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HAZOP analysis and safety countermeasure research on pyrolysis process of decommissioned crystalline-silicon

photovoltaic modules

Baoyu Ning

Emergency Management Bureau of Karamay District, Karamay, Xinjiang

[ Abstract] Aiming at the potential safety risks during the industrial-scale pyrolysis of decommissioned crystalline—
silicon photovoltaic modules, this study systematically identified risks by adopting the Hazard and Operability (HAZOP)
method. Based on the pyrolysis process flow, material properties and distribution of hazardous factors, the process system
was divided into six evaluation units: raw material receiving and pretreatment, core pyrolysis, tail-gas treatment, resource
separation and recovery, hazardous material storage, and utility auxiliary system. The analysis results indicate that major
risks are concentrated in the core pyrolysis unit (runaway pyrolysis and combustible gas accumulation caused by failures
of temperature control, oxygen-content monitoring, negative-pressure maintenance and equipment sealing), hazardous-
material storage unit (pyrolysis oil shall be managed as Category- A flammable liquid), and tail - gas treatment unit
(environmental pollution and human health hazards resulting from leakage of HF, VOCs and acid gases). After
implementing safety measures including temperature interlock, oxygen-content interlock, negative-pressure regulation,
electrostatic earthing, leakage collection, tail - gas purification, fire-protection guarantee and emergency shut-off, relevant
risks can be controlled within an acceptable range. This research provides a systematic risk-prevention reference for the
engineering design and safe operation of the pyrolysis process for decommissioned photovoltaic modules.

[ Keywords] Decommissioned photovoltaic modules; Pyrolysis; HAZOP; Risk

B A AR A E B NGB, AL B AT
FE o IRV IR BE R RO B LT R W R L R W)
(EVA) R I — 5 BRI, AR A B i A 3
Jrike BRERTRTEEIR G 400-650°C) | 4% 5k
AESSAERMG T, R P ANt S

WA O3 5 AR IR AT RE A S BUR S R MEA AL
Yy (VOCs) L —WESSEAAFYI . Iehh, ailsts
BE AR, ERTZRE, Bk, REPEN %R
P EREE. R SEREED I (HAZOP) ik
T RGBS R G0 A AR R TR, 5] &

EERN: TEHE (1986-) 55, W, WERPKA, TR, &8, PR mmit L eeg .,


https://jer.oajrc.org/

Py ez 25

JTEH

ISR R #yiE T2 [ HAZOP 73 Wt 5 22 40 St 7T

W5 L2254 E, i RGMR MM ZE | J5 R I
AR Tt K FORFH TR R AR T2, HEh T
PRI TR A

1 IRIEARRAHA S B

1.1 B A% AR 2844 64 28 A%,

H AT DA AR e R A2, EEARERTR,
3.2mm i EAETE RS (5 ) 68%) 5 B, EVA
(LIH-BEIR LIRS RY), S 10%) , =i 5
OYRFEAE TR TSR, Rt Ry, B2 SRR R AR
LR (HES . WS EESE) P IWik: TPT/TPE
5K (SRR, AT REREN HF . WESCHTAD 5
WHE, HEE (MY 10%) .

B ICARALEI TR IFR 0.5-2%, 25 F )5
R ] BE MR BT E I 80-85%41, [FI ik & S E
RHEARALDY, FEVERERIG T T, MRS, RS
FEACE G IR SR s FL it 4 R 45493 2 A 3 i HL
ZAE BRI EVA 5 s B %R & .

