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Abstract: Wind energy is an important renewable energy source with natural 'green’ properties. However there may
be certain ecological and environmental impacts during the production, manufacturing and installation of wind
turbine components. The existing studies mainly focus on the ecological and climatic impacts of wind farms, and lack
the environmental impact analysis on production and manufacturing process of wind turbine components, such as
blades. Based on the life cycle assessment method, this study examines the environmental impact of 9 different types

of major specifications of wind turbine blades, with consideration of acidification potential (AP), eutrophication

potential (EP), global warming potential (GWP) and photochemical ozone creation potential (POCP). The results
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show that the impacts of AP, EP, GWP and POCP per unit length blade are approximately 7.5 kgSO, eq/m. 0.7
kgPO,” eq/m. 2.6 tCO, eq/m and 0. 9 kgC,H, eq/m, respectively. Taking GWP impact as an example, it is predicted

that the cumulative carbon emissions from wind turbine blades during the whole life cycles will reach 2. 3 X 107 t and

2.0 % 10° t of CO, eq in 2030 and 2060 at national level, respectively. The combined use of carbon fiber and glass

fiber composites and the recycling of decommissioned wind turbine blades can significantly reduce the environmental

impact. This study can promote the low-carbon and green development of wind turbine blade industry, and provide

reference for measuring the environmental impact of wind turbines and wind farms.

Key words: renewable energy; life cycle assessment (LCA); wind turbine blade; production phase; carbon emission

reduction analysis; carbon fiber and glass fiber mixtures; cement kiln co-processing; pollution mitigation and carbon

reduction
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Table 1  Blade product parameters of wind turbine components
MREgS A PR (E ) HRKEm  KHLITIR/MW TR AL B ARy
A £33k 24 150 40.3 1.5 PeIE LT 4 2010
B 13k 74 200 42.4 2.0 E 3 ARl 2010
C BRI S Al 110 53.5 2.0 BT Y 2016
D WETT A 450 54.0 2.0 TRET 4k + P T 4 2019
E I J il 100 56.5 2.0 BT Y 2014
F WA 550 67.0 2.0 L ES LT 4k 2019
G FRUHN S Al 110 56.5 2.5 B & EaRd 2016
H S0 Sl 620 71.5 2.5 YRS LT 4t 2019
I FEYT M Al 100 76.6 5.5 BB A4 2018
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Fig.1 System boundary for life cycle assessment of blade of

wind turbine components.
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Table 2 Carbon emission factors of major raw materials, auxiliaries and energy sources g/kg

R AP(LL SO, 1) EP(LJL PO, 4Hti) GWP(LA CO, 451 ) POCP( L) C,H, 24 FiT)
E e ravi ] 11.7 0. 63 1.71 % 10° 0.62
EM R 7.3 1.32 5.91 x 10° 1.05
Eikesl 2.7 0.28 1.73x 10° 1.62
ER A I 7.3 1.32 5.91 x 10° 1.05
R TR NG 5.3 1.15 4.23 % 10° 0.82
BETR T Mg 5.1 0.42 2.22 x 10° 0.62
HiREF) 9.1 0. 64 1.87 % 10° 0.82
i 3.9 0.57 2.97 x 10° 1.27
H 2.2 0.21 0.76 x 10° 0.26
L& 2.8 0.21 0. 46 x 10 0.35
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Table 3  Characterization, normalization and weighting factors

of environmental impact categories

S e Eo0/kg W,
EP(LL PO, 44E3) 1.9 0.12
AP(LLSO, Y H1t) 52.3 0.14
GWP(L) CO,%E1T) 6.9 0.12
POCP(LL C,H, 45 3T) 34.7 0.14
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Table 4 Characteristic analysis of environmental impact

assessment in blade production stage kg/m
MF AP(EASO, EP(LIPO,” GWP(LLCO,%  POCP(LI
B MR NEID B GHMEED
A 6.3 0.6 2.1x10° 0.7
B 5.3 0.5 1.8x10° 0.6
C 4.1 0.3 1.2x10° 0.4
D 6.4 0.5 1.9x10° 0.6
E 5.6 0.5 2.2x10° 1.1
F 6.6 0.6 2.6x10° 1.3
G 14.3 1.2 4.2x10° 1.3
H 13.2 1.3 5.2%x10° 1.4
I 5.8 0.6 2.2x10° 0.6
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Fig. 2 Weighting result of four environmental impact

categories (AP, EP, GWP and POCP) of wind blade production.
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Table 5 The unit capacity of newly installed wind turbines

with consideration of three development scenarios ~ MW

Oy BUBAJREGL JRERR RPURRESK
2020 2.25 2.25 2.25
2025 2.34 2.65 2.91
2030 2.44 3.05 3.56
2035 2.53 3.45 4.22
2040 2.63 3.85 4.88
2045 2.72 4.25 5.53
2050 2.81 4.65 6.19
2055 2.91 5.05 6. 84
2060 3.00 5.45 7.50

