature sensitivity, and low absorption 
level and thickness. Later, these issues were covered in the second- 
generation PV panels, which required fewer materials for production, 
making the panels much cheaper and lighter and having high absorption 
levels. The materials used to manufacture second-generation panels are 
cadmium, gallium, and selenide, which are highly toxic and 
temperature-sensitive, making panels less efficient. Third-generation 
and fourth-generation solar PV cell technologies were introduced to 

overcome all the drawbacks of first- and second-generation solar cells, 
such as technical, economic, and environmental aspects. Due to its low 
popularity in the market, it is referred to as an “emerging concept”. The 
comparison between the generation of solar PV technologies based on 
efficiency, lifespan, advantages and disadvantages is shown in Table 1.

Based on the generation of solar PV technologies, there are many 
factors affecting the PV panel’s output performance, such as soiling, 
shading, module temperature, material degradation, tilt angle, and 

Fig. 4. Schematic representation of (a) Organic photovoltaic cell [45], (b) DSSCs [42], (c) Quantum Dots cell [46], and (d) Multi-Junction Cells [47].

Fig. 5. Cross-sectional view and a schematic representation of Graphene–silicon Schottky junction PV cell [54].
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orientation of panels. Also, there are some challenges involved in the 
recycling/remanufacturing of PV panels at EOL, which will lead to an 
increase in e-waste in the next 20–25 years. This e-waste will have a 
greater impact on the environment by increasing GHG emissions. In the 
following sections, the types of mitigation techniques (cleaning and 
cooling) used to address the factors affecting PV panel’s performance 
and eco-friendly recycling techniques used to extract silicon wafers from 
the waste panels and use them for remanufacturing PV panels and other 
applications to reduce GHG emissions are discussed.

4. External factors affecting the performance of solar panels

4.1. Soiling

Apart from efficiency, there are additional problems in installing PV 
systems in the Middle East. Several external factors, such as sun irradi
ation, temperature, humidity, sand, dust, air pollution, wind speed, and 
shadow, can influence the performance of PV panels. It is necessary to 
consider and reduce these effects while installing solar PV systems [60].

Dust accumulation is one of the main factors affecting the PV panel’s 
efficiency and longevity. The dust accumulated on the PV panels reduces 
transparency and blocks sunlight from reaching the surface. As a result, 
the PV panel’s efficiency, overall performance, and lifespan will be 
reduced [61]. The experimental model was proposed to monitor and 
show the effect of dust on grid-connected PV systems containing 1.4 kW 
PV and 1.7 kW inverter performance, yield and profitability. The results 
demonstrate that the suggested model accurately predicted system 
performance and was confirmed by experimental findings. The 

photovoltaic, inverter, and performance efficiencies are 10.80 %, 94.00 
%, and 73.00 %, respectively. Also, the average yield factor is 141.39 
kWh/kWp, and the capacity factor is 19.64 % [62]. To maximise output 
power and efficiency during periods of dusty storms, it is necessary to 
clean the accumulated dust on the PV panels daily. Frequent cleaning 
and maintenance of PV panels result in improved performance and 
increased lifespan. When the cleaning frequency was decreased from 1 
to 3 weeks, it was found that the amount of dust accumulating on the 
panels increased from 1 g/m2 to 5 g/m2. This led to a decrease in energy 
production by 16 to 24 % and caused the average temperature in the 
panels to drop by 5.38 %, 2.17 %, 7.05 %, and 4.28 %, regardless of the 
panel types used [63]. Research to examine the effects of dust accu
mulation on PV panels over five months was conducted in Sharjah, UAE. 
The research findings indicated that a dust density of 5.44 g/m2 resulted 
in a 12.7 % reduction in the efficiency of the PV panels [64]. Further
more, the performance of the PV panels, when equipped with a real-time 
monitoring system, exhibited a 10 % loss in output power because of the 
accumulation of dirt [65].

4.1.1. Soiling mitigation techniques
This article explores several mitigating strategies to minimise dust 

accumulation on PV panels. These approaches include natural cleaning 
methods such as rain, wind, snow, and tilt angle, as well as artificial 
cleaning methods, including manual and self-cleaning. Fig. 6 depicts the 
categorization of soil mitigation approaches.

4.1.2. Natural cleaning techniques
Natural cleaning approaches rely on environmental elements such as 

Table 1 
Comparison between the generation of solar PV technologies.

Generations of 
Solar PV Cells

Types of Solar PV Cells Efficiency Lifespan Advantages Disadvantages Refs.

First 
Generation

Mono-crystalline 27.60 % 25 years Higher performance and stability, longer 
life span

High manufacturing cost, high- 
temperature sensitivity and low 
absorption level.

(Sharma & Goyal 
[30]).

Polycrystalline 23.30 % 14 years Easy to manufacture, profitable, low 
silicon waste, high absorption level 
compared to m-si

Low efficiency and high- 
temperature sensitivity.

(Sharma & Goyal 
[30]).

Passivated Emitter and 
Rear (PERC)

23 % 18years Decrease in thermal losses and gives better 
performance with high temperature.

Higher manufacturing cost (Sharma & Goyal 
[30]).

Silicon Heterojunction 
Cells (SHJ-Type)

24.70 % 18 years Manufactured in thin films with a thickness 
of 50 μm, it is more feasible and efficient.

Very rigidity and high 
production costs

(Taguchi et al. [36]; 
Sharma & Goyal 
[30]).

Gallium Arsenide 
(GaAs) based III-V 
junctions

29.10 % 14 years High efficiency, greater stability, low- 
temperature sensitivity and high 
absorption level.

Extremely expensive (Sharma & Goyal 
[30]).

Second 
Generation

Copper Indium Gallium 
Selenide (CIGS)

23.30 % 12 years Requires less materials for production Unstable, more temperature- 
sensitive and unreliable

(Ghosh & Yadav, 
[28]; Sharma & 
Goyal [30]).

Cadmium Telluride 
(CdTe)

22.10 % 20years High absorbing capability, requires less 
materials for production

Low-efficient, highly toxic and 
temperature-sensitive

(Sharma & Goyal 
[30])

Amorphous Silicon (a- 
Si)

12 % 15 years Less expensive, non-toxic, high level of 
absorption

With low efficiency, the 
selection of dopant materials is 
difficult

(Sharma & Goyal 
[30])

Cadmium Sulfide (CdS) 22.10 % 20 years High absorption level and requires less 
materials for production

Low-efficient, highly toxic and 
temperature-sensitive

(Sharma & Goyal 
[30])

Third 
Generation

Organic Solar PV Cells 
(OSC)

18.20 % 20 years Low production cost, very lightweight, 
flexible and has high thermal stability

Low efficient (Sharma & Goyal 
[30]).

