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Generation Rights Trading Between Captive Power Plants and

Wind Power Based on Multi-Time Scale Coupling

YU Xiang', LI Jianhua'?, SHEN Xiaodong', LIU Jichun'

(1. College of Electrical Engineering, Sichuan University, Chengdu 610065, China; 2. Southwest Electric Power
Design Institute Co. , Ltd. of China Power Engineering Consulting Group, Chengdu 610021, China)
ABSTRACT : [Objective] To address the issues of insufficient wind power integration and the high energy consumption and
pollution associated with coal-fired captive power plants, conducting generation rights trading between wind power and
captive power plants represents a feasible solution. Although extensive research exists on generation rights trading involving
wind power and captive power plants, studies on decision-making behavior that involves refined modeling of uncertainties
across multiple time scales remain limited. To bridge this gap, this paper proposes a generation rights trading method for wind
farms and captive power plants based on multi-time-scale coupling. [Methods] First, the costs and benefits of each market
entity before and after participating in generation rights trading are analyzed to calculate the profit margin of such trading.
Second, based on multi-time-scale wind curtailment forecasts, the Copula function is used to compute the conditional
probability density distribution model of actual wind curtailment. This enables an analysis of the decision-making behavior of
wind farms under multi-time-scale conditions and facilitates the implementation of generation rights trading. Finally,
operational data from a provincial power system are used in a case study to validate the rationality of the proposed method.
[Results] Compared with the traditional generation rights trading model, the multi-time-scale coupled generation rights
trading model increases wind power integration by 3.7% and improves economic benefits by 3.3%. [Conclusions] The
proposed multi-time-scale coupling model promotes wind power integration more effectively than traditional generation rights
trading, while further exploring potential profit margins and maximizing the overall social benefits of generation rights trading.
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Fig. 1 Changes in costs/profits of each entity before and after electricity generation rights trading
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Fig. 2 Wind farm decision-making process

S, = DUCH + Ol + € - e - €l -

E(ScL + SGB) SDE ( 1 )

A N B, F St oy o1 A3 X H BE L H R
FHNA GBS, M ARHRT i S35 KBRS 5
Wets s COF o A A L) i 7E3C B I B o 1) R HUASUERLAL Y
WIREE; C R H A 7RSS By i B o Y B A HL AR
BNAS; CE N AR LT i 7R 38 5y B B o I AL F R R
HERC A 5 €Y Ry [ £ LT i 4658 B st B o () BRI F
BAS  CO ol A A5 L) i 4 38 5 B B o 1 BRLA07 Pl Bt S IE
Q0 AW i AE28 Gy I B o R FLASE B it
SO R H AL i RS By I B i A AR 5 ST o F A
FLJ i FE A8 By B BE o ) T 4 BH ZE PR 4L AR 5 SPE ol F A
L) 7R3 5 o) Bt o 2 R 72 A I RO AR

XA S5 KBS I 8 AR i
T EARSHT .

1) WA HL AR

Cll=Cii+ C)+ () (2)

Ao O Sy A HL) W E A B E AL, A [ B )R
VI o3 S A AL H O RTER SRR AN L H P BT
B s CT0 L CEF 43 590 kg i T FEL A FIBRRT i 4

2) AR

FRRLT B9 L A2 A o b g T S
ﬁfﬂb BUAS | A SCHE T T 58 43 B A T I R
J5 ik, 45 ) 45 AR B R AR AR 2R < R
D323 ) 0 g A S L 05 ) O FEL A1 R D 453 ) 43 R
SRR, FHILAS 2] B AT i 9 M5 AR ST h

(3)

2 g AT A LI 6, A i
L FL TR s AP ko 6 B LT g D 1 4 i At
L7 A 4 RO DOABRE 5 €.y o T PR g 9 - 0o
Hr RERE AR IR S B C,, = CT
3R AR
1 4 P O 2 i LA R A
S P R R AR

ROV QDL>Q[B C é

G,
S%=2Ama@[
P

R =R, 0.48, > 05, C:, > C, (4)
0, HoAtb

RLO\I = (QLDE - Q;lﬁ] )(C_:[ - C:L) (5)

RLDFT = (erﬁz - Q?FT (C_;x - C_;r) (6)

o = S0 (1)

AR HATHL TR A T N I 22 25 A% LA
R R AR IE B 25 B A% 28 5 Q0 o A HL T
TES I T AT T KA 29 800, X g R 1
W B R HANAE Sy W B 5 Q. o A A LT 7RSS 5 R IN
1 52 B FH L 35 B, B, 4 ) A SR 1 A 22 L 451) b BRI
Fefil R IR C;, o T KA A% 438545 C oA
ﬁik\zliliiﬂjiﬁ KN AE 5 A4t o
2.2 KEIZRAERE

JRUHL 7 1 2 L 78 Bl AR ARAR , JG 2 55 XU £
R4 LR, AT T O, AFTE K & iR ALZE By iy
*%%I‘Eﬂ HEE%?EEMXTC%EP mﬁ%%rm’z;

http://www. cepc. com. cn



22 NI S

47 &

Rk RS H R A AL R PR A0 o A A FASE
Sy B, KA B L A SRR AR A
Tl 3 A& ORI A ASE B B T L A A
Tz BH ZE T B A IXUR e R AR Bl AR 2 AN K
R TS MR, 2 5 LR S &
A AN 25 L A TS S R A S i, AU
Yy e &4 — o0 22 B, T LS A i 22 L A AT
REA T WSS R R ) e SRR -

S, = DG+ € - €O = SSE + Si2) - $(8)

A, € R XU 7 10 B RS 5 €O R XU 3
{8 BT L T IR N i 5 CF) R UL j 18 4 F AL B 1
Q0 R K HANAE By 5 ST KL 8
() X AR 5 SE7 SRy IRUH, 37 7 %) 19X 4% BHL 2 0] B Bl A 5 S 7
S KRR 3 A M 2 Fi k7 A 1 25 A% A AR R 5 T Wi
T ZH

