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Abstract. Recovery and closed-loop recycling of materials from manufacturing or end-of-life photovoltaic
modules is attracting increasing interest to access critical raw materials and limit waste and is supported by
policies and funded innovation projects, in the European Union in particular. To complement circularity
assessments of inorganic components from modules, this work focuses on mechanical separation of encapsulant
and polymer backsheet layers for polymer recovery and initial analysis of the recovered materials to assess their
suitability as feedstock for chemical recycling via a pyrolysis process, with the target of achieving closed-loop
recycling of polymer materials within solar panels. Two polymer backsheet and three encapsulant samples
mechanically separated from three modules or recovered from production scrap were studied for their chemical
make-up, including content of oxygen heteroatom, and contamination levels from inorganic components. The
samples contained 60 wt.% to 98 wt.% of polymers, which were identified to include polyethylene terephthalate,
polyvinyl butyral, ethylene-vinyl acetate, and ethylene-rich polymers. The carbon content, which is a key
parameter for the yield of a pyrolysis process, was estimated at 40-60 wt.% for the two backsheet samples,
around 60 wt.% for the polyvinyl butyral and ethylene-vinyl acetate encapsulant sample, and around 80 wt.% for
the ethylene-rich encapsulant samples. The inorganic content ranged from below 0.1 wt.% to 22 wt.% depending
on the sample. These combined results demonstrate that polymer-rich fractions may be recovered from
mechanical separation of modules and that only certain recovered polymer-rich materials have the potential to
be used as feedstock for a pyrolysis recycling process, although further characterization under pyrolysis
conditions remains necessary.

Keywords: Photovoltaic module recycling / mechanical separation / recovered polymers characterization /

pyrolysis polymer recycling

1 Introduction

Photovoltaic (PV) modules and systems are indubitable
contributors to energy generation from renewable sources.
According to TEA’s PVPS report T1-43:2024 “Trends in
Photovoltaic Applications 2024”7, at the start of 2024 over
1.6 TW of PV systems were operational, generating more
than 2,135 TWh of electricity. This output accounted for
8.3% of the global electricity demand and PV systems were
estimated to reduce greenhouse gas emissions by approxi-
mately 920 million tons of COy [1]. When considering
sustainability of photovoltaic modules through the
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methodology of a life cycle assessment (LCA), innovations
focused on increased energy efficiency and reliability to
reduce the levelized cost of electricity from solar panels also
have benefits for the LCA of this technology, most directly
impacting the in-use phase [2]. The design of such efficient
and reliable modules requires a multi-material system with
a layered structure and complex interfaces as detailed in
Figure 1, where polymers are the base material for
encapsulant layers and may be used in the backsheet layer.

The encapsulant layer is critical to limiting losses and
failure mechanisms by protecting the cell and metallization
from physical and environmental stressors and maintaining
electrical insulation [3]. Furthermore, the development of
new, cutting-edge modules also requires innovative
approaches, materials, and formulations in the encapsulant

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-4636-3646
https://orcid.org/0000-0002-1732-8163
https://orcid.org/0000-0002-5780-1322
https://orcid.org/0000-0002-4383-3884
mailto:cgrand@dow.com
https://www.edpsciences.org
https://doi.org/10.1051/epjpv/2025030
https://www.epj-pv.org
https://creativecommons.org/licenses/by/4.0

2 C. Grand et al.: EPJ Photovoltaics 17, 6 (2026)

- Frame or rails

® Glass

® Encapsulant

@ Solar cells

# Encapsulant

» Backsheet

—= Junction box
- power electronics

Fig. 1. Schematic description of the layers and materials making
up a generic photovoltaic module.

layers to enable implementation of more efficient cell
technologies along with increasing module reliability [4,5],
hence also impacting positively the in-use phase of the
module life cycle. Furthermore, when considering the other
stages beyond the in-use phase in the full LCA, and the
End-of-Life (EoL) phase in particular, innovative technol-
ogies have been developed to remove the encapsulant layers
for module separation and material recovery [6-10]. With
the Waste of Electrical and Electronic Equipment (WEEE)
directive stating that all producers supplying photovoltaic
solar panels to the European market must finance the costs
of collecting and recycling EoL photovoltaic solar panels in
Europe [11,12], further focus is directed towards repair,
collection, and recovery of modules, and hence on the
contributions from encapsulants on circularity.

As mentioned, encapsulant layers in modules rely on
polymers: ethylene-vinyl acetate (EVA) and polyolefin
elastomers (POE, considered to be copolymers of ethylene
and a-olefin) are two commonly used polymer types in this
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Fig. 2. Structure of (a) ethylene-vinyl acetate (EVA) and
(b) polyolefin elastomers (POE) polymers.