Dye-Sensitized Solar PV 
Cells (DSC)

13 % 12 years Low cost, very light and wide-angle 
operation and rigid

temperature instability and 
highly toxic

([49]; Sharma & 
Goyal [30])

Perovskite Solar PV 
Cells (PSC)

25.20 % 23 years Simplified structure, very flexible, 
lightweight, low production cost and 
highly efficient

Unstable ([50]; Sharma & 
Goyal [30])

Quantum Dots Solar PV 
Cells (QD)

16.60 % 18 years Low manufacturing cost and lower energy 
consumption

High toxic and degradation ([59]; Sharma & 
Goyal [30]).

Multi-Junction Solar PV 
Cells

45 % 25 years High performance Complex, expensive ([52]; Sharma & 
Goyal [30])

Fourth 
Generation

Graphene-Based Solar 
PV Cells

20 % 25–45 
years

It has a low manufacturing cost, is highly 
conductive, good transparency level, low 
degradation, and a better lifespan.

Low Hydrophilicity ([57]; Geim & 
Novoselov [56]).
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precipitation, air movement, frozen precipitation, gravitational force, 
and the angle at which solar PV panels are positioned. Natural elements 
play a crucial role in cleansing solar panels by eliminating dirt and dust 
particles, with the effectiveness of wind and rain being contingent on the 
specific geographical location. A study conducted in the desert climate 
of Qatar over six years recorded the effect of environmental difficulties 
on the PV panel’s output performance [67]. The study found that 75 % 
of the days had a decrease in output power owing to dirt accumulation, 
while 25 % of the days had an increase in output power caused by the 
resuspension of dust. The average yearly soiling rate had a 23 % rise 
during winter due to more severe dust storms compared to those in the 
summer. This resulted in a decrease in PV panel efficiency by 3 % [67]. A 
study conducted in Saudi Arabia examined the difference in energy 
consumption between clean and dust-coated photovoltaic (PV) panels 
tilted at a 24.6-degree angle over eight months. The findings revealed 
that the dust-coated PV panels experienced a 32 % reduction in energy 
consumption [68].

In Riyad, Saudi Arabia, the dust-coated solar PV panels were exposed 
to rainfall in the winter season, resulting in only a 2 % increase in output 
energy [67]. During the rainy season, the soiling rate was moderate. A 
rainfall of just 3 mm was sufficient to clean the PV panels completely 
[69]. An experiment was conducted in Sharjah, UAE, to investigate the 
output performance of PV panels at various tilt degrees, both indoors 
and outdoors [70]. An indoor experiment showed that the relation be
tween dust accumulation and output power was linear, with a slope 
decreasing by 1.7 % g/m2. By varying the tilt angles of the indoor and 
outdoor PV panels to 0◦, 25◦, and 45◦, it was observed that the dust 
buildup increased to 37.63 %, 14.11 %, and 10.95 %, respectively. The 
observation was carried out for five months, and the outdoor experiment 
result showed an increase in dust accumulation by 5.44 g/m2 with a 
decrease in the output power by 12.7 % compared to the indoor 
experiment [70]. Natural cleaning techniques are not as effective as 
other cleaning techniques as the rain leaves water spots, accumulates 
dust, and further reduces efficiency. On the other hand, wind in the 
opposite direction could cause scratches and abrasion on the panel by 
flinging dust deposited on the PV panel’s surface. Natural cleaning 
methods are found to be cost-effective, and they do not involve 
manpower or external power to clean the panels.

4.1.3. Artificial cleaning techniques
The artificial technique is classified into two methods: Manual 

cleaning and Self-cleaning.
Manual cleaning techniques: This technique utilizes manpower to 

clean the PV panels’ surface with the help of equipment like spraying 
water, brushing, cleaning liquids, clothes, etc. The manual cleaning is 
very effective, and the panels are expected to give very good output 
performance after cleaning. The experiment was carried out on a 5.85 
kW grid-tie ground mount system with two strings of 9 modules in series. 
Two manual cleaning intervals have been applied on each string to 
observe the influence of the dust on the PV system performance. The 
results demonstrate that the dust collection lowered the PV modules’ 
current performance by up to 28 %, with the average current output of 
the uncleaned string measured at 4.1 A compared to 5.6 A from the 
cleaned string [71]. The major drawbacks of manual cleaning include 
water wastage, especially in an environment with water scarcity, 
needing more manpower, high labour costs, and time-consuming. 
Furthermore, manual cleaning can cause frame corrosion of the PV 
panel [69].

Self-cleaning techniques: The most recent approaches for enhancing 
the efficiency of a solar PV panel by self-cleaning have been categorised 
into Active and Passive methods. The mechanical and electrostatic 
techniques are active and need external power. The coating method is 
basically passive, as it is not dependent on any external power source 
[67]. The two coating methods are superhydrophobic and super
hydrophilic coatings.

Active cleaning methods are classified into mechanical, electrostatic 
and robotic and require an external power source. The active cleaning 
technique involves mechanical cleaning, which utilizes microfiber 
brushes, blowers, wipers, and electrodynamic shields with high voltage 
input in generating electrostatic forces causing vibration and robotic 
cleaning with a controlled motor, wipers, spray, and sensors controlled 
by microcontrollers to clean the panels [72]. The self-cleaning system 
shown in Fig. 7(a) was built in Medina, Saudi Arabia, to compare the 
efficiency of clean and uncleaned PV panels under two different solar 
irradiances. The result showed an increase in output power by 4.78 % at 
805 W/m2 and a 5.3 % increase at 460 W/m2 [73].

The motor-controlled semi-automatic wiper cleaning system was 
developed with a manual button to override if extra rotation was 
required. The performance of cleaning the panel was based on several 
rotations of the wiper. The wiper rotations were performed in 10, 20 and 
30 repetitions, resulting in 57 %, 79.1 % and 86.7 % cleaning on the 
solar panels [72]. Fig. 8 shows the experimental setup of self-cleaning 
with and without a dusty surface. Similarly, an experiment was con
ducted to compare between a brush cleaning method and a microfiber 
cloth cleaning method for with and without a vacuum cleaner. It was 
found that both brush and microfibre cloth with and without vacuum 

Fig. 6. Soil mitigation techniques [66].
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cleaners had a better performance as it increased overall efficiency by 6 
% when the panels were cleaned every week [75].