HE A5 [ XL BE & ol ZE 51 25 (Chinese Wind
Energy Association, CWEA ) Fl[E Z¢ RE I Ja) A 45 M) &
AR KR EHLAR B, 201 1—2020 4F -3 RRAFE B 4
BHEA R LG, AR TR B e pl
BN S AR R X 2021—2060 4F AR pE i i fE
AIBRHECS AT, 45 2R AN 3.

e v ] [ R AR 7l AR SRR e, T3
2050 4F KA AL AR B 1 x 10° MW, 7E LIk 3
FRAE LT, 1004 2 2050 4 XUHL B2 HLA &
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Fig.3 Cumulative carbon emissions of wind blade production
subject to different levels of installed capacity technological

progress.
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Table 6 Comparisons of environmental benefits and cost

changes among various weight reduction rate by using carbon-

glass fiber composite for wind blade

R % COBHER/(2")  RASHE N L f6/%
11 1.7 77
22 3.4 106
30 4.7 136
38 5.9 158
45 7.0 179
50 7.8 193
55 8.6 208
3.2 FAKEEMNRLE
KL AR A0, andsan . Jihe A Fn & Bl

S R TR T AT DA B, i R A
SEORA IR A5 BB LT 4 B S HRARL, [l
FIRMAEAR . MERER. LL4.2 MW BRI 41, iR
Bl Brgx 7= A2 37, 5 R 5 405G 19 )R F Al A e+
BRI R Rk Al B SRR R A 3



46 RO 22 4R TR

5540

Fhor 2 A A B NSRBI Rk i — ik
[ A THEAN B, (R R AREUR, ks
IR A, B S Y. 2R E
KOG FIRANE 5 . s, BEhet R
WAL E R Z—, BN E W R R 60%,
HARGE™ s il Rk bz sl A 7. FEE 7K
Tz D[] Ak e A B I A R I A Sk K T kst
AR EALRE, BRI 1 000 ¢ B FE LT 4 R AT AL
B 450 1. FALER 150 157D 200 1), PAULSEN
EPRYEA FERE S . MR . RS RIER B, X
H AT e R I B B RS T T LA, 25 R %
HY, JKVRZE Urml AL B2 H TR & T vl AT Ak &
AE

#2022 4F, Tt E R A AL s 5 & AT
53,3 x 10 (2, F[20504E N Eik 1.7 x 107 (. 1
kg 4R KAILI F B8 e b i i HE L2 K 3. 4 kg (L)
CO, M 1) ™, Tk ez P ) b ] o2 i HE ik
0.9 kg(LA CO, 531>, MHELAERe i ¥E, Wnirp
[ A FRR K U a5 D R R R A B i g it e, A B2
TE 2022 41 2050 4 43 53l 98 D i HE TR 1. 4 x 10° ¢ Fl
7.3x 107 t(LA CO,YETT), HAETTAREIRE . 1Dk
HE B4 TR s 8 E A il WL 285 ik 2s . TR K U8 2
PrE Ak g XA - HETEA EA ARRJERT, R
IR K v SR A2 R R R

4 & #

X L RUBLI: o A = Al 1 T 18 9 e D RR
Mt 47 LCA 2081, JFLLAP. EP. GWP HI
POCP RIS B bR bR, EZL5BUT .

1) WAL F A= il & B B AP, EP, GWP F
POCP 45 ¥4 35 5% W 48 A5 43 3 29 0 7.5 (DL SO, 4 4
). 0.7(LAPO M a ) . 2.6 x 10°(LL CO, Y i
TH)F0. 9 kg/m(LhC,H, S 511), 430 7 2000 4
NS WA B 2.01% . 4.28%. 4.55% Fil
0.35%.

2) FETFAREF- Y G B HLECRNAS [R] A& J AP 1
BT, AL T 2020—2060 4F A 7 Y Bk
Hemoim . 2503, AERMENS =, 202030 4F
12060 4F, I F A= 7= B aiHERCR B B9k
F]2.3x 107 tF12.0 x 10° t(LL CO, 24 &81]), MTER
Pk ERECT, RotmHEros s B ER I, 55k
F]2.5% 10" tF12. 6 x 10° t(Lh CO, 24 H3T) .

