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By Fr MU R | i 43 I, 55 SR RN & I AR A
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1.2 MR S5RZHR

IRERAANT : ARBFITRA “1 kg HEA MR = 5 1
J I RE AL, X — T T AN () A% 2 TR] B A ] %
b, WAF A MR RS PP AR T 2
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Table 1 Life cycle inventory of physical recycling for

board production

el LY K
N JEFERBLI F 100 kg
DI ek 20 kg
[HAETPN 21 72.4 kWh
Wy L 120 kg
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P 58 AR U T MR | REFERR AR ——10
TR W A P A = ZERERE AT, TO il #A4h
PRER AL AR FEAEFE 100 kg M AT HY 120 kg FA=
BbA (R T 20 kg 2 7K), $r & HLFEZ 0.603 kWh/kg
P

AHIF 5 0 A= i R 3 B A5 T SPHERA LCA
for Expert 5 (AR 7R 10.9.1.17) K H4E A GaBi %X
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Table 2 Life cycle inventory of pyrolysis recycling for glass

fiber recovery

eSSl L) Akt
LU TPN JE e RBLIT 100 kg
A A o 3 kWh
i 101.34 MJ
co, 9.082 45 kg
CH, 0.046 28 kg
co 1.538 81 kg
9 ekl (D) G 0601 64 kg
C.H, 0.057 85 kg
C.H, 0.208 26 kg
C.H, 0.011 57 kg
C.H, 0.011 57 kg
Wy s GRAR) B2 HEF 15.228 28 kg
ST AR OR T R 2.795 33 kg
Wy (D AR R T e 2.336 39 kg
FEIR 2.07 kg
BT Y 66 kg

PR % 10 BB RE 32 220k 1 4k FE = R T Y AR
(101.34 MJ), B S IHAEIU A 3 kWho B FE 7= A 1)
AR MR (CO . CH, . C,H,%5) AT 3843 o] T4k, j%
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RE R A T I8 5 RO ML 74 0 A e TR ke = B

RS AWRSIE €/ K /a2 S/ iR AN N e EBZ 3 - 2 8
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P20 A i JE I AR an 26 3 T
F3 W EEBAN BRI K RIS S

Table 3 Life cycle inventory of chemical recycling for

glass fiber recovery

el W K
AL 100 kg
LYIGE PN Al iR 260 kg
K 4987 kg
gl A L 12 kWh
By EE LT Y 66 kg
Wy ki B EEL 24 kg
NO, 180 kg
Pk 5167 kg

23 T 1 32 B R0 00 Ay O UR T R 1 A 7 R
Feo WEmRAE T2 T A E Ak (Ostwald process),
REAEFBRHE T 85 5 o AS BRSBTS B0 Y fek
Ja HERCAL B, R IEPE ARG . R L AT IHAE
KK (295 000 kg), ™= A= 45 &t & 7K Al K NO, [
(180 kg), MG IR A AL E , BEIS A 2 Ml it
66 kg(IM IR % 66%), 5 # M 1 AH Y 5 e APk AT [l ik
24 kg WA EDRERI ™=
1.3.4  JFAEMORHE P B

JE AR B RL I A i JE 0 0 S 808 ok U8 T SPHERA
GaBi ¥ , EE BT P AR W13 4 Fi7R .

x4 FEMREFHEIERERN

Table 4 Key environmental impacts of virgin
material production

GWP/ AP/ EP/

PREE e coLeq) (gSO.cq) (kgPO,eq) FAIR
(ﬁigﬁjﬂ) 3.18 00202  0.00281 SP(;%‘?A
FUEBRLT g 385 00145 000118 SPHERA

GaBi

1.4 A ASHEmIEN X
1.4.1 s

AR WF 5% K H CML 2001 7 ¥ #F 47 0 4 %
(Midpoint) TP, 3 B9 J0 FR45 5% Wi 48 b . 4 8RR B2
W H(GWP, A {ii kg CO, eq). MR 1k 7% (AP, PA i}
kg SO, eq). & & F LW #(EP, H{i kg PO, eq). )t
b2 AR U (POCP, #ifii kg C,H, eq). AMATE
PEVEH(HTP, B3/ kg 1,4-DCB eq). HRIK K A= 255
PR (FAETP, 84i kg DCB eq). i ¥ 7K 2k A 5 5
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(ODP, Hifiikg R11 eq) Flfli i AF 25 8 P W #(TETP,
Hifii kg DCB eq) .
1.4.2 L EETN