R1 =

market, with encapsulant films containing POE continuing
to grow, either as a monolayer or as a multilayer in
combination with EVA (referred to as EPE films) [13]. The
generic structures of EVA and POE polymers are shown in
Figure 2. It is important to note that while EVA or POE
polymers are the majority components, encapsulant films
are formulated systems and include additives, one of which
is typically a peroxide to yield a crosslinked film in the
module with the thermomechanical performance required
to meet module qualification standards [14,15]. When
reviewing the use phase of modules, thoughtful encapsulant
material selection depending on the cell type and module
construction may minimize failures, hence maximizing
reliability and lifetimes [4,16]. When thinking about the
EoL of modules with the most common encapsulants
currently, the crosslinked EVA or crosslinked POE
materials recovered (either from manufacturing rework
or from modules after use in the field) are expected to have
widely different properties compared to the original, non-
crosslinked EVA or POE polymer, hence creating a
challenge for closed-loop polymer recycling for modules.
In particular, the crosslinked, thermoset materials are
expected to have distinct rheological behavior compared to
the original, thermoplastic polymer, thus limiting their use
as-recovered [17]. This change in rheology points to the
need for further recycling assessments of the recovered
crosslinked polymers from PV modules.

In addition to encapsulants, backsheet layers also rely
on polymers. The materials used in backsheets tend to vary
from those found in the encapsulant layer, due to the
different performance requirements, and the backsheet
itself is often a multilayer, multi-material system [18]. As
with encapsulant materials, technology of the backsheets is
evolving and materials used may include polyethylene
terephthalate (PET), fluoropolymers, such as polyvinyli-
dene fluoride (PVDF), and polyolefins, such as polyeth-
ylene (PE) or polypropylene (PP) [19,20].

Given that polymers are the base for encapsulant and
backsheet layers, end-of-life recycling technology of
polymers from other applications can be leveraged to
benefit circularity of PV modules. Over 450 million metric
tons of plastics are produced annually on a global scale, but
only around 12% are being collected for recycling [21-23].
Based on data from 2019, 40% of the global plastic comes
from packaging applications; the remaining 60% are from
non-packaging applications [24,25]. For example, recycling
of rigid bottles from packaging applications is well
established, where polyethylene terephthalate (PET)
and high-density polyethylene (HDPE) represent the
majority of recycled plastics. By contrast, and as noted
for photovoltaic modules, polymers from non-packaging



C. Grand et al.: EPJ Photovoltaics 17, 6 (2026) 3

applications are more difficult to collect and recycle, as the
overall system including polymers is typically meant to
enable long lifetimes and high reliability, where different
types of polymers, combinations of polymers with other
materials such as glass and metals (among others), or the
use of different additives can complicate these formula-
tions. Given the multicomponent design of the modules,
ideally, a kind of dismantling or disassembly of solar
modules into their individual components to obtain
interesting secondary raw materials, such as individual
polymer fractions could be considered [26,27]. Several
companies offer recycling technologies for photovoltaic
solar panels [28], with upstream processes to remove the
frames and connecting cables with the corresponding boxes
as the first step implemented as state of the art by several
companies [29,30]. Subsequently, the separation of the
module layers to recover desired fractions can be completed
using water jet separation. In this process, high pressure is
used to remove the material layer-by-layer down to the PV
glass, and the individual polymer flakes can then be sorted
[31,32]. Another example of separation of the polymer-rich
layers by physical and chemical processes, such as swelling,
is provided in the literature [33]. The resulting output
streams include aluminum, glass, polymers, silicon powder,
silver and other metals, and while many of these output
streams can be reused or recycled (e.g., glass, aluminum,
copper, and silver), the polymer stream is often directed to
other applications, such as the cement industry or used in
road construction [34-36]. Although these applications
could also be considered for reuse of the polymers coming
from the photovoltaic solar panels, this still follows a linear
approach and is not circular.

Complementary recycling routes exist for polymers:
mechanical and advanced (a.k.a. chemical) recycling. In
mechanical recycling, the polymer is maintained: the
collected polymer-rich fraction is shredded, sorted, washed,
and extruded and pelletized. However, not all polymers can
be mechanically recycled. For that reason, chemical
recycling, which breaks down the input material to smaller
units, has been gaining attention. It should be noted that
the collection, shredding, sorting, and washing steps
utilized with mechanical recycling are also included with
chemical recycling. Three technologies are currently
recognized for chemical recycling: depolymerization,
pyrolysis, and gasification. Pyrolysis is a thermal process
that converts the solid input material into different
products; these output products include liquid hydro-
carbons (pyrolysis oil), gas, and solid char/residue. The
principal output stream is pyrolysis oil, which after
upgrading to remove undesired impurities/components,
can be used as a feedstock for steam crackers to produce
olefinic monomers, which can ‘Close the Loop’ through the
production of recycled polymers. Pyrolysis is a targeted
recycling route for polyolefinic materials, such as EVA and
POE, to favor closed-loop circularity for materials found in
encapsulant layers by producing polymers with electrical
and rheological properties required by photovoltaic
applications. This approach favors closed-loop recycling
of polymers from encapsulant layers to achieve circularity
of photovoltaic modules, with limited impact on module
reliability during use. As this article focuses on pyrolysis,

depolymerization and gasification will not be discussed.
However, readers are referred to some of the many review
articles detailing the different chemical recycling technolo-
gies [37-39].

