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Abstract: An overview and analysis of the current status of energy storage participation in
domestic and international electricity markets is provided to address the challenge posed by the
gradual decrease in the proportion of synchronous resources in the power system affecting system
frequency security. Commencing with the genuine need for energy storage to engage in rapid
frequency regulation and bolster system frequency security, a derivation is carried out based on a
clearing model for the electrical energy and reserve markets with energy storage involvement.
This study systematically analyzes the system’s frequency response processes with and without
energy storage involvements, sets the criteria for energy storage to offer rapid frequency
regulation and secondary frequency regulation, creates a joint clearing model for the electrical

energy and reserve markets with independent energy storage participation and the frequency
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regulation ancillary service market (incorporating fast frequency regulation), and establishes the

pricing mechanisms for electrical energy, operating reserves, rapid frequency regulation, and

secondary frequency regulation within this model. The proposed model encompasses four crucial

stages: inertia response, rapid frequency regulation, primary frequency regulation, and secondary

frequency regulation, showcasing the comprehensive frequency security attributes of the power

system. The simulation outcomes reveal that compared to the joint clearing model lacking energy

storage participation, the proposed model reduces system operational expenses by approximately
0.72% and 0. 47% in the case of the IEEE-30 and NREL-118, respectively, thereby fortifying

system frequency security while cutting down operational costs.

Keywords: fast {requency response; energy storage; regulating ancillary service; electricity market;

frequency response
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Table Bl Parameters of energy storage in NREL-118
o WoE RO/ WKW/ Fok ol HBAERARMT/ Ooe (MWD &M/ AGC it/ FFR AR/
fE (MW - h) MW MR RE &GN piic) Ot MW H Gt MW D L« MW D)
fikfE 1 43 60 30 0.9 0.9 502 313 16.7 16.7 15
fititie 2 22 70 35 0.9 0.9 583 336 19. 4 19. 4 15
fitifie 3 23 92 46 0.9 0.9 699 344 23.3 23.3 15
fititie 4 54 80 40 0.9 0.9 512 324 17.1 17.1 15
fiifg 5 115 100 50 0.9 0.9 678 330 22.6 22.6 15
fitiflg 6 7 100 50 0.9 0.9 501 342 16.7 16.7 15
it 7 94 98 49 0.9 0.9 572 336 19.1 19.1 15
fikfE 8 98 82 41 0.9 0.9 606 349 20. 2 20. 2 15
fittie 9 3 100 50 0.9 0.9 541 322 18.0 18.0 15
fitfi 10 94 92 46 0.9 0.9 537 307 17.9 17.9 15
fiBE 11 96 82 41 0.9 0.9 610 302 20.3 20.3 15
fBE 12 99 80 40 0.9 0.9 657 339 21.9 21.9 15
f#HE 13 89 82 41 0.9 0.9 689 335 22.9 22.9 15
fHE 14 66 82 41 0.9 0.9 661 318 22.0 22.0 15
fikBE 15 65 84 42 0.9 0.9 510 313 17.0 17.0 15
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