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ABSTRACT
The thermal combustion of polymers contained in PV has been studied by 9-Tech, 
and it has been shown to be an efficacious way to recover from end-of-life (EoL) 
photovoltaic secondary raw materials with high efficiency and purity. In this work, 
the removal of the backsheet from photovoltaic (PV) panels has been investigated 
as a pre-treatment step in the thermal recycling process, assessing its impact on ma-
terial recovery, energy consumption, and environmental emissions. The backsheet 
has been removed by means of an innovative technology developed by CEA based 
on sanding. The analysis of the materials recovered from PV panels with and with-
out backsheet indicated that backsheet removal improves material purity by elimi-
nating contamination with titanium dioxide (TiO2) powder. Furthermore, it reduced 
dust emissions and avoided the production of toxic hydrofluoric acid. Finally, it also 
slightly increased energy consumption due to the removal of combustible polymeric 
material.

1.	 INTRODUCTION
The global solar photovoltaic (PV) modules reached 

an installed capacity of 1 TW at the end of 2022 (IRENA, 
2023), and according to the International Renewable Ener-
gy Agency, this value is predicted to increase to 5 TW by 
2050 (Weckend et al., 2016). With an estimated PV module 
lifespan of 25-30 years, the volume of end-of-life (EoL) PV 
panels is expected to rise significantly in the coming dec-
ades, creating both environmental challenges and opportu-
nities for resource recovery. 

To survive for a long time, PV panels are made of dif-
ferent layers, each of which has a specific function. A soda 
lime glass is placed on top of the module to ensure me-
chanical stability and transparency to the incident light. 
It is characterised by a low iron content since the latter 
causes light absorption in the glass, which can result in 
losses. Moreover, the glass is tempered to boost its impact 
resistance (Jäger et al., 2014). Two encapsulant layers in-
corporate the solar cells; the most often used material is 
ethylene vinyl acetate (EVA). The final layer consists of the 
backsheet, a critical component of PV modules protect-
ing against environmental stressors such as UV radiation, 
moisture, and mechanical damage (Fraunhofer, 2017). 
Backsheets are commonly made from materials like poly-

vinyl fluoride (PVF), polyvinylidene fluoride (PVDF), or poly-
ethylene terephthalate (PET) (Chitra et al., 2022), and they 
often include additives such as titanium dioxide (TiO2) (Do-
bra et al., 2022) for UV resistance and pigmentation. 

Recycling PV modules is essential to mitigate waste, 
recover valuable materials such as silicon, silver, copper, 
aluminium, and glass, and reduce the environmental foot-
print of solar energy systems (Fraunhofer, 2017).

The complexity of PV module design, particularly the 
strong encapsulation, poses significant challenges to effi-
cient recycling processes.

End-of-life (EoL) PV panels contain valuable materials: 
recovering these materials efficiently is essential for max-
imising economic and environmental benefits. Among the 
different recycling techniques, the thermal, mechanical, 
and chemical are the most traditional according to the pan-
el type (Deng et al., 2022; Rubino et al., 2021; Savvilotidou 
& Gidarakos, 2020). Investing in advanced and feasible 
recycling technologies, expanding treatment capacities, 
and promoting sustainable methods are crucial to scaling 
up PV recycling. These efforts reduce environmental risks, 
simultaneously unlocking market opportunities through 
material recovery and waste valorisation. Thermal-based 
strategies have recently gained attention as viable end-
of-life (EoL) treatment routes for PV modules, especially 
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when aiming for high-purity material recovery. In its inert 
atmosphere, pyrolysis allows for the degradation of EVA 
and the other backsheet polymers at temperatures typical-
ly between 400 and 600°C, enabling the recovery of silver 
and silicon while minimising oxidation of metallic frac-
tions (Dobra et al., 2022). One of the main disadvantages 
of pyrolysis concerns the generation of a complex mixture 
of volatiles, requiring sophisticated gas treatment infra-
structure. In contrast, combustion processes operating in 
oxidative environments simplify off-gas composition by 
oxidising volatile species to CO2 and H2O, but introduce 
challenges when processing fluorinated backsheets due 
to HF formation (Chitra et al., 2022). Several projects in Eu-
rope have already demonstrated the feasibility of thermal 
approaches at the pilot scale (Fraunhofer, 2017; Weckend 
et al., 2016). In this framework, a novel approach compris-
ing thermal delamination and mechanical separation has 
been validated by 9-Tech at the pilot scale (Cerchier et al., 
2024).