The wind-powered dust removal system using a mechanical vibrator 
was compared with the electrical vibrator system under certain pa
rameters like dust removal index, surface response and variance of the 
PV panels. Their results showed that the system using a mechanical 
vibrator had 91 % cleaning efficiency over the electrical vibrator for the 
same dust quantity [76]. In Doha, Qatar, the PV panels integrated with 
electrodynamic shield electrodes covered with polymer dielectric were 
carried out in winter and spring weather conditions. The experiment was 
performed on soiling losses, relative humidity, and cleanliness index 
change rate. There was a significant reduction of 16 % to 33 % in soiling 
losses over 9 kVp hours of operation compared to non-electrodynamic 
shielded PV panels [77]. The PV panel’s surface decontamination 
using surface acoustic waves (SAW) was used to remove contaminants 
and dust on the panels, which increased efficiency [74]. Fig. 7(b) shows 
the experimental setup of SAW with the vibration generators connected 
to the panel and the power supply.

The detailed optimised model was studied to improve the optical and 
electrical configuration of electrodes used in electrodynamic shields 
[78]. Cleaning devices that use electrodynamic forces generated by high 
AC voltages were developed to clean strong and adhered dust particles. 
As a result, the cleaning included better airflow utilisation, operational 
adjustment and improved electrode configuration. Also, these cleaning 
devices with electrodynamic forces were highly efficient and consumed 
less power [79].

A study of superhydrophobic and superhydrophilic coating methods 
on PV panels was conducted in dark and shady regions. The result 
showed that a superhydrophobic coating was more efficient than a 
superhydrophilic one, where the photocatalysis reaction did not work in 
the dark and shady regions [69]. An experiment was conducted to un
derstand the effect of antireflective, self-cleaning and photocatalytic 
coating on PV panels. The result improved the panel’s efficiency by 
improving the self-cleaning characteristics, achieving a better absorp
tion level, and reducing dust accumulation. A similar test was conducted 
on the coating of PV panels to analyse the photocatalytic capabilities 
using UV–vis spectroscopy and degradation of the Methylene Blue (MB). 
The result showed that a coated PV panel had a high light transmittance 
when exposed to light and better self-cleaning abilities than an uncoated 
PV panel [80]. Fig. 9 shows the graphical comparison of both coated and 
uncoated PV panels under light transmission spectra.

4.1.4. Summary of cleaning techniques
From the literature on soil mitigation techniques, the inferences are 

drawn. As the frequency of cleaning was decreased from 1 to 3 weeks, it 
was found that the amount of dust accumulating on the panels increased 
from 1 g/m2 to 5 g/m2, which showed a decrease in energy production 
by 16 to 24 %. Also, only 3 mm of rain was adequate for cleaning the 
solar panels. The artificial cleaning techniques combined with active 
and passive methods (jet spray and hydrophobic coating) showed a 
significant increase in efficiency by 6 to 8 % with one clean. The natural 
cleaning technique, such as for rain, tilt angle, and wind direction, was 

Fig. 7. (a) Self-cleaning system [73] and (b) Experimental setup and measurement system [74].

Fig. 8. Experimental setup for self-cleaning with (a) dusty surface and (b) clean surface [72].
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more ineffective in regions like the Middle East than the artificial 
cleaning techniques. Table 2 shows the comparison between different 
types of soil mitigation techniques.

4.2. Effect of increased surface temperature

The PV panel’s surface temperature plays an essential role in 
improving its efficiency. The PV panels capture solar irradiance and 
convert it into heat and electricity. The rise in the temperature of the 
surface due to heat leads to a loss in cell efficiency and causes degra
dation [81–83]. The study was conducted on the rate of deterioration 
and efficiency of solar panels in Sohar, Oman, over seven years. The 
result showed that the PV panel’s efficiency decreased by 1 % every 
year, and the degradation rate gets worse during the summer months 
due to higher temperatures resulting from intense sun radiation and 
surrounding air heat [84]. The PV panel’s performance is determined by 
the relationship between its open circuit voltage (VOC), short-circuit 
current (ISC), and temperature, as shown in Fig. 10. At high tempera
tures, the increased thermal energy within the semiconductor material 
results in a greater excitation of electrons, causing them to move 
randomly, leading to increased electrical resistance and reduced voltage 
output. Thus, the total efficiency of the PV cell decreases with increasing 
temperature [85]. The temperature coefficient is a parameter that 
quantifies the impact of temperature on the overall output power of the 
cell.

Eqs. (1)–(3) show the relation between current (short circuit), output 
power, and voltage (open circuit) with cell temperature [86]. 
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The increase in cell temperature has become a major issue in the 
Middle East region. Many researchers have introduced several concepts 
and cooling techniques to enhance the PV panel’s efficiency by 

decreasing the cell temperature close to the manufacturing standard 
temperature.

4.2.1. Cooling techniques for solar PV panels
The cooling systems are classified into active and passive cooling 

systems. The active cooling system uses fans and motor pumps to 
circulate air or water as a coolant, while the passive cooling system uses 
no external power to cool the panels. The passive cooling system is 
further classified into water, air and conductive cooling. Passive cooling 
methods use heat pipes, sinks, or exchangers for natural convection 
cooling [87]. The heat sinks are placed at the backside of the PV panel to 
transfer heat and are highly thermally conductive. Therefore, passive 
cooling methods are very effective, easy to implement and cost-effective 
compared to active cooling methods [88]. Later, many complex cooling 
technologies like phase change materials (PCM), nanofluids, thermo
electric generators (TEG) and the hybrid cooling system and their 
combinations were evolved.

4.2.2. Phase change material (PCM) cooling technique
In the PCM cooling technique, the latent heat is extracted from the 

PV panel’s surface by inducing a change in the panel’s physical states, 
namely melting and freezing. This process effectively reduces the sur
face temperature and enhances the PV panel’s efficiency. The selection 
of the PCM can be determined by considering its melting temperature 
and latent heat [81]. The PCM cooling technique exhibits higher thermal 
conductivity and maintains a consistent surface temperature. An 
essential characteristic of the PCM technique is its ability to absorb heat 
during the day and release it at night. Fig. 11(a) depicts the commonly 
used PCM and its melting temperature. These techniques are classified 
into PCM-PV, PCM-PV/T, and PCM-PV/T-Nanofluids [89].

