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Bi-level model for transmission expansion planning in the energy and reserve market
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Abstract: The reform of the electricity market in China has made market participants more active. This has posed a series
of challenges for power system planning where there is a high penetration of renewable energy. This paper proposes a
price-driven bi-level model for transmission expansion planning. At the upper level, the investment and operation cost of
the transmission system is comprehensively considered. At the lower level, a market clearing model is established, i.e., the
energy and reserve markets. Local marginal and reserve prices are obtained to guide the expansion planning of the upper
level. By integrating the market clearing model of the lower level using the Karush-Kuhn-Tucker condition, a
mixed-integer nonlinear programming problem with equilibrium constraints is formulated. This is linearized by
linearization methods. In the case study, a modified Garver-6 bus system and 500 kV system of the South-west grid are
adopted to test the proposed method. The simulation results show that the transmission expansion planning scheme is able
to motivate users to consume more renewable energy to reduce line congestion under peak load scenarios and to ensure
fairness in market trading.

This work is supported by the Science and Technology Project of State Grid Corporation of China (No.
SGSCJY00GHJ2100040).
Key words: transmission network; expansion plan; electricity market; local marginal price

0 2= RS, —Jr ), K. R, K Hh SR
- IATLZEL H 77 R iR AN 5 P45 R 0 1 B 3 AT A U
“ERIPANL WORNET HESR, KL OBIRSER SRR, AR AR S L IESS, anfTrE

EL AT AR REEOF IR il 7 RGEIEAR LN AT W /) RGEMRI Ty e P ) 75 7 48 P A A A vl

FRERAERAZL, BARGMMRITIEIRFREL B3R 2 A B R — S DB o 481, 57

—J7i, BATHEEITRE R T, ZauthisE

EETE: HRE AN ST H 59 (SESCIY006HI2100040) (Al 2 5, LMz AR IR BB VAN . T




234 - €& REP B A

i FFRAZ GRS, T84 L g T 37 060 H R A i e
TERHR B R S, ARG RSt LR
PR S M LA I sy A9 v P 2R BEYR O X 5 3 1k
L TR 5N RS AT B RHALL o

ML) A gk B R R LRI N R G0 &% e
IEATHIRBEBEREIATT, B AESRETRE H ARSI
g, RAL A LEE, Vi R gtia
T e S B O T 52, B B 1
HL R O F 7 T R S R 22 TR TP Bt
MRNAFFIE SiaiT 2 a v f . LgRIBE T,
ARG E w A T BAT S UR AR 5 8
X i BT AR RE YR L A AT A S A st 120 el
35103, B AR R R e R AR S TH i P 2 i 151
2 g B DUSTHE M i 3 55 BRI BE VLT 40 7 ok S A
HL R SR O4181, RTTT,  IHGHIF U8 S BT T A
P TSI T R GRS .

M AR RS EE, SRR 5™
P, RWATNIE . RGCTE A
WA MR BE . S mRe,
HATATRT, R B M 2% 451 R 1 b A R
il 53 O A AN O B PR A, B L RE AR
AKEIN, RIS TR AR,
WX T AT RCR R HEg K, W
T HERA VAl R R SEFPE 2 R T I R i) 2
ks, SEBLTT S A1 IE BRI Fa A
Rl e R A R R R B R R S RS T ] R
TIIZAEE T B e v W3 F LRI R JE TR 7T, SR
(2073 3o 2 45 5 1R LK 20 ARATAE R AR R 24,
St T L) T RE R T IR Z0 TR [ R R A
SCHR[21-22]45 6 T EARSERRESRAT N, $RI T —
S WA R ERERE R Y R AL PR R
Ay SCRR[2313E— 2Bt 1 i A ERER T3 5
HARGSE T 5 KB RUZ R, i
ETNESHAL 3 S ISR R G R T R
e STHR[241R HI S5 RIS T IR AT 224 K H
RESE DM BB 51, I LRI ™ F R 7 5o
SCHR[25) 20 # 1 HL A0 T 37 ) T 37 7350k i R g 56
I, $i5 i A T i 2 S E0a i i
ETHBL R AR SRR A B K o SCHR 26138 3 TR R
SRR SRS AN e R OK T, L 8
TR 1) 22 s A R R IR s SCHiR[27]
BE— I N T3 T A XA 7 T g S A%
BT 58 PR3 RS 7 U 5 7 i PR R R
ST, DL BB DUK LA LR 2 R E T334
BN RISE SR O E IR £, BE05 T8 1)
LR Bk PHIAEAL T T A R A A LA s 2) 9 A

