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A B AR K STEPS F SDS, Hir STEPS Jz e 124
HA LR, SDS B T & Tk [ R4 e b A
TH LA 3B X 43 31 T 2050 ,2060 . 2070 4F 34 3]k
FTEARS, A T Li S5 BT EOR T 5 (NPS) |
450 1 5% (4508 ) a1 5t (MS) JHERIE 5t (AS)4
85 5, AW ST 05 5 BB A% B A 1 B2 45 6] d5 i 1 I
FHAR AT A AT T R BARIETE (1),

®1OWRRR

I 5t fiix BHLASEIGW
G FARE T — ARSI T, IR R 203045+ 1603
STEPS b fE V& (IEA) , World Energy FTA7 FBURF AR 23 52 LA AR B AR 09 H A, 5040 ?2357
Outlook 20211 TR T REUR R G AE AT BUR il 5 2 1) B R4 2050?2995
G155 T REE f e Jy ’
9B 58 (IEA) . World Energy N SR AT 1A ¥ 2 HE IR T K 4 3 5 20304F:2378
SDS Outlook 2021 B, Kk 2 T AR R S Al 1 2R 450 20404 : 4471
205020602070 41k )5 = HE i 20504F ;5881
I SR LA 2015 AR R PR BE TR PR BE BUR 15 ) 20304 £ 1260
NPS [ Fr e VR & (IEA) , World Energy 5 H AR A , B 48R XU T 7 BEAR O 45 24 20404 12053
Outlook 2015/ HIAY & JRIK 51 2020 4F, 76 2020 4F 2 J5 3% i T 20504 S
R I ReE £ 2010 4F 1Y & JE MU 5] 2030 4F ’
Fe 5 £ 0% (IEA) . World Energy ZE 5CAE 2010 4F A HE SRR TR A& R e BE v 20304 : 1454
4508 IR, B A R S SR R A 20404 : 2459
Outlook 2015
450%10° mg/L. CO, 4 2050 4F:3546
NG SRR T ARV FAE R T A T AT 20304F.: 1676
S LBk AAEHEH 2 (GWEC) , Global A BT Wy BE A LR , I HLABIR 45 R BUM 2 5040 ?2767
Wind Energy Outlook 2016/ FLIE K S A B P D283 T il HE 7 48 2050 4F 3084
U — BRI S) ’
; . . ) 20304F:2110
AS IR BEILH 25 (GWEC) , Global  iZ1E 5tk MS T EA Y.L ARG XU & Tl 204043721
Wind Energy Outlook 2016 TEAR R FEITRETR 756 R GE I 5
2050 4 : 5806

1.1.2 RMBEAREBEEHREEES

HR 4l 42 % gy e AN TR, AT LR XU 43 Bl I
(onshore) XUHL F1VE: _F (offshore) XU HL , F7 T _E XL
F LA B g ) 2 R R e I, R S (L
1o Tl AU AR b JRURRL AR T 3 03 A 4 ik
Kbl o MG GWEC 1A, B4R T X HLEE
OB M 2020 4E 19 6.1 GW 34 K 3] 2025 4F 1Y 23.9
GW , 1| 2025 4F , FLAE 4 3R 1 2 L i 403 50K A
H AT 6.5% #2831 21.0%, 3T IEA F 2019 4F
KA R H TR B R R A R U R 2 R

A BB b DT B XU B T 35 00 CHE A BT 4
K, 22040 4 P ) SRR CEDRE L HAS Y B
IXUEL T 3 473 20K 23 53 35 B 23.0% . 19.4% . 47.6%
9.5% .38.3% , A BR V- K-35 5] 24.7% ({5 B KR
HoAb 3 DX )i b XURS T 37 90 %005 DR — B0, At
X5 AR —20 .

HL9R K [ 26 A& AL (direct drive permanent
magnet synchronous generator, DDPMSG ) 14 #& 1%
) 7K 1 [5) 2 % H #L (gear—drive permanent magnet
synchronous generator, GDPMSG ) J& 2 Ff 32 2 1) 7 i
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Tt /0 L RHLE AR IEAEAS W e B Py ]
5 W AT AR BEVR (SGRE) e [ 4 KURHH: B 465 R
¥ & WAL Dy (9% 8 FE 2] 1% Z T, Viebahn
AR Sy H K XL R Nd G S R A 2013 4E Y
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B 2013 4E 19 15 kg/MW A 3] 2050 4E 19 11.7
kg/MW . W 22 51 253G WFFE 0 Alves Dias 55
FE— TR 5 L Bl R G 25 TR A AT 5 v s T
Fis b ARG R H Nd R Dy 9 5 LB M 2015 419 28%
2% T & F] 2030 4F 1) 20% 1% K H bx o #5024 &
N H AT KL AR R € 2 AR M ot 1) 45
[P PR BT RUHILAR A R R 1 5 &
ARG T T M AR5 B AN AR FR R R
2FhE 5L