The process can correctly separate glass, character-
ised by high purity, copper ribbons and pieces of silicon 
cells. These cells can further be treated by hydrometallurgi-
cal processes to recover the silver. In the abovementioned 
process, both encapsulant and backsheet are burned dur-
ing the thermal treatment and therefore are not recovered. 
Backsheet recovery could have some advantages for the 
process. Fluorinated backsheets release hazardous hydro-
gen fluoride (HF) during thermal treatment, requiring miti-
gation measures. Additionally, TiO2 powder can be present 
in the fumes or can contaminate the recovered materials 
like silicon and glass.

In this study, the removal of backsheets before thermal 
recycling has been studied as a solution to these chal-
lenges. By eliminating fluoropolymer layers, HF emissions 
during thermal processes can be avoided, reducing envi-
ronmental risks and simplifying waste treatment. Further-
more, preventing TiO2 contamination improves the purity of 
recovered materials, in particular silicon, increasing their 
potential for reuse in new PV modules or other applica-
tions.

This study aims to address this knowledge gap by con-
ducting a comparative analysis of PV module recycling pro-
cesses with and without backsheet removal. 

The backsheet removal in literature has been studied to 
be obtained with hot knife (Wahman et al., 2014) or chemi-
cals (Xu et al, 2029, Su et al. 2019).

In this study a novel approach, based on sanding, has 
been used for backsheet removal. In fact, using mature in-
dustrial sanding equipment, CEA developed a mechanical 
delamination process based on the use of abrasive belts. 
After determining the most suited abrasive nature, shape 
and size, a process was developed in order to remove all 
the materials present on the backside of a PV panel. Pro-
cess control enables precise determination and selective 
removal of specific material layers from the PV panel. For 
this study, in order to remove the fluorinated polymers 
present in the backsheet, CEA was able to remove the 
backsheet layer from PV panels using this novel abrasion 
technology. Furthermore, as a complementary step, the 
encapsulant and the cells can also be removed using the 

same technique, allowing to the recovery of the front glass 
sheet in a single piece, clean from metals, allowing the 
glass to be later recycled in the form of a cullet. 

In the present study, by controlling the process, the re-
moval of the backsheet was done using an industrial-sized 
equipment at CEA. The PV panels without a backsheet were 
later processed by 9-Tech using their proprietary combus-
tion process. By evaluating key metrics such as material 
recovery rates, energy inputs, and emission profiles, this 
research seeks to elucidate the benefits and trade-offs 
associated with backsheet removal. The findings are in-
tended to inform the development of optimized recycling 
protocols that align with environmental sustainability and 
economic viability objectives.

2.	 MATERIALS AND METHODS
2.1	Sample preparation

In this study, 12 c-Si photovoltaic panels of the same 
model (Trinasolar TSM-230PC05) were divided into 3 sam-
ples (4 PV panels each). 

All panels were dismounted from the aluminum frame 
and junction boxes. After dismounting, the samples under-
went different treatments:

•	 sample (A) has been treated with sanding technology 
to completely remove the backsheet 

•	 sample (B) has been treated with sanding technology 
to partially remove the backsheet. 

•	 sample (C), used as a reference, has not been treated 
and remained with the backsheet.

The sanding process, performed on samples A (Figure 
1), and sample B by CEA, was performed using a Format 4 
sander from the Felder group. The backsheet was removed 
using a 3 m/min PV panel speed and 19 m/s abrasive belt 
speed.

2.2	Recycling process
After dismounting and backsheet removal, the panels 

were cut into 33 cm wide strips, see Figure 2a, and each 
of the three samples was processed in the 9-Tech recy-
cling line “9PV”, a system designed for thermomechanical 
recycling of PV modules (Figure 2b). The thermal treat-
ment, in particular, was conducted in a patented tunnel 
furnace part of 9PV line that was developed by 9-Tech. It 
has dimensions 140 cm (L) × 60 cm (W) × 60 cm (H) and 
insulated with high-density ceramic wool. The panels are 
placed on a conveyor belt, and combustion gases are ex-
tracted through a heat exchanger and multistage filtration 
system.

The recycling process was conducted in two main 
phases: thermal treatment and mechanical separation.

The thermal treatment was performed using a con-
trolled heating process designed to separate encapsulant 
layers and polymeric components from the panels. 