XKL 2 5 R FaASSE 5 43 W4 FRLAS R4 T
BRI HT

D F5A o
[ P 3 (3) T A L3, 1 IR 77 09 «
9,
Si= > AP C (9)

g=1

g S XUHL I & R L s (R fRL B 167 5 @, S UL 5
S5 WAL (R0 SR 5 AP 353 KU 3 2 LA
FAL B Ry 7 £ g AR ™ A A I AT D RE

2) BHZE A B A

RHRLZE G 7 A AN & AT RE S LR i
FE o WUHLALZH 5 R4k — ¥ 40 H %k BH ZE 47 9
JE PRI sl 20 IXUHS AL HS T %) 9 B AR SR ML 4 )
A HE AN S KU A Z 0, TR

St = i(CﬁTAP}fT + G ApT) + jAp}f‘ZC}TT (10)

Apyi=pi" =iy (11)

A Com A3 Sy KL Rl g B AR AN s Apy
A 43I R 8 0k ) 5 Apy i 2 R
3 B BEL S i S B 6 IR € Dl o o o i
(A st Sy SRURRLE 19 B e g I BELZE 5
SR T

PO 43 A T 2 80 J3E AR = R R T R A S
PR, PR AR SO H 25 8 H T A HARSE By 1) T 4 A BEL

3) M2 % AR

JRUHL 3 7 A S Fl A, G 1 A 22 2% 4% (4 35
TS A AT A, KON TE T XU 3 ) & f A
B FL R H i RTEIR R M A B 2 BB LR AR

114 i 26 %0 B A [R), E AR B0 8 e S0 b iE A7 i
DL oA XL 37 F B 2
Q,m; = Q,m; or T er.)g.ow

Qir = Oirer + Qrom
T
Q,?Ff.cR = zQ,(Fl (13)

A QP L S j TS 5 R TN 2 TR T R &
2y i AL A A S e FE I LR Q) o MR K HE
B Q) s Q0 A WUFRL 37 TR 45 53 J 391 9 1) S B
LR, 36 R A 5 7 FE R LR Qg PR R LA
HLER Q) omio

BAT R T 4 R 2 R R IR
AR 1) o S S AR T AT i 25 6 W o A AL B A
JRCHRL S 3 30 it AN ] 1 7 DX T eF 7 Fg AU 0 %
22 Je ARV, DR 28 2% S 0l 22 A o MUK
Gy AN il L L 0) TOOM F0 Ml 2 AR N b — >
AR Z20 6, 2 R R R ) D) AR T Ao 2 R
I B — AR R 22, 22 1] A4 I B Ay e 2 2 R
U i 22 IR BE, % A ZE 58 5% O -

4
B2 = D g max (4], = 4,.0) % 3 1C3A (14

(12)

A = 7”";_”"’ X 100% (15)

AR Sy o I 220 N XU R 35 6 300 0 23 00 A 22 75 4%
e s pr A e 205 7 A 15 min (1958 W D S 000 2%
{E A7, R e BEZI N5 « A4S 15 min (19 55399 Ty 5 15000 fhg
2854, B LI DA B O 25 55 € KB 3
SN S0 5 A S R IS i 22 25 1 R B, A T
I BRI S PR R
2.3 RBENXZHEEFNE

K HALSE 5y B 2555045 o B AT B &) 5 XA
IR R Z M

S:isj+isi (16)
= =1

KL TS5 R A G i A A& L) FUAU
AT B A K R AL B XA Y A FAR
Wy S A —— X L, A] DA 2]

J 1
S=SDDUCE+CI + €5 = €St -
L oj=1li=1
1 J
S-S - s - g (17)
i=1 i=1
1 J

08 = 0 = > >0 (18)

i=1 j=1

2SS SO 4Rk A T A1 B B

http://www. cepc. com. cn



%5

MR, 55 2 REERS G T A AL 5 KU R A 5 D5 ik 23

A K HANAE Gy 777 A 11 DO 45 8 A A S 2 T J A 5 Q1
AT R X A AR ¢ B B R AL 5 i
CH.CMCo C M T b RR C R T , Rt &
HL A AE ) T 28 55 A0 4 1 Fh R RS B i L I 40 i A
1 SHL 1 4 AR DA R 2 A i 25 P i JAR DR

3 KEZHEZENZZEMWE

T UHL S e s B B R, KU 3 R 0
FAE Zy 1 W i AR XE 8, B i o el IR T g i S
B 3 KB I8 /5 T & AR B i, W T s i DU AT
FEUTCTEE A RS2 22 5r % o R 01 2 L ALAS
Sy AT AN T AT DAAE — 2 B b ik — 42k, 4R
KIS ) BN T30 R AR A A o g, A h kg
A, L 3 K AL SE 9 M DA R g %o K RS 58 5
A R 118 1) 26 BHL 2 1T L RE HI I8 & L ALAE B i, R

BEEA RIS NG % &, M 82 T Copula bR
B0 XU H S5 6 AN [ e ) RUBE A 52 B 3 XUt 5 0 5
WL YERA S A B A

DL RS BTN = 3 U o/ (TE RN

Fi AU SR — R FH T s o ek 2 B 47 A 1
SEATEI Ay HE v TR (ARG B BE & HANZE B L TE L
2y Z G AT, XU R 37 1) A ) BE AR A, AR SC
DL PG A0 4 2023 4 X 3 H 1y 32 B VE A
SRR AL i 22 B () RUBE 7 XU S5 A o AR, v
KA XU IR Bl A, 7 AU PRS2 41K, b B S B 57
DA W i (A48 % L5 B0 (B AR DGR 55, T R 4
F /N i 2 R g MR AIG , T A& 55 KX
SR T JC W R M SN 5 S BRI A A DAZR 1 DIk
R R AR o T K XU AR
JRE FI A M 55 R R AR SOk BT T Copula bR ES
A7 A A 75 XU AN PR A

e U ASE R RS AR, SR — PR AR A X [
DAL 4 0 i B %) 8 B 5 e D AR 0 A B v L B AR
5o PR, AR SO A A R TN S X, 7R H B HROR
W rh e 2 Copula KR, [ 45 -5 H A5 53 4
i, 7 H T AR E T 2528 Copula PREL

B LAE AT AT I 5 R 38 1T S BR 3 KU
() D3 5 504 S REAS B Gl o A % A Tk S K
I G AT A LR, 56 T AR 42 R A6 1 55
M4E R, 3T Copula PREY, -3 12 Kendall BRAH G R £k
11515 3] Copula PRELIY AR G R L. )5, R Sklar
FE PR A 11 2% 53 A 5 Copula bR 21 B & 43 A A5
A 3 A B F KR X R i A 3T Copula PR
1) S o R S 500 43 A1, 7 BE 000 53 AU i 5 S s 7 L
T AE T A EA AR RS 0 s XU Y

