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Abstract: Solar panels are an environmentally friendly alternative to fossil fuels; however, their
useful life is limited to approximately 25 years, after which they become a waste management issue.
Proper management and recycling of end-of-life (EOL) solar panels are paramount. It protects the
environment because of the high energy consumption of silicon production. We can effectively
decrease energy and cost requirements by recovering silicon from recycled solar panels. This is one-
third of those needed for manufacturing silicon directly. Moreover, solar panels include heavy metals,
such as lead, tin, and cadmium, which pose risks to human health and the environment. Empirical
evidence suggests that the costs of mining materials can exceed those of recycled materials, thereby
making recycling a more cost-effective means of resource harvesting. This review paper focuses
on the techniques developed to delaminate solar panels, which are considered a crucial step in the
recycling of EOL solar panels. Initially, various classifications of solar panels are given. Subsequently,
an analysis of the diverse methods of solar panel delamination and their efficacy in the retrieval of
valued materials is presented. This investigation has identified three primary modes of delamination,
namely mechanical, thermal, and chemical. Among these, mechanical delamination is deemed to
be a sustainable and cost-effective option when compared to thermal and chemical delamination.
The current most popular method of thermal delamination is characterized by its high energy
consumption and potential emission, and the chemical delamination generates hazardous liquids
that pose their own threat to the environment. This study emphasizes the mechanical delamination
techniques, characterized by their environmentally friendly nature, minimal ecological footprint, and
capacity to retrieve entire glass panels intact. This paper also discusses the current gaps and potential
enhancements for mechanical delamination techniques. For example, some delamination techniques
result in crushed materials. Thus, the handling and recovery of materials such as glass and silicon
cells require the implementation of an appropriate sorting technique. Also, the value obtained from
recovering crushed materials is lower than that of intact glass and silicon cells.
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1. Introduction

There is currently an increasing focus on the greenhouse gases being released into the
atmosphere, underscoring the need for renewable energies. Solar panels assume a pivotal
role as a substitute for fossil fuel-based energy generation [1]. However, the environment is
still susceptible to the adverse effects of the disposal of waste solar panels. The end-of-life
(EOL) solar panels are expected to make a significant contribution to the accumulation of
environmentally hazardous materials. This underscores the importance of recycling EOL
solar panels. Researchers have considered decreasing the harmful effects of recycling them,
designing an economical method to recycle them, and increasing the metal enrichment
rate to manage EOL solar panels sustainably. Si is one of the raw materials that can
be provided by recycling EOL solar panels to be used in other industries. The lowest
environmental harm, energy consumption, and waste minimization are crucial criteria in
selecting effective methods for recycling solar panels [2]. Solar radiation as a renewable
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energy source is critical in reducing carbon emissions during power generation. The solar
panel market capacity was the fastest growing industry in 2021, which has grown 850 GWs.
However, cumulative EOL solar panels will account for 10% of the total electrical and
electronic equipment (WEEE) generation in 2050, which will require recycling. The solar
and semiconductor industries can benefit from recycling rare metals from EOL solar panels.
Recycling EOL solar panels is a sustainable option because the energy required for recycling
is much less than the production energy. The EOL solar panels contain heavy metals, which
can pose risks to human health and the environment, so recycling and recovering heavy
metals are critical subjects [3].

Considerable efforts have been devoted to the management of EOL solar panels
with various techniques, such as panel repairing, module separation, and silicon and
rare metal material recovery. A key stage of the EOL solar panel recycling is delami-
nation, whereby the junction box, cables, and aluminum frames are removed, and the
EVA /cell/backsheet is delaminated, resulting in metal enrichment. Subsequently, the
copper cables and EVA /cell /backsheet can be subjected to individual recycling processes
to recover copper and silver. Ultimately, the metal enrichment can be recycled to retrieve
elements such as silicon, cadmium, selenium, tellurium, gallium, molybdenum, and in-
dium [4]. Figure 1 shows a deframed EOL solar panel (left) and a partially delaminated
solar panel (right).

Figure 1. The solar panel situated on the left-hand side has reached its end of life, while the solar
panel located on the right-hand side has undergone partial delamination.

We have furnished a comprehensive table, Table 1, comprising abbreviations of profes-
sional terms that can prove to be beneficial in comprehending the text.

There exist several excellent review articles in the literature covering different aspects
of recycling of solar panels through delamination [5,6]. These papers give a great overview
of the recycling of PV modules, the energy consumption of these recycling processes, and
the environmental effects of different recycling methods. These papers, however, do not
discuss the different types of solar panels and each delamination method in detail.

Mulazzani et al. [5] examined only c-Si solar panels, the recycling of PV modules,
and the energy consumption of these recycling processes, and they did not discuss each
delamination technique in detail. However, we discussed the different types of solar panels
and each method in detail. Hasan et al. [7] discussed the environmental effects of different
recycling methods for ¢-S5i and CdTe, and briefly examined the delamination of solar panels.
However, we provided a more comprehensive insight into the delamination techniques
and covered eco-friendliness and economic aspects. Wang et al. [6] examined only c-Si
solar panels, the recycling of PV modules, and the energy consumption of these recycling
processes, and they did not discuss each delamination technique in detail. However, we
discussed the different types of solar panels and each method in detail.
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Table 1. Professional terms and their abbreviations.