The panels were exposed to high-temperature thermal 
treatment in air (>450°C) to ensure complete degradation 
of organic constituents (Figure 3).

Following thermal treatment, the panels underwent 
mechanical separation to recover individual material frac-



97F. Miserocchi et al. / DETRITUS / Volume 32 - 2025 / pages 95-103

tions. Mechanical separation was carried out in multiple 
stages, involving first copper separation and then two siev-
ing processes for separating glass and photovoltaic cells. 
The four recovered components are glass, PV cells, copper 
ribbons, and a powder fraction consisting of residual glass 
and photovoltaic cells. 

2.3	Analytical techniques
Before any treatment, a Fourier-transform infrared 

spectroscopy (FT-IR) was employed to identify the chem-
ical composition of both the encapsulant and the back-
sheet whereas Scanning Electron Microscopy (SEM) cou-
pled with Energy-Dispersive X-ray Spectroscopy (EDS) was 
performed to analyze the surface morphology and elemen-
tal composition of the recovered materials: glass, PV cells, 
copper ribbons, and residual powder fractions.

The efficiency of material recovery was evaluated by 
comparing the weight of the fractions obtained from pan-
els with and without a backsheet, analyzing their composi-
tion, integrity, and contamination levels. 

The fume analyses covered various parameters, each 
determined in accordance with specific standardized 
methods. Each sampling involved a continuous one-hour 
analysis of the fumes, thereby reducing the influence of 
transient variations in the measured parameters.

Powder concentration was measured according to UNI 
EN 13284-1:2017 using the gravimetric method. Carbon 
monoxide was determined following UNI EN 15058:2006 
through a non-dispersive infrared (NDIR) technique, using a 
Horiba PG 350 analyzer. Hydrofluoric acid was analyzed in 
compliance with Ministerial Decree 25/08/00, through ab-
sorption in solution followed by ion chromatography, and 
particular attention was given to this acid, as its presence 
in the off-gases is directly related to the combustion of flu-
oride-containing materials within the PV panel structure. 
Metals, excluding mercury, were determined in accordance 
with UNI EN 14385:2004 using inductively coupled plasma 
optical emission spectrometry (ICP-OES). Lastly, volatile 
organic compound (VOCs) was continuously monitored 
using flame ionization detection (FID), with a Polaris model 
analyzer.

Finally, dioxin sampling was carried out according to 
UNI EN 1948-1:2006, using a filter/condenser system with-
out flow diversion. The sampling equipment and the noz-
zle components in contact with flue gases were made of 
titanium.

To evaluate the impact of backsheet removal on pro-
cess efficiency, the energy consumption of the recycling 
process was measured in two categories: propane con-
sumption for thermal treatment and electricity consump-
tion for flue gas treatment and material separation. Gas 
consumption was recorded using inline flow meters (Me-
trix Italia, UG G 2.5 ALU), while electricity usage was moni-
tored with a multifunctional network analyzer (FRER, Nano 
5H - Q52P3H005XCQ2U) at various stages of the process.

FIGURE 1: The PV panels pre-treated with a sanding process to 
remove the backsheet.

FIGURE 2: The three samples of PV panels strips: A, B, and C (a) and the 9PV pilot plant (b).

a) b)
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3.	 RESULTS AND DISCUSSION
3.1	Material recovery and composition

The analysis confirmed that the encapsulant was com-
posed of ethylene vinyl acetate (EVA), the backsheet, in-
stead, was made of polyvinylidene fluoride (PVDF) in com-
bination with PET. In this study, the backsheet was a typical 
multi-layer backsheet used in the PV industry in the 2010s. 
The backsheet is mainly composed of PVDF/PET/PVDF 
layers with additional adhesive layers and TiO2 powders. 
The thickness of the backsheet is 500 µm, and its weight 
is close to 1 kilogram per PV panel. Owing to the differing 
responses of the various polymers to abrasive grains, the 
backsheet can be effectively removed with minimal remov-
al of the encapsulant. This approach was employed in the 
preparation of Sample A.

In the case of sample B, the sanding process was car-
ried out so it would not remove any encapsulant and rather 
leave a small layer of the internal layer of the backsheet 
that may contain some of the fluorinated polymer (PVDF). 
Depending on the abrasive used during the process, the 
granulometry of the powders varies, but a typical size of 
200 to 300 µm is common. The polymeric constituents 

of the backsheet powders—poly(ethylene terephthalate) 
(PET), ethylene-vinyl acetate (EVA), and polyvinylidene flu-
oride (PVDF)—exhibit distinct physicochemical properties 
that enable their effective separation, thereby enhancing 
the feasibility of their individual recovery and recycling.