LA B ARG S MR R AR 5, 0 HT
STEPS. STEPS-TP (technology progress) . SDS Fl
SDS-TP 4 Fff 5§t , Hor STEPS H1SDS 267 2 F A
H A5 0 55 1 5 CXRUPLARR £+ R 5R B AN AR )
STEPS-TP ,SDS-TP 27~ KL L4 L0 B B 1Y
AR 5
1.2 RBEZERMNHBLIFTKRIBEZSERNE

FET TEA (1) XU R 2 BL A o 90000 3530 4 4 19
AR R B L AR A R, 45 AN [RI 28 B XL T S 40y
AR U, T I 42 BR 10 A4 [ 28 Hb IX AR AR XL
FL R R (A 5 oK e B I ic e, e J e o A - it
o TR LA HE 42 BR 10 4> [ A3 X5 UL &
TR
121 REBERVNES5REE

T A7 IR AR A (stock—driven model ) , il
2020—2040 4F (15 14 KL 22 AL i (inflow ) FIIR AR &
Coutflow) , THEAE Ry

inflow,, = stock,, — stock,,_, + outflow,, (1)

outflow,, = Zinﬂowitm X L(t - m) (2)

2, stock,, A ¢ AF [ 537 X 0 ) XU HE, 28 HIL 28

inflow,, AT X AL 2EHLEE ;s outflow,, 4 KUALIR P 45
Lt = m) g XUBL A i BE 653155 BRER, R m AR A6 1Y
WHLTE ¢ A IB B BIBER , FEASIF ST BB e 3%
(B =20, Bt 22 9 0.250 1 IE 2573041
122 ®mEIFRE
R A it g AR
d;, = inflow,, X zz%t%mk (3)

Ao i Sy [ X G 5 A 5 (7 = 0.1) SRR
P22 4 3 S —— Py L XU 08 b KR 5k (k= 0,1)
N & HHLEE AR ZER ) DDPMSG 5 GDPMSG ;5,4
HhOIX R R R ROHL T B
(s + 50 = LYi)50, MUK i 75225 5 5 oh & b
HEA kBT 005 m, R 5 B HLEEA & O AR
BRI W 2R

H2 2020 4FHE R HAR S T W bR R

FRRE/ (kg MW™)

WHLE AR AR

Nd Dy Pr

2020 175.5 29.3 439
DDPMSG

2040 140.0 23.0 34.0

2020 32.4 54 8.1
GDPMSG

2040 25.9 4.3 6.3

1.23 HtREK=E

4 AR AR AL P B b D RE e, 5520
)

re;, = (Zd”L(z - m))cr (4)

A re,, A DX TESR AR Y DRSS 5 o 4 22T
e — ARG 1 P ) I 1 IR AR i 25 ¢ S IR AR RUAIL
TR A R U2 2R (collection rate) ; r A 1 1) 18] i
%(recovery rate) s W%‘E"J%ﬁj\ %ﬁiﬂ/ﬂ [=] L&ﬁl
# (recycling efficiency) o

2% Schulze S R, RBLAE WS 3 72 vh
WK 10% W9 G4 kE 7 Pr #1045t 2% 10%
ARG R ), PRI Al R A5 KL K R AR R WS BR 32
80% . L SCRRIABT AT A1, 76 52560 % PRI R K G4
HAR B [l e T A S 80967, PR I AR B 1
) 14l 80%% , WUBILAR - 9 [BT S 384 Ky 64%
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TR 6 45 5 (4) WAL R A 325 58 0% B I
11%~15% W96 155 3K , 76 23K L AR R K 75
SR RLR R A AL X6 T R AR A5 M X A AL
JE ) B BB S W RE SRR AIRRR N (D2 [ | 1 4%