TR (5%) # #i 1 R 2. 20%, | J8 (95%) 4 i P H
20. 42% , 555 F 5 Wt Copula BRI B AR M 1Y

R
200
150
100
50
0

10 200 300 400
ER kiﬂTJ'{muﬁﬂJ_/kW

SRR RR/KW

(@) TP IOTEIN e Xt g 9 g XU 1 A% S A B g 1
500

E 400

g 300

B 2001 Al

X 100f 7

0700 200 300 400 500 600 700

PR T S R kW
(b) HHC T 7 R Sk X O P
B3 ETEHSSH CopulaERFENELZ MRS

Fig. 3 Conditional probability distribution of actual wind

power curtailment based on static Gaussian Copula

1EC RPN 52 KBS TR T L 456 ik r
AR SIS o3 AT AR AL, K X 1 H I S BR 3 XU 1
FRAF AR, ARBA I H B S PR WU A
T FE KA mJJiZJXL Eﬁ%i%ﬁﬂiﬁﬂ JE T

flz(xl xz)
fie (x)lx,) = AT (19)
S (xy, 00, ) i H BE SE B 3 XU AR 57 XL
WK A5 M 85 B8 0 A1 eR VB £, (o, ) S ) BE 000 58 XL
GR35 O3 A PR

2) L FE A SR O A SR

5 R AR L, J 3 57 KUTITI A4 4 A 2 BRI P
SR TROINRE B2 R, BB A% A 3] S S0 A i SR UK A, A
I b R AR A AH DG 5 , T R ER 43 [ A 52 3 A i 2
ARG S o BB BT S A W L AR
55T BRI , A SCHE B Gumbel Copula PREL, I3
i e RAIRAG A TR Copula PRI AR OC R AL

H 1 57 KR XN 8l 2% Gumbel Copula pRE Y 52
o ORI 5 i 5 A1 A ] 4 i 7 o 000K A R A v I
T4 T T 3T 40% , P 7 UECHE 09 R 2 (5% ) # st
PR 0, 1R (95% ) HCHTE ] 78. 38% , b MM PSR ,
AE 8 T A S 55 B0 14 & A

£ B0 B S B AT L 25 iR &
Gy AR A A ALY R HEXF N H 04 S BR 5
AUt B8 S5 A o A AR L B XUH 37 19 H iS00 53 XL
oA xy, Z IR (19) AT A2 R 3 52 B 5 XUt X6 H i
RO X 8 2 AR 38 R

http://www. cepc. com. cn



By

47 &

24
5 400
) 300
=
s 200
& 100
X
50 100 150 200 250 500 350
ST S R AW
(@) S SN 7 X Sk R 1 2 S A PR 1
500
=
<400
ﬂg 300
45 200 p.*" F ¥
{M—t 100 PR
g | [ Sk . . . . . ,
0 50 100 150 200 250 300 350 400

AT 7 R kW
(b) REHTTITIN K By S MU 1
B4 ETF 37 Gumbel Copula FISEFRFEREZHMENH
Fig. 4 Conditional probability distribution of actual wind

power curtailment based on dynamic Gumbel Copula

H BEFF R A1 H A5 R A F oA AR R
K5 FR .

————————————————————————————————————————————————————

| Lo B A, | o

W mmk |40 EdREESE |

o mwdkmsazg || EWhgsmEE |
K ¥ A
0! ‘ | ! 0
Wb T ReAEnOCREs | |1 AR Rk, | B
m Rewmre, v || PRGBS, wiehs |
% i ST Copulapk L | 1 1 Gumbel Copulapfi%{ ! ﬁ

P B !
Y I : I B

ﬁi | |
m | HAKendall B | mpAk |

i FHATIT Copularsi £ i Copulapfi $ioHH G 754 |

— : ;

QK AR | E LT 3% il Copula |

j;_t - P | h i ]

Apovcet il I} T e

2 AT .

Es5 sREREFNEEE

Fig. 5 Multi-timescale wind curtailment modeling

4 ZHMEREZBREUXZZER

A B ST IR 22 I A) RUBE A HUAUSE 5y 05 1 1)
ARPEAE R AR , HE— 20 4 1t 22 ik ) RUBE A LA SE )
R i o R 2 R S LR BORAR  SE B T A S

AT S KL AN B E M T B R SR okl
4.1 RBNXZSHEHFESRIE

3 R A 525 R AL 5 B 45 A
A B A L PRI X T AR T ) 2 AR

AR AR AL S Z 0, AT A R AL B
52 oy G5 R R AL T i AR R &, 52307 e A
e B 7 R AR IR S, AT AR R Sa 22 5

A, BT D s A Y A R AU B B H
T F KU X, 6T I T 5 X R R AR B 52 PR ST
IRy, (9 2% PR ARE 258 o A AR DXL R 4G 2 X — 45
T E A B R RSB R R, 2 o, <y, IR, G ERHATS
AR ERURBAL Ty , RIBAE 2 808G e KA 5 2 x>y,
I, B 2, KR S — 800 K HUBCRE O Ik 52 A
B 2, ik XUH 37 T 2 M BG4 e H K i A2
XK

2 x,=aX, AR AR £ S, (x,)
HENS, 5C T a 19 BRI, X% R BE AT R R, dS, /da=0
i, S, B AR, DA M4 21 KR 377 1) e H R kLA
R o R B AU Bt e T 2R AP AR A3 e A A 2R
BEE R PRl o 1E Y AR DXL HE R Bk F R T

FEUC, X RS R AT T, 5 2 F AT
REE X, R0 R HRGSE PR 3 XUy, B 26 A MR 2R 20 A 8L
B HBR BASE 5 B T HRiH— 48 3 XU F, 78
JRE R RASE Byt g R L, T3 £ B B2 5
H Al RUASE 5y MG FIREAS , B4 T H A FRASURE
Hifle o R BAYE N A R A U ASE S AR FE , FEAY
JE BB AR R AL, 2 AR A by fi i H XL
Dyt A L BRI B s S BT . AR
HUALAZ 5y [RIREAE HRTHL 28 5 2 ) AT, HRiT A HUAL
H A o, B T X R oy, 9 2 AR 3 4 A A5 Y
e

