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Abstract: The rapid development of the photovoltaic (PV) industry is determined by subsequent
legal documents and directives, which indicate the need to use renewable energy sources in order
to counteract climate pollution and strive to increase energy efficiency. The development of the
photovoltaic industry in the near future will result in an increase in the amount of electrical and
electronic waste from used photovoltaic panels. The total installed capacity of photovoltaic sources
in Poland at the end of 2019 was almost 1500 MW, and in May 2020, it exceeded 1950 MW, and the
weight of the installation was approximately 120,000 tons. The aim of the present work is to present
the types of materials used in the construction of photovoltaic panels, with particular emphasis on
the possibility of recycling or utilization of individual elements. Additionally, the aim of the work
is to describe the most important requirements addressed to the members of the European Union,
which were formulated in the provisions of Directive 2012/19/EU. Taking into account the number
of photovoltaic panels produced in Poland, the possibility of recycling individual materials from PV
assembly was analyzed. The author presents the problem of recycling in the combination of legal and
material aspects, which will soon become the share of Poland as a member of the European Union.
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1. Introduction

According to the data published by PPG (Polish Power Grids), as of 1 August 2020,
the installed capacity in photovoltaic PV industry in the National Power Grids is
2261.347 MWp, and at the peak time, photovoltaic installations provides approximately
71% of the capacity, which is equivalent to a capacity of 1609 MW [1-3]. In April 2020,
record-breaking daily electricity production was achieved so far, amounting to a total of
12.3 GWh. Electricity consumption is increasing, which results in an increase in the demand
for its production. It is assumed that in Polish climatic conditions, an optimally located
and constructed photovoltaic installation is able to produce a little over 1000 kWh per year
from each. Photovoltaic installations make it possible to obtain clean and cheap electricity
by converting energy from solar radiation into electricity. It is the photovoltaic modules,
which are the most important element of the installation, that have the greatest impact
on the efficiency of solar installations. The proper functioning of the installation depends
on such important factors as correct assembly and setting and the type of link (type of
material the link is made of). It should be borne in mind that, regardless of the installation
issues, cells will produce the most energy in the summer months (April-September), even
up to 70%, which will additionally depend on a given month and weather. Due to these
factors, new materials are still being sought that enable the conversion of solar radiation
into electricity using the photovoltaic effect.

Currently, the production of electricity from solar radiation, namely solar energy and
wind energy, is the most important source of obtaining energy from renewable sources
in Poland and in most EU countries. According to the National Energy and Climate Plan
(NECP), the use of solar energy is an alternative to the use of brownfield sites and poor-
quality land [4]. One of the ways to develop these lands is to install photovoltaic systems
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on them. PV installations, thanks to EU subsidies, are increasingly built in a dispersed
manner on public utility buildings and private buildings. Regardless of the conditions
and place of implementation of the investment based on renewable energy sources, the
overall installed capacity will have an increasing impact on the functioning of the national
energy system (NES). According to the Institute of Renewable Energy, until 2018, Polish
companies supplied the market with about 50% of key devices (photovoltaic modules)
and almost 100% of installation services [5]. However, already in 2019, the needs of the
rapidly growing market began to be increasingly satisfied by foreign companies. This state
of affairs is dictated by the requirements imposed on Poland by the EU, the 2016 Climate
Package, and the latest documents, including Poland’s Energy Policy until 2040 [6]. The
strategic document indicates that the key role in achieving the goals in the electricity sector
in relation to RES (Renewably Energy Sector) will be the development of photovoltaics
(mainly until 2022) as well as allowing energy recipients to generate and sell energy;, i.e.,
to develop prosumer installations. According to the National Energy and Climate Plan
for 2021-2030 [4,7], an important role in the development of renewable energy sources in
the energy mix will be scientific research, innovation and competitiveness of the energy
sector as part of R&D&I (research + development + implementation). Another strategic
document, National Smart Specializations (NSS), takes into account the development of
innovative technologies and industrial processes under NSS 11, including printed, organic,
and flexible electronics with an indication of photovoltaics and other alternative energy
sources and the production of flexible photovoltaic cells and others to power personal
electronics and industrial.

The important role of electricity production in photovoltaic cells is highlighted in the
following documents: Directions for the Development of Energy Innovation [8], plan for
meeting the current and future electricity demand for 2021-2030 [9], and the strategy for
responsible development until 2020 (with a perspective until 2030) [7]. Political guidelines
for the next term of the European Commission (2019-2024)—"The Union that aims higher”—
concern the reduction of emissions by 40% in 2030 and even by 50-55% by 2050 through
the implementation of a responsible energy transformation of the member states [10]. The
European Green Deal covers activities related to increasing resource efficiency, investing
in environmentally friendly technologies, and supporting industrial innovation. The
indicated actions are in line with the objectives of the “New Energy” Program, including
the mainstream of achieving climate neutrality by 2030 in the European Union. The
Strategic Energy Technology (SET) Plan [5] emphasizes that in the future, there will be even
stronger development of technologies and innovations in the field of obtaining energy from
renewable energy sources, especially PV technology.

National and international documents and assumptions indicate that photovoltaic
technologies will still be developed in order to increase the efficiency of electricity pro-
duction, and more solar power plants will be built on a larger scale [6]. This technology
will face major challenges in terms of materials, durability, and efficiency. The aspect of
utilization and recycling of individual elements of photovoltaic panels is also important.

Several European countries are already experiencing problems with the recycling and
disposal of photovoltaic waste. In 2013, Italy produced PV installations of 17,620 MW, which
was the result of all attractive support policies. Due to the development of this matter, after
the end of the PV lifetime (approximately twenty to thirty years), there will be a problem in
the replacement of PV systems. As a result of the consequent situation, the European Union
adopted Directive 2012/19/EU [11], which extends the scope of electrowaste to include
used photovoltaic panels as large-sized equipment that, after appropriate segregation,
can be recycled and/or utilized. The directive is addressed to all member states of the
European Union. The directive aims to facilitate the collection, reuse, and recycling of used
materials and electronic devices and their records, which is to contribute to the reduction
of the amount of waste and the efficient use of resources and to prevent illegal exports of
such waste from the EU, with the benefit of the environmental performance of all entities
involved in product life cycle from device manufacturers, distributors, and consumers.
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In Annex II of the Directive, in the exemplary list of electrical and electronic equipment
(EEE), photovoltaic panels, belonging to the category of large-scale equipment with external
dimensions exceeding 50 cm, are indicated.

