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Figure 1 (Color online) The discretization of forecast error normal distribution
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*1 LKENKE

Table 1 Generation data

ot Pl Phea Ch o o s Q% Q% Qf
(MW) (MW) ($/MWh) ($/MWh) ($/MWh) (%) (MW) (MW) (MW)
1 60 600 10 16 15 6000 500 380 400
2 15 210 15 13 12 3000 150 170 165
3 20 280 30 10 9 360 45 50 55
4 0 150 - - - - 50 50 50
*2 BERAFTERZNETKPZINEE (MW)
Table 2 The consumption levels and the long-term contracts decomposition results (MW)
Load The decompostion amount of long-term contracts
Period 1 2 3 QGH GH GH GH QGE Qg Q% Gr
1 500 220 280 500 200 100 50 150 100 80 50
2 450 225 300 450 150 50 50 120 70 40 50
3 450 200 290 500 150 75 50 80 90 60 50
* 3 FEIFKHASELH T LEMLFNE (MW)
Table 3 Generation levels in different proportion of long-term contract (MW)
High contract proportion (70%) Low contract proportion (30%) No contract
Period P P3, P4, P P P3y P4, Pt Py P P3 Pl
1 600.0 180.0 127.9 92.1 600.0 177.1 128.3 94.6 600.0 177.1 128.3 94.6
2 587.7 210.0 83.2 94.2 587.7 210.0 83.2 94.2 587.7 210.0 83.2 94.2
3 600.0 177.4 75.0 92.6 600.0 190.6 60.0 89.4 600.0 194.6 49.87 95.6

4.1.2 HuEIHBBEERE S

3 PRI R B 25 HLAL R AP AR DR AR 3 Foms.

XL AT 3 A HIEA R T UL, B 1 8 1 SHA R RIRIEIR, FTBL 3 MR T 1 5
P IS TR B R T A 25 2 I BORIE B A — 52 50 1 K& TR, 5y s 2 A 3
oK E BT, HEE 1~6 FfEMARAR. FMESD, T RgEmaENRE, SRET KNG
I L3 v i, 2 WL BOR L 7 ZE B AT I T, BRI XU H H DA L e 45 TR 2 RN IR,
X B T ROR R A [R] HE )5 B0 LA X A LS A3 7 2 ) il 26 P, DRI XU R 3 5 SR A
ORF, T LA H A 2 (0 B 45 RATSRE AR5 IS SR A s T2 Dr itk Sk mt A5 i), R SRk

B ET BRI R KX T 3 SHAEN BRI HE R, 3 SHA M TR B RARE,
e, PRI LS . A A K A BT BRI, 3 5 LA IR H 7 Dl 3 AR S5 Bm K T Pl 2 i
R R E R R, Rl 3 B R RIS T, 3 SHLA I F % B 2 i
AR, XEERPF OIS B 3 MBI T B, (HT & R R EYESAT. Kt 3 5
PU A B %I BOr 2 i S TR . BEE A A B A BRAIR, 3 S HLALAESS 3 I BUAH 0 th AN TR,
XA R A GHE LR 2 SHLAEH JI AW .
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Table 4 LMP of electricity and reserve in day-ahead market

Co-optimized of energy and reserve Orderly optimized of energy and reserve
Bus LMP of energy ($/MWh) LMP of reserve (§/MWh) | LMP of energy (3/MWh) LMP of reserve ($/MWh)
1 2 3 1 2 3 1 2 3 1 2 3
1 10.00 10.00 15.00 12.07 11.15 12.40 10.00 10.00 15.00 14.63 15.12 13.42
2 15.00 16.98 15.00 12.13 12.89 12.65 11.87 16.98 15.00 16.85 13.34 13.63
3 28.43 26.38 25.00 10.89 15.24 12.40 27.34 26.38 15.00 11.55 15.98 13.37
4 30.00 30.00 15.67 11.13 16.15 13.92 30.00 30.00 15.00 12.40 16.6 14.1
5 16.27 39.94 15.00 11.77 18.63 12.40 16.27 39.94 15.00 14.24 19.54 14.09
Total cost 44762 47382