K RAN S Ty i B B P 2 B T KU 3 5 X
S, DI 5 2 00 B 28 545 28 XU 37
A 25 L S 5y WA o S P i s

JIrali A A AR
4.2 ZHMBERERZBENZSKEB R HKHE
ik

AR SO S P A TR 2 B e s 22 I ) R P
05 AN 5 Mk A AR B Xk & AR B RS T HLEE
PR I, 7 AR 780 R T I i P L2 L R — 9 ST
T T A AR, LA T I S 300 P ) 2 8 PR 5 2800
4.2.1 Hirek%k

BT KUHL 37 57 Ko 22 Isf ] ROBE R A A0, AT LA
133K AL Ty A8 4k o RS IR 22 ) [) RUBE &
LA AE 52 A B, I 2 1 AN ] B[] XL R 30000 1 g 5%
25, BT 2RI AR B R ) E AR BRI

J

1 J
maxf, = S, = D[S, (&) + S, (#) ]+ DS, = DAS,
i=1 j=1

=1

(20)

http://www. cepc. com. cn



%5

S, () A KL 35 1 H & v AU R 43
Sy () A KL 37 149 R BUBOU B 2 5 AS, DA AU
Yj K AU Sy R ZE R 2R

K FAAE By i B gl P T O T XL 3 5 A
i1/, 87 SN RS SR EZS & PR S AN R 77D €
A 25 R S 5y WA I oA S PR A
Jirati K YW A

1) AR B B A

BT X, 0 R AFME R AR, m] LIAS 3 H R
HLRC B £

S = M) = B[ (e, = 7, )Py )y, -

“J:w(ym"xm)P(ym)dym (21)

A M (x,) N2 =y, B R ARG 5 P(y, ) N2
X,, I 52 R 33 AU 14 2% (AR 23 A1 RS B 0 XU
Gy JOUE 6 1 JFG B A AU ) B0 i 24 AR K, D
BTN s o Ry B TR KU B 22 PR K

2) H A& AU R 4

BT X, 0 FR AL AR A Yl AR 3 H A
PR 4 0 B i

Sy (e = M) = (4, = 3 )Py, =

VJ" (yd_xd_xm)P(yd)dyd (22)

M (ay) A 2oy + 0, =y, B RO R LB AR | T 2
M (%) + M(x) = 8;5P(y,) 0 4 X, C R SER S KU
(8 5 R R A oK 5 e g XU R 37 D00 2 LR AR Y
e B B LA 5 24 288, TR R BB LAY 5 v g B
IVERVAR YU EZS SinP N

3N IHATF

IR 5 114 22 A0 R R IR T e AL R A 5 2B
Fr R B TR 22, A5 R A AT HR i /D T S R S XU
I Ik 58 B K F AR B AR e R A, R A H i B
o TS T AR IS KRR 37 2T 1o BT T 37 0 P R
AP IEME

A8, =B [ (= v P(y, )y, +
af (v, - €)POLY, +
] (e = PG +
v G- - PO (23)

4.2.2 &AM
1) H & AL IR AT
(P LR

WRE, S5 2 A RERES T A& H ) 5 R & A S )ik 25
G G
Put = Pui-1 ST
(24)
pl;,t— 1 - pn,l S r(ln
Prwin <Pt <Dy (25)
0<pn, <pn (26)

K epy WEBBEE S R n G H AR HLA 2
157, 200 n 5 A # T HLA A E RS A
WD T b i T ER n LA ) L
TR spo LI ¢ I 2R H AT SIARBUE s p,, A A
HUEZ 5 56 m 5 VLA « I 22 S PR i )

(24) ((25) 7090 3o A & HLAL €Y 2
WRE R 12995 5K (26) R KL 2050

(2) A Gy il Ja T3 B 0

N M

GO wo _
zpn.t + zpm.t =P
n=1 m=1
N M N M

G A\ GO wo
an.t + zpm.r - zpn.t + zpmr
n=1 m=1 n=1 m=1

A ep ol 235 R e 2055 n &5 B AL HLAL AN
m 13 WU ALA BRI R T35 p,, DR o BoF 220 28 8 60 T
L5 M N 35 2 5 R A 5y i) A & ] LA
B X AL e
(3) Ja 5] 23
AT
b = T

A o 3 A AEWTSE I Be N, LA n B T

(27)

(28)

FLITHL AS=HILIRE 18]

(4) R AR
S, >0,8,>0 (29)
as, as,
57>0’at>0 (30)

0 (30) Fn B & ) FXUE 375 57 s a] 0k 25
MIE.
(SFEPTEMAR,
Chine < Clioin (31)
Q< QY
Qi <Qi(1-68)
2 QP QP AN F A HL T AR 3 5 7E ¢ 15 2
KA Q0 N H & HL T i BRI AR Y
BCAR 5 QY Sy XUFL 3757 7E ¢ Bk 22 T f) 55 XL B 5.8 A F00
RZER TR CY, . C L 700 (2 S P 5 B
B v A AR A N XU R R AR AR
2) H Fi & A R A -
H AT R 2R

BI BI
Cilann < G

Jod, min

(32)

(33)

http://www. cepc. com. cn



26 WA R %47 %
Qo+ Qi < Q11 (34) =00 o R R
Qfﬁ JEOM <0t (1 -¢&7) 4000 +Elﬁg}gﬂﬁmi
SR o SBRFE R
K QF Q% A3 H A LT i FXUHL 3 5 78 ¢ B %) 3500
(9 H AT A A i f 5 Q) Sy KUHL 377 T 1) ¢ B6F 2] H ﬁ 3000
A5 e A H AT A AT R 2Z TR CY L = 2500
CPy L AR HHT & AU SE P8 B A v 1 e 2000
A AR B S AR AR A o 1500
A BB A I (24)—(30). T
4.2.3 CKfgIik %,@"Q %@Q Y %9“"\ & %9“’%
6 R SCI A B % A SE B By AU O '»iﬂ O
HE

iyt 71 09 0% 2 DL AN TR) B ) RBE 37 XL 0 0 5%
2%, Z W] RUBE & LAY A By SRR TR A B B AR Ze vk
R R BERNSAE MATLAB 3 {4 il i YALMIP T HA4H
P4 GUROBLK fif i A5 205 B 5 S AR SCR )
SRR T3 v (R R MR St v 2 8 SR R e e
BB B AAAT, [R5 By 57 XU 1) 25 PR IR
B 53 Be e R AL AR B Ry Btk e i 95% 21~ X
], >R BRI 1520 B R AR & 1, IR T
AR AR R AN B I 8 T Al ik o