The intensive development of the photovoltaic industry in Poland and in the world
already generates an increase in the amount of electrical and electronic waste from used
photovoltaic panels. The total installed capacity of photovoltaic sources in Poland at the
end of 2019 was almost 1500 MW, and in May 2020, it exceeded 1950 MW. The mass of
the installed installations amounted to approximately 120,000 tons. The article presents
the types of materials used in the construction of photovoltaic panels, taking into account
the possibility of recycling or utilization of individual elements. The most important re-
quirements addressed to the members of the European Union, which were formulated
in the provisions of Directive 2012/19/EU, are described. The possibility of recycling
individual materials from PV assembly was analyzed taking into account the type and
mass content of elements, and the basic processes used for recycling or utilization of
these materials are presented. The article analyzes the possibilities of recovering mate-
rials and recycling materials used in the construction of various types of photovoltaic
panels, supported by examples of the use of thermal and chemical treatment. There is still
a problem related to the presence of heavy metals in PV materials and the risk of their
distribution to the environment. The market of PV technology in Poland and the approach
to the future need to use the panels used were analyzed.

The lifetime of photovoltaic panels is estimated at 20-35 years. The rapid development
of renewable energy shows that 41.8 million metric tons of PV panels are produced each
year, which constitutes 0.6% of total e-waste. Even more end-of-life panels will be generated
in the future. In the legislative aspect, the European Union has the best-designed legal
framework for the management of photovoltaic waste. The WEEE directive [11], which
was published in 2003, only concerned e-waste. Reality has verified the requirements, and
in 2015, requirements for the collection and recycling of photovoltaics entered Germany.
The Stiftung EAR department is tasked with registering e-waste but is not responsible for
collection, treatment, dismantling, and recycling. These procedures are governed by the
Electrical and Electronic Equipment Act 2005 [12].

2. Materials for Photovoltaics Cell Technology

The quantity of materials sent for recycling and utilized should be assessed after
analyzing the quality of photovoltaic panels, taking into account available technologies.
The photovoltaic system consists of many components, including cells, which are connected
in series with small modules, 2 electrical and mechanical connectors and connections, and
adjustment tools that control and/or modify the output power, i.e., electricity [13,14]. The
inverter is the most important component of a photovoltaic system [15]. Panels made
of semiconductor materials, most often silicon, are equally important, as they can affect
the efficiency of photovoltaics. Sunlight can turn into electricity thanks to this effect,
which was discovered by the French scientist Becquerel. When photon rays of different
wavelengths strike a solar cell, they can be reflected or absorbed by the absorbing material.
Photon absorption generates an electron-hole pair that, when separated from the second
junction, generates a voltage. Depending on the dielectric constant that characterizes an
ordinary inorganic semiconductor (such as Si, Ga, As, and others, including a perovskite
semiconductor), it does not need a junction for the electron-separation of a pair of holes.
We call these Wannier—-Mott excitons: the electron and the hole are at distances of many
lattice constants, and the exciton’s wave function is delocalized. Compared to Frenkel
excitons, the electron-hole pair is located at a lattice constant distance, and the exciton’s
motion occurs through the hopping mechanism. As a result of the voltage, a current is
created that flows through the external circuit. There are many types of solar cells, but
more than 80% of those currently produced worldwide are made of crystalline silicon. The
scope of current technologies and possible future options is as follows:

First generation: crystalline silicon (c-5i)
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(a)
(b)
(©

Monocrystalline;
Polycrystalline;
Ribbon sheets.

First-generation photovoltaic cells are photovoltaic cells made of crystalline silicon

wafers. Silicon is a cheap and widely available semiconductor material characterized by
high strength of crystal structures, relatively low toxicity, and good properties related to
the conversion of energy from solar radiation to electricity (which is due to a well-matched
energy band gap) [16-18].

(a)

Monocrystalline cells are made of a single crystal of silicon having an ordered
structure, which can be obtained from the crystallization process from each of the
solid, liquid, or gas phases [19]. A single silicon crystal, after the production of
a monocrystalline cell, acquires a dark blue color, with cut or rounded corners
(Figure 1). Monocrystalline cells are characterized by high efficiency (usually about
18-22%) and durability, which entails high production costs. Photovoltaic panels
made of monocrystalline cells have a moderate indicator of power decrease with
increasing temperature as well as an increase in power with decreasing temperature
in which the solar installation operates. Monocrystalline panels work best in condi-
tions of strong sunlight or low ambient temperatures; any drops in insolation and an
increase in ambient temperature significantly reduce the efficiency of cells made of
monocrystalline silicon [20].

Figure 1. A monocrystalline silicon cell (left) and a fragment of a photovoltaic panel made of

monocrystalline cells (right). Adapted from [21].

(b)

Polycrystalline cells are made of polycrystalline silicon plates of an irregular shape.
Polycrystalline silicon is produced from crushed silicon crystals that are melted and
then cast in the form of a cuboid, cooling and cutting into plates of appropriate thick-
ness [19]. Due to the technology of producing polycrystalline cells, they usually have
a blue color and clearly defined crystal edges (Figure 2). Polycrystalline cells are
characterized by quite high efficiency, ranging from 14-18%. Photovoltaic panels
made of polycrystalline cells are characterized by an efficiency lower than that of
a monocrystalline module and a high rate of power drop with increasing temperature,
usually lower than a mono module. Photovoltaic modules made of polycrystalline
cells can withstand weather fluctuations and drops in sunlight much better than cells
made of single crystal. Taking into account the price of photovoltaic panels made
of polycrystalline cells, which are cheaper than monocrystalline ones per watt of
installed power by about 8-15%, and the fact that polycrystalline cells perform much
better in average weather conditions, they are much more popular than monocrys-
talline photovoltaic panels. The low price of these modules is influenced by the low
production costs of polycrystals [20]. An alternative to silicon wafers are crystalline
silicon ribbons, the production of which is based on wafers from ingots. Ribbon
technologies are characterized by the fact that the wafers are crystallized directly
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from the molten material to the desired thickness, and there are no losses in the gaps.
Consequently, they offer a high potential to significantly reduce the cost of PV energy
compared to ingot wafer technology [21].

Figure 2. A polycrystalline silicon cell (left) and a fragment of a photovoltaic panel made of polycrys-
talline cells (right). Adapted and modified from [22,23].

Second generation: Thin film

(a) Amorphous silicon (a-Si);

(b) Cadmium telluride (CdTe);

(¢) Multi-junction cells (a-Si-pc 5i);

(d) Copper indium gallium (di)selenide (CIGS), copper indium (di)selenide (CIS).

Second generation photovoltaic cells are made with the use of the latest technology of
material processing and production. These materials are characterized by a thickness of the
semiconductor layer from 1 to 3 pm; hence, they are called thin-film cells. Compared to the
first-generation photovoltaic cells, thin-film cells are not produced on the basis of crystalline
silicon but with the use of various types of materials such as amorphous silicon, cadmium
telluride or mixtures of copper, indium, gallium, and selenium. Despite the use of specific
materials for the production of the second generation cells, the cost of their production is
low, and the technologies used allow for large material savings and a significant reduction
in semiconductor consumption. These cells show much lower efficiency and achieved
power compared to the cells described above [24,25].