Currently, energy recovery, via pyrolysis for example
[32], appears to be the main EoL treatment for encapsu-
lants from PV modules. To complement this path of energy
recovery, which can contribute to emissions [40], this work
focuses on characterization of recovered encapsulants from
PV modules as an initial feasibility analysis of closed-loop
recycling of encapsulant materials from photovoltaic
modules via mechanical separation for recovery of
polymer-rich layers, followed by chemical recycling to
produce feedstocks for EVA or POE production. As
polymer backsheet layers could end up in the same
polymer-rich stream from end-of-life modules, the assess-
ment of recovered backsheet materials complements that of
the recovered encapsulant materials, to outline some of the
challenges that may arise from contaminants or combined
polymer streams. One example is the potential presence of
fluoropolymers in polymer backsheets, which limits the
compatibility of mixed polymer streams with recycling
processes [41], and with pyrolysis processes in particular
due to HF gas formation [42].

This work complements prior research assessing the
polymer stream from photovoltaic solar panels, where
thermogravimetric analysis and pyrolysis coupled to gas
chromatography with mass spectrometric detection were
used to evaluate the polymer stream based on an EV A-rich
encapsulant layer and a backsheet layer from photovoltaic
solar panel recycling [43]. Various olefinic compounds and
oxygenated molecules were identified; however, no quanti-
fication was provided, nor was an evaluation on potential
inorganic contamination performed. Such information is
critical to understand the type and levels of undesired
impurities that could be present in a pyrolysis oil obtained
from the polymer stream from photovoltaic solar panels.
The Deutsche Gesellschaft fiir Kreislaufwirtschaft und
Rohstoffe mbH (DKR) is the German system for classifying
polymer waste and is commonly used in Europe, and while
there is no open-source specification for pyrolysis feed-
stocks, several articles have been published on the lab- and
pilot-scale pyrolysis of DKR-350 [44,45]. Therefore, the
open DKR-350 specification for mixed plastics was used as
a guideline in this report [46]. Presented herein is a first
pass assessment and comprehensive evaluation of the
polymer stream from photovoltaic solar panels for poten-
tial as an input feedstock for pyrolysis.

2 Material and methods

2.1 Materials

Modules from 3 manufacturers were recovered either after
manufacturing (production scrap) or after use in the field
and disassembled as described in the following section. The
modules were either based on crystalline silicon (cSi) or
thin-film cell technology. The separation of the panels
yielded 5 polymer-rich samples as listed in Table 1: two
from the backsheet layer labeled Backsheet 1 and Back-
sheet 2, and three from the encapsulant layer labeled
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Sample Source Assembly design Cell Sample history
technology
Backsheet 1~ Module 1 Glass/encapsulant /cell/ cSi Recovered from
encapsulant /backsheet production
module
Backsheet 2 ~ Module 2 Glass/encapsulant /cell/ cSi Recovered after in-
encapsulant /backsheet field use
module
Encapsulant 1 Module 3 Glass/encapsulant /cell / Thin film Recovered after in-
encapsulant glass module field use
Encapsulant 2 Intermediate from Encapsulant/cell/ cSi Recovered from
Module 1 production  encapsulant intermediate production
Encapsulant 3 Intermediate from Encapsulant multilayer N/A Recovered from
Module 1 production  intermediate production

Fig. 3. (a) Pictures of the recovered polymer-rich samples, (b) Picture of a typical embossed encapsulant film prior to lamination in a

module.

Encapsulant 1, Encapsulant 2, and Encapsulant 3. Back-
sheet 1, Encapsulant 2, and Encapsulant 3 come from
module production at the time of dismantling, meaning
that they were not subjected to stressors as would an EoL
panel, such as electrical bias, ultraviolet exposure,
humidity, or temperature. Encapsulant 2 was laminated
to the crystalline silicon cell, whereas Encapsulant 3 was
recovered prior to lamination to the cell. It is interesting to
note the variation in physical aspect of the recovered
fractions compared to the input materials, as illustrated by
the encapsulant layer. The input encapsulant film is
designed to be colorless as seen in Figure 3b and
transparent when integrated in the module, while some
recovered samples, such as Encapsulant 2 and Encapsulant
3, show varying degrees of gray-to-black color. Encapsu-
lant 3, which has not been in contact with other
components of the module, exhibits a light grey color. It
is hypothesized that this material could be based on
technology similar to smart wire contacting technology

(SWCT) and include both polymer and some metal content
by design [47]. Furthermore, Encapsulant 2 has been
laminated to the cSi cell and its darker color compared to
Encapsulant 3 could be the result of contamination from
materials present in the module at the interface with the
encapsulant layer, for example from the silicon cell, and
metallization and interconnect, as well as the strong
mechanical stresses encountered during the separation
process.