AUVE M, B KIS R LB R, RGN — 2 Gt s LA o T K0 [ M BT
M AV, AR IR AF T REGHI L RS AT, (G KIS R LU Bh T4 friiiafa e,
PRUE A LT 37 3 A i, IURERIL B ARG [RIIN, AT TR I BT AR AIE T R G L TR
FasE, A A3t H AT R R T A B i

5 RE B H I 075 L PRk AR SE 5 G5 510 5 IR A5 ROG, Hoh B T i M T op s 5
MR LL . (Rt A Ee Bl KA R385 3 5 . PR40 40 A e L& RN T H Al i 45
R IR ASC TR AT 5 g B AN O S AR AT X LE AT, SRR 4 B, Hp
BSOS TR RO B SREHT H RT3, HaTmiaiissesn, mizseMilaF Rk e
JIRTAE £ P T 3 AR EARATY T HT REE A HEL R U 75 2255 FE B B SIS HH 0 I ANRR E 1, £E 2% AT TT I 0 S i
i 2 A, B Tz 4E H ATz )5 .

M1 4 AR A PG & S AR AL () H A bR v TR, 9 5 3~5 BRI B AN ARDRT e, £ AT LA
T IR, 5 BRI R AIRAR, (EZ RLFTAE B k3 5 S fir /5 R, e AL L g
71, HERE 1~5 BIfRAmARA IR, PIMTT a 1 ACE B A L REXE ARG 2 A1 5 A4l al ok, s —ml
AR5 MIERIT R 4 A 3 5 R R UA HURCAS B e, B T R 4 A 5 LT AR R T AL 3
A B ECE RN, FE B IRIL Y SR LB R RS, MO AR X B Y 2 5 A HELAE DA A2 L S R
R, FrPATS A3 AN A

BRibZ 4h, 55 2 BB R 1 AYILBR AN IAE] 15.00, BT A 1 ALK FEALEHRAN, 1X By
55 3 BT SHLALI A, 1 Ao ST A R AN B e LA BRI, A AR AR T . AT,
R Y R B € A R4S HH TR 1 S S I 75 P T O AR 45 5

I b R AT AT AL B AR, B S A A BT P ST, BRE R AR H
HITY 320 o R A R R A v 88 P 320 B rL (BT, T P BB 5 77 ) T P A AR R AT, EH X b 45 2R
FEGRR N, M G HEE A R rEHLALIRIIN 3858 A F R A S R, AUA SR s
Ji LG R T H AR AN P B I 2R 5 AN e, T AN 2 e B SRR R, LA
HSEAE H AT AR A, H AT SR S 5 T PR B i R, DRI R A B R A A B T
FEZ )G B AT AR A o R G0 BT B R AL R AR ) FL RE SR8 Y, TRLIbG 8 P 320 B i AP AR X
B R 2XHICH I R R A LA AE H AT SR s AR 5 R R A AR R . A A R &
THEREHERE T HET R AEZ 5 M I A W, 3] 1 SR e UBEC &, PR A B A AR R AL,
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*k 5 HEIAEWE
Table 5 The settlement results of the day-ahead market

Long-term contract

Generation revenue ($) Revenue of reserve ($) Total revenue ($)
revenue ($)
Unit
1 2 3 1 2 3 1 2 3 -

Unit 1 6000 4560 4800 1000 2077 3000 0 0 0 21437
Unit 2 2550 2890 2805  450.0 679.2 186.0 0 0 29.68 9590
Unit 3 1395 1550 1705 2487 996.0 3134 175.33 181.22 55.23 8858
Unit 4 1000 1000 1000  685.0 1765 639.0 —175.33 —181.22 —84.91 5648

{2 K HUBLZEL B XL HLAL BT 2 P K U 45 IR 45 R R 40 30 12, 17, 31, 20 ($/MWh), AR $iE4E
I, U3 HLALE BRI 45 5T A i 5 BT,

FIFE 5 [ LR 45 SRR T 0, %R HLAL IR 20 K & R AT B T KB AMIeas b, i f 3K
LT B B R K I 1R T

TERTHE 0 AT H T, KR HLALR PR 2 B 7 3K, AR 1 5 6 R IR o 4 1 2
SRR A RV A, b AR PSR, 13 o L Bl o A R 9 T 7 e B 4 R £
Y S HRTEUL, IFR ST UR S A /N T 7 R 4 R, B s I 1 A T A L R U
BR.