(@) Amorphous silicon cells (a-5Si) consist of a very thin layer of non-crystallized silicon in
a shapeless form, which is deposited on a substrate made of another material, such
as glass, ceramics, plastic, or stainless steel (Figure 3a). The production technology
of amorphous silicon cells is simple and allows to save a large amount of electricity
and materials and also makes it possible to obtain cells with a large surface without
having to cut them into plates. Amorphous silicon cells are characterized by low
efficiency even for thin-film cells (efficiency in the range of 6-10%), low price, slight
burgundy color, and complete absence of visible silicon crystals. Photovoltaic panels
made of amorphous silicon cells do not lose their efficiency even on cloudy days.
The advantage of amorphous modules is a very low power drop with increasing
temperature; for this reason, hybrid modules are often used instead of them and based
on combined amorphous and microcrystalline silicon cells [26,27].

(b) Cadmium telluride (CdTe) cells are thin-film cells made of cadmium telluride, which
is a semiconductor, deposited on a glass substrate (Figure 3b). Their characteristic
feature is the fact that the cadmium compound used in the production of cells allows
the creation of an entire photovoltaic panel using a single cell. Cadmium telluride
cells have a fairly high efficiency for thin-film cells (oscillating between 10-14%) and
are characterized by a black color. These cells are often used in the production of
flexible photovoltaic panels that can be easily adapted to the building facade [28].
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(¢) Multijunction cells (a-Si-pc Si) are tandem solar cells that consist of amorphous and
microcrystalline silicon junctions. The latest research concerns the study of new joint
patterns as a two-dimensional photonic crystal. Such innovative solutions increase
the efficiency of light conversion by more than 20% compared to conventional planar
configurations [29].

(d) Cells made of indium-copper (di)selenide (CIS) and gallium (CIGS) are made of
a semiconductor material consisting of a mixture of copper-indium (di)selenide,
for CIS (chemical formula Culn;4Sey), or of copper-indium-gallium (di)selenium
(chemical formula Cu(In;,Gay)Se, (Figure 3c)). The possibility of using four types
of elements allows to increase the efficiency of the cells by increasing the scope of
absorption of solar radiation. The efficiency of CIS/CIGS cells is slightly higher
than that of CdTe cells (they range between 12-16%). As in the case of CdTe cells,
the technology used to produce CIS/CIGS cells allows for the creation of an entire
photovoltaic panel with a single cell [30].

a) b) c)

Figure 3. View of materials used in the production of second-generation photovoltaic cells:
(a) amorphous silicon; (b) cadmium telluride (CdTe); and (c) CIGS (copper indium gallium dis-
elenide) Adapted from [31].

Third generation: Concentrator photovoltaic (CPV) and emerging technologies

(a) Dye-sensitized solar cells;

(b) Organic solar cells;

(c) Perovskite cells;

(d) Quantum dot cells;

(e) PERC (passivated emitter and rear cell) and PERL (passivated emitter and rear
locally diffused).

Third-generation photovoltaic cells are solar cells that are potentially capable of ex-
ceeding the Shockley—Queisser limit of 31-41% energy efficiency for solar cells with a single
gap. Popular third-generation systems include multi-layer (“tandem”) cells made of amor-
phous silicon or gallium arsenide, while more theoretical developments include frequency
conversion, hot carrier effects, and other multi-carrier ejection techniques. Third-generation
cells are dye cells without P-N semiconductor junctions. Built on the basis of polymers
and dyes, they are based on the phenomenon of photosynthesis. These cells are composed
of nanocells that contain a synthetic dye that resembles chlorophyll to some extent. The
process of converting energy from solar radiation into electricity is characteristic of each
type of cell. Third-generation photovoltaic cells are characterized by high flexibility and
lightness. Perovskites are as efficient as silicon cells. These cells, especially perovskites,
are less sensitive to different angles of incidence in relation to the angle of incidence of
light, which significantly exceeds the delicacy and sensitivity of silicon cells to these factors.
An extremely important advantage of perovskite cells for the future development of tech-
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nology is the method of their production, which makes them cheap [32]. Figure 4 shows
the polymer cells belonging to the third-generation photovoltaic cells.

Figure 4. An example of third-generation photovoltaic cells based on polymer cells. Adapted and
modified from [33].

(a)

(b)

(©

Dye solar cell/dye-sensitized solar cell (DSC/DSSC) has a relatively simple structure.
The cell consists of an anode and a cathode with an electrolyte between them. The
anode is a glass plate covered with a transparent conductive oxide (TCO) layer.
Indium tin oxide (ITO) or fluorine-doped tin oxide are most commonly used. A thin
layer of titanium dioxide (TiO2) is applied to the foil. The anode is soaked in a dye
solution that binds to TiO2. The DSC cathode is a glass plate with a thin layer of
Pt as catalyst. The electrolyte is an iodide/triiodide solution. Both electrodes are
pressed against each other and sealed so that the cell does not leak. An external load
may be energized as light strikes the anode of a dye solar cell. These cells can be
printed on transparent surfaces, such as windows, transparent walls, or skylights,
and then work on both sides in conditions where other types of photovoltaic cells
would be useless. Dye cells can be divided into organic and inorganic ones, and they
use photosynthesis to convert energy from solar radiation to electricity. Dye cells
have quite a good price/performance ratio (efficiency in laboratory conditions is up
to 13%) [34-36]. To improve the electrical conductivity and light capture in the back
layers, the conductive crystal is most often indium-doped tin oxide (ITO) and zinc
oxide doped with fluoride (FTO). The semiconductor electrode is usually a thin layer
(~5-30 m) layer of nanocrystalline titanium dioxide (TiO2), the porous structure of
which facilitates the deposition of the dye on the surface. DSSCs operate in low-light
conditions. This type of cells is ideal for low-density applications, such as rooftop
solar collectors, where the mechanical strength and light weight of the glassless
collector is a great advantage because the thin, conductive material allows for quick
heat dissipation. The disadvantage is the need to use a liquid electrolyte, which may
freeze at low temperatures. An additional disadvantage is that the electrolyte solution
contains organic compounds that are toxic to human health and the environment.
Recently, progress has been made in the field of materials and the use of materials
such as ruthenium compounds, quantum dots, natural dyes, and organic compounds
excluding metals [37].

Organic cells” structure is based on organic materials that include, among others,
polymers (or macromolecules) and small molecules. Organic photovoltaic cells is
a rapidly developing photovoltaic technology that improves cell efficiency up to
18.2%, with a long service life of over 10 years without encapsulation [31]. Despite
their drawbacks, these cells are cheap, flexible, and lightweight [38,39].