The mass balance of the process is reported in Figure 
4, where are indicated the percentage of recovered mate-
rial with repect to the initial weight of PV panels treated.

The recovered glass accounted for 62–64% of the total 
panel weight, with no significant variation between panels 
with and without a backsheet. The removal of the back-
sheet before thermal processing did not lead to any notice-
able mechanical degradation of the glass, and no signifi-
cant fracturing or fragmentation was observed. Similarly, 
the integrity of the PV cells remained largely unaffected by 
the absence of the backsheet, suggesting that pre-treat-
ment did not introduce mechanical stress that could com-
promise material recovery. 

The recovered materials are aligned with typical com-
position that can be found in literature, reported in Table 1.

The materials are shown in Figure 5.
The recovery of metallic fractions, including aluminum, 

copper, and photovoltaic cells, was consistent across all 

a) b) c)

FIGURE 3: The PV samples after the heating treatment: a) sample A; b) sample B; c) sample C.

FIGURE 4: Process scheme with mass balance.
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test conditions. The aluminum frame, which comprised ap-
proximately 18% of the panel weight, was fully recovered 
in both cases with no observable contamination. Copper 
ribbons, constituting approximately 1% of the total panel 
weight, were successfully extracted and characterised us-

ing scanning electron microscopy coupled with energy-dis-
persive X-ray spectroscopy (SEM-EDS). 

The SEM analysis is reported in Figure 6.
The analysis confirmed that the ribbons are composed 

of copper coated with a tin-lead alloy (Figure 6b). The silver 
contacts on the PV cells contained trace amounts of lead 
and zinc, with no significant compositional differences be-
tween samples with or without backsheet (Figure 6d).

Notable differences were observed in the composition 
of the powder fraction, which consists of fine residues of 
glass and PV cells. In panels that retained the backsheet, 
the powder contained a high concentration of titanium di-
oxide (TiO2), which originates from the degradation of the 
polymeric backsheet material (Figure 6f). In contrast, the 
powder recovered from backsheet-removed panels was 
free from TiO2 contamination, indicating that backsheet re-
moval significantly improved the purity of this fraction. The 
elimination of TiO2 is particularly relevant for downstream 

Component Material Approx. wt%

Front Glass Tempered solar glass ≈ 66-72 %

Aluminum Frame Anodized aluminum 
alloy ≈ 10-12 %

EVA Encapsulant Ethylene-vinyl acetate ≈ 6-8 %

Silicon Cells Polycrystalline silicon ≈ 4-6 %

Backsheet PET/PVF polymer ≈ 2-3 %

Copper Ribbons & JB Copper, tin, plastic, 
diodes ≈ 1-2 %

TABLE 1: Approximate Bill of Materials for c-Si PV Panel (Belançon 
et al., 2022; Divya et al., 2023).

FIGURE 5: Images of the materials recovered from different samples of PV panels.
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recycling applications, as it reduces the need for additional 
purification steps.

These findings demonstrate that backsheet removal 
has no impact on the recovery of glass, metals, or PV cells 
while significantly improving the purity of the recovered 
powder fraction by eliminating TiO2 contamination. 

3.2	Energy consumption
A detailed analysis of the energy requirements associ-

ated with the recycling process was conducted to evaluate 
the influence of backsheet removal, considering both elec-
tricity and fuel (propane). Polymeric backsheets, typically 
composed of materials such as poly(ethylene terephtha-
late) (PET) and polyvinylidene fluoride (PVDF), possess in-
trinsic calorific values, this can sensibly contribute to ther-
mal energy recovery during combustion-based treatments. 
Therefore, their presence within the module structure is ex-
pected to reduce the energy demand required for achieving 
and maintaining process temperatures. This analysis aims 
to quantify such reduction. 

In fact, measurements of propane consumption indi-
cated that the removal of the backsheet led to a notable 
increase in the demand for external thermal energy input. 
The backsheet is estimated to contribute approximately 
21% of the total calorific value of a photovoltaic (PV) mod-
ule. In comparison with sample C (with intact backsheet), 
the propane consumption increased by 40% in the case of 
Sample A, where the backsheet was completely removed, 
and by 16% in the case of sample B (with partially removed 
backsheet). The more pronounced increase observed in 
Sample A suggests that, in addition to the backsheet, 
portions of the ethylene-vinyl acetate (EVA) encapsulant 
were also removed during the pre-treatment phase. This 
further reduction in combustible material likely contribut-
ed to the increased external fuel requirement. In contrast, 
Sample B retained its encapsulant layer, which helped to 
partially offset the loss of the backsheet’s thermal con-
tribution.