Professional Terms Abbreviations
End of life EOL
Photovoltaic PV
Crystalline silicon c-Si
Ethyl vinyl acetate EVA
Aluminum Al
Copper Cu
Silver Ag
Cadmium telluride CdTe
Copper indium gallium selenide CIGS
Compound annual growth rate CAGR
Concentrated photovoltaic CPV
Dye-sensitized solar cells DSSC
Polyethylene terephthalate PET
CO, Carbon dioxide
Full recovery end of life photovoltaic FRELP
Tedlar polyester tedlar TPT
Anti-reflection AR
Solvothermal swelhnlg‘ with thermal SSTD
decomposition
Thermogravimetric analysis TGA
Hydrofluoric acid HF
Nitric acid HNO;3
X-ray diffraction XRD
Trichloroethylene TCE
KOH Potassium hydroxide
Transparent conducting oxides TCOs
Sodium hydroxide NaOH

This paper, on the other hand, covers an up-to-date review of the process of EOL solar
panel delamination, the associated environmental impacts, sustainability considerations,
relevant policies, and details of each method. Great efforts are dedicated to the extraction
of particular materials, such as glass, silicon, or rare metals [4,8]. The present paper investi-
gates the management of EOL solar panels and scrutinizes the methodologies employed
for their retrieval. Apart from benefiting researchers and the industry, this information can
also assist policymakers, enabling them to effectively regulate the recycling of waste solar
panels [4].

Investigating the delamination process in the recycling of EOL solar panels is of
high importance as it serves as the initial step in the extraction of materials from such
panels. The efficacy of this step can significantly impact the efficiency of the overall
recycling process. This literature review paper aims to examine the various types of solar
panels, evaluate the advantages and disadvantages of the latest delamination techniques,
analyze their ecological impact, assess the costs involved, and determine the efficiencies in
recovering materials.

2. Types of Solar Panels

The performance of solar (photovoltaic) panels is subject to the variation in their
classifications, namely crystalline silicon, thin film, concentrator photovoltaics, and emerg-
ing technologies.

2.1. Crystalline Silicon (c-Si) Solar Panels

The dominant variety of solar panels is the crystalline silicon solar panels, which ac-
count for approximately 85% of the total of solar panels in use. These panels are composed
of multiple layers, as depicted in Figure 2. The layers encompass glass, ethyl vinyl acetate
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(EVA), electrical contacts (comprising copper and silver), silicon cells (either monocrys-
talline or polycrystalline), aluminum frames, a junction box, and a backsheet [9].

Glass EVA Cell Backsheet

Frame

Figure 2. Structure of crystalline silicon solar panels.

Aluminum frames serve as a protective barrier for the various components of the
solar panels while also exhibiting excellent conductivity. Furthermore, these frames offer
protection against lightning strikes during thunderstorms. The junction box facilitates the
conduction of electricity to the exterior, and electrical cables are utilized to connect solar
panels in a series configuration. The backsheets of a solar panel serve as the outermost
layer and act as the primary barrier for safeguarding the solar cells. Their pivotal function
is shielding the solar panels against the detrimental effects of fluctuating environmen-
tal conditions throughout their operational lifespan. EVA, or ethylene vinyl acetate, is
a thermoplastic polymer that exhibits favorable characteristics, such as high radiation
transmission and low susceptibility to degradation from sunlight. Its application as an
encapsulating agent in solar modules is attributed to its ability to form a sealing and
insulating film around the solar cells upon exposure to heat. The encapsulation of solar
cells by the EVA binder is a challenge in the recovery of the solar panel materials given the
high cost of silicon wafers. The EVA binder serves to bind the backsheet, solar cells, and
glass together. Tempered glass, utilized as a protective layer for solar panels, functions to
safeguard the photovoltaic cells from the detrimental effects of environmental factors such
as vapors, water, and dirt [10].

The production of electronic devices that incorporate silicon wafers, like crystalline
solar cells, has relied on monocrystalline silicon. This material is typically of high pu-
rity, although it may contain trace amounts of other elements that serve to modify its
semiconducting properties. The Czochralski process is the primary method employed
for the growth of monocrystalline silicon, yielding specimens that are typically several
hundred kilograms in weight and up to 2 m in length. These specimens are subsequently
sliced into thin, delicate wafers. The majority of solar cells in the photovoltaic market are
polycrystalline, which are typically produced using the Siemens process. This process has
broad applications across various sectors of the electronics industry [11].

Glass/backsheet PV modules have been the established norm in the industry for a con-
siderable period. However, there is a noticeable surge in the popularity of glass/glass mod-
ules because they are a potential solution for cost reduction in PV panels. The glass/glass
structure can increase energy yield by utilizing albedo (scattered light from the ground and
surroundings) in real-world outdoor conditions. In other words, they can generate more
electrical power by absorbing photons from both sides of the device [12,13].