G R R A AR . SR, X — H AR S B
e BT KUBL B K BEAL B AR 1 280
2.3 REREHLTEWEN

ok 20 4 KU HL & R IR AL T8 i AC, KUER,
IR AR 4 4 dt A TC VR AE R AR Y R
U5, AIRATH SR T B 1 A A K i R 5 (HL ]
WALy A Bt o XU A i RASE P 4 v DRk o R
IO Tk 2% [ A R R 7 DR AP - B IR R
AR EHAREREZ L T E R R K &
P, PRI A R 4 R i 7 30 R A - RRASE IRl 7y [
Ko 2031 FLUE, PR L EE e 2 T
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F3 20212040 455 + FRFTE K (BT - ke)
P STEPS STEPS-TP SDS SDS-TP
HIX Nd Pr Dy Nd Pr Dy Nd Pr Dy Nd Pr Dy
EE 743 186 124 654 161 108 1136 284 189 997 245 165
eS| 23.0 5.8 3.8 203 5.0 34 500 125 83 439 108 73
i 459 115 7.6 407 100 67 801 200 133 704 173 116
DA JEC Al il X 18.3 4.6 3.0 16.2 4.0 27 283 7.1 47 249 6.1 4.1
Fr T2 8.1 2.0 1.3 7.0 1.7 12 156 3.9 26 135 33 2.2
PN 4.4 1.1 0.7 3.8 0.9 0.6 8.5 2.1 1.4 75 1.8 1.2
BRI, 2.4 0.6 0.4 2.1 0.5 0.3 3.8 1.0 0.6 33 0.8 0.5
=15 19.7 4.9 33 170 42 28 348 8.7 58 303 74 5.0
BN 4.4 1.1 0.7 3.8 0.9 0.6 6.5 1.6 1.1 5.7 14 09
HE SR At X 21.7 5.4 3.6 188 4.6 3.1 641 160 107 555 136 9.2
it 2220 555  37.0 1951 480 323 4053 1013 675 3548 873 587
mgE: FRE% EE: ERE%
sl . B - = B
RHE- 25 % - 25
K B - W -
g Bk O A X - 20 g W LA X - | 20
§ HL T HEM- 75 1@%( BT EM - e
H K- H ek -
BORFIE- -10 BRFIT - 10
Ep - L -
HAk- 5 H A - -5
5 A i [X - 1 FH A X -
2021--2025.2026-2030,2031—2035 20362040 20212025 20262030 20312035 2036—2040
i Sy
(a) STEPS (b) SDS

F3 2021—2040 4= 1 i o i R & L

24 EHKNBEHLIUEES

Roskill® 75 1] 2020—2030 4[5 H & 22 A i F
Al 1l DX P A A RN AR B R 2 1.65%,
Forp AR ROR IF R R, [ A AR AL
07 £ 32 B BT o [ ORI R 1 B s i
¥l BT, AW E T 3 AL S 5. (1) 5
HENE 5, v I BCAUAS HE K, At b XA 7 o D) 3
Roskill Y TINEZE S 5 (2) ARHGAE 5, Wb IX (5
AR R A L 50 1Y 7 AR 1%, oAt 11X
i G R 20 (3) MRS, WM X (%
AR R A E ) 1 i AR R 3% AR R A
A, LA I X 7 et 5 B B — B

SRR DX A A A AT

I Nd | Pr Fl Dy 3% 3 Fif 4= 70 76 45 3 X B9 L 45
T LA EOR R B DX b i 7 A6 9 53 A 1 500 LA
FABR B9H 0K IR T - BT, 45
R 4R,

B T XL Z A1, B £ 42 )@ Nd  Pr Dy i i FH T
SE) PEVE SN V82 7N ) TR N I T
AR H A= S AR Schulze ZECIR TR , 2025 4F
JRHL AE BT A K G A 2% g o v 68 T 3 40 B R
20.6% , 51 2030 4353 22.5% (R 5 ) 5%
—HaFA B 2021—2040 4E 4R T XUH B H 1
PR & A S A A 20% 1 T3 26% , A
T A T ) 4 Bk FH 1 LR e R 114 45 F - e 2R A 1
(£4),
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4 2021—2040 45k 2R HoC £

e i 1 JC R BT kt AT F XU 9 + 0 7= /kt
Nd Pr Dy Nd Pr Dy
RN 5 584.7 163.3 39.7 137.7 38.4 93
R 5t 623.5 174.1 423 147.2 41.1 10.0
SR G 5 722.8 201.9 49.1 171.9 48.0 11.7

AR 20 4F R ER XA 1 977 B 5 75 KX DL
P 4, A B X R 2 R H T Il 7™ i 14 7 b 4 1% T
BRIV 7 7 i g O S P, 0k 2 STEPS 1
S A KU R 755K, TSI 2 SDS 15 T HY X
HLRR oK, EL e A0 ) AN B 7R A1
o BeAh, 3 Fh A IR B BN TR AR R AR A, B
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GE7y
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- - T K
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W M B iR
3 IS d Dy Kt
¥ BTEM o DR
B monstesx | s i
W ]
RHEF e
HE —— @
120 92) 6I0 3l0 (l) 3I0 6l0 9l0 120
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(a) STEPS
5
3 tig