5 & IR T RIS R BARRE I 3) T A-F 2L
BRFERBE . LRI, KRGS E e
RIS 75 G %575 e 2 i I N A o, el ) e
B, WBIRS T EL HME T, HELst
A SE IR U7 S AFESR T AT AR RIS 47K 1L
R TTAE 5y i K4 2 H AR ISRl

FL 0 2R G0 T T B R ) ke E DL D R R 40 4 0
AR EBAT RALETER BN Hbr, ARITE K H
P X R0 A A i HL X 28 RSB AT 22 40, AT ] S
I} 52 Syt i 45 R S S BE 7 SR, AR —Ti
Wi AT KRN T R EAH BAR G R . A DCHR
7 A R E T E IR IS N T RS
BURY FERIERY, b R - E5 R R G in B
LT A I RIS AT RO A, N BBy 35
HL i s AR Y, D BR 5 A5 H A (Locational
Marginal Prices, LMP)5 & H 4% 51 5 _E 2% fa ™
IR @R T R AR T KKT 24
VERLIRARN LR RAAER, Mo iR & R AR
LML 20 (Mixed-Integer Nonlinear Programming,
MINLP) (1) 55 3518 24 R B2 F K 17] 7 (Mathematical
Programming with Equilibrium Constraints, MPEC), i
— B AT AL 2 1 A DA K B AR o it 55 7 20K R
MILNLP [ A0 — R R MILP [a] @i AT
KAE . 5 ARG Garver-6 5 5 240l i 500 kV
Heiy FL I R SR A0 A STV IEAT T BRIE o AR SC LAY A
FL A S AN 5 R 2 1 9 2% (1) BELZE AR B2 S T A
FRE, DABR LR A K R G S A Z E RS 4
ek, DAAT AR RE YR FE B R G REE T S
P, ST IIATE BB K52 B R
FL A RN o

1 =

ASCR S BB T 37 KA B 55 T 328
O i R BRI, Hd, X0 T B
S HSHEITRAE RIS R, RGISITH
WRYER . X7 R ERE AT e B P g — Wi IF
FATRGET RN HE TR B LA S
Horp, ERNLAL LT s it SEBL LRSS &, DA
s N R Gt A &

22U NI EB27 f'aR 7L v N R A i R et
i L PR R R AT S B — S XUR AL e L B
BRI R G s e AL ORI H
LayslibuRESE UEEIIE TR Ll ke S S !
ZRWINS 5E N BRARKI. RGBT MR
MMb. TIEANTHBERT GRS, RGIZERM
RIS, e iR E H LIy
RIAFRAE K& T b TR, ISR
AR E



X 77, Gk

T 164 = i R i 3 LE S K F R XU 7 F - 35 -

ER BRI S Y AR, TR
SRR e TR, B R RM S BRI
W, B4k, Bk 1 PR,

F AR

L. i !
| ‘ h :\\. i §\ g f-"'&‘i
- i Z. N {_. i+ \ b/ “‘é-.u_ |

B 2
whEEeG | T
A7 EEDR | oo
| M| T
-4 Fil
an I3 b SR
; FE#5
| iEfA R

I i ks
i

.