Electricity consumption was monitored throughout the 
process, particularly in relation to the flue gas treatment 

a)

c)

e)

b)

d)

f)

FIGURE 6: BSD-SEM and EDS analysis Images of: a-b) the surface of the copper ribbons; c-d) the front face of the PV cell with contact; e-f) 
glass surface with TiO2 powder contamination.
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system and material separation operations. The flue gas 
treatment system, which includes an extractor fan, was 
responsible for the majority of electricity consumption, ac-
counting for approximately 2.8 kW of power usage. Addi-
tional power was required for the mechanical separation of 
copper ribbons, powder fractions, and glass-cell mixtures, 
contributing to an overall electricity consumption of 10.5 
kWh per 100 kg of PV panels processed. Unlike propane 
consumption and as expected, electricity usage was not 
significantly affected by the presence or absence of the 
backsheet, as the fundamental requirements for gas ex-
traction and mechanical separation remained constant.

Overall, these results indicate that backsheet remov-
al reduces the internal energy contribution of the panels, 
necessitating an increase in external fuel consumption. 
However, the impact on electricity consumption is negligi-
ble, suggesting that any additional energy requirements are 
limited to the thermal phase of the process.

3.3	Environmental performance
The concentrations of key gaseous pollutants were 

measured in the flue gas stream upstream of any filtration 
or treatment system, to comprehensively compare the en-
vironmental performance of the treatment on the different 
samples. This approach provided an accurate representa-
tion of the raw emissions generated during thermal pro-
cessing.

The results of the analysis is reported in Table 2.
Gas chromatography and FTIR analysis confirmed 

the complete elimination of hydrogen fluoride (HF) emis-
sions in cases where the backsheet was removed prior to 
treatment. This observation is consistent with the known 
chemical composition of typical PV module backsheets, 
which may contain fluoride-based polymers such as polyvi-
nylidene fluoride (PVDF) or fluorinated additives.

From an environmental standpoint, the suppression of 
HF emissions is particularly significant. Hydrogen fluoride 
is a highly corrosive and toxic compound that poses sub-
stantial risks to both human health and industrial equip-
ment. Its presence in flue gas necessitates the deploy-
ment of scrubbing systems, typically involving alkaline 
neutralization and particulate filtration, which increase 
operational complexity and cost (Le et al., 2021). On the 

other hand, uncontrolled HF release must be avoided as it 
contributes to atmospheric acidification and represents a 
non-trivial regulatory compliance challenge under air qual-
ity directives (Ardente et al., 2019). Therefore, the removal 
of the backsheet prior to thermal treatment not only im-
proves process safety but also reduces the environmental 
impact and post-treatment burden of the recycling oper-
ation.

The concentration of particulate matter in the flue gas-
es was markedly reduced in panels with a totally or partially 
removed backsheet (Sample A, B). Titanium dioxide (TiO2) 
powder, widely used as a filler in polymeric backsheets, 
was identified as the primary contributor to dust emis-
sions in intact panels (Sample C). The elimination of the 
backsheet effectively removed this source of particulate 
contamination, resulting in significantly lower dust concen-
trations and thereby improving the overall air quality of the 
exhaust stream. This reduction in particulate emissions is 
environmentally advantageous, as airborne dust can con-
tribute to respiratory health issues and necessitates filtra-
tion infrastructure to meet regulatory standards (Anderson 
et al., 2012).

Volatile organic compound (VOC) emissions exhibited 
variability dependent on processing conditions but showed 
no definitive correlation with the presence or absence of 
the backsheet. Carbon monoxide (CO) concentrations 
ranged between 20 and 70 mg/Nm³, while nitrogen oxides 
(NOx) levels varied from 5 to 30 mg/Nm³, with Sample C 
demonstrating the highest emissions for both gases. Dust 
concentrations spanned a broad range, from a low of 20 
mg/Nm³ in Sample B (backsheet removed) to a peak of 
200 mg/Nm³ in Sample C (intact panels), underscoring the 
influence of pre-treatment on particulate emissions.