The experiment was carried out using two prototypes, one equipped 
with Phase Change Material (PCM) and the other without PCM. found 
that increasing the temperature by 1 ◦C over the laboratory test tem
perature of 25 ◦C leads to a drop in output power ranging from 0.3 % to 
0.5 % [90]. An analogous experiment was carried out to assess the 
effectiveness and surface temperature of solar photovoltaic (PV) panels 
equipped with phase change material (PCM)-PV cooling systems in 
comparison to uncooled PV panels. The addition of a cooling system in 
the PV panels resulted in a decrease in surface temperature from 4 ◦C to 

Fig. 9. Graphical comparison of coated and uncoated glass displaying light transmission spectra [80].
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5 ◦C, while also enhancing efficiency by an additional 3 % compared to 
panels without a cooling system [91]. An organic phase change material 
(PCM) with a thickness of 0.03 m and an aluminium sheet spanning an 
area of 0.036 m2 was positioned on the back of the panels. The exper
iment was conducted for a duration of three months (Fig. 11(b)) [90]. 
The result indicated a decrease in the surface temperature of the panel 
by 10.35 ◦C, a 2 % enhancement in the overall average electrical effi
ciency, and a 24.4 % improvement in the conversion efficiency of the 
PCM-PV system with aluminium-cooled PV panels compared to the 
uncooled PV panels [90]. Hybrid phase change materials are synthesised 

and examined for their solar energy storage ability. The results indicated 
that hybrid PCMs have the best conversion efficiency, around 92.9 %, 
for solar to thermal energy. These PCMs shown exceptional performance 
in storing applications [92].

The experiment was conducted on panels with and without organic 
paraffin wax PCM. It was found that the panel with PCM reduced the 
panel temperature by 15 ◦C and showed a 5.39 % increase in efficiency 
[93]. Also, it was shown that organic paraffin wax is a widely used PCM 
for thermal storage due to its low thermal conductivity [81].

4.2.3. Water spraying cooling technique
Water is used as a cooling agent and sprayed on the PV panel to 

improve the output power by reducing the surface temperature. The 
water spraying technique uses the sprinkler placed on the panels con
nected to the DC pump through pipes. The water spraying technique can 
be used on both sides of the PV panels, as shown in Fig. 12(a). The water 
spray system was constructed to cool both sides of the panel. The PV 
panel’s output power with water spraying system increased by 14.6 % 
than the panel without a water spraying system [85]. The water spraying 
system, including the pump, storage tank, spray nozzles and circulation 
system, was constructed to reduce the panel’s temperature. The result 
showed the PV panel temperature decreased by 35 ◦C [94]. This tech
nique not only cools but also cleans the panel, and the water used can be 
reused and circulated, making the system cost-effective [85].

4.2.4. Heat pipe cooling technique
The heat pipes are sealed and employ passive cooling mechanisms, 

constructed from highly thermally conductive materials such as copper 
or aluminium, to dissipate heat from the panels efficiently. The extrac
ted heat is transformed into water or air through evaporation and 
condensation, which involve phase transitions. As a consequence, there 
was an increase in PV panel efficiency by decreasing the surface tem
perature [81]. A schematic model of the PV panel integrated with the 
Heat pipe is shown in Fig. 12(b). The experiment was conducted to study 
an array of heat pipes circulated with air and water to cool the PV panel 
[95]. The result showed that the heat pipe with air circulation decreased 
the surface temperature by 4.7 ◦C and increased output power by 8.4 %, 
but the heat pipe with water circulation had an 8 ◦C decrease in tem
perature and the output power increased by 13.9 % [95]. A similar 
experiment on the cooling of PV panels using a single pulsating heat pipe 
was conducted by [96]. It was observed that the temperature was 
reduced by 16.1 ◦C and increased output power by 18 % [96]. The nu
merical simulations on flat plate pulsing heat pipe with forced cooling 
were conducted, subjected to a solar irradiation of 1235 W/m2. The 
implementation of the pulsing heat pipe resulted in a decrease in tem
perature by 22.2 ◦C and increased output power of the PV panel by 35 %, 
demonstrating its high effectiveness in cooling the PV panel (Alizadeh 
et al., 2020).

Table 2 
Comparison between different types of soil mitigation techniques.

Soil Mitigation 
Techniques

Descriptions Advantages Disadvantages Refs.

Natural 
cleaning 
method

It depends on 
external factors 
like wind, 
rainfall, snow, 
orientation, and 
tilt angles. Uses 
no additional 
power or 
technology for 
cleaning

Zero 
investment 
and zero 
expense on 
cleaning

The 
geographical 
area is 
dependent, 
unpredictable 
and less 
effective for 
strongly 
adhered dust 
particles.

[70,
67,
69]

Manual 
cleaning 
method

It depends on 
manpower to 
clean PV panels 
using water, 
brushes, a table or 
ladder, and cloth.

Very 
effective 
with 100 % 
cleaning 
efficiency

High labour 
costs, waste of 
water and 
time- 
consuming

[67,
69]

Mechanical 
cleaning 
method

It uses 
mechanical parts 
like a blower, 
wipers, motor- 
controlled 
brushes and 
microcontroller 
and requires 
external power 
sources for 
cleaning.

Works on 
both 
automatic 
and on 
command 
have a 
cleaning 
efficiency of 
96 % and 
reduce 
labour costs.

High 
maintenance 
cost and 
consumes 
energy from 
the power 
produced by 
the panels

[73,
72]

Electrodynamic 
Screens/ 
Shields 
cleaning 
method

It works on 
electrodynamic 
or electrostatic 
forces generated 
by high voltage 
input and uses 
sensors controlled 
with programable 
logic 
microcontrollers.

It works on 
automatic 
and manual 
control, 
consumes 
very little 
power, is 
highly 
effective 
with 90 % 
cleaning and 
cleans 
faster.

It is less 
effective and 
has a high 
investment 
cost depending 
on humidity.

[74,
79,
73,
72]

Robotic 
cleaning 
method

It uses a 
microcontroller 
and Arduino to 
work on 
equipment like 
brushes, water 
spray and sensors.