B 1 K hia A R e PR R X E

Fig. 1 Transmission expansion planning framework
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Table 1 Transmission expansion results of Garver-6
system of different cases
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Table 2 Daily operation results of Garver-6
system of different cases
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Table 3 Transmission expansion results with different
renewable energy penetration
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Table 4 Transmission expansion results of 91-bus 500 kV
system of Southwest power grid in China

P A

2
ES W it

R Lk

12-14. 19-26. 23-24.
37-36. 38-39. 41-42.
32-78. 22-58. 51-88. 42-43. 43-44. 40-45.
A 49-90. 15-91. 52-84. 45-50. 48-49. 37-51. 29910
24-68. 59-97. 44-75  52-56. 54-55. 54-57.
57-58. 57-61. 57-59.
60-62. 62-63. 14-58
20-21. 23-24. 37-36.
32-78. 20-24. 22-58.  38-39. 40-45. 45-50.
51-88. 49-90. 15-91.  48-49. 37-51. 52-56

B T 279010
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&5 FARIEEN 91 F5 500 kV HIBITER
Table 5 Daily operation results of 91-bus 500 kV system of
Southwest power grid in China
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Fig. 4 Daily LMP of different transmission planning cases

#* 6 FumEEM 91 555 500 kv B s M
Table 6 Daily LMP results of 91-bus 500 kV system of
Southwest power grid in China

e THTREG REWARG
(GEIMWh) (GEIMWh) (GE/MWh)
A 22.092 51.511 3.2358
B 20.571 37.906 1.6077
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Attached Table 1 Candidate expansion set of Garver-6 system

LR RAKK  WYRLK
2R e R N N
MW D A
1 1-2 128 1 1
2 1-4 128 1 1
3 2-3 80 1 1
4 3-6 104 1 1
5 45 132 1 1
6 2-4 104 0 1
7 5-6 72 0 1
8 1-3 56 0 1
9 2-5 104 0 1
10 35 64 0 1
1 34 64 0 1
12 1-6 64 0 1

Mizk 2 FARSEE 500 kV RGN E&EESH
Attached Table 2 Candidate expansion set of 500 kV system of Southwest power grid in China

3

1-2, 2-3, 3-4, 4-5, 5-6, 6-7, 6-8, 9-8, 9-10, 11-10, 12-10, 12-13, 12-14, 15-14, 15-16, 15-5, 17-5, 15-3, 16-17, 15-18, 15-21, 18-19, 20-19,
20-21, 19-26, 25-26, 25-24, 23-24, 23-22, 21-22, 25-27, 25-29, 25-31, 27-29, 30-29, 31-32, 32-33, 34-33, 35-23, 35-36, 37-36, 37-50,

LK/ 39-50, 39-50, 39-38, 39-40, 40-41, 42-41, 42-43, 44-43, 42-45, 40-45, 50-45, 50-48, 48-47, 48-49, 46-47, 37-51, 52-51, 52-39, 52-56,
Ay EL M 55-56, 54-55, 54-53, 53-52, 54-57, 58-57, 61-57, 59-57, 61-62, 60-62, 63-62, 22-62, 58-14, 63-29, 63-31, 64-2, 66-6, 67-9, 68-12, 69-10,
70-19, 71-27, 72-27, 73-27, 73-28, 74-29, 75-63, 76-32, 77-36, 77-62, 77-78, 78-79, 80-37, 81-37, 81-38, 82-38, 83-39, 84-41, 85-45,
85-46, 85-48, 86-53, 87-53, 88-55, 89-55, 90-56, 91-61
——— 32-78, 41-83, 51-61, 20-24, 3-19, 4-65, 22-58, 51-88, 41-77, 41-78, 49-90, 15-91, 30-76, 21-14, 54-68, 50-79, 51-91, 52-84, 15-71,
62-69, 3-70, 32-84, 24-68, 59-87, 44-75, 7-64,
SE L of smart grid development in China[J]. Power System
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