5 EHHlaH

5.1 BEEXS#H

A SCLAFR P03 2023 4 3 H LAY A Y S BR
BATEAR AR X G 2T AR AT SR 1,
AL 37 ELAR 35 IR n 1 6 o, 3 AV BE 2K
BT GRS R s (R sh v 3 )
Fisf 2 5 XU 42 B o 4 v ™ B AR BB LA
R G HA G SR ZE B WER
B RS 91R 90% . 110% , 357 RE V5 I 25 i 1
% L BRI R 85%  115% , %715 15 H & LA A
5 SRR R BN 0. 055, /1 E &L FIX L 4%
KA Ty it LA T 3 B . R 37 R R FRL LSS
2004 BH ZE PR L 7 H T LRSS 5 1 0. 047

*1 HOIBH
Table 1 Case study parameters
28 HfE

e L A/ (JG/kWh) 0.045 5

BN 345/ (JE/kWh) 0.001 0
A (kW) 0.3380
BRI/ (OT/kWh) 0.494 0

FI A L AR Bl A (T Wh) 0.426 0
Ik / (JT/kWh) 0.030 0

H BE R R AUSEE M/ (GE/Wh) 0.137 0
H i & AU AE M A%/ (JT/kWh) 0.205 0

6 RERHFREE

Fig. 6 Wind farm curtailment data

5.2 RIEEHMESNHT
MR AL Gt A AT 7 1, 5 8 3 H R 57 KA
T B A B sl DR T AR S R S
1 85% #E4T H B & ALEE 5, B H R Ao 53 X &
PEAT X EE , Qi SR A e S, W R AT H AT & B ASE 5
BRI 7 iR .
3500F W] RS
3000+ W AR AR S
< 2500t
i
R 20001
fé 1500
ﬁ 1000
500

N N N e O
Ng NG Ng N
& & S S
) >
i
7 EGEBEABNLTSE

Fig. 7 Traditional model generation rights trading volume

22 N [a] ROBE R A AR R B A S B B AN P 8 T s
MIEL8 ] AR H e 2R AR [R] 64 T e dhs , 2 e
TUTE SN H AT & ASE B i) H e 4, HA T
TR H B R P Bl (AR SO R AR b H R v
FUAZ Ty i 55 2 3 M B O 40T o i B 2 Mok
LRSS B i e B B BEEA T O3 i, BE RS A A0 i &
HLALAE By I 28 05 R () I 3t o DS XU R B 2R 1Y g
By R 4 K FLASE By ik H B R 22 B 1 O, 2 —
A AL I R SR T O B R A

2 R R JXU R A S X LE AN 9 s o 22k ] R
JERRE AT Hhy T 52 B 3 AU B 22 Ml A ) R R RLARLSE
oy B BeBEATIH AN, 08> 1 R e e A S o i o AE R
BT W B KT A R ) e P AU B i S S BR FE IR
AN VEBC AT, [T IE4 v 1 DR T 290 A0 XU R T

http://www. cepc. com. cn



555 W WAE 5 I RGN Al ) 5 U R AL S 5y Uy 12 27
3500F T R R S i 1500 R RO
., 3000f ™ A & A
Dﬁ{ 2500 1000}
IR 2000 £
® 1500 g
5 ~so0f
1000
&
500
o & > o o > 0
& & & & & I N N e N o >
g & F L F P S S S S
D D N D D D q’@» q’@» ’\»@’ W@» W@» W@»
H H 81
E8 ZMEREBARAULZBNZISZE B 10 (ES1ER % Bk ss
Fig. 8 Multi-timescale coupling model generation Fig. 10 Revenue from generation rights of
rights trading volume the traditional model
NIRRT O AT LU i 75 31 Kk, 4 17 R 500 ‘
S S A B0 XL 2 B 12 5K 2 e
TR ) IR H, T A e A ), 22 P ) R B B (1 - 247 JXL 1000
LM AN B AR AR GRS i KU T G s 3. 7% %
3500 =
— ZA R 500
3000F — G
B
=<
F 0
ig 2500 > o 9 5 o~
g (_»Qq/ q,@' "1;6» %Q'\/ (»Q'\/ ’\;6»
15001 H A
1000 . E1l SR RERE A B AT
Qﬂ,P\ @91\ Qq):\% Qﬂ,f\o’ Qﬂ,)ﬁ"; S’?}\ Fig. 11 Revenue from generation rights of the
q,@?" ,19’9" WQ’\?" W@?" W@?" q,@;b' multi-timescale coupled model
H 41
. e o 1300f —o= S]]
9 2 MR R A AR b 00l - fit
Fig.9 Comparison of wind power consumption between 1100}
two models g 1000
5.3 ZEMEFNHENH SR
e N . " 8001
5.2 WHERARY 2R BB E—4 2
H a4 16 K13 KikAr T H AT R BAE 5, H. 600}
H s B E 5, O TR 5 A ) Tk 500
WL AUAC S B 26 0 3 a5, LA SR P 10 AR 11 m§ 3 3 3 g >
/No P10 FIIA 11 ¥y H 2 K i AU 45 o & HL AL @Q @Q §§ §§ §§ sf
S B 2 EOR IR, X 5 AL S AN AEAE S v v v ;% K K

A AL 220 A S O R PR OE A5 4 o

2 B IR 14 A A AL 2 R AT 0 LA 12 R
ZPrskaa LR 2. W 12 AT LA L AE 31K
294 23 RIS (] 22 I ] RUBEASE R L A% SR 4 1
KZ Gy W28 a5 o o R 2 v n] AA 3], 22 [a] )
FERETY -2 53 H A 22 B e MR H B 22 57 343 L
GR35 3. 3% TEMSm IR AT, WK 6 iy 3
H5 B mFRELET, AR R T2 kg
FLLLDC P KR 57 MR, S B A5 B R A