3) B KALYIRH #5488 F, it 5 KAk i 34
WM, BOEAYEE SR PEREC Tk,
PE P G AE 75 5 e LR Rl SoR L S aktor)
TRET 2 525 MR RN AAIE A i S (o el v i 2
RIAEEZ 0, 27 50 m B 7R FH R 21 4k A1 9% 35
YR GREGMEL, YA AR 2455, CO,
IHER R 8. 6 1/

4) EEXTHOE AP B, RS A A S Ak
B ke dab e, B —E e, It
A AR R 2R B PR B R

HEDH: BHEESIAITRIZIE (2018YFB1502804)

EER: M (1998—), WK -Mset . WFE 1 .
ST PR A B T g
E-mail: 569027314@qq.com

Bl 3x: ZRBETE, BARl:, SZ, AR I Aan RIS HT G RUAL
?Jr;#%fﬁ%ﬂﬁiﬂém[J 1 EINREF2EIRFE TR, 2023, 40
1): 40-47.

S 230k / References:

(1] #2ste, s/, TR, & BETRGEmEY
Hr i 3 [ 1 b XU HL 3 BEAE Bl = R HE RO 52 [0 ]
WEERIEEA, 2017, 37(2): 786-792.

YANG Juhua, ZHANG Lixiao, WANG Changbo, et al.
Energy consumption and greenhouse gas emission of an
offshore wind farm in China: a hybrid life cycle assessment
perspective [J]. Acta Scientiae Circumstantiae, 2017, 37
(2): 786-792. (in Chinese)

CHIPINDULA J, BOTLAGUDURU V, DU Hongbo, et al.
Life cycle environmental impact of onshore and offshore
wind farms in Texas [J]. Sustainability, 2018, 10(6): 2022.
CLAUDIA C, MARIANE H A, TARANEH 8. Life cycle

greenhouse gas analysis of bioenergy generation alterna-

—
[\
[

[3

[

tives using forest and wood residues in remote locations: a
case study in British Columbia, Canada [J]. Resources,
Conservation & Recycling, 2015, 105: 59-72.
[ 4] I, BEuE, k. KRN H 475 ay B W vE Re i o
[J]. g, 2017(1): 58-61.
TANG Jing, CHEN Xiao, YANG Ke. Research on life-
cycle performance of wind turbine blades [J]. Wind
Energy Magazine, 2017(1): 58-61. (in Chinese)
PIASECKA 1, BADOWSKA-WITOS P, FLIZIKOWSKI J,

et al. Control the system and environment of post-

—
9
[

production wind turbine blade waste using life cycle
models. Part 1: environmental transformation models [J].
Polymers, 2020, 12(8): 1828.

BEAUSON J, LAURENT A, RUDOLPH D P, et al. The

complex end-of-life of wind turbine blades: a review of the

—
@)}
I

European context [J]. Renewable and Sustainable Energy
Reviews, 2022, 155: 111847.
[ 7 ] DEENEY P, NAGLE A J, GOUGH F, et al. End-of-life



1

BRI, A BET AR AT B KL R BR BRI P A 47

alternatives for wind turbine blades: sustainability indices
based on the UN sustainable development goals [J].
Resources, Conservation and Recycling, 2021, 171:
105642.

ANGELA J N, EMMA L D, LAWRENCE C B, et al. A

comparative life cycle assessment between landfilling and

—
e e}
[

co-processing of waste from decommissioned irish wind
turbine blades [J]. Journal of Cleaner Production, 2020,
277: 123321.

(9] T2, Befkll, Zmig, 2. JET A am 020 i

H13% GHGs AR [ ). RIS # 4 B TR, 2020,
37(6): 653-660.
MA Yi, DUAN Huabo, LI Qiangfeng, et al. Benefits of
GHGs emission reduction of wind farm based on life cycle
assessment [J]. Journal of Shenzhen University Science
and Engineering, 2020, 37(6): 653-660. (in Chinese)

[10] CHIESURA G, STECHER H, PAGH ] J. Blade materials
selection influence on sustainability: a case study through
LCA [J]. TOP Conference Series: Materials Science and
Engineering, 2020, 942(1): 12011.

[11] GKANTOU M, REBELO C, BANIOTOPOULOS C C. Life
cycle assessment of tall onshore hybrid steel wind turbine
towers [J]. Energies, 2020, 13(15): 3950.

[12] FLIZIKOWSKI J, PIASECKA 1, KRUSZELNICKA W, et
al. Destruction assessment of wind power plastics blade
[JI. Polimery, 2018, 63(5): 381-386.

