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A Bi-level Optimal Operation Strategy for Energy Storage Participating in Energy and
Frequency Regulation Markets Considering with Degradation Costs

SHEN Fu!, FU Yu !, XU Xiaoyuan?, CAI Zilong', WANG Wenhao'!, ZHAI Suwei?
(1. Faculty of Electric Power Engineering, Kunming University of Science and Technology, Kunming 650500, China;
2. School of Electrical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China;
3. Electric Power Research Institute, Yunnan Power Grid Co., Ltd., Kunming 650217, China)

Abstract: Energy storage participating as an independent entity in the frequency regulation market can enhance power
system economic operation efficiency and frequency regulation performance in power market reform. A bi-level optimi-
zation strategy for energy and frequency regulation market operation considering energy storage degradation costs is
proposed. First, a piecewise linearization method is employed to treat the depth-of-discharge curve of energy storage, and
to establish a degradation cost model. Second, energy storage units incorporating degradation costs are treated as bidding
entities in the market, and a bi-level optimization framework for joint energy and frequency regulation markets is devel-
oped to co-optimize energy storage revenue and lifespan. Additionally, based on the strong duality theory and the
Karush-Kuhn-Tucker (KKT) conditions, the bi-level model is reconstructed into a mixed-integer programming problem
for solution. Finally, case studies are conducted to determine the optimal clearing prices for thermal power units and en-
ergy storage power stations in the energy and frequency regulation markets, verifying the effectiveness of the proposed
model in coordinating energy storage economic revenue and lifespan losses.

Key words: energy and frequency regulation markets; degradation costs; bi-level trading model; energy storage; strong

duality theory; KKT conditions
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