E12 2MEBE L BAUS Y SR b
Fig. 12 Comparison of total revenue from generation

rights between two models

5.4 REYFESHT
5.4.1  ZRIEM A% X FR Go Ul gk 5 KUHL I 40 Y 5
i

R Br & uE A A& X R el e 5 XU T 40 1 1 5
Wi , 8 BUERUE M6 A 0. 05~0. 20 JC/kWh , SEIEH A& 78

http://www. cepc. com. cn



28 LN e

47 &

F2 2MRBIMEFT NI L

Table2 Comparison of total social benefits

between two models JG
RS
B TEE g Dea) HOAESA
H i zs B REE OB RS
fE e 61557 19082.74 826255  10820.19
LN AR 63626  19724.19 8536.05  11188.14

RHAE Gy R BA A 25 i ) RUH 37 S AT 3R 5
W X TFEANRGEM S, SN NS X R4
VERL AR = A s (H Y S A o s i, H A&
) UHL 37 S AN B A5 s A s, XTI BB 2 AR A
HHT S5 RS G R . SRS R B
ST 13 FiR o

62.760 60.811 1.9339
20 TV—p—p—99p—9s—v+ 160
1.972 4 1.9339

. 150 =
R 15t . N g
S = +Z€Eﬁﬁyflﬁﬁﬁ R <40§
= —=— XU AE BfE2: 0.18 i
= - S F=a §
= 1.0 Ju/kWh Efike 130 =
N L3S T TR p— P\SRM 20 2
& 0.5F! o ) Z5 0\ | X

b 2SI 110

ol! D1 0107EKWh K | 440

005 007 009 011 013 0.15 017 0.19
GHIEMR/(TT/KWh)

13 FEMEREES

Fig. 13 Green certificate price sensitivity analysis

HY P 13 AT, Y R AE M A% 3 i 1 0. 10 JT/kWh
B, A FFIRAS S AT R ALY , & AR
% 55 XU HL T 20 1 8 /0N T R AT 5 4 S ik A A% 3 i )
0. 18 Ju/kWh i, H#H 25 kK WAL 5 B o3k
1R AR , IU & A SR 5 24 1, Jk AU 25 AU FEL T
YHEEIH 0,
5.4.2 MRS 5 HEBN S X R GRS 5 KR
THAN I 53 M

SRR AN A 5 0 HE I A% A & FASE 5 4T LA
FAE R [ AT 0 10 2 B RAS SRy A AT A e s
5 HE AN B8 X R e 25 55 UL T 44 A 1 R ), B
HBUH A KHEA R 0.2~0. 576/KWh, HE&HLT
FE R A 5y i 2 BRI AL 5 080 1 & H
A F S HE W B & AL 5 AT 4 . H
LR H A R A BT AN I 14 TR, S A A
I k& A K T 0. 28 JT0/AWh I, R #EFT & B AL AE
G, WAL T N2 AU RS I 05 S Al &
L, A 7E 0. 28~0. 36 JG/kWh Z [a]if, H kAT A BE &
HLALZE 5y , & FL A 25 B 1 8 L % HL LA 38 o
Hon, KR T A R DR R AN AR s 2 [ A L) R AR
F0.36 Ju/kWh B}, [ B 24T B FIH Rl & AL SE

Ty, Rt A S8 A, UL 94 B PR R A

o [ A AU A
LRI A A
2.5 AU

YT I 160

KA AR/ )T TT

0
RV PR S CEE SRS
B AL R LR B AR /(TT/kWh)
E14 BEB] RERAIEHEST

Fig. 14 Sensitivity analysis of power generation

costs for captive power plants

L8 LT IR AR SO e B ALSE By 22 B[] X A
R BE AT RO & AN [R] I ) ]UBE B9 K LA SE 5
PE— A2 3 S v A B ) M) 245 (), 4 v e rL AR SE
S ETERAE . YR RS — P REFE, )
AR, 25 B XU I BILZE TR0 58 22 A 4 i, AR SC
JIr 41 22 Ik [) RUE kP RSURE 5 A5 28 11 22 5 A i AR T
R 48 K FABUE Sy B B e it — 23

6 4 it

=A

1) 5 37 S s 3 IR 25 T 3 XL 1 SR R R
AR S, R F A i 5 S B o XU A G
BEW RS TR LEBNEEY . TERBEES T,
FHEE SR A 09 ) e FEASUH i i 2 3Rkb 3 KUt 1) 25
i, BB A A R0k S H HIT & FBURE 76 19 S I 9] B AR
o P TV AL, S AR [ s ) R 22 18] AR A5 o

2) Z2 Bk ) RUBE A A B ARKE 75 XU e T £ 7 H R
K HAEE Ty By B AT IH AN, A8 080 J 1 & F A 3
Gy, 8 13 1E T T 3 W) B R ke Y- e ) ke FEAN RS 5
53R K R VC AL AAT R, $E T R T 0
Z2 I (] RUBE RS G AL (197 24 UL M AN i AH 3R TR 4t
FERIE R T 3. 7%,

3)FE 75 SR 25 L o PP 43 e BH 2 9] A5
SRR G, AR 5K Z m 0 & H
BOE G R IBAFAE SRR 25 18] o AR SCAE ST Y & HUAY
L5 22 W IA] R AR 7 — A H g 23 R4
R = R L WA N G Rty E = = R
$E15 3. 3%, e I — 258 Kk i ANSE & R 23 6], fie
KAk K AL 5 [ 25 30 2 o

ARSCHAM E B AR 5RE S 2 MG & d
B G , FE b BB EREAFERRKER N LR
[T HEAT R A S Ja SRRl T i R AE R
WEE 5y P PSR AT R 24 JE TR B . eAh, BR

http://www. cepc. com. cn



] MR, S AU T AR S X R A S T ik 29

T Z WA R Z B AR, 5 A N BT TR L85 4 11
23 IR 09 K A S A 5 T

FI #5 i 22 A BA ( Conflict of Interests) :

A 7R AN AE R 2 R 5%

{£& Tk = BA (Authors' Contributions) :
MyRE AT TR T S SR B I b

BHREAE UG S ILRAR X EFES S T 51

o

7
(1]

(4]

(5]

(7]

(8]

P A AR P IR R T Ie SO TR N2

S % ik

WA S, SRkl FL . LT REVREL A0y b AR T i i
B oM 58 T]. P E BT 2R, 2020, 40(2) : 369-378.
CHEN Guoping, LIANG Zhifeng, DONG Yu.

reflection on the marketization construction of electric power with

Analysis  and

Chinese characteristics based on energy transformation [J].