4.2 EHf 2

NS BOAE A ST T4 T A AR RS R G (138 B PE e AT AT M, JRE TEEE-118 7 M R 4¢
HHATIAR, HA R BHLSEE Sk [30], TEJR RS 20, 21, 22 5 s ARG HLA RN 200 MW 1K
HLLZE, DA A6 X 37 S PR B0 R 0 U HH 0 B TN, 4 6 ML A5 e 5 LU A9 IR R, R I A Y v iy
P R AR A N BRI

KB R, E RN TL R A 3 BN, A ERAN RS 3 B 1.2 5, L&A
(TR PR AN B R FL 28 3 BEARANY, T 14 F TR RN UOPLZE R B2 1 BHRiY (L8 27 S LA
HUR LS 2 B Afy), AARIE R R T RETH 4N, RS R IR Sems, s I BOA 24 NI B, S50 BL
[ 97 Ao e 5 R 250 ISR (23], KGR R 7 P FOUN A o 22 B TN 1) 10%, TN 3% 22 B B IX TR A4 K = 7,
FIF Monte Carlo flIFFVEAE R 2000 KL H 335, FF1E S s 4 el L7 e 4 3 10 Mg,
Wik 3 .

SN FEAN [ LIS I R T3 IR, TR AR FE SR AT XGRS 5 M R Bt f P XU ATLZH 24 01
FREMKIKAL N 100 MW, 300 MW. K] 4 25t [ ffar i W BOXCHIBE RN 5%, 10%, 15% (RIFr# )
KHZEHLZFEA 100, 200 F1 300 MW) BT I HIESE R (IR S FEHLIH N H 3 Th R I e
R S bRy, A AR KGR R R). nTEUE H, BEE X RBE R, KRN0
WRUR AL IS TR A AN FEREE M TR, T RS 7 & H &G BT LT, Reml 2 KB N s b
MIBLLL (27 5, 28 SHLA) SENHHE; RN, B KRB IER I, RS AL bRBEmE — ek
FERT T B, el R EE N X 321 B H A T Bl P 2R 3 2 R R A XU e N sk 17 5 AL AL 7
RS E], BT R HIABR AR, WA R T AR S bR A PR . B R H [ A )
ANHf e RN B, RN LG KA I T Rt & A I K.
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Figure 3 (Color online) Wind power scenario
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Figure 4 (Color online) Market clearing results under different wind energy penetration
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Figure 5 (Color online) Reserve clearing results and LMP under different wind power forecast error
N
5 g

BRI [E B A I R R a3, LA B B T e e KU AN IO R SR, AR T Femih
KA Z M S5 ) H AT T35 58 5 ME FR it 7 KIN G R Rt B s 5 1977 2. #1xt
WL AN RENE, SR 22 37 SRR AR ARG HL AT A, SRS 1 H AR — 6 IR i R R A Y.
HHIE AR B 0 7 CRAE K5 R BT IR 2l b, 25 S R R (ML) His i i, & A B S
xRS PSS B B IS TR R, R AN E 1, R RIE S R /N T3 T
SORIFEN. S5 RERW]: it sg oy i o IS 1R RE 8 1A S e P U & R B BRAT, JRUH 0 AN
SE PR 8 B 7 SR R R A S 2 T ok R, HARE TR e i e — & Ty B IE AR A, |
AE — A& PR S s AR B E B & B ) LR R BRI, BRI AT A, SeBl R g fiibizr.