2.2 Module separation and material recovery

Two key technologies were used to obtain polymer samples
from end-of-life modules for the initial tests. For the
backsheet samples, taking the “Backsheet 2” sample from
Module 2 as an example, a complete PV module without
frames and J-boxes was treated using high-pressure
waterjet technology (according to the apparatus and
method in patent DE102021109591B4) [48]. The backsheet
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material could be easily extracted from the blasting
material and made available for the tests. The backsheet
of this old module was very easy to remove and fell off in
larger flakes than usual. We suspected that contact with
the substrate was no longer very strong. The module was a
monofacial glass/backsheet crystalline silicon module.

This was contrasted by a so-called thin-film module,
Module 3, which had also been in the field for a long time.
These modules are usually double-glazed modules, which
require a different technology to open the sandwich.
Typically, the photoactive layer is located directly on one
of the two glass plates. This layer can be manipulated using
flash discharges, allowing the entire glass plate to be
removed using vacuum suction cups after complete
exposure of the thin-film module. Subsequently, the
semiconductor and conductor residues remaining on the
polymer fraction were removed using a hydrometallurgical
process (according to technology published in
EP000002961855B1) [49], and the clean polymer-rich
material was removed manually and cut for further testing.

Encapsulant 2 and Encapsulant 3 were recovered
during module production and underwent mechanical
treatment for further separation.

2.3 Cryogenic milling

All samples were cryo-milled prior to analytical evaluation.
A Retsch CryoMill with a 50 mL stainless steel grinding jar
and autofill liquid nitrogen vessel was utilized (Verder
Scientific, Belgium). Liquid nitrogen was used as the
cryogen (Air Liquide, Belgium). An amount of material
was added to the 50 mL stainless steel griding jar, making
sure to not overfill the grinding jar, and the material was
cryo-milled for 5 min or until a fine powder was obtained.

2.4 Fourier transform infra-red (FTIR) spectroscopy

Fourier Transform Infra-red (FTIR) spectroscopy was
performed on the cryo-milled material. A Nicolet iS50 FTIR
spectrometer was used in attenuated total reflection (ATR)
mode to collect spectra on the samples (Thermo Fisher,
Netherlands). A total of 16 scans at 4 cm ™' were co-added to
obtain the IR spectra. OMNIC software (Version 9.13.1256)
provided with the instrument was used for data collection and
processing.

2.5 Elemental analysis (CHN-O)

The elemental composition of the samples was determined
using a Vario EL Cube CHN-O elemental analyzer from
Elementar (Beun De Ronde, Netherlands). The EL cube
operating software provided with the instrument was used
for instrument control and data processing. Approximately 5
mg of the cryo-milled material was weighed into the sample
cup and analyzed by combustion followed by separation
using gas-selective columns to trap the gases until released by
heating prior to detection by thermal conductivity. Tripli-
cate sample preparations were prepared and analyzed.
It should be noted that the oxygen content was estimated by
subtracting the carbon, hydrogen, and nitrogen values
from 100%.

2.6 X-ray fluorescence (XRF)

The inorganic composition of the samples was deter-
mined using a Zetium 4 kW X-Ray Fluorescence (XRF)
analyzer (Malvern Panalytical, Netherlands). The
samples were analyzed in a P1 cup with a 4 um prolene
film. Omnian software provided with the instrument
was used for instrument control and data processing. A
relative error of around 20% is given for the XRF
results.

2.7 Thermogravimetric analysis (TGA)

The weight loss distribution for the samples was
determined using a Mettler Toledo TGA/DSC 3+. The
purge gas was either nitrogen or air at a flow rate of
30 mL/min. For the first heating run nitrogen gas was
used, and the oven program was as follows: 30 °C (2 min) —
20 °C/min — 900 °C (10 min). The oven was allowed to cool
down to and equilibrate at 200 °C, the purge gas was
switched to air, and then the second heating run was
performed using the same ramp of 20 °C/min to 900 °C
with a 10 min isothermal hold. Instrument control and
data processing were performed using the STARe software
provided with the instrument.

3 Results and discussion
3.1 Material characterization

All samples were cryo-milled prior to analysis by a variety
of analytical techniques; it should be noted that only cryo-
milled material was analyzed to obtain the overall
composition of the samples, which is more relevant when
considering a material as a potential feedstock for pyrolysis
recycling. FTIR was used to identify the polymer type
present, elemental analysis was used to determine the
amount of carbon, hydrogen and nitrogen (oxygen was
estimated), XRF was utilized for semi-quantitative
determination of the inorganic elements present, and
TGA was used to estimate the amount of polymer content
present. While the sample set is limited and does not allow
for a systematic comparison, these samples provide a first
view into the range of composition that could be expected
both from the input materials based on module design and
from output material impacted by the separation method
selected (here, mechanical separation).

From the FTIR analysis, the polymer type was
determined, and Table 2 gives an overview of the identified
polymers. Identification was performed using reference
spectra contained in the spectral library and comparing to
the spectra obtained from the samples. Clear differences in
polymer type were seen between the backsheet and
encapsulant samples; additionally, differences were also
observed between the encapsulant samples. Both Back-
sheet 1 and Backsheet 2 contained PET. Encapsulant 1
included polyvinyl butyral (PVB) and EVA, while
Encapsulant samples 2 and 3 consisted of ethylene-rich
polymers, akin to what can be expected from POE-based
encapsulants. The differences between backsheet and
encapsulant materials were expected based on the distinct
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Table 2. Comparison of theoretical and estimated C:H:O ratio.