Proceedings of the CSEE, 2020, 40(2): 369-378.

YUANT, GUY H, SIMA W, et al. Energy storage mechanism and
modeling method of underground aquifer to meet the demand of large-
capacity consumption [J].  Applied Thermal
Engineering, 2024, 256: 123961.

CAO G Z, NIUJ T, YAN K W, et al. Study on optimization of

electricity market mechanism and enhancement of new energy

new energy

consumption capacity [J]. Applied Mathematics and Nonlinear
Sciences, 2025, 10: 20250499.

i, Fg, BT, 5. BT AR LAY 5 oK 00w 1 A i
BRI AN LT[ ). WTVLHL ST, 2024, 43(9): 39-48.

FU Zheng, WANG Feng, WANG Ruoyu, et al.

analysis of renewable energy consumption promoted by demand-side

Quantitative
response based on time-series production simulation [J]. Zhejiang
Electric Power, 2024, 43(9): 39-48.

SR, SR, SISO, AL TR HLRHT REDR 2 )OI 4 LA 22
AT, LI S5 T I B TR, 2024, 40(4): 143-149.

ZHANG Fan, ZHANG Zhen, XIAN Wenjun, et al. A study on the
multi-scale consumption rule of new energy in Qinghai power grid
and its attribution analysis [J]. Power System and Clean Energy,
2024, 40(4): 143-149.

Jeam, TR, AT, GF . m A KFOLIT R T b R B R A
RA BT SR )]. e RGP SR, 2017, 45(10)
146-154.

ZHOU Qiang, WANG Ningbo, HE Shien, et al. Summary and
prospect of China’s new energy development under the background
of high abandoned new energy power[J]. Power System Protection
and Control, 2017, 45(10): 146-154.

wAh, B, A . B TR AR I T A AR AR R Al A
T AR IR T IR h E R AL TR R, 2016, 36(10)
2648-2655.

YUAN Wei, MAO Yashan, ZHAI Qiaozhu.

scheduling of autonomous power plant in energy intensive enterprise

Power generation

based on exact electricity balance constraints[J]. Proceedings of the
CSEE, 2016, 36(10): 2648-2655.

SR A A A TR AR AR O R AT ()], AL
AR, 2023, 44(9): 53-57.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

QI Haiping. Analysis of renewable energy alternatives in self-
provided power plant [J]. Northeast Electric Power Technology,
2023, 44(9): 53-57.

MK, 277, AR, 45 BT AR it DX 19 r BRI
ZNZHMACHIELT]. ) TR, 2025, 44(3): 108-119.
TIAN Yonglin, LIANG Ning, XU Huihui, et al. Optimal scheduling
of electricity-carbon joint multilateral trading in regional power grid
based on Nash negotiation [J]. Electric Power
Technology, 2025, 44(3): 108-119.

JFE, BB, E4EM, . Ai) S SHReEIHAR A
R o A S SR VE D). ) RS Ak, 2016, 40(14)
145-150.

ZHOU Jing, WANG Ke, WANG Weizhou, et al. Benefit analysis
and application discussion of trading mode with self-owned power
1.
Automation of Electric Power Systems, 2016, 40(14): 145-150.
e, WL, sk, S5 fEIERTRRIEIN AN B A ) R HALE
Sy BT AT RV L] s R 48 A Bk, 2016, 40(12)
200-206.
HUA Xia, LUO Fan, ZHANG Jianhua, et al. Feasibility analysis

Engineering

plant participating in renewable energy consumption

of trade mode promoting new energy consumption based on
generation rights trade of self-generation power plants [J].
Automation of Electric Power Systems, 2016, 40(12) : 200-206.
XP, 2R, AR, A5 I RRIR S AL 23 PR
PEAARABETE LT ], A, 2022, 46(3): 973-980.

LIU Chuang, LI Fengting, LI Jiang, et al. Optimization model of
multi-space coordinated alternative transaction of clean energy and
captive power plant[J]. Power System Technology, 2022, 46(3) :
973-980.

FfE, 6, SR, S5 5 RS 5 S R IR AR 1 A HL AR
Lo RABRLT]. W) A sk, 2023, 43(5): 23-29.
WANG Ziheng, BAO Hai, ZHANG Feng, et al. Optimization
model of power generation right trading considering carbon trading
income and network loss cost [J]. Electric Power Automation
Equipment, 2023, 43(5): 23-29.

H . R R A By R JGB AT 5 G 3 [R] AL SR g F 5
[D]. dbst: fdbr ke, 2023,

XIAO Yang.
carbon emission by trading power generation rights [D]. Beijing:
North China Electric Power University, 2023.

Jel e . 25 R IHE Y R A SE By e LRI B 22 B i E (D .
BB AEFRRME A, 2023,

ZHOU Ruxin. Research on generation rights trading and electric-

Optimization strategy of wind-fire operation and

carbon linkage trading considering carbon emission reduction [D ].
Wuhan: Huazhong University of Science and Technology, 2023.
SRS, i, AR, AF . 3T AR AL By S L T SR e R T
HL RO R IR ()], R IHBESAAR, 2025, 46(3): 160-167.
LUO Chen, HE Ye, ZHANG Zheng, et al. Double-layer game
dispatch of distribution network considering generation rights
transaction and baseline-based demand response [J]. Acta
Energiae Solaris Sinica, 2025, 46(3): 160-167.

QU B Y, MENG Z J. Study on a hierarchical game-based model for
generation rights trading in multi-park CCHP-based integrated
energy systems accounting for new energy grid integration [J].
Energies, 2025, 18(16): 4251.

XICHEE, Emate, sk, % FETAEMIREm HT A &R S
WL A B Sy L) ] HURIEER, 2022, 46(7) : 2647-2656.

http://www. cepc. com. cn



30

LN e

47 &

(23]

[25]

LIU Wenxia, WANG Lina, ZHANG Shuai, et al. Cooperation
game theory-based model for trading of power generation rights
between former captive power plants and wind power [J]. Power
System Technology, 2022, 46(7): 2647-2656.

