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Abstract : With the increasing electricity generated by renewable energy in the power system and the development of the
spot electricity market, spot trading is playing an important role in the consumption of renewable electricity.
However, the stochasticity, intermittency, and volatility could damage the interests of renewable generators
and the stability of electricity trading. To mitigate the adverse effects caused by uncertain renewable energy,
this paper utilizes a bilevel programming method to model the trading process and outcome of the day-ahead
spot market and the real-time spot market considering the participation of renewable energy. Taking wind
power generation and photovoltaic power generation as examples, this paper uses Copula, sampling, and
clustering methods to generate scenarios and probabilities of renewable energy generation, and calculates the
optimal supply decisions of power generators, as well as the corresponding prices and revenues, so as to
provide a basis for market administrators to take actions to avoid the risks arising from uncertain renewable
energy. Further, this paper studies the effects of policy concerning mandatory energy storage deployment
based on the bi-level programming model proposed. As a result, energy storage deployment helps mitigate the
impact of renewable energy generation uncertainty on electricity supply. However, the absence of a cost-
sharing policy results in low energy storage utilization.
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Fig.1 Bi-level optimization model for renewable energy generators participating in two-stage electricity spot trading
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Fig.3 Frequency distribution chart of solar radiation Fig.4 Frequency distribution chart of actual wind speed
#1 Kendall B R 5. Spearman FRAH & 22 BUMIRK FC i 25
Table 1 Kendall rank correlation coefficients, Spearman rank correlation coefficients, and Euclidean distances
Copula PRECSEHI sl FEA K Kendall BAH e 2% Spearman Bk R 5L X ECHE S
Gumbel-Copula PR%X 0.0995 0.1483 0.0611
Clayton-Copula PREL 0.0232 0.0348 0.0436
Frank-Copula PR%K 0.0834 0.1248 0.0534
FEA B 0.0496 0.0742 0
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FHUA B =F5vk, Sl REA BEFT10000CHIFE , SR S5l T K-
means KA HAHF 1000 H BRI N0 5, IR EN TR
FIMER . 2 MR PR T RS R a3 MER4FTR

3R, THE =Ry T B RO H 1 S IMSE,
53— TR R AN K PR S MSE R 2.09x 104 R11.67x107, 7
92 I XU ALK P AR S RUMSE 42.24x 104F11.71x107, F7 ik
I RGE AR BH AR S FUMSE 42.23% 104 R11.71x107, Jrik—
M TR ZEAR T Ok Rk =, XRIIH EROEH T
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Table 2 Probability of combined wind and solar power output scenarios
=FE If 522
%"ﬁ‘f? ? f ST SO DU BRI A RO 2 1 8 b 52
5 011 AR S BB XA B A TSR AR5
> 010 3.1 HEkE
4 0.11
5 0.12 ARSI Rt R iy, AT AR R R R
6 0.09 AN T A Gy WU AT B, KR I S L
7 0.09 H LSS PR, T4 Hh s LA A2 B AT F AR A FEL TR B
8 0.08 FLKCH T L5 PRER A 2 o AT 5 8T B SIS KRR AL
? 010 TP A RV 2 PR B F D BB S Bt . kLTS S
10 0.9 T3 5 I BN SR
3 KBTI EREXT
Table 3 Performance comparison of wind speed prediction models
5 Jrii— P37 k= 75 T g7 TE=
1 453 452 438 13 1407 1669 1970
2 453 452 782 14 1341 17485 1571
3 453 452 769 15 1340 1869 1761
4 453 452 557 16 1351 1466 1445
5 453 452 561 17 1120 1272 1431
6 453 452 610 18 1000 1485 1013
7 453 452 533 19 1192 762 1291
8 453 452 631 20 637 580 843
9 453 452 851 21 624 591 666
10 453 452 712 22 472 465 608
11 453 452 967 23 403 394 401
12 453 452 1634 24 402 399 396
F4  KPHER S BB PERERT 1L
Table 4 Performance comparison of solar radiation prediction models
A= Jridi— g7 k= 75 Jri— g7 Tik=
1 0 0 0 13 1.91x10° 1.67x10° 1.79x10°
2 0 0 0 14 1.46x10° 1.54x10° 1.46x10°
3 0 0 0 15 9.49x10° 1.05x10° 8.64x10°
4 0 0 0 16 6.55%10° 6.10x10° 6.78x10°
5 55 410 56 17 6.43x10° 5.67x10° 5.52x10°
6 1.90x10° 1.77x10° 1.40x10° 18 3.94x10° 2.71x10° 2.37x10°
7 4.22x10° 3.50x10° 3.49x10° 19 0 1 0.25
8 7.39x10° 6.69x10° 6.04x10° 20 0 0 0
9 1.47x10° 1.55x10° 1.44x10° 21 0 0 0
10 2.22x10° 2.66x10° 3.96x10° 22 0 0 0
11 2.50%10° 3.55x10° 2.43x10° 23 0 0 0
12 2.72x10° 2.39x10° 2.55x10° 24 0 0 0
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Table 5 Power generation parameters of thermal power companies

KHEE S a; b; qJMi" qJMaX
1 18 0.06 50 500
2 17 0.02 50 500
3 37 0.10 50 500
4 25 0.20 50 500
5 26 0.04 50 500
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Fig.7 Average output of wind and solar resources and demand for time-sharing electricity
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Fig.8 Daily electricity declaration and clearing price of renewable power generators
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Fig.9 Deviation between real-time wind and solar power generation and recently declared electricity consumption
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Fig.10 Real time clearing of electricity prices

20251 | 87



BER SIBTH =15 w13 2052158

Journal of Eneray and Climale Change

900 1 == H i it s i fikiAik 1380
— HjHE s efsng
800 RSN 2 i
---------- FI i i s A 300
= 700 {340
Z 600} R
% {320 &
I# 500t &
o 1300 #m
X 400 F 220 H
Z 300} 17 E
T 200t 1260
100 + 1240
0 220
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
A [ /h
P11 ATPRA R R R BY HO R R S s A (AT /JCAEREXS L )
Fig.11 Daily declared electricity quantity and clearing electricity price of renewable power generators (with/without energy storage comparison)
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Fig.13 Real time clearing of electricity prices (with/without energy storage comparison)
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