Sample ID Polymer (FTIR) Theoretical C:H:O ratio* Estimated C:H:O ratio**
Backsheet 1 PET 63:4:33 59:5:36

Backsheet 2 PET 63:4:33 60:5:35

Encapsulant 1 PVB & EVA 67:10:23 & 63:9:28 63:10:27

Encapsulant 2 Ethylene-rich 86:14:0 85:15:0

Encapsulant 3 Ethylene-rich 86:14:0 86:14:0

PET: Polyethylene Terephthalate, PVB: Polyvinyl Butyral, EVA: Ethylene-Vinyl Acetate.
.. Theoretical C:H:O ratio is given for the polymers identified by FTIR.
Estimated C:H:O ratio is given by subtracting the total inorganic content obtained from XRF from the total oxygen value estimated

in Figure 4.

o o o
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100
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0

Encapsulant2 Encapsulant3
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Fig. 4. Elemental analysis (CHN-O) results for the two backsheet samples and three encapsulant samples. Note: oxygen values were
estimated by subtracting the carbon, hydrogen, and nitrogen values from 100%.

property requirements of the two layers and the informa-
tion on materials used by manufacturers of these different
films.

The elemental analysis (CHN-O), inorganic analysis
(XRF), and weight loss distributions (TGA) are comple-
mentary to one another. From the elemental analysis, it
was clear to see that the two backsheet samples contained
the lowest amount of carbon (approximately 46 wt.% and
59 wt.% for Backsheet 1 and 2, respectively) and highest
amount of oxygen, estimated at around 50 wt.% and 36 wt.%,
respectively (Fig. 4). As stated above, the two backsheet
samples are composed of PET, which has a formula of
(C10HgO4),. Encapsulant 1 has the next highest level of
carbon, at about 63 wt.%. This sample comprises PVB and
EVA, which have the following formulas: (CgH405), and
(CoHy)n(C4HgOs),y, respectively. Encapsulants 2 and 3
contained the highest carbon content at around 79 wt.% and
83 wt.%, respectively. These samples both contained
ethylene-rich polymers thought to be polyolefin elastomers
as common encapsulant materials discussed in the introduc-
tion, with a typical example being ethylene/1-octene
copolymer, which has a formula of (CoHy),(CsHig)m.
Nitrogen was detected at less than 0.5 wt.% for the two
backsheet samples and was below the detection limit of
0.1 wt.% for the three encapsulant samples.

While it is expected that the carbon content corre-
sponds solely to the polymer(s) present in the samples, the
oxygen content can originate from not only the polymer (in
the case of oxygen-containing polymers such as PET, PVB,
or EVA), but also from the inorganic components present.
From the inorganic data presented in Fig. 5, it is clear to see
that Backsheet 1 contains the highest total level of
inorganic elements at around 22 wt.%. The largest
contributor to Backsheet 1 is aluminum, which is present
at roughly 18 wt.%. The aluminum present in this
backsheet sample could be by design, as aluminum layers
in the backsheet provide a moisture barrier, with this type
of backsheet available from multiple suppliers [50]. Back-
sheet 2 contains around 1.1 wt.% total inorganics with
titanium making up the majority at 1 wt.%. The presence
of titanium in both backsheet samples is thought to stem
from titanium dioxide incorporated by design into back-
sheets for performance requirements [19]. Both backsheet
samples also show some levels of silicon. The origin of the
silicon content in Backsheet 1, and to a lower extent in
Backsheet 2, is unclear. One potential source of silicon in
backsheets is silica used as a reinforcing filler. Another
possibility is that a silicon oxide coating is used between the
layers; however, the level of silicon detected is too high for
that scenario to be likely. Encapsulant 1 has negligible
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Fig. 5. Inorganic composition (XRF) results for the two backsheet samples and three encapsulant samples.

inorganic content (<0.1 wt.%), while Encapsulants 2 and 3
have approximately 7 wt.% and 2.7 wt.% total inorganic
content. Encapsulant 1 was recovered from a module based
on thin-film cell technology after in-field use, whereas
Encapsulants 2 and 3 were recovered from production. The
different parameters between Encapsulant 1 and Encap-
sulant 2 and 3 (module design, cell type, encapsulant type,
stress experienced by the module prior to separation, and
separation method) do not allow for a clear explanation of
the variation in total inorganic content between Encap-
sulant 1 and Encapsulant 2 and 3. For Encapsulant 2,
silicon is the major contributor at about 5.5 wt.%, while
bismuth at about 1.5 wt.% is the major contributor for
Encapsulant 3. As noted previously, Encapsulant 3 had a
light grey color, which is explained by the presence of
bismuth and tin. In the case of Encapsulant 2, which
displayed a darker color compared to Encapsulant 3, the
inorganic content is thought to mainly come from
contamination from the neighboring interfaces with the
silicon cell, as well as metal-rich electrical connections (for
example, silver likely coming from gridlines), in addition to
bismuth and tin already present in the film before
lamination. In particular, when comparing Encapsulant
2, which has been laminated to the c¢Si cell, and
Encapsulant 3, which has not been in contact with the
cSi cell, around 5 wt% of silicon is measured in Encapsulant
2, indicating that the combination of lamination with the
mechanical separation process used in this study leads to a
certain level of metallic components in the polymer
fraction. This is hypothesized to be due to ion migration
into the encapsulant layer or more likely from cohesive
failure within the ¢Si cell, within the silicon or solder
material, during the mechanical separation step.