A perovskite solar cell is a type of solar cell containing a perovskite structural com-
pound, most commonly a hybrid organic-inorganic lead or tin halide-based material,
as the active light-collecting layer. Perovskite materials such as methylammonium
lead halides are cheap and relatively simple to manufacture. Perovskite cells are
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printed on PET film, thanks to which they are thin, light, flexible, and efficient; they
can be used in places that do not have perfect lighting and in the interiors of buildings
with artificial lighting. A compound with a perovskite structure is used as an active
layer that is sandwiched between an electron transporting layer (usually mesoporous)
and a hole transport layer. Perovskite cells are easy to manufacture, and their high
water absorption coefficient allows them to absorb the entire visible solar spectrum
with ultra-thin layers (~500 nm) [40]. These cells are unstable in the environment of
moisture and oxygen; they are brittle and not very resistant to heat. The absorbing
material dissolves in water, which leads to the degradation of the cells. To counter
this, it is necessary to encapsulate the perovskite absorber, for example, in a composite
of carbon nanotubes [41]. The highest efficiency of perovskite cells (21.1-21.6%) was
obtained by mixing various cations to create perovskite structure: rubidium, cesium,
lead, tin, germanium, and anions that can optimize the solar spectra, namely chloride,
bromide, and rhodium anions [42,43]

(d) Quantum dot cells (QDs) are nanoscale semiconductor materials belonging to groups
II-VI, II-V, or IV-VI of the periodic table of the elements, which have a discrete spec-
trum of quantized energy because motion electrons and holes are limited. Due to the
nanoscale dimensions, usually in the range of 2-10 nm [44,45], they show properties
intermediate between mass semiconductors and discrete atoms or particles. In the QD
structure, we can distinguish a core in which there are layers of various compounds.
It is also possible to embed the QD in a die made of a different material. The QD
concentration affects the yield of the material, and the addition of nanoparticles can
even improve the yield up to 40% depending on the concentration of nanodots. The
advantages of CPV based on QDs include a favorable power-to-weight ratio, savings
in weight and space, low energy consumption, and versatile use. Some of the QDs can
be toxic (CdSe) and require a protective coating and are difficult to size controlling.

(e) Asregards PERC (passivated emitter and rear cell) and PERL (passivated emitter and
rear locally diffused), the first high-performance PERC cells were produced in 1988,
with the efficiency of 21.8% confirmed in Sandia in October 1988 (20.9% according
to the applicable standards) [46]. As can be seen from the general data of patent
HO1L31/02168 [46], the invention discloses a method of preparing a PERC solar cell:
a passivated film is placed locally on the back of a silicon chip by screen printing
to form a back passivation layer with specific patterns. The material performance
is influenced by the method of fiber preparation, the process of back-polishing and
etching, and then decontamination of the glass. For the production of PERC, the
method of local screen printing of alumina foil or silicon oxide foil on the back of
the silicon chip is used, thermal treatment is carried out, and then, the anti-reflective
silicon oxide face is deposited.

3. Production and Market of Individual Photovoltaic Panels

Using the above information, Table 1 summarizes the characteristics and efficiency
of all the discussed photovoltaic cells. In order to compile information on the type of
materials used in the construction of photovoltaic cells and their structure, Table 1 has been
developed [34-37]. After its analysis, it can be concluded that silicon is the most popular
material used in the construction of photovoltaic cells. The breakdown of the shares of
individual technologies in the global market of photovoltaic panels is presented in Table 1.
The data show that panels made of mono- and post-crystalline silicon have the largest
share, followed by panels using amorphous silicon [47,48].

The production and assembly of installations based on the operation of photovoltaic
modules are one of the most dynamically developing branches of renewable energy. In the
last decade, a significant increase in interest in photovoltaic panels can be observed, which
results in the emergence of many competing companies involved in the production of PV
panels and the production of new materials and methods that will allow obtaining photo-
voltaic panels with even higher energy efficiency at reduced production costs. Therefore,
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the market for PV modules is growing rapidly, which means more waste generated from the
PV module and thus a greater scope of disposal and improvement of recycling processes.
In fact, the number of PV modules reaching their service life has increased dramatically in
the last decade [11,20,22]. Unlike other industries, the PV industry is unique because of
the long lifetime of these components. A solar module usually lasts for 20-25 years. The
main factors in determining the service life of photovoltaic modules are decomposition of
ethylene vinyl acetate (EVA) copolymer under the influence of sunlight and deterioration
of internal materials by external effects, such as toughened glass cracking and laminated
PV cell defects. Currently, most damaged or used photovoltaic modules have been thrown
away and buried underground without being recycled. The photovoltaic module can
contain hazardous substances, such as Pb, Cd, Cr, and Bi, the presence of which causes
serious diseases in humans and animals [49-53].

Table 1. Comparison of the materials used and the efficiency of individual photovoltaic cells. Adapted
from [42,44-48].

Technology
Cell Base . . . Share in
Material Materials Cell Structure Efficiency the World
Market
. Monocrystalline/ 18-22% 33%
Crystalline polycrystalline 14-18% 48%
Microcrystalline Thin films 6-10% 39
Silicon Amorphous Thin films
Monocrystalline
silicon cells
coated with Hybrid <23% ok. 6%
amorphous
silicon
Cadmium o .
telluride (CdTe) 10-14% 5%
Indium-copper
Halides dlselen%de 12-16% 4%
Semiconductors and gallium
compounds (CIS/CIGS)
Chalcopirytes - -
Compounds G.allium -
of group 11 arsenide (GaAs)
and V elements Others - 19
Dye <13% ’
Others -
Organic 18.2%

Knowing the composition and material content of modules, it is possible to determine
the quality of waste depending on the type of PV module. Table 2 shows the average
contents of individual elements and materials for the most important types of PV modules.
Conventional silicon modules consist of materials such as copper (1%—connections), silicon
(5%—solar cells), aluminum (8%—frames), polymers or plastics (10%—encapsulation 1), and
glass (76%—module surface). Glass, as a transparent material, protects against scratching
and against overheating of the module.

In order to protect the modules against corrosion or contamination, air-tight sealing
is used, most often with the use of EVA foil as well as Teflon or organic resins (Figure 5).
Hermetic closure of the modules guarantees their high durability. As a result of the de-
scribed works, a multi-layer structure of the module is created: glass/foil/EVA/cells/EVA
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foil/electro-insulating foil or glass. The back outer layer, called the substrate, prevents the
negative effects of moisture and corrosion of electrical connections. The finished module
is placed in an aluminum housing. Since silicon has a high light reflectance (30-55%), re-
ducing this index and increasing the degree of solar radiation absorption, an anti-reflective
coating is used. This coating is usually made of compounds such as SiO, SiOy, Si3Ny, and
AlO3. Then, metal electrodes made of Ag, Cu, and Sn are most often used on the front
of the panel [55]. The diversified composition of thin-film modules makes it difficult to
recycle or utilize materials.

Table 2. The type and composition of materials depending on the PV technology. Adapted
from [54-56].