Very 
efficient 
cleaning, 
controlled 
and 
monitored 
wireless, can 
be 
recharged 
and less 
water 
wastage.

High initial 
cost, high 
maintenance 
cost and very 
slow cleaning 
process

[73,
72]

Passive 
cleaning 
method

Uses chemical 
coating with 
hydrophobic and 
hydrophilic 
properties

Requires no 
external 
power 
source and 
highly 
effective 
cleaning of 
75 %

The lifetime of 
coating on the 
panel is very 
limited and can 
reduce the 
optical 
performance of 
the panels.

[80,
69]

Fig. 10. Characteristics of a solar: Effect of temperature [81].
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Fig. 11. (a) Commonly used PCM and its melting temperature [81] and (b) Three-dimensional sketch of without PCM (left) and with PCM PV (right) panels [90].

Fig. 12. Cooling techniques (a) water spraying (Nǐzetíc et al. [85]) and (b) Heat pipe [95].
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4.2.5. Thermoelectric cooling technique
This cooling technique consists of thermoelectric modules, which 

convert the heat dissipated at low temperatures into electricity, known 
as thermoelectric generators (TEG). The TEGs work on the principle 
known as the Peltier effect (Seeback effect). The electricity in TEGs is 
generated with the temperature difference; that is, TEGs are sandwiched 
between the rear side of the PV panel and the cooling system, which 
produces heat on one junction and cooling on another [97]. The 
Figure of Merit is the parameter used to characterise the efficiency of a 
thermoelectric device, and it depends on the physical properties and 
operating temperature of the material [98]. The experimental study on 
thermoelectric cooling of PV panels was conducted by (Broker et al., 
2014). The results showed an improvement in the panel output perfor
mance, ranging from 8.35 to 11.46 % to 13.27 %. The PV panel 
embedded with the thermoelectric module decreased in temperature 
from 83 ◦C to 65 ◦C [99]. The design evaluation of polycrystalline PV 
panels embedded with the hybrid PV-TEG (Fig. 13(a)) with Bi2Te3 
thermoelectric modules was performed. The hybrid PV-TEG showed an 
efficiency and output power of 6 % and 5 %, respectively, higher than 
the conventional module (without PV-TEG) [98].

4.2.6. Radiative cooling technique
Radiative or photonic cooling works on the difference in temperature 

between objects on Earth and outer space [81]. Radiative cooling 
(Fig. 13(b)) is a passive method used in thermoelectric-based cooling 
systems to provide the cool side on one of the junctions, creating a 
temperature difference between outer space and the Earth’s surface 
[100]. The test was conducted on radiative cooling by placing a 

photonic structure beneath the panel [100]. it was observed that there 
was a drop in cell temperature by 13 ◦C. The test was conducted on PV-T 
collectors using radiative cooling, which resulted in a better perfor
mance of PV collectors by reducing the operating temperature by 11 ◦C 
with nocturnal thermal behaviour [102,103].

4.2.7. Finned cooling technique
The finned or heat sink or heat exchanger cooling system works by 

sinking the heat generated by the PV panel and protecting it from 
overheating, which in turn decreases the PV panel’s efficiency. The fins 
are usually made of copper or aluminium, are highly thermally 
conductive, and are placed behind the panel to absorb panel heat [104]. 
The experimental and economic studies on the PV panel with and 
without heat sinks were conducted by [105]. The result showed that the 
PV panel with fins had better performance, with a 7.4 ◦C reduction in 
temperature and a 2.72 % increase in efficiency. A study to estimate the 
PV panel’s efficiency and the output performance with copper and 
aluminium heat sinks was conducted by [106]. The result indicated that 
copper heat sinks with a thermal conductivity of 385 W/mK had better 
efficiency and electrical performance than aluminium fins with a ther
mal conductivity of 205 W/mK [106]. Fig. 13(c) shows an experimental 
arrangement that analysed various passive cooling systems’ impact on 
the surface temperature, output power, and efficiency of photovoltaic 
(PV) panels. The solar PV panels were subjected to three different 
cooling methods, namely PCM, TEM (Thermoelectric material), and 
aluminium fins, under the same circumstances [101]. The aluminium fin 
cooling system had a significantly higher output power of 47.88 W 
compared to the PCM and TEM systems, which provided an output 

Fig. 13. Schematic representation of (a) hybrid PV-TEG module [98], (b) Passive radiative cooling [100], and (c) Rear side of PV panels (left) PV + PCM, (right) PV 
+ fin3 [101].

M.R. Nagaraja et al.                                                                                                                                                                                                                           Solar Energy Advances 5 (2025) 100084 

14 



power of 44.26 W [101]. Additionally, the aluminium fin cooling system 
is more cost-effective, remarkably efficient, and yields greater power 
output compared to PCM and TEM [107].

4.2.8. Summary of cooling techniques
From the literature on cooling techniques, the inferences are drawn. 

The PV panel’s performance is dependent upon their surface tempera
ture. It has been determined that raising the temperature by 1 ◦C over 
the laboratory test temperature of 25 ◦C will cause a decrease in output 
power ranging from 0.3 % to 0.5 %. The use of an organic phase change 
material (PCM) with a thickness of 0.03 m, together with an aluminium 
sheet covering an area of 0.036 m2, resulted in a drop in surface tem
perature of 10.35 ◦C. Additionally, this arrangement led to a 7 % gain in 
efficiency and an increased conversion efficiency of 24.4 %. Aluminium 
fins were used for the cooling system. The result showed an output 
power increase of 47.88 W, with a 3 % increase in efficiency. A similar 
cooling system with TEG was conducted, which decreased temperature 
by 18 ◦C and increased efficiency and output power by 6 % and 5 %, 
respectively. The cooling system with aluminium fins performed better 
than the PCM and TEG cooling systems. Also, the combination of Al fins 
with the TEG module will be a better option to improve the efficiency 
and output power of the PV panel. Table 3 shows the comparison be
tween types of cooling techniques.

