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Equilibrium Analysis of Electricity Market Considering Green Certificate and Carbon Quota

Constraints in Stochastic Environment
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(1. Guangdong Power Grid Co., Ltd., Guangzhou 510699, China;
2. School of Electric Power Engineering, South China University of Technology, Guangzhou 510640, China)

Abstract: In order to promote the low-carbon and clean development of the power industry, carbon market and green
certificate market have been established in China, which have a significant impact on the electricity market. Therefore ,
we proposed an electricity market equilibrium analysis method considering green certificate and carbon quota constraints
in stochastic environment. Firstly, the constraints of generator bid prices, carbon quota constraints, green certificate quan-
tity-price relationship, and the randomness of wind power production were taken into consideration, and a new bilevel
electricity market equilibrium analysis model was established. Secondly, by using optimality conditions to replace the
lower level problem, the bilevel model of a single power producer is transformed into a mathematical program with equi-
librium constraints(MPEC). To achieve an equilibrium of multiple market entities, the MPECs of all power producers are
combined into an equilibrium problem with equilibrium constraints(EPEC), and the problem is solved through lineariza-
tion methods such as large M method and binary expansion method. Finally, a numerical example is used to simulate the
equilibrium state of the electricity market under different green certificates and carbon quota constraints, verifying the ef-
fectiveness of the proposed method.
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R TR LA (B T FE ) 3 (R, K —
KB FEAEMLL 0.01 t/MWh NEK, N
0.67 YMWh I$JHZE 0.63 t/MWh; 255 Fc AL v

R 1 AL SRR N s R

Table 1 Market equilibrium results with/without green certificate and carbon quota constraints

TS % R ARIE 5 RRIC AL R AN PRI SRRBC AL R
FI A R LR G 530 098.42 508 300
RER i FE T 246 133.194 283 500
RIR 2 FE T 283 965.226 224 800
H A R B AN/ (T MWh ) 400 400
A 35 B Bk AL b /MW (700, 0, 600, 250) (700, 250, 600, 0)
H i S B BUR L7 PR /MW (300, 150) (300, 150)
S B BE S SEEAN/(G- MWh) (0; 800; 800) (0; 800; 800)

SN I B3 B b iR A /MW

(-120, 0, —120, —60;
0, 0, 0, 0; 0, 490, 0, +60)

(=90, —90, —120, 0;
0, 0, 0, 0; 0, 490, 0, +60)

T SRS BV LA 6 A TEE SR 2L B LA, R SUBEIR ZNUL  iess & FLAL.

R 2 BRIECEEE ) 5 GAUEAS O I 1L

Table 2  Profit of carbon quota trading and green certificate trading

ST KL A3 5 WLABRE 5 W s/ 7T LI SAIE RS 5 W35/

o) (-2430, 0, —2304, 4734) (31500, 65250)

o, (-2934, 0, 2880, 6222) (19 040, 40 640)

o, (—2940, —1620, 2880, 7674) (12960, 29 160)

3 ARBECAUS BT T R
Table 3 Market equilibrium results under different carbon quotas
Ik RTINS RPN TR B A/
(169 =1100t) (1€°:=980 t)
FIA R LT R T 530 098.42 512912355
KL 1 R/ T 246 133.194 223 798.133
KT j2 R/ T 283 965.226 289 114.222
H AT 5B B LAY/ (OG- MWhT) 400 400
H Al BB BoK B bR /MW (700, 0, 600, 250) (700, 42, 458, 350)

AT 35 B BRI bR /MW (300, 150) (300, 150)
SEI HERY BUS S 5 AN/ (OG- MWh ) (0; 800; 800) (05 05 800)

(=120, 0, —120, —60;
0, 0, 0, 0; 0, +90, 0, +60)

©, 0; 0, 0; 0, 0)

(762.6; 937.1; 1015)

SN H I B 5t T e % P B/ MW

SRR H R B3 55t 0 R MW
BT DR SE PR s s B

(—48, —42, —120, —90; 0, 0, +90, —90;
0, —42, +120, +60)
©, 0; 0, 0; 0, 72)
(719.1; 935.5; 930.8)
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fHLL 0.01 YMWh 2B K, M 0.54 YMWh J6 S
0.5 t/MWh, £33 4. K 4 w51, Bl BRACAT
FEMEAE R, BcHEBGEARHLA i, 1) H D3B8/
T B HE A ABFRALLE £, 1 3 WA 36K X 2[R
R HEEUEAE I B AR AT AR SR HE BB PR LA 4, B A |
Tt T 5a 4 SN0 A, BRHEBOCR AR 4,
FR T 3 5 4 3 BRI T 00 5 1L () PR T B 58, PP
H AR R

Bl 2 FHE 3 i — P R T AN A BRI R
IR AC 5 R0 X 3k S P HE SR . BT 24 3 T\l 0,
W L AR ARk, HLZH 4 RS 5 BB 1

R BB AT /N, LA A %) B
PR, TSR E R . S —
T, Bl RO AT A R, XIS PR HE L
IR T B o 1 3 BH B IG5 A0S A A e % 2 3t ik
I
3.2.3  ZHIELLH RO T T (R R 0R

S XL T A FSEHIE LG R B BT i 4
Ho HEFE S WA, FEESHELE REE K, Kk
WLLH PSRRI SE AW 22, A 7 HH S SRIE )
AL e A AR e X R D B A SRAIE L) R A3
K, MR TR K AL T BN 2 (45 DL e