Other:
Polymers
Techno.log}.r/ o, Glass Aluminum Copper Silver Tin Zinc Silicon (EVA) +
Proportion in % .
Adhesive
Materials
Crystal Si 74 10 0.57 0.006 0.12 0.12 3.35 6.55 +1.16
Amorphous Si 86 0.035 0.9 - 0.043 - 0.007 0.02
CdTe 95 0.35 1 - - 0.01 - 3.5
CIGS 84 12 0.8 - - 0.12 - 3

Aluminum frame

String connectors Front glass

Silicon solar cell

Encapsulant (EVA)

Figure 5. The most important elements of PV panels.

4. Recycling Process of Photovoltaic Panels

According to recent studies, it has been shown that recycling PV modules brings
significant economic and environmental benefits with the implementation of appropriate
recycling rules and their strict compliance [37]. In total, 90% of the solar cell production
market is the production of crystalline silicon modules. It is the most widespread due
to its low production cost and high efficiency. Additionally, the production cost and the
production cost of a PV cell is 60% of the total cost of a PV module. Overall, 40% of the
silicon element is lost when processing a silicon cell. Recently, silicon recycling technology
has enabled the recovery of 60% of silicon from the waste PV module, but it is still too low
a recovery percentage.

In the context of future assumptions related to the intensity of designed PV instal-
lations, it is very important to enable a circular economy for solar photovoltaic system
materials [56]. Soon, the number of replaced modules will also increase due to the decline
in their efficiency. Poland imports models and relies entirely on silicon imports. Industry
stakeholders are considering sustainable management solutions and identifying barriers
to the circular economy for PV materials. Moving from the degradative model of “take,
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produce, consume, dispose “, to the circular model will ensure longer life, high efficiency,
and reuse/recovery of products and materials [57]. Authors [58] describe circular activities
in line with the ReSOLVE framework. This analysis is product-oriented in a product and
service system. The results show that in the case of PV installations, the most important
aspects relate to servicing, repair, insurance, and warranty. Additional activities to enrich
the circular model are of a conceptual and pilot nature.

Elemental silicon used in the production of semiconductor devices is made of high-
purity quartz and quartzite sands. Quartzite sands are treated in an electric arc furnace,
and as a result, its purity is 98% [59,60]. After this process, the silicon is further processed
with grinding in a ball mill (75% < 40 um) and treatment in a fluidized bed reactor, which
produces 90% SiHCI; (trichlorosilane) and 10% SiCly (tetrachlorosilane), and the rest is
SiH,Cl, (dichlorosilane). The gas mixture is distilled to obtain mainly trichlorosilane. The
single-crystal cultivation process in the Czochralski process allows for the production
of electronic-grade silicon. In this process, polycrystalline silicon is melted in a quartz
crucible along with impurities of other elements. Additional elements are introduced to
obtain n or p type silicon. The process takes place at a temperature of 1410 °C and under
an argon atmosphere. The nucleus of a single crystal is descended into the molten silicon.
It is then slowly pulled out and turned slowly around its axis. The temperature and the
drawing speed of the single crystal must be strictly controlled because when the drawing
speed is greater than the crystallization speed, the diameter of the single crystal decreases.
The processes for obtaining pure semiconductor silicon are extremely complex, and about
30% of the silicon is lost. If we clean the silicon to a high degree after disassembling the
photovoltaic panels, it is possible to recycle the silicon to one of the above-mentioned
processes. There are three possible solutions:

1.  After delamination, the recovery of Ag, In, and Si and high-purity glass from a thin
photovoltaic film withdrawn from use and photovoltaic modules based on 5i;

2. The use of solid waste from the production of PV panels containing a mixture of
broken silicon wafers and cells;

3. Dry powder or filings formed during cutting and containing mainly Si as waste from
the production of PV panels This approach can ensure high-value and high-efficiency
recycling of photovoltaic modules (thin film and silicon) and allows for the economic
recovery of all materials for reuse.

The first step in the PV-recycling process is to remove the EVA resin. Chemical
dissolution with nitric acid and thermal decomposition are used to remove it [60,61]. As
reported in the literature, acid is an insufficient measure, as it does not penetrate the entire
module, and it takes a long time, while in the process of thermal decomposition, it is
necessary to pack the entire waste photovoltaic modules into the furnace. Toughened glass
is usually recovered using organic solvents. Ultimately, the silicon is recovered by chemical
etching to remove metal impurities from the surface of the PV cell.

In general, there are currently three different types of recycling processes used for
photovoltaic panels: physical, thermal, and chemical (Figure 6) [59,62-65].

Physical and mechanical processing consists of disassembling the structure, i.e.,
a frame usually made of aluminum, steel elements, shelves, and other electronics such as
inverters and batteries. It is also possible to detect the presence of small amounts of iron,
silicon, and nickel as typical components of Al-based alloys. The elements are analyzed for
the content of toxic compounds, and then, they are crushed.

Thermal treatment is carried out primarily to recover polycrystalline silicon. Machin-
ing is possible after removing the panel structure and cutting the silicon panels into small
elements. The elements are subjected to thermal treatment in furnaces with an atmosphere
of a mixture of nitrogen and oxygen and at temperatures up to 500 °C [20,63]. It is also
possible to heat the panels after crushing the materials into fractions > 1 mm in order to
separate the glass in the air stream from other metallic materials and then placing the
separated fractions in a furnace at the temperature of 650 °C [66,67].
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Chemical treatment involves the action of chemical reagents (lye, organic solvents,
acids) on the cell materials in order to dissolve and separate the individual materials.
The lye is a metal hydroxide (usually NaOH or KOH) that is obtained using the ash-
leaching process or strong bases that are highly soluble in water. This produces caustic
alkaline solutions. The process is usually carried out before thermal treatment [68,69].
The aforementioned procedures are aimed at the separation of materials and the recy-
cling of individual materials. The processes of mechanical disintegration of materials
generate an enormous amount of dust containing glass. On the other hand, the sepa-
ration of the EVA layer by inorganic solvents leads to the emission of nitrogen oxides
and other harmful gases [69], and their inhalation is a health hazard. In addition, the
silicon wafer-reuse process involves the removal of the frame, and it is difficult to get rid
of the remaining liquid solvents used to remove the polymer. The process of dissolving
EVA is long; in addition, after the process, a very large amount of organic melted waste
is generated, which is difficult to process. Thermal and chemical methods have several
advantages as advanced technologies but also have their disadvantages, most often in the
form of produced by-products accompanying processes and the fact that these processes are

highly energetic.
First generation: (c-Si) Second generatiqn:Ihin ﬁlm Third generation:
a) Monocrystalline a) Amorphous Silicon (a-5i) a) cpv
b} Polycrystalline b) Cadn_'u_um T?”“"de [CdTE) i b) Dye-sensitized solar cells
¢) Ribbon sheets ¢} Multi-junction cells (a-Si-pcSi) ) Organicsolarcells
d} CIGS, CIS

I 1 4

‘ — |Glass, aluminum
\ Silver, tin, zinc,

copper
Transporting elecfr\::‘?rjl:::aht,i:.gfoil
Packing
]
Disassembly

New photovoltaic — — Silicon, glass, aluminum

Figure 6. Recycling and reuse processes of PV materials. Adapted from [70].

