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Abstract: The adoption of clean energy, particularly solar energy, serves as a critical measure for
achieving the dual-carbon goals. By the end of 2023, China’s cumulative installed solar capacity had
reached 609 GW, with projections indicating a rise to approximately 5 000 GW by 2050. Consequently,
the volume of decommissioned solar photovoltaic (PV) modules is expected to surge from 26 000 tons
to over 15 million tons by 2050. The recycling and disposal of these modules is a pivotal challenge for

sustainable development in the solar energy industry. This study conducts a comprehensive analysis and
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comparative assessment based on literature reviews and experimental research, addressing the
technological advancements and industrial expansion of solar PV systems, the generation characteristics
of end-of-life PV modules, and recycling and processing technologies. The scope encompasses
traditional crystalline silicon PV modules and emerging thin-film solar modules, particularly those
dominated by perovskite-based technologies. This paper systematically reviews the recycling, disposal,
and future prospects of PV modules. Among existing technologies, crystalline silicon solar cells are the
most extensively researched and widely deployed, followed by thin-film solar cells, which have a
relatively smaller market share. Meanwhile, emerging solar cell technologies, characterized by lower
material costs and energy demands, have made significant progress in recent years. Furthermore, the
study investigates control strategies for characteristic pollutants and critical elements in various waste
PV modules, and proposes developmental directions for recycling technologies and pollution control
methodologies for end-of-life PV modules. Findings reveal that PV module waste continues to be
managed as conventional solid waste, despite its complex material composition and multi-component
nature. These modules possess significant resource recovery potential, but their recycling processes face
challenges such as high costs and low utilization rates. To achieve high-value recycling, appropriate
pre-treatment of decommissioned PV modules is crucial. For instance, hierarchical processing methods
facilitate effective separation, enabling the recovery of high-value materials. Although researchers have
developed relevant recycling technologies and pollution control approaches, industry-specific standards
and supportive policies are essential for large-scale implementation. Future efforts should focus on
improving the efficiency and applicability of recycling and disposal methods to accommodate diverse
PV module types. Stronger policy incentives are also essential. This research provides critical insights
for advancing studies on the future development of the photovoltaic industry. It also addresses industrial
scale recycling technologies for end-of-life PV modules. Moreover, it provides a foundational
framework for the integrated management of solid waste generated by new energy systems. The
outcomes underscore the necessity for systematic innovations in recycling infrastructure, economic
incentive mechanisms, and regulatory frameworks to address the impending surge in PV module waste
while maximizing resource recovery efficiency and minimizing environmental impacts across the
product lifecycle.
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Fig. 1 (a) Number of relevant papers and citations for different search terms. (b) Word frequency

diagram for the theme of waste PV modules
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Fig. 2 Classification of solar cells
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Table 1 Main material composition and mass fraction of PV modules %
Bzl B3 FRHESE REW fit i e HoAtb SCHk
69.0~75.0 10.0~20.0 7.0 2.0~3.0 4.40~7.00 <0.08 2.00 [26]
65.4 16.5 6.5 0.8 0.73 <0.06 0.50 [36]
67.0 16.0 9.9 53 0.80 0.03 0.97 [37]
AR A RE 69.5 10.0 15.6 3.7 1.08 0.05 0.12 [38]
etk 1 68.1 14.0 5.9 0.7 0.91 <0.01 2.40 [39]
54.7 12.8 27.1 3.1 0.45 0.03 1.84 [40]
70.0 18.0 6.6 3.7 0.11 0.05 1.59 [41]
74.2 10.3 10.2 35 — — 1.91 [42]
B3] B3] REW i i ki % HoAthy SR
95.3 3.7 0.7 0.1 0.12 0.02 0.02 [15]
AR 96.0 32 0.1 0.09 — 0.62 [43]

IR (CdTe R )

