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Abstract

With the continuous expansion of global photovoltaic (PV) installations, the number of end-of-life
(EoL) PV modules is increasing rapidly, making their recycling and reutilization a critical chal-
lenge for the sustainable development of the PV industry. Crystalline silicon PV modules contain large
amounts of recoverable glass, metals, and high-purity silicon, among which the high-value utilization
of silicon plays a key role in alleviating resource constraints, reducing carbon emissions, and enhanc-
ing supply chain resilience. This review systematically summarizes recent progress in the resource
utilization of retired photovoltaic silicon panels and proposes a hierarchical utilization framework
based on material properties, technical principles, and engineering applicability. The reviewed path-
ways include purity-tolerant reuse of recycled silicon in the upstream photovoltaic and electronic ma-
terial chains, low-threshold incorporation of recycled silicon into material systems, and high-value
upgrading through structural reconstruction into energy storage materials and functional ceramics.
The major technical, industrial, and institutional challenges, such as insufficient standards, low stake-
holder participation, and immature business models, are further discussed. Finally, future develop-
ment directions are proposed from the perspectives of technology, equipment, industrial systems,
and policy. The results indicate that a graded utilization strategy combined with multi-path coordi-
nation can effectively promote the transition of retired photovoltaic silicon resources from linear
consumption to closed-loop circulation, thereby supporting the high-quality development of the PV
industry and long-term carbon neutrality goals.
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Figure 1. (a) Publication and citation counts of different search terms; (b) Word frequency map
with waste photovoltaic modules as the research topic [1]
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AL RN AT 5T A
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Figure 2. Schematic diagram of preparing SiNWs via electrothermal shock method [25]
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Figure 3. Schematic diagram of the flash Joule heating process [32]
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BRiGRENI AL, B TR REM B R R NS M, Wi S s 4 ] & iR AL EE(SIC)
R ACTE (SiaNa) 25 ME e M A RE, 58— 4 L D RE i SURI P2 Ml i 5 A B AT R 4% . AN 28 4R
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Ak, FEOERE SR AL PR I A IE R DR, TEBERERIBRHEBOT 1 5 I T g mniibe st T2, sh4h, Jlid
BRI 5 SigNa B S M bRk, A A e A8 A5 fek T i e iy 45 440 B e AU T 20 f 2B 1)
LR BN TR AR R e 1)t i e e R b 2 BB SRR, T R LA A TG MR IR 2 5 A 2 O 1
Sy DT it 2 At 3% 4 v A R R P R R AL 1T I H

B, RERBAGEE(SIC) PR T S L AE IR AR B B M. SIC R SRR, m A R A
AR e, EIRBMATE . T EEIE. 1L T 5 BE IR A SR T SR KR . R R RN A EH
Jn#(Flash Joule Heating, FIH)% 2%,  SEEl— B tb I tE Bl 48 2 R O R L, 3R13 mdl p-Sic, AR A
FES BRHE AT B KT AL oK iR o 4t B 2R [33] o BRAMA SIC 4b, TRAT I FUK IR T PV SEERTAE N SiC 44
KRB IOCMEAETIREN H, H—0HET “SioSiCoIhREMEL” I EE 2% [34].

HK, RE IR (SisNa) WA B P I B2 o) — 26 e L TR R U S P T S B 2R . SiaNy LA 5
FEL EEINE TRAGE . BRI, R TIE . RSB DA T R SR S AR N S . B
SHBALRER BB RER AR, W E I T B R (NSH, S5 PP RAL) 57 i % SisNa, FFiE IR BE
SRR RTINS, S EISCRE S SiaNa B AR T 478640 [35] . [FIR, 7RG TAE B DR
M AR E R % o-SisNa Bk, SRR AR 34 5 RS0 11[36]. X —J7 Al 2B R B e T GBAR
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AT Sl ah AR R BTH, SEILSS MR B RE I TR TR
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5, BA PRI Z M. RIEFHK” MIAB7].

AL, BAEEAE LR S A Ty TR I 7 AT O R T M. N, R TR f B A A= 2 bl
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ROV SR Rk % 2T, TR — b v Rl B . R MA A Z 15 ) 5 A ] 5% — ik &5
i) 2
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