oI R ST R A D NN SR W S S I /8 7 N5 A )
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Table S ReCiPe 2016 endpoint impact assessment indicators
PP 4R, ERARE TRAR AR AL
CC-HH Climate change, Human health (‘28 {k - AARfAEHE ) DALY
PM Particulate matter formation (ZHFURL I i) DALY
FWC-HH Fine particulate water consumption, Human health (7K JH#E - AfRfEER) DALY
HTc Human toxicity, cancer ( AT - £ ) DALY
AR HTnc Human toxicity, non-cancer ( AfRREE: - IEEUE ) DALY
IR Ionizing radiation ( Hi & 48 5F) DALY
POF-HH Photochemical oxidant formation, Human health ( Yafb~F 7] - AMA{EERE ) DALY
SOD Stratospheric ozone depletion (542 THFE) DALY
CC-FE Climate change, Freshwater ecosystems (‘A8 fk - IRk A 45) species.yr
CC-TE Climate change, Terrestrial ecosystems (‘A - fli 4= 75 ) species.yr
FWC-FE Water consumption, Freshwater ecosystems (/K #E - R K/E7) species.yr
FWC-TE Water consumption, Terrestrial ecosystems (/K {HFE - ffi Hi/EZS) species.yr
FET Freshwater ecotoxicity (YR/KAEZSEEE) species.yr
A R FEu Freshwater eutrophication (IR7K & & ##1k) spec%es.yr
LU Land use ( = HFIH]) species.yr
MET Marine ecotoxicity (¥4 S REME) species.yr
MEu Marine eutrophication (¥ & & 5% k) species.yr
POF-E Photochemical oxidant formation, Ecosystems (Jafb2# %4k 5] - =S R 50) species.yr
TA Terrestrial acidification (i bR {k ) species.yr
TET Terrestrial ecotoxicity (fifi i ZS#) species.yr
B EE FD Fossil resource scarcity (A1 %M Bk ) USD
MD Mineral resource scarcity (#4#)%¢ IH G ) UsSD
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K RV /i ) S 24200
1.5 WRE-ZFHHTEM

g RS I A R T AR R 2 BN E, ADESE

SIS T (Shadow Price) Bifs , 4 S HEFR 5545 45
BT T 0 S W PR B S RE R R 2
IS e RO R 223 W B 4915
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Table 6 Shadow price of the environmental indicators

AN Ei 7 Fhox A A /(I8 kg ) Bl IR

AL 0.074 63 A B RORE 5 1375 2026 48 1 WY (74.63 760 ©
i34 5.26 Criie N RS E RO B ) 15 Y S i E s AL AT

wEFb 6.5 Crp A R IERE IR R B ) 15 e Y (S o

e Ok IR I FRES BERAE 5 T (https: //www.cneeex.com )2026 4 1 /1 5 H 4% .
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Fig. 1 Comparison of net environmental benefits across three recycling pathways (Note: positive values
indicate emission reduction benefits)
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Fig. 2 Environmental impacts of recycled vs. virgin materials across three recycling pathways
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Fig. 3 Contribution analysis of environmental impacts for three recycling pathways
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PORE M FE £ 0.17 kg CO, eq/kg. T. &5 HE W 4
0.14 kg CO, eq/kg, J& = 5% B& 12 i HE B AR 19 T
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Fig. 4 ReCiPe 2016 endpoint damage assessment for three recycling pathways (Note: values indicate

environmental damages; higher values indicate greater impacts)
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Fig. 5 Environmental-economic benefit assessment for three recycling pathway (Note: area represents revenue;

unit: CNY/kg, based on China's environmental tax and carbon market price)
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Life Cycle Environmental and Economic Benefits Assessment of
End-of-Life Wind Turbine Blade Recycling
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(1. College of Materials Science and Engineering, Beijing University of Technology, Beijing 100124, China;