3.1 HERBIFREEEFIBERMEMTM
2000—2016 4 [E BRAFE R 4 7= e BR R =
B I E AT 80%5Y, 2009 4F B ik 979%™, Tiij Hi

IR Dy TR BT K e/ AH il T AR 07 i
TR AT I R A SRR ), Nd 7 e Rk
Fm BOF LT B St Prot Rk o

M X AR, BRI AN A, 4Bk 22X
PR TIT 37 A4 Tl At BEAS SR A4 JR T (181 5) o Bk
S | R A5 1 2 R DX A0 T v ™ R ) s 1
PRI 3, a5 i E 1 BT IRl A, 98
T 7 A B A A 07 X ik R 1 RE ) Ok LA A 3
PRBE LT SEU INEER | H AR BARAS 7 7 AR
D AH T3 [ G XA T R RN
F S FI AR /DN s 76 WUa ™" FL AR T, T 5 At i X
U7 A B R 753K, ik — 20 ) 4 2R A 1 1)
BERIE Ty v AR Dy 4 sk A ek R B R
I 52, TR T e 6 A L (B0 TR g o A e R Py 15 5
T E A REAE S STEPS 1 5t F# £ A %44 A
2 (Dy X —H A - ICERBRAD) s (H7E SDS 15 5t T A&
ok b A LA R R AR B

N
RS — TR
HA - o Nd@jﬂé{%
gk - P> %
PrijtZh &
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2 IE PN o Dy R &
B R —
WK - _
BN [
i e
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(b) SDS

TS T G A XX R 2 i 4 s AL A% g (RGN 5%

() A 12 S5 (A AE 1 T SR B 7 i 2 A J0 A Al
Tho KRR 7R A E BB i 4 3 80h =
T fifi M A ER Y 76% T [ 2 35.29%, 7EBUR T
dAETE TR A AL R, 72 2018 4F, H 1 Ik
B 28/ 7 FRR AR B et 11 [, SR
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FE A7 AR AP A il U LI, R S ) | R 4
Xof o ] A, A7 7 R 18 TR R TR

WE 6 7R , 78 SDS 1 5t o [ 45 4 7 24w
(R A S s R B 3 A o0 3R AT I A
KIRBEI 55 7 s 78 STEPS 1% 52, # i + 90 K Dy 1)
SRAFAERE R LR AR 2o Rl 7 7R, an SR v A
IR BOAR RIS A IR 20T LR KALA

0.6 = Nd Nd (&)
= Pr Pr (& E)
i Dy #% Dy (A[EI)

02F

02F
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1
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Fl6 U 2 e s R
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=
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®
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Hh I XA A JE A AR SR

. Prigok i
&7

BRI 55 4 ) S R R PR UE Nd 7
S (L7 (d) ), 8 SR XU 4 AR ARG £ [0 e AR
e R B U R4 5 2 vp R R B R4
IR EE(K 7(c) ). Dy fE STEPS F1SDS 2 F i
S AR I AEAS R R B4 JRy T, DALk Hp L2 PR
B Dy i 07 358 = B RS - B R, A SRy Vg A
Fis 8, IF BB A ok 1 [ R
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20212025 20262030 20312035 20362040
AEfy
(b) SDS
BRI TR (UL 5
BEEKER

I'I'I'

120 9 60 30 0 30 60 90
i LRkt

(b) STEPS-TP

120

AR R

120 90 60 30 0 30 60 90
o AR /kt
(d) SDS-TP

120

Nd[F e it wmm Dy a1 B



—t

RS S8 2022,40(21)

www.kjdb.org 39

BEAR ML Dy RS8R |, 5838 T4k Dy A
BFULZE % 25 1K1Y Dy i HE R S, sl s
7, Dy 7E BRI & Tt S o0& Ak [
B 25 1 R A A IR . Dy HE 1 B i A T
W BN E AR T LT 5, UL Dy S 07 542 5
(T L Clnn e BTG ) R s 2 )R R AR 5 = 1)
LR R MTE A T X AN AE — R LR [ B
Hii - 2R N A R

ZE ARl g Hp R R R B ) ks Bl
Sk X H bR XA & R ) 2 P 5 TR
VERAR A i R i o ] ARAR A TR ) R 257
(AT 55, W AN ATUSO T s A A BRA AL LA
ARG 2 SMIL T A BRI
3.2 “REyVHREBTHERTZAETEZERTERL

it

TEAE R v, A R i 2 o A A R R
Y 60% (18 5) , SOWLFT K I, Bk o ) A o Ath [ %
(AU 2 S R I 75 SR 2 5 R BT R W
70% ZeA7 (F3) , PR el o XU R 1) 2 JR AT v [
s 7 A v EE AR, 3k ok 1 — 25 I K b B
BER R Ty o B 2 B A5 E PR 2 B XA T
B A KA A 755K, JF X DR A BROTT A 3
AR 36 B 45 v o