After disassembly, the panels are packed and transported to recycling companies,
usually plants generally involved in this industry [70]. Aluminum, steel, and copper
wire frames can be included in the metal-recycling loop. The polymers can be pro-
cessed in wastewater-treatment plants. The recovery of rare metals, such as silicon, silver,
and copper or toxic metals, namely cadmium, lead, and selenium, however, requires
advanced processes.

Silicon cells contain approximately 90% Si, 0.7% Ag, and 9.3% Al. To separate the
silicon from the remaining metals, the elements were etched with 4 M nitric acid at 80 °C,
then leached with 3 M sodium hydroxide at 70 °C [71]. The leaching yield was 99.7% Ag
and 99.9% Al, respectively. The leaching process separated the silicon from other metals.
Na-Cyanex 272 in kerosene was used to separate Al from Ag. The extraction yield is 96%,
and after the extraction process in 1 M hydrochloric acid, Al was removed from the organic
solvent, and silver was separated into AgCl. Experimental test work on crystalline Si
modules can recover Si product > 99.98% by HNO3;/NaOH leaching to remove Al, Ag,
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and Ti and other metal ions from doped Si [69]. Further pyrometallurgical smelting at
1520 °C using a CaO-CaF,-5i0; slag mixture to remove metal residues after acid leaching
can eventually produce Si with a purity > 99.998%. After the leaching process was carried
out, the authors of [72] performed an analysis simulating the process of residual Si impuri-
ties. On this basis, it was found that smelting in the slag at the temperature of 1500-1600
°C allows to bind Ti in the slag in the form of TiO,. Al forms in the slag aluminosilicates
and post-wax phase AlF; (slag fluoride), silver fluorides. For this reason, additional flu-
oride treatment must be carried out. In the leaching/polishing, extraction, and chemical
precipitation process, 99.5% copper wire was collected [73]. The purity of the end products
is 99.7% for CuO, 99.47% for PbO, 99.68% for SnO,, and 98.85% for Ag. Chemical processes
were carried out after removing the tempered glass and ethylene vinyl acetate (EVA) resin,
and the module was split into two materials: a photovoltaic tape and a solar cell. The
purity of silicon after removing Al and Ag impurities was recovered at 99.84% as a part
of the ReSiEILP project, a pilot study was designed built by the metallurgical group of
the University of Padua [74]. Preparations for a specific project were used applications
(prefabricated products) so that the content of ingredients is comparable to commercial
products. Primary wastewater mainly contains Al derived from back sheet of silicon cells.
In the laboratory test on alkaline wastewater, the initial pH was ~13.8, and it was lowered
below 3. Regardless of the acid solution (HCI or HySOy), the formation of the suspension
was observed by pH around 13, while a pH around 3 is complete, and there was probably
a solubilization of the precipitated materials due to amphoteric features. Analysis of the
wastewater before and after treatment showed a removal efficiency neutralization in the
case of Al, Pb, Cu, and Zn over 90%, while for Fe, the efficiency was at the level of 85%.

The authors of the [75-77] recovered Cu, Sn, and Pb from the photovoltaic (PV) ribbon.
A recycling process was used involving the leaching of HCI with Sn** followed by solvent
extraction. During the leaching of HCl with Sn**, Sn and Pb were removed from the PV
ribbon, while Cu remained as a plate. The Sn leaching yield increased with increasing
temperature, initial Sn** concentration, or decreasing pulp density. The Sn elution efficiency
was up to 99%. In the described process, about 71.9 % of Pb was sucked off as PbCl, powder
after standing the leaching solution for 24 h at room temperature. In order to selectively
extract Sn from the leaching solution, solvent extraction with tributyl phosphate (TBP) was
used. The efficiency of Sn extraction increased with increasing TBP content in kerosene,
and < 1% Pb was extracted. Therefore, the separation of Sn, Cu, and Pb was successfully
achieved in the recycling process.

The need to obtain energy from renewable sources shows that installations based on
photovoltaic panels play a key role because they implement the development of renewable
energy sources and the production of electricity without polluting the environment. In
order for the latter aspect to be fully met, rules forcing the recycling of PV panels must
be introduced. Authors [78] indicate that the 26.7 MW plant will generate approximately
2000 tons of waste crystalline silicon modules at end-of-life, which the recycling plant will
have to process. The plant’s capacity will save around 560,700 tCO2eq over the lifetime of
the PV system (estimated to be 20 years) as an alternative to fossil fuels. After this period,
the photovoltaic modules can be recycled instead of landfilled, further saving around
16002400 tCO2eq. The authors indicate that it is possible to develop a cost-effective
approach to recover photovoltaic modules. Another issue is related to the type of PV
panel materials (first, second, and third generation), which carries the risk that the lack
of valuable metals/materials may generate economic losses. The unprofitability of this
project does not mean that recycling of crystalline PV modules is not necessary given the
role of PV modules among WEEE. Second-generation panels, the so-called thin-film panels,
are made of valuable materials although the amount of this waste is currently small. The
construction of recycling plants with high capacity will bring economic benefits in terms of
cost reduction but also by reducing the level of generated pollutants [79].
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5. The Recycling Process of Solar Panels in Poland in Terms of Legal and
Environmental Conditions

The interest in the installation of photovoltaic installations is still growing not only in
Poland but also throughout Europe. In Poland, it is the photovoltaic market that is the fastest
growing of all renewable energy sectors. The total installed capacity in photovoltaic sources at
the end of 2019 was almost 1500 MW, and in May 2020, it exceeded 1950 MW [80-82]. Currently,
the largest increase in new capacity is observed in the micro-installations segment. In 2019,
Poland achieved an increase in new capacity of approximately 0.9 GW and, with a share
of the capacity increase of 5.5%, was in the top five in the European Union, right after
countries such as Germany, the Netherlands, Spain, and France. According to the forecasts
of the Institute for Renewable Energy (IRE), Poland in this year will maintain the growth
rate of installed capacity, and at the end of 2020, the installed capacity in PV in Poland may
reach 2.5 GW [83-85]. IEO forecasts also indicate that the turnover on the photovoltaic
market will increase this year by as much as 25% compared to the previous year and will
exceed PLN 5 billion. The increase in installed capacity is the result of Poland’s obligations
formulated in Directive 2009/28/EC in the field of renewable energy share in final energy
at a minimum level of 15% in 2020 [86]. The development of the PV market in Poland is
also the result of the launch of the auction system, EU subsidies, “My Electricity” subsidy,
and an increase in the prices of emission allowances, improving the competitiveness of
green energy. According to IRE Polska, depending on the installed capacity, in the first
quarter of 2020, the accumulated capacity exceeded 1800 MW [87]. Data from only the last
two years in Table 3 indicate a rapid upward trend.