1.2 3B A% AR 404 3 AR 4

e — ME O A B R N, o iR )
m TR AT

DEVA #fi#

HETA TR RE T (TGA) M) /255 AY
Cln o FL A S0 S 554026355 Ozawa 1% DAEM) K
W9t EVA I#ES) 1%, IR, EVA 2@ 58
AN BT

BB (RABML - ERRIEET (41 304-
404°Ca}, 280-430°C) , FERHE C-O fl C=0 HEWrE,
B OIR, ZM BUE L REAERT K. 7E4 280-350°C,
B2 3 LA N ORI RSN T

BB (REEWRD - ERERET (A 404-
511°CEL 430-530°C) , FERAFHE C-C MR, 4
UG REAGERE,  ER B B R 3 TS — B

@ PVDF #i#

BT EVA, BHAMEH W TPT. R LM (PVF) .
BX K B g (PET) « Bl 2 (PVDF) |
I R £ X E 2, Wang J 200850, TPT ¥
BRAE 500°CHIA L e A FER, BATE 2 17%H15%
B, FENHATEAIERL (41 Tio, Al CaCOs) Pl PVF
F1 PVDF AU GE T o B B e i s, B 5o
WK ES . PVDF R 0] R A 4 58 A 244N,

71 ok Ak AT B8 SR FARIR i 5 MU 3 25 20 4 1)
Tk, IR S EVA BRAERAL, 105 AT
MUMRRIBS Aok . Wil 1 Fros, HACEEFE 3 EAaHS
PR POAN TEL .

2 HAZOP N 5 R X RMR

2.1 HFE RIS

HRE €22 TN T ) LGB B AR AR T
ZUEE S YRR YRGS A IR R AR A, A5 A AR
MorpE, SERE D . SR, KN 6 AN
K6, WRE 1.

,,,,,,,,,,,,,,,,,,,,

' m Tl - |Mﬂm§§mmw|:
I } R | N
— I =i :
B g 8| — 8 B [nhsioc | mp U2
| T Eﬂﬁfgﬁ l LT =) hd . : T
B 3 o = |ﬁ%ﬂi@mm|: =
| FERE | — [ERSAEE | |
e b —————————_ | !
B RRARAHARIZRE
F1 RIS
VP T TFHIE K93 e

LJFRHZR S FAL B T
2Rz T

3 RAALILERIT Vo BEAS « BRIEREE L Tk R W b R
4. B8R 85 R T IRIRER . WG/ R B RER B AR X
5 SalkH kA7 $on PRMAERE (1om3) | fEPRE A7 (H)

6.2 Bl #.7T R B ] A

PHEAF AR BB RS
W AR AR BRI RS RAERETE

WRHUDIE A A A XS
B AT HF B HOA R SR X
PEEJE . AR AR XS
AL 2R R A AR
KIS Fe XS
RGR A T BOE B AR

-36-



P

TEH

ISR R #yiE T2 M HAZOP 73 Hr 5 22 406 SR 7T

22 ERA%. A EHRIEIR

B R RARISFRE S, F B R R B AR
BHEMRAS RS . g R4 B
THMNOR. BiE EER AR, D ESE S (UL HF
FARED BRI Cn SR A AT D AR A 4%
A58 A H AT RS 1 2D B R R 4

MRIECE AL 22050 H 322015 4EHi), 2026 £E 7)),
I H W KRR AR L R S A e A A
eI R P AT REAT I SRR BRI « A R S5 R il 71
JE fER A o T E PR AR R T A — 8 DL —
ZEFEIIN B, (HHEA R 2RI 5 R A
RGESESGRE 1, N4% 5 AT . ik, ATiH
RINFH] XE W E ML, A ERIR G
(AL, RARAS B MR IR T s AR TH

PN L W TR, S R 2 3 B it 5 A ]
K TR T B FKAE T RES| Ak R BEIE S, T
KRB AF R R SRR . A il S I e RUONTR
Y, FLERACE SR ASE BRIl g ROvHE, JFimTis. A
B SRR AT R Y,

Rk, FEER . A EYRAEANE R TE 2.

2.3 HAZOP 5 #74E R

HAZOP 73t 3= ELEH 0 i 2 50 S HL Y s it
A7, BB R, i LZ228um 7z R 5 R &
it . S5 aAWH TR, AT 6 b
T FRHR IS UAC T, itz o, RBRAL
BT, B S R TT, SR EHE A T, A
RYBh T, rafiRiie R IER 3.