Concentrated photovoltaic (CPV) panels are another type of c-5i solar panel that utilize
lenses and curved mirrors to concentrate sunlight into small areas, and their efficiency can
be improved through the implementation of a cooling system. The CPV structure illustrated
in Figure 3 represents a primary mirror that reflects light towards a secondary mirror, which
in turn concentrates the light towards a solar cell. Technological advancements have led
to an increase in the efficiency of CPV panels. However, these panels have yet to achieve
widespread adoption in comparison to the crystalline silicon solar panels [11].
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Primary Mirror

\\ Secondary Mirror

Solar cell

Figure 3. CPV structure.
2.2. Thin-Film Solar Panels

Thin-film solar cells are a type of photovoltaic technology that involves the deposition
of thin layers onto a substrate, such as glass, metal, or plastic. The structure of a thin-film
solar panel is depicted in Figure 4, which includes various layers, such as the transparent
conducting coating, anti-reflection coating, top n-type, bottom P-type, ohmic conduct, and
substrate. These layers can be produced using different technologies, including amorphous
silicon, cadmium telluride (CdTe), and copper indium gallium selenide (CIGS), with
layer thicknesses ranging from several nanometers to several micrometers. Compared to
crystalline silicon solar cells, thin-film solar cells are lighter. The thickness of the thin-film
solar panels ranges from a few nanometers (nm) to tens of micrometers (um) [11]. Thin-film
solar cells offer a significant benefit in terms of cost-effective production. By utilizing
large-area deposition techniques with affordable materials, the manufacturing cost of the
solar modules is reduced [14]. The compound annual growth rate (CAGR) of thin-film
solar modules has exhibited a gradual decrease from 13% in 2010 to 4.5% in 2019. Among
the various types of thin-film solar modules, CdTe has consistently maintained the highest
share of production [15]. Copper indium gallium selenide (CIGS) and cadmium telluride
(CdTe) are poised to assume significant roles in the realm of thin-film technology. These
materials are expected to exhibit efficiencies that are comparable to those of crystalline
solar cells. Given the increasing module efficiency of these two thin-film technologies, their
market share is expected to expand in the coming years, as long as the production cost
remains lower than that of crystalline Si. However, the reliability of these technologies in
relation to temperature poses a concern. Furthermore, the availability of materials may
play a crucial role in determining which technologies will dominate the majority of the
PV demand in the future [16]. The copper indium selenium or copper indium gallium
selenium CI(G)Se-based thin-film solar cells (TFSCs) have garnered significant interest in
the photovoltaic industry. This is primarily due to their ability to achieve high efficiency
levels in solar cells and modules, all while maintaining a relatively low cost. The optimized
efficiencies for CISe, CIGSe, and CIGSe bilayer TFSCs were 22.81%, 27.32%, and 27.99%,
respectively [17].

Top n-type  Transparent conducting coating ~Antireflection coating

Junction ___ ! Bottom P-type

).
Ohmic =

conduct
Substrate

Figure 4. Structure of thin-film solar panels.

2.3. Emerging Solar Panels

The dye-sensitized solar cells (DSSC) represent a third-generation technology capable
of generating electricity from both natural and synthetic light sources. While DSSC are
less expensive than crystalline silicon solar panels, their efficiency in converting light
into electricity is inferior. Additionally, the recycling of rare metals such as platinum
and ruthenium that are present in DSSC poses a significant challenge [11]. Organic solar
panels as emerging solar panels applied onto polyethylene terephthalate (PET) substrates
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are a viable option. Despite their lower efficiency in comparison to crystalline silicon
solar panels, they possess the advantage of being able to be installed on non-uniform
surfaces [18]. Hybrid solar panels possess the unique ability to generate both electrical and
thermal power. In comparison to crystalline silicon solar panels, they exhibit a superior
electrical performance of approximately 7%. This enhanced electrical output is attributed
to the production and transfer of thermal power, which results in lower temperatures of the
photovoltaic (PV) cells. Hybrid solar panels can be classified as either air-based or liquid-
based. The structure of an air-based hybrid solar panel is depicted in Figure 5, comprising
a transparent cover, PV cells, back material, air channel, and back cover material [19].

Back Material Transparent Cover PV Cells

Air Channel

—

Back Cover Material

Figure 5. Air-based hybrid solar panel structure.

3. Delamination Techniques

The delamination of a solar panel refers to the separation of its internal components.
Delamination can be classified into three primary categories: mechanical delamination,
thermal delamination, and chemical delamination.