K4 NFEIBRECAEEAEE T LA o1 it

Table 4 Output of units under different carbon quota benchmarks

— CRBAECHTERME/(t MWh ) H i i AL 7MW SN LA % S DUMW
0.67, 0.54 (700, 90, 600, 160) (=18, =90, —120, —=72; 0, 0, 0, 0; 0, +90, 0, +60)
0.66, 0.53 (700, 74, 600, 176) (-44, 74, —120, —62; 0, 0, 0, 0; 0, +90, 0, +60)
0.65, 0.52 (700, 52, 600, 198) (=70, =52, —120, —58; 0, 0, 0, 0; 0, +90, 0, +60)
0.64, 0.51 (700, 30, 600, 220) (=96, =30, —120, —54; 0, 0, 0, 0; 0, +89, 0, +6I)
0.63, 0.5 (700, 0, 600, 250) (=120, 0, =120, —60; 0, 0, 0, 0; 0, +90, 0, +60)

() BGFRTNALKLSHE
B2 AFEBRACHEAEE T S AR R 5 &

Fig.2 Carbon trading results of units under different carbon quota benchmarks

A
=

WA 5 &/t

=50

RAE 5 &t

" 0.66 o ’65 -
gggﬁg’ﬁé 0.64 0.63 1
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0.65

B 0.66
Bty 0.6

Toes 1R
B3 AEmEAHAEE N XIS
Fig.3 Regional carbon emissions under different carbon quota

benchmarks

®S AFLAE G R BN MR
Table 5 Market equilibrium results under different renewable

energy quotas

SHSH AT =0.05 A1 =0.15
BT % LR SR/ T 544 496.338 516 426.42
JRHLTE i R/ TG 253 632.934 240 225.059
JRHLTE o R/ TG 290 863.404 276 201.361
FaT 5B BN
_ 400 400
(Jt-MWh™)
H Al B Bk LA
- Hf RLK D (700, 0, 600, 250) (700, 0, 600, 250)
iR E/MW
H T H S B BX L
HAPTEAR (300, 150) (300, 150)
iR E/MW
SR AR B LAY
> HHRPTECET (0; 800; 800) (0; 800; 800)
(Jt-MWh™)
. . (-120, 0, —120, (-120, 0, —120,
SERF TSR B s b/
SRR IR B B ~60; 0, 0, 0, 0; —60; 0, 0, 0, 0;

ek & FH /MW

0, +90, 0, +60) 0, +90, 0, +60)

FRCRT P AR FL AR IO AT A% R, A LR UIE I S R A Y
%5 MK HATLEH SR S 75 R R385 K AR 3 B S iE AN
B L3k, A3 X S SRR R B g . SR,
TR HBEAE R KBS A R R, B EH
ZRAF IR AN A CAHETH K AL R SR IE I SE AR,
SRR L SR BE SRAIE 451 28 K 46 K T BRI
FHUE AT L, SRE F A R 500 38 et ml B A= RER ML
AL 2 R G RERA L A ARG K, eSS AL R
FARINLRCE, (et REIRImIL . JEE R RE.
Bl 4 FE 5 33— 20 o T ANFISHIE B R AT
SRR 5 EANAE B ks . I 4. 5 AT, Bl S
IEELE R B R, SRIESS 5 EB TR/, AT
WASHIRL_ETF o X AR ERIE E ) SR B k4 &
A A R, M ISEL S ', BT

2001

100"

SRR 5 Bk

2
B
() &P T REM WRIERX S &=

4001

N
(=3
S
v

SALRE o) Bk

2
3 )%%«
(b) #3753 T R AR ,HRIERL 5 &
B4 AFREEERERET KB RSIER % &
Fig4 Green certificate trading quantity of power generation

companies with different renewable energy quotas

20007F
D 150["

10011

FAEAE 5 M R/GT-3K Y
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Fig.5 Green certificate trading price of power generation

companies with different renewable energy quotas
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T, ZRAE ] R ARG R 1 K LA I ZRIE
K. ZUBT IR R, SRUEYAR AN T &

4 g

ARSCHR ) — MR HLIR BT R T S SR AIE 5 BRI A
LR R T %, FEERIT

1) FESIE STRECAA RS, SR A
RAEBA, G E 712 R, B4 5T
AR AT TS LT, XSERR AR
B FEK.

2) I AT B B P A B R P i AR A A
RES BR 1 i AR LA L 1, SR THR AR B 58 5+ 75,
FHFEAR DX A S FRp FF I -

3) AR SR UE L R A, AT PARS e SR it
R RTINS, B InAL G RV L2 RAS S mT FE
A ReIE LA R, (R EEREIR S M A KERAL . TE
L2ZitH

4) WHATEA ST IR TT A HELE T 25 R S R4 )
WU IS AT R PR BE 22 REAL O 5 Ko 2 T O 2 Jim 8
FR) R T T ]

B 33 DL AS F1] 9 2% i (http://hve.epri.sgee.com.cn).
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Fig. A1 Theoretical framework of the proposed method
BR B
£ Bl KA REAREF S
Table B1  Technical and economic parameters of thermal power units
ML) P /MW C, /(" MWh™) RV /MW ™™ /MW 8, /(tMWh™)
KHL ) 700 150 120 120 0.7
KHL iz 400 250 90 90 0.8
KHL i3 600 200 120 120 0.71
BRAAE R s 350 300 90 90 0.087 5
* B2 NAKBIRZSH
Table B2 Parameters of wind power generation scenarios
Yz e LI kK BT /MW I &, K BT H/MW
o) 0.2 500 250
, 0.4 300 150
w, 0.4 200 100
# B3 BIHSSHIEA RS
Table B3 Carbon quota and green certificate related parameters
THXRZHL HfH FHRZH ol
1C0s t 1100 P IGE 3K 170
pCO2 /(G-tTh 60 p3 /(G5 160
,TGC 0.1 P4 /T 3K 150
a /(37T 0.1 lo 165K ) 0
Po 123 200 a0 /5% 100
p/CT- %™ 180
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