Table 3. The capacity of power PV installation in Poland. Adapted from [88].

Installation 2019 2020, First Quarter
Micro-installation with
a power up to 50 kW 90 MW 1294 MW
Small installations with a
power from 50 kW to 500 kW 47.58 MW above 50 MW
Installations with a Approximately 75 MW

power above 500 kW

Installations built under
the auction support system, 360 MW 400 MW
with a power up to 1 MW

The “My Electricity” program is a financial instrument aimed at developing the
segment of home photovoltaic micro-installations with a power range from 2 to 10 kW.
Under the program, it is possible to obtain co-financing of up to 50% of eligible investment
costs, with a maximum of PLN 5000 per installation. “My Electricity” is a priority program
of the National Fund for Environmental Protection and Water Management dedicated to
supporting prosumer energy in Poland. The allocation amount for non-returnable forms of
co-financing is PLN 1 billion. Spatial layout of all future project PV farms having at least the
conditions for connection to the grid for 2021 is shown in the map on Figure 7. The greatest
development activity has place in the Greater Poland voivodeships, Kuyavian-Pomeranian,
and Lubusz voivodship and the lowest in the provinces of south-eastern Poland, which
corresponds to the activity in prosumer segment, and it contributes to steady development
of total power all over the country.

In the near future, the consequence of this phenomenon will be the problem of the
need to initiate processes and procedures for the recycling of PV panels, and the amount
of electro-waste will increase to such an extent that it will require processing and not only
safe storage. It is estimated that in Poland only in the coming years, over 100,000 people
will dispose of or recycle tons of waste photovoltaic installations. Their producers and
suppliers are becoming more and more aware of the growing problem. In Europe, the
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interest in recycling PV panels is huge at the moment. In six years, the value of this market
in Europe will triple. According to SolarPower Europe, at the end of last year, the total
installed capacity in the 27 EU Member States was 137.2 GW [89]. By 2024, an almost
twofold increase is forecasted, to the level of 252 GW. Panel suppliers are already more
and more aware of the growing problem of waste from RES installations, and in Europe,
interest in recycling PV panels is growing. According to the Research and Markets report
“Europe Solar Panel Recycling Market 2020-2027" [90], last year, the value of this market
amounted to USD 49.1 million, and forecasts assume that in the following years, the average
annual growth will amount to 19%. As a result, in six years, the market value of the PV
recycling industry in Europe will increase to the level of USD 165.8 million. In turn, IRENA
estimates that by 2050, as a result of the replacement of photovoltaic installations, a market
for secondary raw materials, mainly glass, estimated at 78 million tones, will be created. If
these raw materials were fully recycled, the value of this market would be USD 15 billion.

_,—-—""ﬂ-'_'-
_d N i
/—/ Projects: 1at|5‘=w -'-H______TC. e i

.r__',f g Power:161 MW Projects: 311 ; \]

l Projects: 210 LOWEE: 25 MY ) \
\ Power: 227 M f%ﬂ”() ey \

) ijects 291‘
y Pru;ects 392 Power: ZSOM\P\(
[ - I Puwer 375 M

- Projects: 202 P
Power 194 MW \.__ S
-
ij( ts: 355 Projects: 576

Powdr: 498 Mg, POWer: 1017 MW f‘\g
> r\/J;bk ,fmejer.ts 186 :,‘}) 5

N B Power: 192 MW, :

P ct 209
Projects: 181 3 rojects:
Power: 164 MW
éwgPower: 305 MW
Projects: 144
Power: 12?M
o 3\—9__1_/‘/" f'
: Projects: 197 /
et Power: 135 MX"J;'

i Q&MW Power: 55 MW I},

by a0 ame

“ﬂ_\__\‘

Figure 7. Map showing photovoltaic projects in Poland, April 2020. Adapted and modified from [88].

From a recycling perspective, we are most interested in the weight of the processed
photovoltaic panels. The larger it is, the more valuable post-waste products will be obtained:
regenerable PV cells, the purest metallurgical silicon and polysilicon, aluminum, copper,
silver, and glass as well as rare earth metals. Analysis of data related to the mass of PV
panels installed in Poland in 2020 revealed that it was approximately 120 thousand tons [87]
It is estimated that the total weight of the panels in 2025 will exceed 400,000. tons. It is
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expected that the photovoltaic recycling industry will significantly develop over the next
10-15 years also in Poland. The total weight of the panels themselves, installed in the EU by
2010, is approximately 1.59 million tons [88]. These are panels that are gradually starting to
be scrapped. At the current euro exchange rate, the fees for their disposal will amount to
approximately PLN 530 million. On the other hand, counting 5.11 million tons of panels
installed in the EU by 2015, it is estimated that the fees for disposal will not be less than
PLN 1.7 billion and will grow every year at a rate similar to the current increase in the
popularity of photovoltaics.

In the process of classifying waste, including waste electrical and electronic equipment,
the basic principle of waste classification is taken into account. This principle assumes, inter
alia, the analysis of the material composition by weight or volume and the properties of the
components and materials used (e.g., solubility, flammability, toxicity). These data allow
the identification of potential pathways for the mobilization of components and materials
for reuse, recovery, recycling, and disposal. The overall aim of classification is to identify
risks to the environment and human health and, as a result, to minimize these risks.

Depending on national and international regulations, such as the Basel Convention on
Control of Transboundary Movements of Hazardous Waste and Disposal (UN, 2016) [90],
waste can be classified into the following categories:

— Inert waste;
— Non-hazardous waste;
— Hazardous waste.

The waste classification criterion also takes into account its origin, thus defining the
subcategories: industrial waste, domestic waste, and specific product-related categories,
such as e-waste, construction waste, and mixed solid waste. Depending on the classification
of a given waste, it is possible to determine the permitted or forbidden transmission, path
of treatment, recycling, and disposal.

Renewable energy installations that use solar radiation to produce electricity have
recently enjoyed great popularity in Poland and around the world. In Poland, this is
due to the use of various types of funding both for private users and companies and
state institutions. Photovoltaic farms are being built AND constitute a very important
component of the energy mix in line with the Polish Energy Policy until 2040. The efficiency
of modules after 10 years should not be lower than 90% and after 25 years, 85% [6], until
the capacity loses electricity production over the years, and the installation needs to be
replaced. In line with the assumptions of the European Green Deal document, we should
strive for the efficient use of resources so that products, materials, and raw materials are in
circulation as long as possible. Destruction by thermal utilization or storage of panels in
landfills is an ineffective and uneconomical solution because modules can be successfully
recycled and put back into use. Recycling of photovoltaic panels allows for the recycling
of materials such as glass, plastic, or metal. Most Polish installations are around 5 years
old, so the industry of recycling PV panels is basically non-existent. Nevertheless, glass,
aluminum, and silicon from other devices and installations are already recovered in Poland.