5 [P [RR B TVAR ] R il X B R
LA F A8 , LSS A 6] rf [ A AR, £
e PRI 2 4 o WROCR) KA ] RE X H R A el
PR AT A, A ERE MR AR SRR 2 R A AR
], Bt 25 4 R 45 i DX AN W7 2 300 1 34 7 1 i
Hh E A A PO S sz B bt

HR 5 S [ Hb Jo 8 A JR5P92022 4F 1 H B8 14 4%
SR SO < A LR S i
(4400 J7 1) , i Rg (2200 J3 1) 2 Hr (2100 J5 1) L EL
PE (2100 75 t) & SR W R i 55 BB A, Forp HOfY
2 WA BEAF 2700 A= RE T L P R RS 9 7 e
AT W NI A A ) g 1 B B 4 ) 0 28 A 2021 4F
IR T 26000, 8000 t H: + E LW , SR X 2
AN B R S i R IRATE SR A A B AR
o) (4 A 7 AT AR DRI TR A 3, IR Ik
WARKREE 1A nl 58I 5%, Horp R 4732 21 o K

2922000 Hi 1S4 A2 T E AR R 15 8
fio HETTGIR A C IR U & A7 7 5 F 7™ REHG il
Wb AR Dy I 2290 2 7 AR R, # A
BSR4 BRI R AR 9 52 A £, R B
BRI EES R

SRIAT, 7 55 5 DA At i B T8 B A 0 AT s T e i
EAF

1) MWIFEM R, mARTEH e il L 7= B
BAE ABRZE A T i AR A e, |
AP R AR T %, W PR K AL

2) WIFRJEINE 0 7 R kB, &0t IF
RFNAIIE A, — O 2 DT B T AR

3) WNAGTS R AEER My AahasSfa
%L (thorium ) Fl 4 Curanium) , PR LA A T A B ST
PEIEFYI R, 3k 27 B Z SR SE AR A8 58
S HLIX. SR 7 ) e 32 il o PR R

4) WHEED A S0 A 2R, e -5 1
+ 0 & Z ——4 (lanthanum) A1 5 (cerium) 1F K
GREXE TN P CINEUE I &
FERATR T PEBURN L F A0 B P A

5) Ml RN 55 fA BE R ARG 1R R R
BT REAR CHE & BAILTS 2 R 3 A ) A 7 # 1
TERAUSRE — AL, & B2 A 3 W LR
K, TR BT EE AR . AN AR5 R
(1 Nd \Pr. Dy 45 1242 J& 755K, J& LA e 287 il
RBLHR A F o B, 45 B A - SR TERA 5 )2
AT S, B 22 1) 2 DA RE AR | & FELBIL T 22 LR AL
A R ARG I B

Hp TR 7R A R R R A A T 3 1 T 3 4y
B35 3K 91% 949%™, J v BBk W 7K il s Tl s
AT S B A 7 Ml v B A v LR R B AR
FIEA . 24T, HA R E RN KA Lynas 23 7
P KGR A A 77 2, DRk e 6 R AR S 2
SBR AL T 3 1 AR AR T T K AR B
[l Z A AR [ H A

Sl B e > A ES e s o R N S = D
R AL & AL | 7K B AR 3 A 7 5 v 3 7™ i 1)
TEAS , DA 7 S 100 PN AT AR 52 R X 7l A 1)
A 5 RIS, r TS R T 2Bk R T B AL 3t




—t

40 www.kjdb.org

RIEIFHR 2022,40(21)

R T FAR G AA ARG
TIN5 A I A T A v ] 2 BUA LA L R
o DX S R IR AR R4 H 255
KA 5 + 75 R B[R, AR A g = b A &
JRI P
3.3 HEHBIF UL RNEMBRAEER

i XU A AR R B R A AR A Y 4
BRI R FLIE A S MR 75 okl 3, X e 3 25 20
A ] v R R R 7 Ml & R e SR 1 VR A DB 1)
FEBN 75 55— 5 T, AR 4 9% U5 BT Sk (9 AR
([ 5 A o= w2 o AR & 9 X e o | A
o EE RS (A o R RE AR R o K R TR B Y
BT R0 Tolk & 8, B2 i ok 7 i,
FER 7=l & JR i [y s ip L 2R IBOIR T e 2L 1 =l
HERUSTOR B vl %) Rk L RO ) 3 ) 2k (o
20%~30% , 5L 75 B 0 5 =7 1) el B i i s A ) e
il e, e ST RE A TR AT AR AR M o A4
Bt H A H 7 4@ 0 & R AL, B AR —
7 AR TR FUBE 28 B L At Ak ol H R BE 234