3.1. Mechanical Delamination

Mechanical delamination is a common method used to separate the various compo-
nents of EOL solar panels. This process typically involves the removal of the junction
box and frames and separation of the glass from the backsheet/EVA/cell. A popular
mechanical technique used for delaminating EOL solar panels is the hot-knife technology,
which involves three steps. First, the junction box is removed, followed by the removal of
the aluminum frames. Finally, the glass and EVA/cell/backsheet are separated by specific
types of machines and heated blades. Specific machines are employed for each step of
the delamination process. The hot-knife delamination technology is a critical stage of the
recycling process. In the nest stage, the copper cables and the laminate, comprising the
cell and ethylene vinyl acetate (EVA) backsheet, are vendored to an external recycling
facility, commonly referred to as a refinery. At this facility, the EVA plastic is incinerated,
allowing for the retrieval of copper and silver. The disassembly and delamination process
encompasses economical treatment service, material recovery, and component extraction.
Increasing the transportation distance of EOL solar panels from refineries can lead to a
substantial increase of 60% to 90% in affecting the environment, so the logistics of the
EOL solar panels are significant in the environmental effect of the delamination process.
Module delamination, which refers to the separation of glass and EVA components, is
shown in Figure 6. Although various types of machines have been used for delaminating
distorted EOL solar panels, the efficiency of this technique remains a challenge [20]. Figure 7
illustrates the delamination process through the utilization of the hot-knife technique.
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Figure 6. Module delamination involves glass and EVA separating equipment (Photo courtesy of
NPC Incorporated) [20].

Glass EVA Cell Backsheet
me%
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Figure 7. Delamination process by the hot-knife technique.

The complete procedure for the disposal of EOL solar panels is accomplished through
mechanical means. Initially, the electrical components, such as cables and junction boxes,
are manually extracted. Subsequently, the expander machine is employed to separate
the frame, followed by the utilization of the shearing machine to cut the panel into
100 x 100 mm? fragments [21]. Despite the notable environmental advantages, the eco-
nomic aspect of the method was not addressed in their discussion.

In recent times, efforts have been made to segregate glass and EVA, as depicted in
Figure 8. A pioneering mechanical approach has been suggested for the recycling of
solar panels, which involves surface delamination, grinding, and densimetric recycling.
This innovative technology is characterized by lower energy consumption and reduced
environmental impact. The glass is claimed to be retrieved in substantial fragments with
a high degree of purity (99%wt), thereby generating minimal dust and environmental
harm. According to evaluations, this technique has the potential to retrieve materials
with superior purity levels in comparison to the conventional process. The block diagram
in Figure 9 describes the processes of surface delamination, grinding, and densimetric
recycling used to manage photovoltaic (PV) modules that have reached their end of life.
The specifications of the devitrifying machine depicted in Figure 10 include a horizontal
cutter and conveyor rollers, the blade profile set at 45 degrees, and the distance between
the roller blades and the inclined stator set at 2 mm [22]. However, there are significant
environmental and economic advantages, like producing less dust, low energy expenditure
for grinding, and low loss of materials, respectively, but they did not discuss the metal
enrichment rate, which is important for the next stages of recycling.
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The utilization of hot-knife technology has been found to be effective in the recovery
of glass with a remarkably high degree of purity, reaching up to 100%, and it has been
observed that this process results in a reduction in CO, emissions [23].

In the study conducted by [24], a water jet technology was employed to recover solar
panel materials. The application of water jet technology for silicon and EVA scrubbing
leads to the preservation of glass. Subsequently, a crushed amalgamation of silicon and
EVA was subjected to processing to facilitate the retrieval of pure materials and rare metals.

//C\

( /\} ™ Roller

Work plan. \ ~/
N Yy

EVA— I

——Backsheet
~Cell

Glass

Figure 8. A side view of the surface delamination, grinding, and densimetric recycling technique.
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Figure 9. Management of photovoltaic (PV) solar panels that have reached their end of life [22].
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Figure 10. Specifications of the devitrifying machine. (a) A horizontal cutter and conveyor rollers.
(b) Blade profile set at 45 degrees. (c¢) Distance between the roller blades and the inclined stator is
2 mm [22].

Another study proposed a method for recycling EOL solar panels utilizing a com-
bination of two rotor crushing and hammer crushing. The objective of the study was to
achieve high purity and recovery rates. To this end, thermal treatment was employed
for coarse fractions with a diameter higher than Imm subsequent to the initial crushing
process using two blade rotors and hammers. The coarse fractions were then subjected to a
specific sieve with a diameter of 0.08 mm. The proposed method resulted in the recovery
of 80-85% of glass with high purity [25]. However, there are significant environmental and
economic advantages, like a significant reduction of energy and chemical consumption as
well as a reduction in equipment size, but they did not discuss the metal enrichment rate,
which is important in the next stages of recycling. The high-voltage pulse crushing method
presents a viable option for the recovery of glass. The process involves the application of
microexplosions or shock waves to the aluminum electrode and silicon substrate, which
effectively separates the glass and backsheet layers. Subsequently, a high-voltage pulse is
applied to the glass layer, resulting in the separation of the glass and electrode. Further
application of high-voltage pulses can facilitate the separation of the electrodes and back-
sheet. The resulting glass fractions typically range between 45 and 850 pm with a minor
impurity of Si that can be eliminated through dense medium separation. The products
derived from the initial stage of high-voltage pulse crushing under different conditions
are depicted in Figure 11 [26]. They could recover glass with small impurities of Si that
can be removed by dense medium separation, but they did not discuss the economic and
environmental aspects.
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Figure 11. The products derived from the initial stage of high-voltage pulse crushing are subject to
diverse conditions [26].