93.0 3.7 0.1 0.10 0.02 0.10 [44]
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Table 2 Policies for end-of-life solar panel management in worldwide
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Table 3 Scrap PV module pre-treatment and separation
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Table 4 Separation and recovery of valuable elements
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HNO,., HCI 2023 BRI 2924325 pmol/h e T AL AR [79]
L-KI. HNO, 2022 95 % (141 BALHER ] RIS A v 22 55 43 AT P 250 [80]
HNO,. H,S0,. H,0, 2022 ATLAISCE RS . AR B L A E R T EEAR [64]
HNO,. HF 2021 PRI AR e i 22 [65]
NaOH. HNO,. HCI 2021 Inl Wiz iy At ik A FHHF TR R [81]
HNO,. KOH, H,PO, 2017 I i T i L T [7 iz it [52 PEE3 CERTER &N 3 [82]
HNO;. NaCl 2016 WA GAR AL 1 94% 1 T [ R PR — [83]
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Table 5 Lead capture solidification pathways under different treatment routes
Ay G =] SLLyiRe B ARG O SCiHk
2019  Epoxy resin/FTO/TiO,/Perovskite/Spiro-OMeTAD/Au PR Ik 2 99.7% [91]
2020 DMDP/FTO/TiO,/Perovskite/Spiro-OMeTAD/ BRI TR 96.0% 021
AwEDTMP-PEO/EVA
2020 ITO/PTAA/Perovskite/Cy/BCP/Cu/CER P25 T3S 404 g U H A 22 14.30 pg/L [93]
2020 FTO/SnO,/Perovskite/Alkoxy-PTEG/Au BV s AR — [94]
2020 ITO/PTAA/Perovskite/PCBM/ZrL3:bis-Cq/Ag T E L IS B A VUAESRE R R 5 7.60 mg/L [95]
2021 FTO/NiO,/Perovskite/PCBM/BCP/Ag AR KT i3 1 [ 252,05 mg/L [96]
2021  PEN/PEDOT/PEDOT:PSS/Perovskite/PCBM/BCP/Ag ZBERRTSE T 96.0% [97]
2021 ITO/PTAA/Perovskite/Cq/BCP/Cu LA B 2 AP 22 11.90 pg/L [98]
2021 PEN/ITO/PTAA/Perovskite/Cs/BCP/Ag T Ak A SR IR B 99.0% [99]
2021 ITO/PTAA/Perovskite/Cy/BCP/Ag R REIR 5 M AL S 5.00 g/l [100]
FTO/TiO,/Perovskite/Spiro-OMeTAD/Au
2021 ITO/PTAA/Perovskite/Co/BCP/Ag L i 99:9% (1o1]
2021 ITO/PTAA/Perovskite/i-PAM/PCBM/BCP/Ag JEA SR A 2 94.0% [102]
2022 ITO/NiO,/Perovskite/PCBM/BCP/Cr/Au E 5 W)-PBAT 98.0% [103]
2022 ITO/PTAA/Perovskite/Cy/BCP/Cu IR B S - R U 34 B 2 [104]
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BCP 4 7 ; CERJ BH B8 7224044 B8 ; Alkoxy-PTEG A B 45 -2 BV R 5 4); PCBMU & WA AE 405 ZeL3 R Ze(IV) 3 MOF 7=4J; bis-Ceh
W Co RG] PEN N B 25— H i 2, —[fi; PEDOT NEDOT(3,4- 2% —SBEW B ) IR B 4); PSS N BIK Z i aEE; PBAT MR C MR T
TR ORE R T R IR
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Table 6 Recycling of lead in perovskite solar cells
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2016 MAPb, I/TiO,/FTO S VAR i TR TORR 99.8 [106]
2016 Au/spiro-OMeTAD/MAPbI,/TiO,/FTO WA . KAIDMFEf#IFILTE 93.0 [20]
2016 Ag/spiro-OMeTAD/MAPbI, Cl/FTO DMF## . DLTE R ff 99.9 [107]
2018 Carbon/MAPbI,/m-TiO,/c-TiO,/FTO FHDMF# i FiLiE 95.7 [108]
2020 Au/spiro-OMeTAD/MAPbI,/TiO,/FTO DMF¥fift . Fe/¥ 3t IR AT I AT IE 99.9 [109]
2021 Ag/BCP/PCBM/MAPbI,/NiO /ITO BT WoR . SRS ATDITE 98.9 [110]
2021 Cu/Cr/CgBCP/Cs, ,FA,oPbI/PTAA/ITO T8 1 DM il FiT B - SC40 48 R VR B AT VE 99.2 [89]
2021 Au/spiro-OMeTAD/MAPbI,/SnO,/ITO B E R AR L 99.9 (11
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