5. Recycling challenges with the PV panels

5.1. End-of-Life of panels and recycling techniques

PV technology has emerged as one of the world’s primary power 
production technologies over the past two decades. Around 80 to 90 % 
of PV panels installed around the globe are crystalline silicon and are 
made up of silicon [17]. Silicon is the second most available material on 
earth, at 27 %, and is the primary source for the manufacturing of PV 
panels. Also, the world is phasing out coal to meet the Net zero target. 
So, the share of renewable in the electricity mix will gradually increase, 
creating pressure on non-renewable silicon resources; due to which 
there is a decrease in the availability of silicon materials by 60 % on the 
earth’s surface in the coming years [17,15]. As the use of solar PV panels 
spreads across the globe, e-waste has also increased. Solar panels have a 
life span of 20 to 25 years, leading to a large spike in e-waste, estimated 
at around 75 million tonnes of PV waste at the end of these 20–25 years 
[110]. Based on the performance of PV panels, aging, and other issues at 
EOL, the panels need to be disposed of and replaced. If not handled 
properly, the PV waste landfill can have a big impact on the environ
ment, causing air and water pollution, public health issues and global 
warming [111]. Therefore, there is a need for ecologically friendly and 
effective PV waste processing and recycling technology [112]. Recycling 
solar PV panel components has environmental benefits by reducing GHG 
emissions by up to 42 % by reducing the mining of silicon ore from the 
earth’s surface (Rahman & Chowdhury, [113]). Recycling PV panels 
also serve as a great resource for the country’s economy by extracting 
valuable metals like copper (Cu), silver (Ag), and aluminium (Al) up to 
90 % during the recycling process and are used for different applications 
[114,115].

The economic and environmental evaluation was conducted on 
waste PV panels in Turkey [116]. The evaluation showed that the re
covery ratio of raw materials (Al, Cu, Ag and glass) reached 94 %, and an 
economic income of 35 million USD in can be generated and million 
tonnes of glass waste can be recovered during the recycling process. 
Also, it can save 43 million tonnes of CO2 by reducing the mining process 
and reusing the extracted materials [116]. A brief analysis of PV panel 
production was conducted by [117], which includes the mining of ma
terials, production of semi-raw materials and solar cells, assembling, 
transportation, installation and EOL recycling. The analysis showed that 
mining, smelting and high-grade purification of silicon ore had a very 
high impact on the environment, such as high energy consumption, 

wastewater creation and production of toxic waste [117]. Also, around 
80,113 kg of CO2 is estimated to be released when producing 1 kW of PV 
panel [118]. The 1m2 CIGS PV panels emit 230 kg of CO2 during the 
recycling process. So, having a cost-effective and organized recycling 
technique, the emission of CO2 can be significantly reduced [119].

Much research has been carried out on PV wastes at EOL, mainly in 
countries like the United States, Europe, and some Asian countries. The 
main focus of the recycling techniques is to extract the raw materials Al, 
Cu, Ag and glass from the crystalline PV panels and remove toxic ma
terials like Ethylene Vinyl acetate (EVA) encapsulant, cadmium, and 
lead, which are highly toxic and hazardous to the environment [120,
119]. The prices for raw materials extracted from recycling like Al, Cu, 
and Ag are 2200 USD/t, 7000 USD/t, and 514.47 USD/t, respectively, 
which generate high economic income for the PV production industries 
at the EOL. There are three major types of recycling methods: physical 
recycling, thermal recycling, chemical recycling, and a combination of 
all three recycling methods, which includes technical, economic and 
environmental benefits and challenges (Rahman & Chowdhury, [113]).

Table 3 
Comparison between types of cooling.

Cooling 
Technique

Working Advantages Disadvantages Refs.

PCM cooling PCM works on 
the property 
that it absorbs 
heat during the 
day (melting) 
and releases it at 
night 
(solidification)

High heat 
absorption and 
heat transfer, 
maintenance- 
free, no power 
consumption 
and noise-free 
process

Materials are 
expensive and 
may cause 
toxicity, 
corrosion, and 
disposal 
problems.

[81, 
108, 
109]

Water spraying 
cooling

Water is used as 
a cooling agent 
and sprayed 
using 
centrifugal 
pumps, spraying 
nozzles and 
suction pipes to 
cool the PV 
panel.

It is a very 
efficient, 
simple process 
and less 
expensive. It 
also provides 
cleaning to the 
panels.

Water wastage, 
partial cooling

[81, 
85, 
94]

Heat pipe 
cooling

It works on the 
principle of 
thermal 
conductivity 
and phase 
transition of 
liquids.

Low material 
cost, simple 
and easy 
integration

Minimal 
reduction in 
temperature 
and low heat 
transfer rate

[81, 
95]

Thermoelectric 
cooling

TEGs work on 
the principle 
known as the 
Peltier effect, 
which 
Consumes 
electrical energy 
to remove heat.

Simple 
integration, no 
moving parts, 
low 
maintenance 
cost, and it is 
noise-free

It Consumes 
output energy, 
is very 
expensive and 
depends on 
ambient 
conditions.

[97,
98,
81]

Radiative 
cooling

It works on the 
difference in 
temperature 
between objects 
on Earth and 
outer space.

It is a passive 
method with 
no material 
cost, low 
maintenance 
and noise-free

It depends on 
the ambient 
conditions and 
is less efficient.

[81,
100]

Finned cooling It works by 
sinking the heat 
generated by the 
PV panel and 
protecting it 
from 
overheating, 
which in turn 
decreases the PV 
panel’s 
efficiency.

High 
efficiency, low 
maintenance 
cost, and has 
no moving 
components. 
Additionally, it 
decreases the 
average 
temperature of 
the panel by 
8.2 %.

Unstable under 
turbulent 
airflow, heat 
loss

[81, 
104, 
106]
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The experiment was conducted to recycle and recover silicon from 
the PV waste using spark plasma sintering (SPS) and chemical processes 
[121]. The aluminium frame and junction box were recovered using 
mechanical delamination, and the silicon fragments were extracted by 
thermal treatment at 480 ◦C. In the SPS technique shown in Fig. 14(b), a 
graphite die is used to sinter the silicon powder at 1100 ◦C-1200 ◦C at a 
pressure of 60 MPa. The result obtained had circular economic and 
environmental benefits as the silicon ingots recovered with a purity of 3 
N (Nines), good enough for producing other applications like aluminium 
alloys in automobile industries and electrodes for batteries and the 
mining silicon ore can be reduced to 20 % which leads to high emission 
of CO2 [121]. The hydrometallurgical processes shown in Fig. 14(c) 
were designed to recycle and recover silicon, silver (Ag) and aluminium 
(Al) from the waste PV panels and to capture lead (Pb) from waste liquid 
treatment, which are harmful to the environment [122]. Sodium hy
droxide (NaOH) and Nitric acid (HNO3) were used to extract Al and Ag 
in the leaching process. The results showed that HNO3 had a better 
performance under optimal conditions, with a leaching rate of 98.12 % 
for Ag and 99.57 % for Al [122].