2. State Key Laboratory of Materials Low-Carbon Recycling, Beijing University of Technology, Beijing 100124, China;

3. College of Physics and Optoelectronic Engineering, Shenzhen University, Shenzhen 518060, Guangdong, China)

Abstract: With the rapid expansion of China's wind power capacity—exceeding 480 GW by the end of 2024 and

accounting for nearly half of the global total—the wind energy sector faces an emerging challenge: the sustainable

management of end-of-life wind turbine blades. Early-installed turbines are progressively reaching the end of their

20-25 year design lifespan, with annual blade waste projected to exceed 500 000 tonnes by 2030 and potentially

surpass one million tonnes by 2040. These blades, predominantly composed of glass fiber reinforced polymer

(GFRP) composites, pose significant recycling challenges due to the irreversible cross-linked structure of thermoset

resins. Conventional landfill disposal not only wastes valuable fiber resources but also raises environmental

concerns regarding land occupation and potential leachate contamination. This study presents a comprehensive

life cycle assessment (LCA) framework to systematically evaluate and compare the environmental benefits and



2026 45 2 1 4 JE QR HH 5 (https://mete.cbpt.cnki.net/) + 363

economic value of three mainstream recycling pathways: (1) mechanical recycling to produce recycled composite
boards substituting virgin wood-based materials, (2) pyrolysis to recover glass fibers substituting virgin glass
fiber production, and (3) chemical recycling using nitric acid dissolution to recover glass fibers. The functional
unit was defined as 1 kg of recycled product, with system boundaries spanning from blade entry into recycling
facilities to final product output ("cradle-to-gate"). Life cycle inventory data were compiled using SPHERA LCA
for Expert software (version 10.9.1.17) with its integrated database covering 1992—2024. Environmental impacts
were characterized using dual assessment approaches: the CML 2001 midpoint method quantifying nine impact
categories (global warming potential, acidification, eutrophication, photochemical ozone creation, human toxicity,
freshwater and marine ecotoxicity, ozone depletion, and terrestrial ecotoxicity), and the ReCiPe 2016 endpoint
method evaluating ultimate damages across 22 indicators in three areas of protection—human health (DALY),
ecosystems (species.yr), and resources (USD). To bridge environmental assessment with economic valuation, shadow
pricing theory was employed to monetize key environmental externalities based on China's carbon market prices
(74.63 CNY/tonne CO,) and environmental tax standards. The results reveal distinct environmental profiles across
the three pathways. Mechanical recycling emerges as the most environmentally favorable option under current
technological conditions, demonstrating superior performance in acidification, eutrophication, and human health
indicators due to its exceptionally low energy consumption (72.4 kWh per 100 kg blade processed) and simple input
structure. Its environmental externality benefit reaches 0.32 CNY/kg, with a balanced contribution structure across
carbon reduction (62.50%), acidification mitigation (31.25%), and eutrophication control (6.25%). Pyrolysis exhibits
slightly higher total benefits (0.34 CNY/kg) with pronounced carbon reduction advantages, where CO, mitigation
benefits account for 76% of its total environmental value, attributable to the high carbon intensity of virgin glass
fiber production being offset. However, endpoint assessment reveals elevated freshwater ecotoxicity values,
potentially linked to phthalate compounds generated during thermal decomposition, warranting further investigation
and emission control measures. Chemical recycling using nitric acid demonstrates the least favorable environmental
performance, with total benefits of merely 0.10 CNY/kg—less than one-third of the other pathways. More critically,
it generates net environmental costs in eutrophication (—0.01 CNY/kg), reflecting the substantial environmental
burden associated with nitric acid production (260 kg per 100 kg blade) and nitrogen oxide emissions. Based on
these findings, this study recommends establishing environmental value realization mechanisms through carbon
market integration and green building material certification to internalize environmental externalities. Technology-
specific policy support should prioritize expanding downstream applications for mechanical recycling products,
mandating emission control systems for pyrolysis facilities, and directing chemical recycling research toward green
solvent alternatives and closed-loop acid recovery. Regional recycling centers should flexibly adopt technology
routes aligned with local industrial foundations— favoring mechanical recycling in construction material markets
and pyrolysis in composite manufacturing clusters. Furthermore, accelerating the development of industry standards
for blade recyclability design, dismantling protocols, and recycled product quality grading will be essential for
establishing a circular economy framework in the wind power sector.

Key words: end-of-life wind turbine blades; life cycle assessment; environmental benefits; economic benefits;

recycling and utilization; circular economy
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