*2 FEBRUFRBURERITHE—RER

- WE WA B EERIE BB ‘ RAE
T SR VR S 7 ., ., ., N far b 51 i
(20C) [@oD) ) (v%) faERENR M
RS, PLCHy NE, &0
R DO, AR - wsy 5.0~15.0 ) SR £
CEMHEE) CHg. CsHg%%
e ) TEPEA AR
B N, Sk - - - - i =
FEMHAIE
JREY), FEE
ARG wn— \ AT
TSI LRI KB WAk EeIll] ) - o 3
. - 60 FIFMEIRE Y
Koo M. MM
PIEIE. COs & &
jﬁ?k » OW £92.0~15.0 CIFANECE N
MRS ERL DEEESME Sk - . . ) &
R AT 201 JEPEIRA S
HENE
kY .
78 CH:COOH Witk 39 426 4.0~17.0 i IR &
TR T ol
%‘F%/ {Z{S CHas+ CHav CoHen /'ﬁi é’i] 430~ 2.0~15.0 %w/ {Z{S -
S oM ‘ 40 CHARASH) A "
TR HF Sk - - - i faE B RS E 3
SEATE NaOH WAk - - - o SRBRR S ek F
hR HCI WAk - - - o G E PR el 5
TR HNO:; WAk - - - o G E SREALPERR . T i
#= 3 HAZOP 9¥Lask
COSTH RBSHFAE RS 25 23 ) Wi I i
JFRHERISC S T A3 T PG By AR R SR KRR BrAB. B RIE I
PRI EREE, AR, FUEAR. TTBAIRE e AU IR, AR S5 R
B AL T HF. VOCs. FRPEAMIREL 1§40 RAL T AU BEUUEE . . WAk, IEPER LR . AEZR I
PRy % 5 R T FIEAMIR ke R BR SR DRAEH . B, BRI
fERPEMEZ I IR K RBIE . ARIR . AR EERE WK MormE. BEE. BiEE. BB, 2
YNSEE S e, PR K. JERT . BERZUCRERE  FE R SR &N & ARG . T4

-37-



P

TEH

1=}
HH

TG AR AL P 20 (¥ HAZOP 43 #1522 4 0 5wt 7

B

HAZOP 7 #r &MY, U = EEE e LR =N [

f= AL

(1D #EZOHIG: WIE. ASE.
SRBT] e T B RIS AN R AR s

(2) fERYIRMEAF I AARh F IS, 2
AT H 5 7B B B s ] DX 3

(3) BARAFEHIG: HF. VOCs KRS AT IR
BRI IR, Hls A S5 G R N {6

2.4 ZAEITR

(1) #fpad fae A

IS SR 5 P S A, s AT I AR R R T
O, BARERE TR R RS BN AR R
SEJGFEN, IR B A B R i, iR
FEV RTINS A R 2 U - Bk
Pl

(2) B ik TSR SR

fipt R RS AR B PSR, PR s 51 KR G
TREFRE U, WENXNLEH R E ZIRE,

(3) BAIAHEFASE I

AR VI B e — I P AR W B
LA T2 Kt HE VOCs. RIS AR FER ) N2t 4T
AR s RAACEE B N B B AR I, B R AR
Jils

s 5

(4) A 5] R ARE B

FAAEI 2 TR ST SR B, A S AT s
N2 B e R IR B YR AR | DRI | BT R
AL 4 2P ) T R 4 T, A T AN B R 8 %
HEN

(5) WU iS5t APz

PR VIS 70 A SRR MR IR b XU
25 B2 Hy RRR AR B E WA, B ik =k AR
x5

AN

AN
o Y o Y

Ko
(6) feuthdh 5 R B
BT S TV T S SG R L5y A7, T4k
IRBORAE: faZ BRI NBE . Bim . Bida, JFiE
A AR RN & K B
(7 F 5 N2 b E
O BN R, SR K S TRV A R B R
I RE DM SCAE s H S 66 1 8 IV T S5 R I W e Tt
H TR E R ER
(8) Rk
Bk SZPRASE] S I L i A A R R S
ITHRLEIRE, LBy B L2, Bk Bk
P FH A BT L T A AR BRI