As the C:H:O ratio of polymers is well known, the
theoretical and estimated C:H:O ratios are included in
Table 2. The theoretical ratio is based on the polymers

identified by FTIR and the formulas given above.
Estimating the C:H:O ratios was challenging, as C-H-N-
O can also be incorporated into the inorganic compounds
present. To estimate the C:H:O ratios, the total inorganic
content obtained from XRF was subtracted from the total
oxygen values estimated from the elemental analysis. As
can be seen in Table 2, the theoretical and estimated C:H:O
ratios only line up for the three encapsulant samples. The
deviations between the theoretical and estimated C:H:O
ratios are likely due to a multitude of factors. First, it is not
accurate to assume that all inorganic content will contain
oxygen. Metal (M) or inorganic compounds containing
C-H-N-O can be present. The estimated ratios assume that
the inorganic content determined by XRF has an
equivalent oxygen content. XRF only provides data on
the inorganic element and not the molecular formula of the
compound present in the formulation. Therefore, signifi-
cant errors can be introduced into the estimated values; for
example, oxygen is known to be present in many inorganic
compounds (e.g., SiOs, TiO,), but the XRF data cannot
define if Si is present as a metal (Si’), as an inorganic filler
(Si0y), or as a polymer (PDMS: CHjs[Si(CH;)50],Si
(CHs)3). Second, oxidation of the polymers during outdoor
exposure may also increase the oxygen content of the
polymer [51]. The two backsheet samples, which showed
deviations between the theoretical and estimated C:H:O
ratios, contained the highest levels of oxygen. Both samples
were shown to contain PET, which is an oxygen-containing
polymer, and these samples also contain detectable levels of
inorganic elements, which can also contribute to the total
oxygen content (e.g., oxides), incorporating additional
error into the estimated C:H:O ratios. Furthermore,
oxidation of PET present in polymer backsheets may
further contribute to the difference between theoretical and
estimated C:H:O ratios [52,53]. For the three encapsulant
samples, the estimated and theoretical C:H:O values
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Weight Percentage (wt.%)

Backsheet 1 Backsheet 2

W Polymeric (%)

Encapsulant 1

W Char (%)

Encapsulant2 Encapsulant3

M Residue (%)

Fig. 6. Weight loss data (TGA) results for the two backsheet samples and three encapsulant samples.

aligned. Encapsulant 1 showed the highest oxygen level
and was shown to contain EVA and PVB, both oxygen-
containing polymers. Encapsulant 1 also showed negligible
inorganic content, indicating that the total oxygen content
observed originated from the polymers. Encapsulants 2 and
3 showed the lowest total oxygen content. These samples
consisted of ethylene-rich polymer that does not contain
oxygen, indicating that any oxygen present would be non-
polymeric or the result of polymer oxidation.

TGA was used to estimate the weight loss information
for the samples. Experiments were performed such that in
addition to the polymer content, char and residue amounts
could also be estimated. By heating under air, the amount
of carbonaceous char present in the samples was deter-
mined. This differs from the residue, which should consist
of the inorganic components. The weight loss information
was used to estimate the amount of polymer content, which
showed significant weight loss in the 300-550 °C tempera-
ture range. More specifically, the two backsheet samples
exhibited weight loss in the 400-500 °C range, while
Encapsulant 1 showed weight loss between 300-450 °C and
Encapsulants 2 and 3 between 450-500 °C. The char
content was determined under air, where weight loss was
observed in the 500 — 650 °C range. Finally, the residue was
the amount remaining after the second heating took place.
Overall, these results are complementary to the elemental
and inorganic analyses. As can be seen in Figures 6 and 7,
Backsheet 1 contains the lowest polymer content (~ 61 wt.%)
and highest residue (~ 37 wt.%). This sample also showed the
lowest carbon content and highest inorganic content
(described above). Backsheet 2 yielded about 83 wt.%
polymer content and had significant char (~12.5 wt.%) and
residue (~5 wt.%) levels. The level of char detected in
Backsheet 2 seems high; however, this is likely attributed to
the fact that some of the inorganics present in Backsheet 2 are
in the oxide state (as determined from comparison of the
theoretical and estimated C:H:O ratios) and the fact that the
molecular formulas of the inorganic compounds present are
unknown. These combined factors could result in the higher-
than-expected amount of char in Backsheet 2. Encapsulant 1
showed an extremely high polymer content of ~98 wt.% and
relatively low char and residue values (<1 wt.% and ~ 1 wt.
%, respectively). Additionally, from the TGA curve, it is
clear to see the different decomposition temperature of the