The waste solar panels were immersed in acetone solution for two 
days to separate glass, silicon wafers and ethyl vinyl acetate (EVA) by 
manual dismantling. Copper (Cu), Ag, and Al were extracted from sili
con wafers by treating them with acid leaching, hydrothermal reaction, 
and chemical precipitation [112]. 1.5 M HNO3 was used as an acid 

solution to extract Cu, Ag and Al. The result showed that 99 % of Al was 
precipitated as aluminium phosphate (AlPO4), and >99 % of Ag was 
extracted from acid leaching by introducing phosphate and organic 
matter to react at 190 ◦C for ten hours [112]. The study says that the 
delamination of PV panels and EVA encapsulants is the most difficult 
stage during the recycling process, and this can be separated in an 
efficient way by the pyrolysis technique [124]. The pyrolysis process has 
many benefits, such as the clean separation of EVA encapsulant and 
delamination without chemical oxidation. This process uses no chem
icals that are hazardous to the environment, and it is economically 
feasible [125]. The method to recover silicon (Si) wafers from the PV 
waste after the thermal process was investigated by utilising different 
chemical processes to dissolve Ag and Al, using nitric acid for Ag and 
potassium acid for Al recovery [123]. In addition, as shown in Fig. 14(a), 
phosphoric acid is used as an etching paste to remove the impurities on 
the water surface while extracting silicon wafers. The result showed that 
the recycled silicon wafers extracted had a thickness of > 180 µm, suf
ficient to manufacture the solar cells and had a carrier lifetime of 
17.4–24.7 µs which is the same as Multi-crystalline Si wafers and 
increasing the circular economy income for the industries [123].

A similar experiment was conducted on CIGS thin-film PV panels 
where the panels were immersed in liquid N2 for manual dismantling. 
After dismantling, Cu, In, and Ga were extracted by treating the mate
rials with acid leaching, solvent extraction, chemical precipitation, and 

Fig. 14. Schematic diagram of (a) recycling processes to extract Ag, Al, ARC and emitter layer [123], (b) spark plasma sintering (SPS) system [121], and (c) The 
hydrometallurgical process flow chart for recovery of metals from waste PV panels [122].
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calcination [11]. Phosphoric and hydrochloric acids were used to extract 
Cu, In and Ga from the materials under optimum conditions. The re
covery rates from the extraction were 88.9, 98.2, and 97.1 % for Cu, In, 
and Ga, respectively. It can boost the economy by producing similar PV 
panels as these materials are expensive and rare metals available on the 
earth’s surface. The extracted materials are free from cadmium and lead, 
which are highly toxic and have a high impact on the environment [11].

5.2. Summary

From the above literature, 80 to 90 % of solar PV panels installed 
globally are crystalline silicon panels and a certain percentage of thin 
film solar PV panels. These panels have a lifespan of 20 to 25 years, and 
around 75 million tonnes of solar PV waste are estimated to be generated 
by 2050. This e-waste must be disposed of and landfilled. The landfill of 
this e-waste (waste PV panels) is hazardous to the environment, causing 
an increase in GHG emissions if not handled properly. Therefore, recy
cling PV panels at EOL is a better option, which has both economic and 
environmental benefits. During recycling, raw materials such as Si, Al, 
Cu, and Ag can be extracted from the waste PV panels up to 90 % with a 
high-grade purity level, which generates a high economic income for the 
PV industries. Also, landfilling of e-waste is very expensive and haz
ardous as it consists of toxic materials like EVA encapsulant, cadmium 
and lead, which can be removed during recycling by an etching process.

6. Future research

In the above literature review, many research and experiments have 
been conducted on solar PV technologies. The research includes the 
generation of PV panels, the mitigation techniques (cleaning and cooling 
methods) to improve efficiency, the recycling of PV waste at EOL, and 
the use of technical tools like IoT and Blockchain to maximise the energy 
share of solar PV systems. There are some research gaps that motivate 
future work in the field of PV technologies, which are discussed below.

The PV panel’s surface cleaning and cooling play critical roles in 
enhancing the output performance of the panels. There is not much 
research on hybrid systems with both cleaning and cooling techniques to 
enhance the efficiency of PV panels in extreme dust conditions. There 
are currently no cooling systems available that utilise TEGs and 
aluminium, together with automated dust-cleaning equipment that 
employs both active and passive techniques. These systems are designed 
to improve and maintain the efficiency of PV panels in very dusty en
vironments. Therefore, to maximize output power and improve effi
ciency, there should be an optimum approach for cleaning, cooling, and 
maintaining PV panels in the Middle East during dust storms.

In designing a solar PV system, it is very important to do a techno- 
economic analysis. This analysis helps study some important technical 
parameters, such as a tilt angle, orientation, operating temperature, 
shading, string connection and the output power of the PV panels. The 
economic parameters include panel specification, internal payback 
period, net present value (NPV), and benefit-cost ratio (BCR) of the PV 
system. RETScreen, HOMER, PV Syst and Helioscope are the available 
software for techno-economic analysis. There is very limited research on 
the techno-economic analysis of PV systems in the UAE. Therefore, an 
optimal approach to conducting techno-economic analysis that con
siders the efficiency, lifespan, and overall cost of PV systems is very 
much needed in the UAE to maximizing the solar electricity share.

The performance and maintenance of the PV panels can be enhanced 
by continuously monitoring parameters like surface temperature, solar 
irradiance, voltage, current, output power, tilt angle, orientation, and 
battery capacity. Also, to calculate the demand to meet end-use tech
nology and transmission losses for the rooftop applications on the resi
dential and commercial buildings and back to the utility grid. The 
technologies used to monitor and analyse these parameters are found to 
be inferior in the UAE. Therefore, optimization tools like IoT and 
blockchain technologies to improve the performance and maintain the 

PV panels are important and can result in low energy consumption and 
reduced carbon footprint.