Glass can be mechanically separated in addition to other methods. Once the electrical
components have been separated and fragmented into smaller pieces by the Expander
machine, they are subsequently transported to another machine for grinding and sifting.
To optimize the recycling process of glass, an optical micro-sorting machine is utilized
for further refinement [21]. The full recovery end of life photovoltaic (FRELP) method
involves the utilization of a vibrating knife and infrared lamp to effectively separate glass
and EVA [2].

The backsheet/EVA /cell separation process can be effectively executed through the
utilization of hot-knife technology, which is facilitated by specialized machinery [20].
Chemical dissolution and pyrolysis have been found to be ineffective methods for recycling
EVA due to their negative impact on the environment. To address this issue, a novel
approach involving laser irradiation has been proposed. This method involves the removal
of the junction box, aluminum frame, and backsheet, followed by the application of laser
radiation. The aluminum and silver electrodes present in the EVA absorb the pulsed energy
from the laser, leading to an increase in the temperature of the EVA /cell. This increase in
temperature results in a weakening of the adhesive strength at the back of the EVA [27].
The delamination induced by laser irradiation has been visually demonstrated in Figure 12.

Mechanical
peeling off" Laser

Cell i EVA

Glass

Figure 12. Delamination via laser irradiation.
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Another study proposes a novel method for separating polymeric and metallic con-
tents, namely the crush and sieve technique, which offers a viable alternative to pyrolysis.
This technique enables the production of metal-rich fractions through size selection while
minimizing the environmental impact. Specifically, four distinct particles of varying size
and composition were selected using size-selective separation, and their properties were
investigated to enhance the efficiency of the recovery process and promote eco-friendly
solutions [28].

3.2. Thermal Delamination

The recycling process for EOL solar panels is shown in Figure 13. The presented
flowchart shows the sequential steps involved in the recycling process of crystalline silicon
solar panels. First, the junction box and aluminum frame are separated. Subsequently,
the EVA binder is removed, followed by the elimination of the tedlar polyester tedlar
(TPT) backing materials, solar cell panels, and tempered glass. The electrodes of silver
and aluminum are recycled, and the anti-reflection (AR) coating and n-p connector are
removed. The clean silicon wafers can then be extracted. Pyrolysis is employed to enhance
the efficiency of the recycling process. For instance, a two-step thermal method has been
proposed to recycle waste crystalline silicon solar panels. The backsheet was removed
by heating at 150 °C for 5 min, and the EVA binder was eliminated by heating at 500 °C.
This method has been found to reduce the production of toxic gases, such as fluorinated
gases [10]. This method decreased the production of toxic gases like fluorinated gases, but
they did not discuss the economic aspect, which is critical in thermal methods.

EoL crystalline solar
panels

Remove junction
box and aluminum

frame
Remove EVA binder
|
| I 1
TPT backing Solar cell Tempered
materials panels glass

l

Recycling Ag and Al
electrode

Recycling AR and n-
p connector

L Clean silicon wafers

Figure 13. Recycling procedure for EOL solar panel [10].

In present times, the recycling of solar panels has become a complex process due to
the thinness of solar cells, which poses a significant challenge in the recovery of silicon
and metals from glass. However, combinational methods have emerged as a potential
solution to these difficulties. The recycling of thin-film solar panels can be achieved through
mechanical, thermal, and chemical processes. Initially, the elimination of the junction box
and aluminum frame is necessary. Subsequently, the backsheet is removed at a temperature
of 100 °C, followed by the removal of EVA at 130 °C using mechanical force. Finally, the
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remaining materials are cut into small pieces using a diamond cutter, and chemical solvents
are employed to recover rare metals [3].

The solvothermal swelling with thermal decomposition (SSTD) technique has been
proposed as a means of improving the efficacy of silicon recovery. This method has yielded
a silicon recovery rate of 86.11%, which is ten times greater than that achieved through the
use of thermal methods alone. The recovery of backsheets has been accomplished through
the use of toluene—ethanol [29]. They could recover 86.11% of Si, but they did not discuss the
economic and environmental aspects. The implementation of an eco-sustainable approach
for the management of end-of-life photovoltaic (PV) modules is of utmost importance. The
utilization of heat treatment for Si-PV modules has demonstrated the ability to recover
glass. This process has been carried out in a two-step procedure at a temperature of
500 °C, resulting in the successful removal of backsheet polymers without the generation of
hazardous fluorinated compounds or low volatile organic compounds [30]. The pyrolytic
elimination of EVA has been the subject of investigation, revealing a polymer recovery
rate of 99% at a temperature of 500 °C. Through the utilization of thermogravimetric
analysis (TGA), it has been demonstrated that the optimal temperature for this process is
approximately 500 °C [31]. They could recover 99% of polymers at 500 °C, but they did
not discuss the economic and environmental aspects. The elevation of temperature has
been observed to have a negative impact on the duration of the recycling process. This
phenomenon is exemplified by the fact that the recycling process, when conducted at a
temperature of 500 °C, requires 65 min to complete, whereas at 600 °C, the process is
completed in 30 min. It is noteworthy that the quality of performance remains consistent
across both temperature conditions. Furthermore, it has been found that the removal of the
backsheet prior to the thermal process can result in a reduction in the procedure time by
approximately 45% [32].