PVB and EVA polymers. Encapsulant 2, which had an
inorganic content around 7 wt.%, contained about 91 wt.%
polymer and ~ 9 wt.% residue. Lastly, Encapsulant 3 also
contained an extremely high polymer content of ~ 98 wt.%
and a residue value of ~ 2 wt.%; this matches well with the
high carbon content (~83 wt.%) and relatively low inorganic
content (~2.7 wt.%) observed for this sample. The low
residue amount observed for Encapsulant 3 while still
containing ~2.7 wt.% inorganic content is contradictory to
the results obtained for Encapsulant 1, where low char and
residue were observed in combination with non-detectable
inorganic content. This can possibly be explained by the
types of inorganic elements identified in Encapsulant 3,
where Bi and Sn were the predominant elements detected.
Volatilization can occur during TGA causing inorganic
elements to not be detected in the residue. As the molecular
formula of the inorganic components is unknown, it is
possible that volatilization occurred, resulting in the low
residue value (~2 wt.%) observed for Encapsulant 3.

3.2 Fit with chemical recycling processes

Chemical recycling via pyrolysis is the focus of this
manuscript, where the pyrolysis oil is the desired output
stream in order to ‘Close the Loop.” T'o determine the fit of
these materials with pyrolysis, the data presented above
were considered and compared to the DKR-350 guidelines.
The authors would like to re-emphasize the fact that there
is no open-source specification for pyrolysis feedstocks, and
the DKR-350 guidelines are not extensive. One point of
consideration is the polymer content, as a higher polymer
content is expected to offer a higher yield of pyrolysis oil.
The three encapsulant samples showed higher polymer
content (all above 90 wt.%) compared to the two backsheet
samples. Additionally, the polymer content obtained from
the TGA data for the three encapsulant samples is in line
with the guideline of maximum 10 wt.% total amount of
impurities taken from DKR-350. Another point of
consideration that further eliminates the two backsheet
samples for consideration is the presence and amount of
PET. According to DKR-350, a maximum guideline of
4 wt.% PET is allowed, and as PET was the only plastic
polymer identified in the two backsheet samples, the level
of PET present was above the 4 wt.% guideline.
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Fig. 7. TGA curves for the two backsheet samples [A) Backsheet 1, and B) Backsheet 2| and the three encapsulant samples [C)

Encapsulant 1, D) Encapsulant 2, and E) Encapsulant 3|.

The high polymer content observed for the three
encapsulant samples corresponds well with the data
obtained from elemental analysis (CHN-O), where the
three encapsulant samples showed higher carbon content
compared to the two backsheet samples. Additionally, the
amount of residue obtained from the TGA analysis also
matched well with the inorganic content determined by
XRF. Backsheet 1 and Encapsulant 2 showed the highest
levels of total inorganic content (~ 22 wt.% and ~7 wt.%,
respectively) and correspondingly, these two samples also
showed the highest levels of residue (~37 wt.% and ~ 9 wt.%,
respectively). With respect to pyrolysis, the inorganic
components are expected to end up in the solid char /residue
output stream; therefore, materials with higher amounts of
inorganic content are less desirable when trying to optimize
the oil output.

Based on these results, of the five samples evaluated
(two backsheet samples and three encapsulant samples),
Encapsulant 1 and Encapsulant 3 show the most promise as
a potential feedstock for pyrolysis. The next analysis of
these encapsulant samples to assess their fitness for use in a
chemical recycling process should be done under pyrolysis
conditions to produce a pyrolysis oil, where lab-scale
pyrolysis is a first step. The pyrolysis oil produced from
such lab-scale experiments must be evaluated, providing
completeness to the work presented herein. Data from the
potential feedstock and corresponding pyrolysis oil are
required if encapsulants from PV solar panel applications
are to be considered as potential feedstock for pyrolysis,
thus enabling a closed-loop recycling process for polymer-
rich materials.

Beyond the fit of individual samples with a pyrolysis
recycling process, the characterization of these five samples
reveals a diverse range of both organic and inorganic
compositions. Consequently, effective sorting of the
resulting polymer mixture may be essential to maximize