The PV panels at EOL have become a global threat to the environ
ment, leading to a large spike in PV waste (e-waste) in the next 25 years. 
It is hazardous to dump the e-waste back into the earth as it causes se
vere impacts on the environment by increasing GHG emissions. It found 
very little active research on the recycling/remanufacturing policies for 
handling e-waste generated by PV panels at EOL. There is a need for 
optimum recycling techniques and policies to extract the semi
conductors (Si), metals (Cu, Al, and Ag), and other materials (Glass) 
from the PV panels and use them for various applications, such as in the 
semiconductor and automobile industries.

7. Conclusions

The current survey focused on photovoltaic technologies, specifically 
examining the efficiencies of cells, the costs of PV systems, soil mitiga
tion and cooling techniques, EOL of PV panels and the developments in 
the PV industries. The extensive literature study identifies several key 
findings that can assist individuals and communities in selecting 
appropriate technologies for adoption. 

• From the above literature review, the mono and polycrystalline cells 
from the first generation are the most popular and widely used. 
These cells have an efficiency ranging from 23 % to 25 % with a life 
span of 25 to 30 years. The major drawbacks were the manufacturing 
cost, high-temperature sensitivity, and low absorption level and 
thickness. Second-generation thin-film panels address some chal
lenges by using less materials, hence producing more economical and 
lightweight panels. However, their dependence on hazardous and 
temperature-sensitive materials like cadmium, gallium, and selenide 
restricts their efficiency and creates environmental issues. The third- 
and fourth-generation technologies aim to address previous genera
tions’ technological, economic, and environmental problems. 
Considering their potential, many innovative technologies remain in 
their early stages, exhibiting minimal marketing production and 
distribution. However, these generation PV cells are still in the 
emerging phase, and an enhanced investment in research, develop
ment, and commercialisation is necessary to achieve their full 
potential.

• Efficiency plays an important role in the selection of PV panels for 
any application. To date, crystalline silicon cells dominate the mar
ket with an efficiency of up to 25 %. The technologies, including 
CIGS (26.1 %), CdTe (22.9 %), and a-Si (14.0 %), have distinct 
benefits but often face limitations with material toxicity and pro
duction difficulties. Perovskite cells signify a potential option for 
future advancement, with a laboratory efficiency of 23.3 %. How
ever, environmental factors such as temperature, contamination, and 
deterioration often decrease the operational efficiency of photovol
taic panels, highlighting the necessity for robust technology and 
mitigation strategies.

• The soiling effect (dust accumulation) has become a major problem 
in PV technologies. The soiling (dust accumulation) causes shading, 
blockage of solar radiation, and increasing module temperature. 
Also, factors such as relative humidity can contribute to the accu
mulation of dust and dirt through the formation of water droplets 
and can further increase the module temperature. The result showed 
a decrease in energy production by 16 to 24 % with 5 g/m2 of dust on 
the panel. Also, only 3 mm of rain was adequate for cleaning the solar 
panels. The artificial cleaning techniques combined with active and 
passive methods (jet spray and hydrophobic coating) showed a sig
nificant increase in efficiency by 6 to 8 % with one clean Hence, a 
comprehensive evaluation of newly created techniques, such as ro
botic cleaning, electrodynamic screen/shields, mechanical cleaning, 
and chemical coating methods, was conducted. The PV panel, com
bined with active (mechanical/robotic) and passive (anti-reflective 
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coating) methods, was found to be very promising in maintaining 
and increasing output performance.

• The study included evaluating the impact of environmental vari
ables, including temperature, wind velocity, and humidity, on the 
output performance of the PV panel. Recent investigations have 
consistently shown that PV modules perform optimally at a module 
temperature of approximately 40 ◦C and in an environment with low 
humidity. It was found that raising the temperature by 1 ◦C over the 
laboratory test temperature of 25 ◦C will cause a decrease in output 
power ranging from 0.3 % to 0.5 %. Furthermore, studies have found 
that increased wind velocities and rainfall positively affect module 
performance as they help cool down and remove some dust that 
accumulates on the PV panel surface. Hence, a detailed review of the 
different cooling methods, such as PCM, heat pipe, water spraying, 
TEG and fins, was analysed and compared. The result showed an 
increase in the efficiency and output power by 6 % and 5 %, 
respectively, using TEGs and a 3 % to 5 % increase in efficiency and 
output power by Aluminum fins. The PV panel, with the combination 
of TEG with aluminium fins with water circulation to cool the sys
tem, was found to be a very promising technique.

• From the review, around 75 million tonnes of e-waste (solar PV 
waste) are estimated to be generated by 2050. This e-waste has to be 
disposed of and landfilled, which causes a greater impact on the 
environment as it consists of toxic materials like lead, cadmium and 
EVA encapsulant. Recycling solar PV panels at EOL is the better 
option and has economic, technical, and environmental benefits and 
challenges. During the recycling process, materials like Si, Al, Ag, 
and glass can be recovered from PV waste, generate high economic 
income, and be used for different applications. HNO3 had a better 
performance in extracting Al and Ag from PV waste than NaOH 
under optimal conditions, with a leaching rate of 98.12 % and 99.57 
%, respectively. Also, pyrolysis is the best technique to remove EVA 
encapsulant and delamination of PV panels without using hazardous 
chemicals. The toxic materials like lead and cadmium from the solar 
PV waste can be removed by the leaching process using acids.

• Photovoltaic (PV) waste recycling poses major challenges due to the 
absence of standardised rules, regulations, and standard procedures 
for managing this waste flow. Currently, the landfilling of e-waste, 
including solar photovoltaic panels, is both expensive and harmful to 
the environment due to the disposal of toxic substances such as lead, 
cadmium, and other dangerous elements. Furthermore, traditional 
recycling techniques frequently depend on toxic chemicals and sig
nificant amounts of water is required to extract and process com
ponents from photovoltaic panels. These approaches provide both 
environmental hazards and economic unsustainability. Conse
quently, there is a need to develop and implement sustainable, 
economical recycling systems that may effectively reclaim precious 
materials such as silicon, glass, and metals while reducing environ
mental impact and resource utilisation. The design for the environ
ment concept should be considered that reduces the use of toxic 
additives while enabling dissembling at the end of life for fulling 3Rs 
strategies, including recovery, recycling and remanufacturing. Given 
silicon rocks (feedstocks for PV) are finite, remanufacturing in the 
design stage is a must to consider. There are health benefits associ
ated with the use of nontoxic additives as the recyclers health is not 
affected.
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