(13 ] b AT A R 2 2 KUBE Ll 22 B 25, h RO LA

Tl B2 R HUR S 2 , [T A RS hoC . 2018
AR X R A R AT R (J] . XUAE. 2019(4)
56-67.
Chinese Wind Energy Association of China Renewable
Energy Society, China Association of Agricultural
Machinery Manufacturers, Branch of Wind Machinery
Manufacturers, China National Renewable Energy Center.
China wind power installed capacity statistics bulletin in
2018 [J]. Wind Energy, 2019(4): 56-67. (in Chinese)

(14 ] KA, KT, F$E, 5. 5T LCA T EHE R

Az o R B PR S B (0] TR REUR
2015, 33(2): 301-307.
YI Ruijian, ZHANG Wangin, ZHOU Jie, et al. Environ-
mental impact analysis of biogas residue and biogas slurry
production and utilization by LCA [J]. Renewable Energy
Resources, 2015, 33(2): 301-307. (in Chinese)

[15] E15. 2020—2060 4F A [ XU AL BEHLALES K I CO, v HE

W), AL, 2021, 37(7): 13-21.
WANG Qia. Forecast of China's wind power installed
capacity and corresponding CO, reduction from 2020 to
2060 [J]. Ecological Economy. 2021, 37(7): 13-21. (in
Chinese)

[16] Efgi, &k, B, o E R X A R
K. PEGEH, 2012, 34(3): 4.

WANG  Zhongying, ZHAO Yongqiang, SHI Jingli.

China’s mid- and long-term wind power development road-
map [J]. Energy of China, 2012, 34(3): 4. (in Chinese)

[17 ] MISHNAEVSKY L. Sustainable end-of-life management
of wind turbine blades: overview of current and coming
solutions [J]. Materials, 2021, 14(5): 1124.

[ 18] MURRAY R E, JENNE S, SNOWBERG D, et al. Techno-
economic analysis of a megawatt-scale thermoplastic resin
wind turbine blade [J]. Renewable Energy, 2019, 131:
111-119.

[19] £, BUR, EXU, . CFCFIREE M EHE

BB BT S HAE R i e i T LT ). B3 4N/ 5 b4

kE, 2014(11): 67-71.

WANG Haizhen, YAN Chen, WANG Xingbo, et al.

Performance analysis of CF/GF hybrid composites andits

application in wind turbine blades [J]. Fiberglass Rein-

forced Plastics/Composites, 2014(11): 67-71. (in Chinese)

MISHNAEVSKY L, THOMSEN K. Costs of repair of wind

turbine blades: influence of technology aspects [J]. Wind

Energy, 2020, 23(12): 2247-2255.

[21] FEokfE, B, WP ZaPRE R 4ee XLt
Frrr s BRI s R T A, 2019, 35(3):
43-45.

WANG Bingjia, HUANG Qiang, HU Hui. Application

status and development of wind power blade carbon fiber

[20

composites [J]. Power System Engineering, 2019, 35(3):
43-45. (in Chinese)

[22] KARI L. Recycling wind turbine blades [J]. Renewable
Energy Focus, 2009, 9(7): 70-73.

[23] PAULSEN E B, ENEVOLDSEN P. A multidisciplinary
review of recycling methods for end-of-life wind turbine
blades [J]. Energies, 2021, 14: 4247.

[24 ] VF&AE, SRR, I . IR IHIENEE S0 Rk e
ORI A DG B AR —— LA KU AT 55 KU A 46
[J]. B, 2019, 47(20): 54-56.

XU Dongmei, ZHANG Xinglin, JING Tao. Research on

key technologies of recycling and utilization of waste ther-

mosetting composites such as waste wind blades in
China’s wind power industry [J]. Environmental Protec-
tion, 2019, 47(20): 54-56. (in Chinese)

[25] PU Liu, CLAIRE Y B. Wind turbine blade waste in 2050
[J]. Waste Management, 2017, 62: 229-240.

[26] PHUONG A V D, CATHERINE A, ANNE-LAURE C.
Economic and environmental assessment of recovery and
disposal pathways for CFRP waste management [J].
Resources, Conservation & Recycling, 2018, 133: 63-75.

[27] European Composites Industry Association. Composites
recycling made easy [EB/OL]. (2013-02-07) [2021-04-
05]. https://eucia. eu/userfiles/files/20130207_eucia_bro-
chure_recycling. pdf.

(hXBE%H: RS RXHEEF: A)