the value of the different polymer types, such as isolating
polyolefins from encapsulant layers and PET from back-
sheet layers, for further processing. Various techniques are
employed to sort polymers within mixed plastic waste
streams, with the selection depending on the sorting
facility’s capabilities and the intended end products.
Spectroscopic technologies are commonly used, wherein
plastics are conveyed under light sources and identified
based on their distinct spectral signatures. Near-Infrared
(NIR) spectroscopy is frequently applied to differentiate
polymer types like PET, PE, PP, PVC, and PS; however
online in a sorting facility, only limited polymers can be
sorted simultaneously using this technique. Furthermore,
its accuracy may be compromised by multilayer config-
urations, surface contamination, or dark-colored materials.
Additional optical methods, such as visible (VIS) spectros-
copy for color separation, X-ray fluorescence (XRF) for
detecting heavier elements (e.g., chlorine and bromine),
and advanced techniques like Raman spectroscopy, can
also be utilized typically offline and albeit sometimes at
higher costs. Beyond optical approaches, physical separa-
tion methods play a significant role; these rely on properties
such as density and surface charge. Sink-float separation
leverages water to differentiate plastics by density, while
magnetic density separation uses both magnetic fluid and
field to create density gradients. The triboelectric effect can
be harnessed to separate binary polymer mixtures by
exploiting differences in surface charge—for instance,
rubbing together polyethylene (PE) and polypropylene
(PP) and then exposing them to an electric field causes PP,
which tends to acquire a positive charge relative to PE ([+]
PP - PET — PS — PE — PVC []), to move toward the
negative electrode [38,54].

Considering the polymers present in EoL. PV modules,
current sorting technologies are capable of separating
mixed streams containing backsheets and encapsulants,
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yet certain challenges persist. Polymers such as PET, EVA,
and PE can generally be identified and separated through
established spectroscopic methods like NIR. However,
online NIR is limited in the number of polymers that can be
sorted, and this is compounded by the detection of thin
layers of fluorinated polymers in backsheets, such as PVF
or PVDF, remains problematic; these layers are often
either too thin or present in insufficient quantities for
reliable identification by NIR, which would likely detect
only the dominant polymer, such as PET. Furthermore,
while metallic layers within these materials can be
identified using XRF, this technique is not available online
for sorting facilities and it cannot detect elements with
atomic numbers below 10, such as fluorine. Given these
limitations, further research is needed to evaluate alterna-
tive spectroscopic methods and/or assess physical separa-
tion methods for isolating fluorinated polymers, especially
when considering the need for online techniques that can be
implemented in sorting facilities.

Pyrolysis is a promising chemical recycling technology
for handling heterogeneous and contaminated end-of-life
(EoL) plastic streams, especially when mechanical recy-
cling is not possible. However, pyrolysis feasibility is
challenged by the variable composition of the resulting
feedstock, which often contains a mix of undesired
polymers (such as PET identified in this work or
fluorinated polymers that may be present), various organic
and inorganic contaminants, and fluctuates depending on
the input waste stream. These impurities can cause
operational issues in pyrolysis plants and affect down-
stream processes like upgrading and steam cracking. To
mitigate these challenges, measures should be implemented
at the collecting and sorting stages, through the selection of
the most suitable pyrolysis technology, and by adding
pyrolysis oil treatment (upgrading) steps. Despite its
potential, pyrolysis remains a relatively small-scale
process, and its economic viability requires in-depth
assessment through a detailed business model [38,55].

4 Conclusion

Recycling of photovoltaic modules presents the opportuni-
ty to recover polymer-rich fractions as feedstock for
chemical recycling via pyrolysis, as an alternative to using
the recovered polymer materials for energy recovery. To
assess the potential of the recovered polymers as input
material for chemical recycling, comprehensive characteri-
zation of the chemical composition, including carbon
content and contaminant type and level, was conducted
using FTIR, elemental analysis, XRF, and TGA on an
albeit limited set of samples. Mechanical separation of
three modules spanning different designs, cell technologies,
and history yielded five polymer-rich samples, two from the
backsheet layers and three from encapsulant layers.
Characterization of these five polymer-rich layers from
photovoltaic recycling streams already indicates a wide
range of polymer type (PET, PVB, EVA and ethylene-rich
polymer) and content, carbon content, and contamination
depending on the source of the sample, material type, and
history of the module, pointing to the complexity of

polymer recycling from PV applications. Especially relevant,
samples Encapsulant 1 and Encapsulant 3 show promise as
potential feedstock for pyrolysis given their carbon content of
63 wt.% and 83 wt.% respectively, balanced with inorganic
content below 3 wt.%. Encapsulant 2 is also a candidate for
further work as it contained 79 wt.% carbon from 91 wt.%
polymer and around 9 wt.% residue, hence fitting within
the DKR-350 guideline. Further lab-scale pyrolysis could be
conducted on these samples to generate a pyrolysis oil
for analysis. In contrast, backsheet samples, dominated by
PET and higher inorganic content, are less suitable due to
exceeding impurity thresholds of the DKR-350 guidelines
and potential process incompatibilities.

In summary, recycling polymer materials from PV
modules can further enable closed-loop circularity thanks
to polyolefin production from alternative feedstocks and
reincorporation into polyolefin encapsulant, while main-
taining the targeted performance and reliability for PV
applications. While these results suggest potential for
recovered polymers for chemical recycling to generate
hydrocarbon feedstocks, they also point to the need for
sorting polymer fractions recovered from photovoltaic
modules or additional cleaning processes prior to considering
chemical recycling technologies for recycling. Future work
should expand sample diversity, integrate lab-scale then
process-scale pyrolysis, and refine sorting and purification
methods that could be required prior to pyrolysis to enable
closed-loop circularity of polymers in PV modules.
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