H R & ik [ 2838 s N7 1 s Rk el
Z, HAS fl Rk B ISR A e i 103
Al A7 B A 2 ik st ARV A
R N ) R ) 0 1 A P A L i v R R
PR L AR TS S AR A /N il 2 5 B R4
% RIS, AR FRRSE H A8 & TR E SR, i i A £ [l
WAL B AR A R R o AR B 7 2R A
TSR R , bR ZE A A REAR 2525 T SR
R, et 3l XU R AR - [RDICH: AT & [l it iy
) A, DAL AR B 281 SH 118 JRUEL A = 74 RS o]
WK o A D™ Ml v oA R 2 e, DO 5 23 1o I
i 19 7 e A 2R B A R R A [ i 2% A%, LA
FRHE A BB R B [ AR = B U

20224F3 A, H I RIFEAC SR 02 38 2 BT, 4
G ORE” B AR rh sk BE RIS BORURS i
K, B EAE S EIRR AR — , S B AT R K
BRI AN EPR SR E R EES . BF
1B B ) IR B AN A% 28 BRI 1, (75
P EE R A (B AR VR AR B st A Tl ) K
FALAL T A5 RS XA L 552 5 T

15 o TERXANFF AP —LBTAR DA 565
RS Ty R 5E 22 1) 2 MO TR Al AT T AR ™ Ry
I o T A XSCEE B A3 4T 7 A, e o 7™ RE R 2 A7
ZEA T A DE WA i 90 225 Rl A 4= R
52 T W 2% 3 ot AT A A E M S IRAE 2 2

L TR i L6 5258 o i 7 s
SN, ARG AR E LR RS A
FER[R] B 13 322 [a] B o A - < Je8 o0 3R A7 A% s it
o IXANCRENE S T 7 S A ks TR, A B Al
PRBTAT A B A DA S Al ) — TR TR
MR BE L RE A v R BR BE U ol e JRg i ok
(4 H 4 9 R A L R AT A 75

LR LRI, R ML B A AR A R AT
s 2 H BRI AL O BORBE 28, i 57 A 4 + %
ARG TSR G IR R e Sr Bk A RO X [ B
R Y152 52 5 T 7 s O A A R S O B ) At
DA Bl e DA R ] BT 1 A i

4 Z5ip

XU F AR Y S IR 2R A A BE IR RO

Bl o) ol P B AT A RER, 10T XURE AR — b L 1
AR AR R, AR XU F AR B SIS 4 7 2% [
REDRZE A r ol 0 A g P o7, A DR R SR T
ERORAYPGEIG . B BRI BRI | B i Sk
KF , I RE BRI 5 Tk b A s 1) T Rp s 4 Jig
TSR, 0BT T AR BR 101> 15 52 M DX A & Ji Xl
F b BT SR AR TR T LA AR 2D | [T 25
BT A AR BRI, b T R
7l K FRE AR DL FA- 5 T e ) PR AL, - o e 7 X
FIARTE S bl A JR B A3 1 omes J2 1 A9y e 18
SERFW AETR P B AR RSN, B
PSR AR 1 7 R 29 B E BOR T M R/ K Y 245,
AR 20 4F- AR KRG FKORE 1k A5 - (AN I8 5K A X
AL, JUH I Dy X — A £ 0 20K 1 A% S ™ IR 1Y
PR TR 7 5 WBLAA LB AT AL A L [T REAS A 2
S fifp M L BER TR T3, KL BOAR 1t 28 BE % [ 1%
13% 7o A7 O H 75 oK, i - o RE A 2 o A RO,
PRI 6%~10% 7o A7 WM 175K, B 4 i



—t

RS S8 2022,40(21)

www.kjdb.org 41

VERTHE & I 18] B HERS S MR 5 7 WUk ™ H AR 5
N KGR 5 R BE AT H I AR A R
P8 SRy AT [ P ] et 2 o v A o i 2™\ B )
MM — 2L T 5 v el A 2 (s 5 Bt A A
S 7 3 R A AR R RG] R
GAERIAR SR dURE A AR A

TS 2 Bk AR B R G 7 -5 A b R R ) A
FREEPE G, v [ R 78 70 M TR 1 SRS i
DL A HE LS, TR AN TR 8™ 1, 2 1
g S - BT YR HHE B BB B A ) i B YT BRI
K Fuo R 2GR 27, i BB
B v AR L L BE A 5 4 7 5 IF B e e
30 i) BN B , L DRAPAS A e R A [ P 7
P 7 M e P AT AR 5 S S R B
Fo L M B A Ml A [ PR BT AT 7 P R A 22 A R B
F RIS 7 B B A, A AN AR A 4
B 505 h ST AL, BEAE TR 55 v I RE IR
S REPRIL L, O Fi v [ XU K i F AR S B

% % 37k (References)

[1] Goldthau A, Westphal K, Bazilian M, et al. How the ener-
gy transition will reshape geopolitics[J]. Nature, 2019, 569
(7754): 29-31.