A mechanical/thermal approach has been proposed to effectively isolate polymers
and rare metals. Initially, a mechanical technique is employed to eliminate fluorinated
polymers. Subsequently, the thermal technique is utilized to completely separate rare
metals from the remaining polymers. This methodology is characterized by its energy
efficiency and minimal environmental impact [33]. This method has less harmful effects on
the environment and is energy-efficient, but they did not discuss the metal enrichment rate,
which is important for the next recycling stages. Hydrothermal methodologies have the
potential to be employed for the purpose of recycling. In particular, a composite of glucose
and phosphate, subjected to a temperature of 190 °C for a duration of ten hours, has been
successfully employed for the recycling of end-of-life solar panels [34]. The elimination of
EVA was achieved through a heating process at a temperature of 650 °C for a duration of
30 min within a furnace. Subsequently, a solution of hydrofluoric acid (HF) and nitric acid
(HNO3) was employed to facilitate the separation of silicon and metals [35].

3.3. Chemical Delamination

Recycling procedures that enable the retrieval of photovoltaic cells without incurring
damage are currently available with the aim of mitigating carbon emissions and reducing
the production costs of new solar panels. The utilization of organic solvents presents a
promising avenue towards achieving this objective. Specifically, hexane, an organic solvent,
has been employed to recover silicon photovoltaics with minimal damage. The efficacy
of pure hexane in dissolving EVA has been demonstrated. Furthermore, X-ray diffraction
(XRD) analysis has indicated that hexane does not cause damage to the front surface of
photovoltaic cells [36]. The utilization of trichloroethylene in conjunction with microwave
recycling of EOL solar panels has been found to accelerate the separation of distinct layers.
This approach offers a more environmentally friendly alternative as it minimizes the impact
on the ecosystem [37]. The environment is less affected by this technique, but they did not
discuss the economic aspect.

O-dichlorobenzene is an organic solvent that exhibits high efficiency in the recovery
of photovoltaic cells. The ultrasonic irradiation technique can be employed to dissolve the
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EVA entirely using this solvent. Conversely, trichloroethylene (TCE) and benzene exhibit
poor efficiency in dissolving EVA, and an increase in temperature results in a decrease in
the dissolving rate [38]. Photovoltaic cells have been recovered with high efficiency, and the
entire EVA has been dissolved, but they did not discuss the economic and environmental
aspects. The utilization of ScCO; in conjunction with toluene has been found to be effective
in the recovery of foil, glass, and rare metals with a notable degree of purity, estimated to
be approximately 96%. Furthermore, the recovery rate of EVA and solar cells was observed
to be approximately 85% [39]. This method can recover back foil, glass, and rare metals
with a high purity of approximately 96%, and the recovery rate of EVA and solar cells was
approximately 85%, but they did not discuss the economic and environmental aspects.
Upon recovery of Si, it has been observed that the utilization of a KOH-ethanol solution
is a more ecologically sound alternative to the use of benzene and trichloroethylene. The
process of Si recovery can be accomplished within a span of three hours with the added
benefit of a regulated oxidation rate [40].

The complete dissolution of EVA can be achieved within a span of 60 min by employing
a toluene solvent at a temperature of 60 °C [41]. The separation of glass, silicon, and EVA
from EOL solar panels can be achieved through the utilization of an acetone solvent.
Furthermore, the dissolution of wafers can be accomplished by employing solvents such
as nitric acid. The incorporation of oxalate has been shown to facilitate the recovery of
Cu with a reported efficiency of 98.9%. Additionally, the recovery of Al can be achieved
by introducing glucose and phosphate at a temperature of 190 °C for a duration of ten
hours [34]. They could recover 98.9% of Cu. Al but they did not discuss the economic
and environmental aspects. Transparent conducting oxides (TCOs) have been widely
employed as electrode materials in the fabrication of thin-film photovoltaic (PV) panels.
The separation of glass and TCO is typically achieved through the use of 1 M NaOH and
1 M KOH solutions [3]. They could separate glass and TCO effectively, but they did not
discuss the economic and environmental aspects. At a temperature of 50 °C, a cyclohexane
solvent was employed to separate ethylene-vinyl acetate (EVA) and glass for a duration of
one hour. The recovery rate of glass was determined to be 52 wt% [42]. They could separate
EVA and glass effectively, but they did not discuss the economic and environmental aspects,
and the recovery rate of glass is low.