The European Union has developed and implemented the Waste Electrical and Elec-
tronic Equipment (WEEE) Directive [11]. It defines photovoltaic panels as electronic devices
and requires 85% efficiency in the recovery of secondary raw materials for them. At least
80% of this has to be used for recycling or further production. According to EU recommen-
dations, producers of photovoltaic modules installed in the EU should cover the costs of
their collection and recycling. In Poland, the regulations related to the disposal of materials
from the demolition of photovoltaic panels are not specified. It is not clearly indicated
who is responsible for the processing of used solar panels. At present, the owner of the
installation has to dispose of it at his own expense. However, one cannot do it oneself, e.g.,
by returning modules together with bulky waste. A specialized company is needed that
should issue a certificate confirming the provision of such a service. The certificate must
state how the disposal has been carried out. The division of waste must be presented
in accordance with the provisions of the Act of 14 December 2012 on waste. The cost of
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disposal of photovoltaic panels depends on the weight: one needs to pay approximately
PLN 1.5 net per kg of material, and additional transport costs must be added if the company
is to pick up the panels from the installation site: approximately PLN 2.5 per km [87].
Thornmann Recycling L.L. Company [91] recovers glass, aluminum, and silicon wafers
from modules. Recovered materials are used for the production of covers for sewage
chambers (glass and silicon) or for the production of road and construction engineering
elements, and aluminum is sent to the steelworks. Recycling modules are donated by
the owners of such modules but also by farm owners, producers and installers. The
company collecting photovoltaic materials for recycling should issue a confirmation of
the implementation of recycling services based on the official division of recycling and
recovery processes in accordance with the annex to the Waste Act of 14 December 2012:

R3: Recycling or regeneration of organic substances that are not used as solvents;
R4: Recycling or recovery of metals and metal compounds;
R5: Recycling or recovery of other inorganic materials.

It is very important that the company that recycles products is registered in the Polish
Database on products, packaging, and waste management (DPPWM). It is a list of entities
that introduce, among others, to the domestic market packaged products, vehicles, oils,
lubricants, tires, batteries, or accumulators as well as electrical and electronic equipment.
In order to recycle photovoltaic devices, the recycling company absolutely requires the
company to have an entry in this register. If the equipment is returned for recycling by
a layperson, entry in the DPPWM register is not required. Most of the waste from dis-
mantling a PV plant is typically generated during the four basic life cycles phases of any
photovoltaic panel: production of panels, transport of panels, installation and use of panels,
and disposal of panels. Such a model is used in the development of the life cycle of panels
outside of production. This is because it is assumed that during production, waste is easily
managed, collected, and processed by treating contractors or producers themselves.

Based on the rapid growth of the installed PV generation capacity, detailed regulations
for the recycling of solar panels and possible disposal should be developed. As it results
from the data included in the work [87], it is necessary that the producers of PV panels
be responsible for the recovery of materials from PV installations. This approach can be
called the process of managing PV modules: the manufacturer sells the PV installation and
maintains it and, after the installation is disassembled, recycles it. The producer should be
responsible for controlling the transport of modules from the plant to the recipient on the
basis of the prepared report.

6. Conclusions

Since 2015, the number of installed crystalline silicon (C-Si) panels has exceeded 30%
of all solutions based on photovoltaic panels. More than 90% of their mass consists of glass,
polymer, and aluminum. As can be seen from the presented data, all the listed components
can be recycled although in the case of C-Si panels, these processes are complex. In addition
to silicon, photovoltaics can contain silver and trace amounts of elements such as tin, lead,
copper, and zinc, which together can make up about 4% by weight of potentially hazardous
waste. This waste, along with heavy metals, such as cadmium, tin, and lead, may end up in
the polluted environment. Regardless of the source of heavy metals, biological or chemical
treatment processes are currently in use. As of today, large-scale recycling of solar panels is
not possible. The so-called PV industry does not have the resources or the tools to set up
recycling facilities and build a closed solar-recycling market. The market for the energy
sector and especially the solar power industry is not yet clear, as is its policy framework,
regulations, economics, and methodologies in many parts of the world. This is a new
environmental challenge for the photovoltaic industry, especially in countries where the
share of this type of companies is increasing, i.e., China, Japan, and Germany. By analyzing
the EU requirements and national requirements for the re-use, recycling, and disposal of
photovoltaic modules and equipment, it is possible to identify barriers that clearly relate to
the re-use, recycling, and disposal of photovoltaic system equipment. The market for repair,
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reuse, and recycling of PV installations in Poland is practically non-existent. Standards
related to the safe and reliable reuse of PV modules have not yet been formulated. No
information has been found regarding the existence of entities in Poland that already accept
modules and deal with their recycling in terms of repair or reuse. Due to the recycling of
modules, there is a great concern that the cost of recycling, if this happens, will exceed the
cost of standard disposal. Moreover, there is no effective incentive for the PV industry to
repair, directly use, and recycle through the legal system.

Currently, the recycling of PV materials is carried out by companies that regularly
recycle other waste, and their activities are listed in the DPPWM database (Poland). The
European Union countries have developed a number of measures in the provisions of the
Waste Electrical and Electronic Equipment (WEEE) Regulation, which requires all producers
supplying photovoltaic panels to the EU market to finance the costs related to disassembly,
transport, and recycling life modules. The global approach lacks sufficient guidance on
the principles of recycling PV panels and even more so on the safe disposal of waste. In
the context of the intense development of energy based on renewable energy and the
growing awareness of environmental responsibility, for e-waste, which includes PV panels,
it is necessary that panel producers, with the support of the media, public opinion, and
governmental and non-governmental organizations, should take responsibility for possible
disposal or reuse of products. In this case, it is necessary to conduct scientific research to
solve the problems related to the management of closed-loop photovoltaic modules.

As of today, the installed power of photovoltaic panels in Poland at the end of 2020
reached 2.5 GW, which places Poland in fifth place among the EU countries. Analyzing
the data related to the weight of photovoltaic panels installed in Poland in 2020, it was
found to equal approximately 120 thousand tons. It is estimated that the total weight of the
panels by 2025 will exceed 400,000 tons. Such a development of the market of renewable
energy sources will make it necessary to recycle the panels. Recycling costs will have to be
included in the installation costs for the installation users and the panel manufacturers.

There are solutions that show that it is possible to economically recover materials from
photovoltaic modules. This applies in particular to solar farms with a capacity above 2 MW.
The inextricable capacity of installations is associated with avoiding CO2 emissions and
reducing costs compared to conventional installations. The financially positive aspect of
PV module recycling is the recovery of valuable metals from specific types of panels.
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