LI W, CHENG X L, GONG Y Y, et al. The generation rights
trading between self-owned power plants and new energy
enterprises under the conditions of price difference and time-of-use
pricing settlement[J |. Electronics, 2024, 13(19): 3908.

TR 25 R ECARAY H T )RR T Y R HASE
S[D]. dbnt: AL ke, 2023.

WANG Lina. Trading of power generation rights considering the
cooperative game between captive power plants and wind power
North China Electric

before the quota [D]. Power
University, 2023.

I, RO, SRR, 45 S HRETEGN A s R i
G MF UL, BB 5 HAR A, 2022, 37
(4): 57-64.

LI Xueqin, WU Wenxian, ZHANG Chengmin, et al.

generation rights trade and clean replacement optimization model

Beijing:

Power

ofcaptive power plant participating in the wind power consumption
[J]. Journal of Electric Power Science and Technology, 2022, 37
(4): 57-64.

X, 2R, SR, A5 KOBIK K R BAEE B AR PEAl K 3
ALY ] RIAGE i, 2021, 42(8): 105-112.

LIU Chuang, LI Fengting, CHAO Qin, et al. Research on trading
subject

evaluation  of  wind-photovoltaic-hydropower-thermal

generation rights and replacement power optimization [J]. Acta
Energiae Solaris Sinica, 2021, 42(8): 105-112.

WANG S, WU J, LV L H. Impact of climate change on wind power
generation studied using multivariate copula downscaling: a case
study in northwestern China[J]. Energies, 2025, 18(8): 1963.
IO, 25000, XIBE, % JET 5 D Copula BEAL K £ X HE
Yyt gy MG TR ALY ] K PHAEA 4R, 2019, 40(10) : 2960-
2966.

QIU Yibin, LI Shihan, LIU Lu, et al. Correlation modeling of
power output among multiple wind farms based on scenario D vine
copula method [J]. Acta Energiae Solaris Sinica, 2019, 40(10) :
2960-2966.

PREERR, Aarss . 5 RE 2 KU 37 0 00 5 22 23 A Rk A B AL
PRI [T]. IR, 2023, 47(12): 5026-5035.

CHEN Huangsen, SHI Libao.

considering output forecast error distribution characteristics of

Stochastic unit commitment
multiple wind farms [J]. Power System Technology, 2023, 47
(12): 5026-5035.

VR, BSCOR, 2Bk, 45 TF ROANHIE MR KUK & R GE 2
B R 2 S 5ems ], o) A skt dg, 2024, 44(2)
18-25.

SUN Xin, WEI Wenrong, LI Qionglin, et al. Multi-time scale
market participation strategy of wind-energy storage combined
system considering uncertainty [J]. Electric Power Automation
Equipment, 2024, 44(2): 18-25.

FRALL, T/NE, FEHB, 5. Copula 4304 R1A 5 vk A6 KU
S 303 4y O L L) LRERLAE AR, 2024, 46(10)
1921-1929.

GUO Junhong, WANG Xiaoxuan, WANG Yuexin, et al.

Enhancing ultra-short-term wind power forecasting using the

(28]

[29]

[30]

[31]

[32]

[33]

Copula quantile regression method [J]. Chinese Journal of
Engineering, 2024, 46(10): 1921-1929.

XIF3C, Bmezs, mHngk, &5 BRGNS XL 4T
IR B DL 37 AT A PP D ik [/0L ). b [ BB TR A
i, 1-15 (2026-01-29) [2026-01-30]. https://link. cnki. net/
urlid/11. 2107. TM. 20260129. 1144. 006.

LIU Ziwen, LU Xiaoju, YE Tuoran, et al. Available inertia energy
evaluation of wind farm considering wind speed uncertainty and
delay response of turbine rotor [J/OL]. Proceedings of the CSEE,
1-15 (2026-01-29) [2026-01-30]. https://link. cnki. net/urlid/
11.2107. TM. 20260129. 1144. 006.

BEN], G, TR, S TR RO AN E P K 3 5
ORISR PR (] 1 R H Bk, 2025, 49(21)
29-40.

LI Jiaming, LU Zongxiang, QIAO Ying, et al. Interval assessment
of equivalent frequency regulation parameters for wind farms
considering micro-wind-speed uncertainty [J]. Automation of
Electric Power Systems, 2025, 49(21): 29-40.

BEESE, WA, PR, AL TR AR RRIR LA T T A
ARSI [T ], L5 W REUR , 2024, 40(1) : 150-
155, 162.

ZHAO Yiwen, WEN Jiaxing, CHEN Fei, et al.

model of power generation subject decision-making in electricity

Optimization

market under renewable energy quota system[ ] ]. Power System and
Clean Energy, 2024, 40(1): 150-155, 162.

B3 . ARG A T R D] E R (HORFE )
2020, 50(12): 1597-1611.

BAO Hai. A method to calculate variable electricity distribution
cost[J]. Scientia Sinica (Technologica) , 2020, 50 (12) : 1597-
1611.

MR, B . JE T IR A AT B 1 R AN SE By A TR 1k
[J]. mMEA, 2010, 34(8): 145-149.

LI Dong, BAO Hai.
calculate transaction cost of generation right [J]. Power System
Technology, 2010, 34(8): 145-149.

V. et T AR R AN A BB T 37 L ZE A0 A I R A
F[D]. bt et IR, 2021,

LI Yunping. An optimal congestion dispatching model of intra-day

A power distribution-based method to

market for promoting the consumption of renewable energy sources

[D]. Beijing: North China Electric Power University, 2021.

Wis A 2025-11-12 f&E HH: 2026-01-31
PEH B

WrRE(2001) , 59, W09 A, R B
[ AL S 1137, E-mail : 3543131386@qq.com;

2@ (1994) , 95 T4, EEAHIT 5 10 R
BT 5 R G MR E AT, E-mail:
943209834@qq.com;

WA (1975), 55, Wi+, Bl 204% , E20F
G507 1) 0 T AR IR CORUS6K ) B A 00 485 i

IR

BC HE PR AR 5 B AT N R R R AR L ) R G A T E-mail :

shengxd@scu.edu.cn;

X4k (1975) , 95 Pt 0 A 0 TERE S 4 b1 s 1E

L, FEHI T 0 R IR S RS B )T %% E-mail: jichunliu@scu.

edu.cn,

(8 RIF)

http://www. cepc. com. cn