4. Discussion

The disposal of EOL solar panels poses a significant environmental concern due to the
potential for the waste to cause harm to the environment. However, the solar panel waste
contains valuable materials that can be reused to reduce the cost of producing new solar
panels and other products. Therefore, the recycling of EOL solar panels is a crucial task
that offers numerous environmental and economic benefits. This review paper focused
on the key stage of recycling EOL solar panels, namely delamination, which is considered
the most critical step. Efficient delamination techniques can enhance the purity of the
extracted materials and reduce their adverse effects on the environment. The reviewed
delamination techniques include mechanical, thermal, and chemical methods, each with
varying efficiency rates in extracting specific materials. However, combining these tech-
niques may significantly increase their efficiency. For instance, pyrolysis has been utilized
in different mechanical and chemical delamination stages. Mechanical delamination is
gaining popularity due to its affordability and environmental friendliness. The surface
delamination, grinding, and densimetric recycling technique can extract glass with 100%
purity and produce less dust, which is environmentally friendly. The hot-knife technology
can recover glass with 100% purity and decrease CO, emissions, thereby reducing its
environmental impact.
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The solvothermal swelling with thermal decomposition (SSTD) technique, employed
as a thermal delamination method, has been found to be capable of recovering 86.11% of
silicon, a significant improvement over the conventional method, which takes ten times
longer. In a separate study, the optimal temperature for the recovery of 99% of the polymer
was identified. While pyrolysis is an effective means of dissolving EVA adhesion, it is not
economically viable due to its high energy consumption.

The utilization of ScCO; in conjunction with toluene as a chemical delamination tech-
nique has resulted in the successful recovery of 96% of glass, 85% of solar cells, and the
ethylene-vinyl acetate (EVA) component. The KOH-ethanol solution as a chemical delami-
nation technique is eco-friendlier than previous chemical methods. This method effectively
extracts rare metals but produces toxic liquids that are harmful to the environment. Hexane,
as an organic solvent method for recycling PV cells, is effective in recycling without damage
and reduces carbon production. Trichloroethylene, as another chemical method, increases
the separation speed of different layers in the EOL solar panels and has less harmful effects
on the environment. The efficiency of delamination techniques is of utmost importance in
the extraction of rare metals, as end-of-life solar panels contain only a small proportion of
these metals. Increasing the metal enrichment rate will result in a higher purity of extracted
rare metals.

The hot-knife technology can decrease the energy and costs of EOL solar panel recy-
cling. The surface delamination, grinding, and densimetric method consumes less energy
for grinding, and it has minimal material loss. The two rotor crusher plus hammer crush-
ing method effectively reduces energy and chemical material consumption and decreases
equipment size. The mechanical/thermal method is significantly energy efficient. Further-
more, as an organic solvent method, hexane can reduce the production costs associated
with manufacturing new solar panels.

The environmental damage caused by the hot-knife technology is relatively insignifi-
cant when compared to the adverse effects resulting from the production of panels. This
technology reduced CO; emissions. The surface delamination, grinding, and densimetric
method has resulted in the generation of less dust, thereby minimizing its environmen-
tal impact.

Solar panels provide a sustainable and eco-friendly energy solution. It is essential to
address the environmental impact of solar panels at the end of their life cycle to ensure a
truly sustainable energy future by implementing effective recycling methods. Developing
a strong solar panel recycling infrastructure requires ongoing research, investment in
recycling technologies, and the implementation of appropriate regulations. Additionally,
raising public awareness about the importance of recycling solar panels is critical. By
combining these elements, we can create a robust and sustainable system for recycling
solar panels.

Table 2 compares the efficiency of recent works, including the methods utilized, year
of publication, country of origin, solar panel types, material recovery yields, scale, and
whether the method is economical and eco-friendly. Based on the data presented in the
table, it can be inferred that the employment of hot-knife technology as well as the surface
delamination, grinding, and densimetric method can restore the glass to its original state.
Furthermore, these techniques are both environmentally friendly and cost-effective. In
contrast to other thermal methods, the mechanical/thermal approach is highly energy
efficient and has minimal negative impact on the environment. Additionally, the utilization
of hexane, an organic solvent, is both economical and results in reduced carbon emissions.
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Table 2. Summary of works conducted to delaminate EOL solar panels.