[2] Lee J, Zhao F. Global wind report 2021[R]. Brussels, Bel-
gium: Global Wind Energy Council, 2021.

[3] U.S. DoE. A new era for wind power in the United States
(Wind Vision)[R]. Washington D. C.: US Department of
Energy, 2015.

[4] U.S. EIA. International energy outlook 2021|R]. Washing-
ton D. C.: U.S. Energy Information Administration, 2021.

[5] Sovacool B K, Ali S H, Bazilian M, et al. Sustainable min-
erals and metals for a low—carbon future[J]. Science,
2020, 367(6473): 30-34.

[6] VEME, ERAE, ehid, 5. 2EROCH S8 -IRaRaE IR ¢
WRBFE 2508 B L /R [T, BE U272, 2021, 43(4): 669—
681.

[7] IEA. The role of critical minerals in clean energy transi-
tions[R]. Paris: International Energy Agency, 2022.

[8] Kalvig P, Machacek E. Examining the rare—earth ele-
ments (REE) supplydemand balance for future global
wind power scenarios[J]. GEUS Bulletin, 2018, 41: 87—

90.

[9] Wang P, Chen L Y, Ge J P, et al. Incorporating critical
material cycles into metal-energy nexus of China’s 2050
renewable transition[J]. Applied Energy, 2019, 253:
113612.

[10] Farina A, Anctil A. Material consumption and environ-
mental impact of wind turbines in the USA and globally
[J]. Resources, Conservation and Recycling, 2022, 176:

105938.

[11] Imholte D D, Nguyen R T, Vedantam A, et al. An as-
sessment of US rare earth availability for supporting US
wind energy growth targets[J]. Energy Policy, 2018, 113:
294-305.

[12] Li J S, Peng K, Wang P, et al. Critical rare—earth ele-
ments mismatch global wind—power ambitions[J]. One
Earth, 2020, 3(1): 116-125.

[13] IEA. World energy outlook 2021[R]. Paris: International
Energy Agency, 2021.

[14] IEA. World energy outlook 2015[R]. Paris: International
Energy Agency, 2015.

[15] GWEC. Global wind energy outlook 2016[R]. Belgium:
Global Wind Energy Council, 2016.

[16] TEA. Offshore wind outlook 2019[R]. Paris: International
Energy Agency, 2019.

[17] Fishman T, Graedel T E. Impact of the establishment of
US offshore wind power on neodymium flows|J]. Nature
Sustainability, 2019, 2(4): 332-338.

[18] Nassar N T, Wilburn D R, Goonan T G, et al. Byproduct
metal requirements for US wind and solar photovoltaic
electricity generation up to the year 2040 under various
Clean Power Plan scenarios[]|. Applied Energy, 2016,
183: 1209-1226.

[19] Pavel C C, Lacal-Arantegui R, Marmier A, et al. Substi-
tution strategies for reducing the use of rare earths in
wind turbines[J]. Resources Policy, 2017, 52: 349-357.

[20] Eklund P, Sjslund J, Berg M, et al. Experimental evalu-
ation of a rare earth—free permanent magnet generator
[J]. IEEE Transactions on Energy Conversion, 2021, 36
(1): 3-10.

[21] Dodd J. Rethinking the use of rare—earth elements|EB/
OL]. [2022-05-31]. https://www.windpowermonthly.com/
article/1519221/rethinking—use—rare—earth—elements.

[22] Viebahn P, Soukup O, Samadi S, et al. Assessing the
need for critical minerals to shift the German energy sys-
tem towards a high proportion of renewables|[J]. Renew-

able and Sustainable Energy Reviews, 2015, 49: 655-



—t

42 www.kjdb.org

RIEIFHR 2022,40(21)

671.

[23] Alves Dias P, Bobba S, Carrara S, et al. The role of rare
earth elements in wind energy and electric mobility, an
analysis of future supply/demand balances[R]. Luxem-
bourg: Publication Office of the European Union, 2020.

[24] Elshkaki A, Graedel T E. Dynamic analysis of the global
metals flows and stocks in electricity generation technol-
ogies|J]. Journal of Cleaner Production, 2013, 59: 260-
273.

[25] Lacal-Arantegui R. Materials use in electricity genera-
tors in wind turbines—state—of-the—art and future specifi-
cations|J]. Journal of Cleaner Production, 2015, 87: 275-
283.