WEFCRCRAR I 1 — AN RN 25 R A KA 5 AR 22 5 (1 H RT3 S 0 AR, o e K 5
FPAT 7538, W2 555 053, AR S S R it 1 07 5B, D v g iy 37 A 30
WSS S i e L BB i 3 PR At 1 0 TR 46

S

1 Liu D N. An interpretation of the basic rules for mid- and long-term transactions in electric power (provisional)—about

protection of priority generation rights and renewable energy consumption. Energy Power Industry China, 2017, 6:
44-46 [XIBHE. CHTRRIIEE 5 AN (B AT) ) Ak RS R HBURT AT PR A BRI AR R B, [ HL g
VL, 2017, 6: 44-46]

2 Zhou M, Yan Y, Ding Q, et al. Transaction and settlement mechanism for foreign representative power markets and
its enlightenment for chinese power market. Autom Electr Power Syst, 2017, 41: 1-8 [J% B, e, T, &R E AN
BUR 3558 oy G5 S B e R . U RS E B, 2017, 41: 1-8)

3 Bao M L, Ding Y, Shao C Z, et al. Review of nordic electricity market and its suggestions for China. Proc CSEE,
2017, 37: 4881-4892 [AE4ZE, T —, AR L, . JbRKH TP Koo R E M A2 I8 A 4. B L TR SR, 2017,
37: 4881-4892]

4 XueY S, Lei X, Xue F, et al. A review on impacts of wind power uncertainties on power systems. Proc CSEE, 2014,
34: 5020-5040 [FEERME, T4, BRNE, 55, ST KUBANH E T L) R s i RIT IR, A [ B L T2 224K, 2014, 34:
5029-5040]

5 Figueiredo N C, Silva P P D, Cerqueira P. Wind generation influence on market splitting: the Iberian spot electricity
market. In: Proceedings of the 12th International Conference on the European Energy Market (EEM), Lisbon, 2015.

1063



JEIBAAE: et b I A2 By AN XL 2 5 ) H T 3 I AR

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

1064

1-5

Guo HY, Chen Q X, Zhong H W, et al. Spot market mechanism design and path planning based on standard curve
for financial delivery. Autom Electr Power Syst, 2017, 41: 1-8 [¥FEV, 4528, Phisnt, 5. JEFhrueib &mhss 2
LRI T T A AR VT, BRI RS A L, 2017, 41: 1-8]

Zou P, Chen Q X, Xia Q, et al. Logical analysis of electricty spot market design in foreign countries and enlightenment
and policy suggestions for China. Autom Electr Power Syst, 2014, 38: 18-27 [Z8M8, MrJasE, BiE, &. E4b 1IlTe
TR o B B i E R R S @I I RF AN, 2014, 38: 18-27]

Jing Z X, Zhu J S. Simulation experiment analysis on market rules for monthly centralized bidding. Autom Electr
Power Syst, 2017, 41: 42-48 [JIFIEL, AK4kka. RPN i A 05 B st b, o RS AL, 2017,
41: 42-48]

Zhao C, Zhang S H. Generation asset allocation strategies based on IGDT. Control Dec, 2017, 32: 751-754 [ﬁfﬂ?, K
b ag BETHE LA R R SR VR 1) i FELTR HL R A D SR I S5 R SK, 2017, 32: 751-754)]

Nie Z, Gao F, Wu J, et al. Contract for difference energy decomposition model for maximizing social benefit in
electricity market. In: Proceedings of the World Congress on Intelligent Control and Automation, Guilin, 2016.
2449-2454

van Stiphout A, de Vos K, Deconinck G. The impact of operating reserves on investment planning of renewable power
systems. IEEE Trans Power Syst, 2017, 32: 378-388

Zhang Z S, Sun Y Z, Gao D W, et al. A versatile probability distribution model for wind power forecast errors and
its application in economic dispatch. IEEE Trans Power Syst, 2013, 28: 3114-3125

Papavasiliou A, Oren S S. Large-scale integration of deferrable demand and renewable energy sources. IEEE Trans
Power Syst, 2014, 29: 489-499

Sharma K C, Bhakar R, Tiwari H P. Strategic bidding for wind power producers in electricity markets. Energy Convers
Manag, 2014, 86: 259-267

Banaei M, Oloomi-Buygi M, Zabetian-Hosseini S M. Strategic gaming of wind power producers joined with thermal
units in electricity markets. Renew Energy, 2018, 115: 1067-1074

Wang X, Wang L H, Zhang S H. Impacts of cooperation between wind power producer and DR aggregator on electricity
market equilibrium. Power Syst Tech, 2018, 42: 110-116 [, TR kb4 KHEE S DR RERIBPEE X HE T
Yrse 4 szmi. eE AR, 2018, 42: 110-116)