Techniques Method Works Year Solar Panel Types Country of Origin Material Recovery Yields Economical Eco-Friendly Scale
Lowering energy and . . .
consumable costs per It is small in relation
anel treated could result  ° the environmental
Hot knife [20] 2023 c-Si Australia N/A p impacts caused by Full panel
from the large-scale o
the fabrication of the
deployment of the 1
panels.
process.
Hot knife [23] 2016 c-Si Japan 100% of the glass has been recovered ~ N/A [t decreased CO, Full panel
emission.
The whole mechanical There are significant
method [21] 2019 c-Si Italy/Spain N/A N/A environmental Full panel (20 kg)
etho advantages.
Low energy It produced less dust,
Mechanical Surface delamination, [22] 2023 c-Si Ital 99% of the glass has been recovered expenditure for and so it had less Full panel (90.27 kg)
echanica grinding, and densimetric Y grinding and low loss environmental ’
of materials impact.
Implies a significant
reduction in energy Reduction in
Two rotor crusher plus [25] 2014 c-Si and thin film Italy and Slovakia 80-85% of glass has been recovered and Cheml.cal chemical 2kg .
hammer crushing consumption as well as a onsumption of photovoltaic modules
reduction in consumptio
equipment size
— Glass fractions will be
High-voltage pulse . approximately 45-850 um
crushing [26] 2018 c-Si Japan with small impurities of Si that ~ N/A N/A Full panel (18.54 kg)
can be removed by dense
medium separation
Solvothermal swelling Full panel (A mini-PV
with thermal [29] 2021 c-Si China 86.11% of Si has been recovered N/A N/A module (39 mm x 19 mm
decomposition (SSTD) x 220 pm))
Optimal temperature (31] 2017 cSi Brazil 99% of polymers at 500 “C have been 1 5 N/A Full panel
recovered
It has less harmful
Thermal Mechanical/thermal [33] 2019 c-Si Italy N/A It is energy-efficient effects on the Full panel (5.8 kg)
environment
- Eaci(?hee:sl‘évoeiecr?mgveq by It decreased the polycrystalline silicon
eating a or 5 min : :
Two-stage pyrolysis [10] 2019 c-Si China - The E\?A binder was N/A production of toxic (160 x 320 mm) and

eliminated by heating at
500 °C

gases like fluorinated
gases

monocrystalline silicon
(190 x 250 mm)
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Table 2. Cont.

Techniques Method Works Year Solar Panel Types Country of Origin Material Recovery Yields Economical Eco-Friendly Scale
Hexane as an organic . It decreases the It is available to
Ivent & [36] 2021 c-Si Sweden - Recover PV cells without production costs of new reduce carbon Full panel
sotven any damage solar panels production
Trichloroethylene as an . . - Increases the speed of It is less affected by
organic solvent 1371 2021 cSi China separating different layers of N/A this technique Full panel
EOL solar panels
. - Allow for photovoltaic cells to PV modules with
O-dichlorobenzene as an [38] 2012 c-Si Korea be recovered with N/A N/A dimensions of
organic solvent high efficiency 55 % 25 x 1 mm
- Entire EVA can be dissolved
- It can recover back foil, glass,

) and rare metals with a high The samples with
5¢CO; with toluene as an [39] 2021 c-Si Brazil purity of approximately 96% N/A N/A masses of approximately
organic solvent - The recovery rate of EVA and 15mg

solar cells was
approximately 85%
- EOL solar panels can be
separated into glass, silicon,
and EVA by using an
{a/\(;eftone 501‘1;‘3“(;_ Lved b Full panel (a spent solar
. . . . N aters can be dissolved by anel with length and
Chemical Several organic solvents [34] 2023 c-Si China solvents such as nitric acid N/A N/A Svi dthvc\)/fl 1455 agn d
- The addition of oxalate can 975 mm)
recover 98.9% of Cu. Al can be
recovered by adding glucose
and phosphate at 190 °C for
tenh
Full panel (dimension
KOH is an inorganic 3] 2023 thin film India 1MNaOHand 1MKOH wereused /5 N/A 11 x 13 cm? and weight
to separate glass and TCO 173 g)
- EVA and glass have been
separated by cyclohexane
Cyclohexane solvent as [42] 2019 c-Si Ttaly sofvem at 55 é forone hour ~ N/A N/A Full panel

an organic

- 52 wt% of glass has
been recovered
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5. Conclusions

Solar panels are classified into three main types with the crystalline silicon solar panel
being the most widely used and possessing the largest global market share. The recycling
of waste solar panels involves several steps with delamination being the most crucial step.
This review paper explored the latest solar panel delamination techniques. The three types
of delamination techniques are applied to recover materials such as glass, silicon, and rare
metals with the highest efficiency, the least harm to the environment, and economic viability.
While thermal delamination is effective in recovering glass and silicon, its high energy
consumption makes it less economically friendly. Chemical delamination is economical
and efficient in recovering silicon cells, but it produces toxic liquids that are harmful to the
environment. Mechanical delamination, on the other hand, is eco-friendly and economical.
The hot-knife technology and surface delamination, grinding, and densimetric recycling
mechanical methods can recover glass without causing damage, resulting in less dust and
harm to the environment, and these methods are economical. On the other hand, there
is a need to improve mechanical delamination techniques to increase the recovery rate
of glass and silicon; it is a challenge to recycle them from crushed materials. One of the
objectives of delamination is to increase the metal enrichment rate to facilitate the recycling
of metals in subsequent steps, making it a viable option for future research. The future
holds great potential for the advancement of EOL solar panel recycling. With the increasing
number of solar panel farms, the management of EOL solar panels poses a significant
challenge. Failing to address this issue can have detrimental effects on the environment.
Therefore, recycling them to produce solar panels or repairing them seems economical
and eco-friendly.
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