Heavy metal analysis of the flue gas revealed minor 
reductions in chromium (Cr) and nickel (Ni) emissions 
following backsheet removal. Conversely, lead (Pb) emis-
sions were elevated in Sample A, likely attributable to the 
abrasion and subsequent aerosolization of the tin-lead al-
loy coating on copper ribbons during mechanical pre-treat-
ment. These findings highlight the complex trade-offs in-
herent in recycling processes, where material removal can 
mitigate certain pollutant sources while potentially exacer-
bating others.

Pollutant Sample A [mg/Nm3] Sample B [mg/Nm3] Sample C [mg/Nm3]

Carbon monoxide, CO 24.2 ± 1.5 31.8 ± 1.9 73.9 ± 4.4

Dust 54.8 ± 1.8 18.6 ± 0.61 205 ± 6.7

Volatile organic compounds, VOCs 2.5 ± 0.22 2.8 ± 0.25 2.1 ± 0.18

Hydrofluoric acid, HF < 0.2 < 0.2 0.37

Sulphur dioxide, SO2 < 0.5 < 0.5 < 0.5

Lead (Pb) 0.107 ± 0.0200 0.017 ± 0.0040 0.042 ± 0.0098

Total Chromium (Cr) 0.004 ± 0.0011 0.014 ± 0.0034 0.020 ± 0.0048

Copper (Cu) 0.005 ± 0.0011 0.005 ± 0.0012 0.005 ± 0.0012

Nickel (Ni) < 0.003 0.046 ± 0.0093 0.006 ± 0.001

Sb + As + Pb + Cr + Co + Cu + Mn + Ni + V 0.12 0.093 0.073

TABLE 2: Fumes produced during the panel’s thermal treatment (before treatment).
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Importantly, analyses of dioxins and polychlorinated bi-
phenyls (PCBs) demonstrated negligible emissions across 
all samples, indicating that the thermal treatment of pho-
tovoltaic panels under the conditions tested does not pro-
duce significant quantities of these highly toxic and persis-
tent organic pollutants.

Overall, the data suggest that the removal of polymeric 
backsheets prior to thermal recycling significantly reduc-
es particulate and hydrogen fluoride emissions, thereby 
mitigating critical environmental hazards associated with 
flue gas treatment. However, this benefit must be balanced 
against the potential increase in lead emissions due to me-
chanical processing of copper components. 

4.	 CONCLUSIONS
The present study systematically analyzed the impact 

of backsheet removal on the thermal recycling of photovol-
taic (PV) panels, focusing on material recovery, energy con-
sumption, and environmental performance. The compara-
tive analysis between panels with and without backsheet 
demonstrated that the pre-treatment technique aimed at 
removing the backsheet offers distinct advantages, par-
ticularly in terms of material purity and emission reduction, 
while also introducing some challenges related to energy 
consumption.

Specifically, the study found that:

•	 Backsheet removal did not affect the efficiency or 
structural integrity of recovering key materials such as 
glass, PV cells, aluminum, and copper ribbons.

•	 Removal of the backsheet significantly improved the 
purity of recovered powder by eliminating titanium di-
oxide (TiO2), reducing the need for additional purifica-
tion steps.

•	 Backsheet removal eliminated hydrofluoric acid (HF) 
emissions by avoiding the processing of fluoride-con-
taining materials.

•	 Dust emissions were substantially reduced due to the 
absence of TiO2, a primary source of particulates.

•	 Backsheet removal process led up to a ~40% increase 
in external fuel consumption, attributed to the complete 
lot of backsheet material and of partial loss of EVA en-
capsulant, which reduced the panel’s overall calorific 
value.

•	 Electricity consumption remained stable, as down-
stream processing steps were unaffected.

In conclusion, the study highlights an important trade-
off: while backsheet removal improves material quality 
and environmental performance, it also increases fuel 
consumption in the thermal phase of recycling. This rais-
es questions about the overall energy demand of the pro-
cess and suggests that further optimization is needed to 
compensate for the loss of internal energy provided by the 
backsheet during combustion. 

From a future perspective, the feasibility of valorizing 
the removed backsheet material is also crucial and should 
be further investigated. The backsheet powder recovered 
with sanding process must not become a waste and alter-
native pathways such as chemical recycling, material upcy-

cling, or secondary applications in other industries are un-
der investigations. The backsheet recovery and recycling 
would further enhance the circular economy potential of 
PV panel recycling and minimize material losses within the 
system.
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