Pinson P, Chevallier C, Kariniotakis G N. Trading wind generation from short-term probabilistic forecasts of wind
power. IEEE Trans Power Syst, 2007, 22: 1148-1156

Chaves-Avila J P, Hakvoort R A, Ramos A. Short-term strategies for Dutch wind power producers to reduce imbalance
costs. Energy Policy, 2013, 52: 573-582

Wang X, Huang M T, Zhang S H. Equilibrium analysis of electricity market considering penalties for wind power’s
bidding deviation. Power Syst Tech, 2016, 40: 602-607 [EH, BE52¥%, sk 4. 2 BB XU Bobr fm 22 78 51 W0 s 0 3%
Yoy, R, 2016, 40: 602-607)

Brunetto C, Tina G. Wind generation imbalances penalties in day-ahead energy markets: the Italian case. Electric
Power Syst Res, 2011, 81: 1446-1455

Shao C C, Wang X F, Wang X L, et al. An electricity market clearing model for day-ahead pool market considering
wind power. Autom Electr Power Syst, 2014, 38: 45-50 [ﬁﬁﬁiﬁi, TN, FF5W, 55 FHEREBEHEBE S H
RTHIEIERL. B RGH ML, 2014, 38: 45-50]

Zhang Y, Giannakis G B. Distributed stochastic market clearing with high-penetration wind power. IEEE Trans Power
Syst, 2016, 31: 895-906

Fernandez-Blanco R, Arroyo J M, Alguacil N. On the solution of revenue- and network-constrained day-ahead market
clearing under marginal pricing-part I: an exact bilevel programming approach. IEEE Trans Power Syst, 2017, 32:
208-219

Liu G Y, Chen N S, Pu T J, et al. Mathematical model and clearing price analysis of co-optimization of energy
regulation and operation reserves. Autom Electr Power Syst, 2014, 38: 71-78 [XU}#*, BRI, TR0, 25 FHEEIA
BT % H R LA IR 5 8 5 i ds 0. sB o R G B Bhik, 2014, 38: 71-78]

Zheng T, Litvinov E. Ex post pricing in the co-optimized energy and reserve market. IEEE Trans Power Syst, 2006,
21: 1528-1538

Sores P, Divényi D, Polgéri B, et al. Day-ahead market structures for co-optimized energy and reserve allocation. In:
Proceedings of the 12th International Conference on the European Energy Market (EEM), Lisbon, 2015. 1-5
Fernandez-Blanco R, Arroyo J M, Alguacil N. A unified bilevel programming framework for price-based market clearing
under marginal pricing. IEEE Trans Power Syst, 2012, 27: 517-525

Liu X, Wang B, Li Y. A transmission-constrained stochastic unit commitment model with real-time pricing for high
wind power integration. In: Proceedings of Power and Energy Engineering Conference, Asia-Pacific, 2013. 1-6



HEB FERE B 49E 8

29 Ma X Y. Scenario analysis and stochastic programming of wind-integrated power systems. Dissertation for Ph.D.

Degree. Wuhan: Wuhan University, 2014 [%@:E IR RG RIS 5 5 AR ENURAG R IR . 1
TS0 Tl TR, 2014]
30 Subcommittee P M. IEEE reliability test system. IEEE Trans Power Apparatus Syst, 1979, 98: 2047-2054

A day-ahead electricity market-clearing model considering
medium- and long-term transactions and wind producer partici-
pation
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Abstract A transaction and settlement model of day-ahead markets that considers both long-term contract and
wind power producer participation is proposed for China’s electricity market, in which current developments pro-
mote both long-term contracts and spot transactions, and in which a trend to improve new energy accommodation
through the spot market exists. The combination of long-term contract electricity and day-ahead transactions, as
well as a joint optimization model of electric power and reserve, has been proposed. A multi-scenario probability
distribution was used to examine the stochastic nature of wind generation. The case studies demonstrate the
effectiveness and rationality of the proposed model by comparison with the sequential clearing model. The results
provide an analytical tool for the transition from the current electricity market, which consists mainly of long-term

contracts and spot transactions.

Keywords trading mode, day-ahead market, medium-and long-term transactions, wind power scenario, joint

optimization
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