-38-

3 Hit5EIL

(1) BT IR SR A # A T 2H SRR 5 T
ARER . RIZ D BAACEE, WIE Ik SR, R
BHEAE . A B SN PPNH70, HAZOP 73T 7R A
ST HIRZ O SERIEMEAE . RAKEE R IT,

(2) FEXKAOMERE. A48, AES%H
RAAT e S AR R FAT VSRR, Siih 5 IR 5
18, HF . VOCs SRR SAARIREI5 G AN T (i Fe fa 35
HWAE T 2R, A RS B 4% TAE

(3) TEVESCRERCE . A S BB, FURIEH|
Fr el JHRUSCEE . AR E . T B R RN 2 L
0 ) =N S E il BRI P N SE L

SECHK

[1] Wang J, Feng Y, Huang Q, et al. Unraveling the pyrolysis
behavior and Co-pyrolysis characteristics of EVA and back-
sheet in spent crystalline silicon photovoltaic Modules [J].
Chemical Engineering Journal, 2025, 506: 160164.

[2] Li F, Shaw S, Libby C, et al. A review of toxicity
assessment procedures of solar photovoltaic Modules [J].
Waste Management, 2024, 174: 646—-665.

[3] G.A.Heath, T.J. Silverman, M. Kempe, et al. Research and
development priorities for silicon photovoltaic module
recycling to support a circular economy|[J]. Nat. Energy 7
(2020) 502-510.

[4] De Oliveira M C C, Cassini D A, Diniz A S A C, et al.
Comparison and analysis of performance and degradation
differences of Crystalline-Si photovoltaic modules after 15-
years of field Operation [J]. Solar Energy, 2019, 191: 235—
250.

[S] Huang C, Wang L. Simulation study on the degradation
process of photovoltaic Modules [J]. Energy Conversion
and Management, 2018, 165: 236-243.

[6] Zhao Z, Pang Y, Zhang T, et al. Pyrolysis Kinetic Analysis
of Decommissioned Photovoltaic Encapsulation Films [J].
Theoretical and Natural Science, 2025, 118(1): 85-93.

[71 Feng Y, Wang J, He Y, et al. Unveiling the pyrolysis
mechanism of organic compounds in waste CIGS
photovoltaic Modules [J]. Polymer Degradation and
Stability, 2026, 244: 111811.

(8]

Han J, Yuan H, Zhang X, et al. Evolution mechanism and

pyrolysis strategy of ethylene—vinyl acetate copolymers for



P

TE

2
H

B ARG IR F AR T2 HAZOP 73 5 % 4 X 5k 7t

(9]

[10]

recycling of the end-of-life photovoltaic modules via
PCMW2D and 2D-COS Analysis [J]. Chemical
Engineering Journal, 2025, 512: 162714.

Yan G, Liu S, Zhang J, et al. An efficient method for the
recovery of waste crystalline silicon photovoltaic modules:
Solvent steam and pyrolysis Techniques [J]. Separation and
Purification Technology, 2026, 382: 135795.

Wang J, Feng Y, Shi M, et al. A comparative study of
mechanical crushing and pyrolysis techniques for

separation and recovery of discarded polycrystalline silicon

-39-

photovoltaic Modules [J]. Solar Energy Materials and Solar
Cells, 2024, 275: 113020.

[11] V4, Sk H G R PR b B A Ml 6 66 A 27t A5 FH RS THAit
[7]. 2444k LA 72,2026,(2):116-118.

FRAR R ©2026 13 5 HERBUH T 7 0 (OAIRC)FT
Ho ALEZRIMPILEE LT RRR K.

https://creativecommons.org/licenses/by/4.0/

D JopEN ACCESS



https://creativecommons.org/licenses/by/4.0/

	1 退役光伏组件组分及热解特性
	1.1 退役光伏组件的组成
	1.2退役光伏组件热解特性

	2 HAZOP评价与安全对策研究
	2.1 评价单元划分
	2.2 主要危险、有害物质辨识
	2.3 HAZOP分析结果
	2.4 安全对策

	3 结论与建议