[26] Schulze R, Buchert M. Estimates of global REE recy-
cling potentials from NdFeB magnet material[J]. Resourc-
es Conservation and Recycling, 2016, 113: 12-27.

[27] Venkatesan P, Vander Hoogerstraete T, et al. Selective
electrochemical extraction of REEs from NdFeB magnet
waste at room temperature[J]. Green Chemistry, 2018, 20
(5): 1065-1073.

[28] Liu B, Zhu N, Li Y, et al. Efficient recovery of rare
earth elements from discarded NdFeB magnets|J]. Pro-
cess Safety and Environmental Protection, 2019, 124:
317-325.

[29] Lorenz T, Bertau M. Recycling of rare earth elements
from FeNdB-Magnets via solid-state chlorination[]J].
Journal of Cleaner Production, 2019, 215: 131-143.

[30] Roskill Information Services Ltd. Rare earths outlook to
2030|R]. London: Roskill Information Services Lid.,
2021.

[31] Gielen D, Lyons M. Critical materials for the energy tran-
sition: Rare earth elements|R]. Abu Dhabi: International
Renewable Energy Agency, 2022.

[32] Fortier S M, Nassar N T, Ryker S J, et al. USGS critical
minerals review[]J]. Mining Engineering, 2021, 73(5): 32—

47.

[33] Hedrick J B. Mineral commodity summaries 2010[D/
OL]. [2022-05-31]. https://d9—wret. s3. us—west—2. ama-
zonaws.  com/assets/palladium/production/mineral-pubs/
rare—earth/mcs—2010-raree.

[34] Cordier D J. Mineral commodity summaries 2022[D/OL)].
[2022-05-31]. https://pubs.usgs.gov/periodicals/mes2022/
mcs2022-rare—earths.

[35] Nakano J. The geopolitics of critical minerals supply
chains[R]. Washington D.C.: The Center for Strategic
and International Studies, 2021.

[36] U.S. DoE. Critical minerals and materials: U.S. depart-
ment of energy’s strategy to support domestic critical
mineral and material supply chains[R]. Washington D.
C.: U.S. Department of Energy, 2021.

[37] European Commission. Critical raw materials for strate-
gic technologies and sectors in the EU: A foresight study
[R]. Luxembourg: European Commission, 2020.

[38] Van Gosen B S, Verplanck P L, Seal R R, et al. Rare—
earth elements[R]. Reston: U.S. Geological Survey, 2017.

[39] Riddle M, Macal C M, Conzelmann G, et al. Global criti-
cal materials markets: An agent-based modeling ap-
proach[J]. Resources Policy, 2015, 45: 307-321.

[40] Barakos G, Mischo H, Guizmer J. A forward look into
the US rare—earth industry: How potential mines can
connect to the global REE market|[J]. Mining Engineer-
ing, 2018, 70(8): 30-37.

[41] Wang Q C, Wang P, Qiu Y, et al. Byproduct surplus:
Lighting the depreciative Europium in China’s rare
earth boom[J]. Environmental Science & Technology,
2020, 54(22): 14686-14693.

[42] GauB R, Burkhardt C, Carencotte F, et al. Rare earth
magnets and motors: A European call for action[R]. Ber-
lin: Rare Earth Magnets and Motors Cluster of the Euro-
pean Raw Materials Alliance, 2021.



—t

Rz 548 2022,40(21) www.kjdb.org 43

Analysis of rare earth demand for global wind power development
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Abstract To clarify the rare earth demand growth driven by global rapid expansion of wind power under carbon neutrality and
make the rare earth resource strategic planning for wind power development, this paper intends to predict global 10 major
countries and regions’ rare earth demand for wind power development by 2040 through material flow analysis, studies the
implications of technology progress and recycling on rare earth supply and demand structure, and explores the advantages and
issues of China’s rare earth industry under carbon neutrality. Our results show that: 1) carbon neutrality climate target will bring
about a rapid expansion of global demand for rare earth elements, which is about twice that under the stated policies; 2) global
wind power development will lead to severe rare earth supply pressure, and material technology progress and recycling will play
important roles in alleviating this pressure; 3) China will still occupy a leading position in the global rare earth industry chain in
the next 20 years, but face competition and challenges from global diversified rare earth suppliers, such as Australia, Myanmar,
Vietnam, North America, etc. We propose that China should coordinate "two resources" and "two markets" at home and abroad,
make full use of the advantages of rare earth processing industry agglomeration, strengthen technological competitiveness of high—
performance magnet materials and their related industries, and accelerate the construction of rare earth permanent magnet
recycling industrial chain.

Keywords rare earth; carbon neutrality; wind power development




