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Optimal Operation Strategy for Hybrid Energy Storage System
in Joint Spot and Ancillary Service Market Accounting for
Frequency Regulation Opportunity Cost

Su Xinkai, Zhao Lulu, Chu Jingchun, Kou Lihang, Jin Yi, Sun Zhenxin
(CHN ENERGY New Energy Technology Research Institute Co., Ltd. , Changping , Beijing, China)

Abstract: Under the "dual carbon" goals, joint participation of new-type energy storage in the
day-ahead/real-time electricity spot market and the frequency regulation (FR) ancillary service
market has become an important way to improve storage profitability and to ensure safe
operation of the new-type power system. When a storage facility reserves power and capacity
to respond to FR signals, it forgoes potential spot-market arbitrage revenue; the resulting
opportunity cost is a key factor constraining willingness to provide FR ancillary service. Taking
the Shandong electricity market rules as a basis, this paper develops an optimal operation
model for a hybrid energy storage system (HESS) composed of a lithium-ion battery and a
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supercapacitor for the joint spot and FR ancillary service market that explicitly accounts for FR
opportunity cost. A strict day-ahead/real-time two-stage settlement structure is adopted. The
differences between energy-type and power-type storage in performance index (K),
degradation cost, state-of-charge (SOC) boundary, and frequency-domain response
characteristics are modeled explicitly. An adaptive compensation mechanism is designed in
which the opportunity-cost coefficient pt is coupled with the deviation of a combined day-
ahead/real-time price from its daily mean, so that the compensation intensity self-adapts to
market volatility. A case study is conducted on four seasonal typical days selected from full-
year measured day-ahead and real-time price data of a certain region in 2025. Results show
that the proposed mechanism increases typical-day joint net revenue by 2.79%~7.34%
relative to the no-compensation case, with the largest gain in autumn when price volatility is
highest. Sensitivity analysis shows that mechanism benefit increase with the FR mileage price
and the compensation intensity coefficient, while it presents a trend of first rising and then
falling with the degradation-cost multiplier, and is insensitive to storage duration, indicating
that the opportunity cost is driven primarily by power rather than energy. The proposed
mechanism provides a quantifiable, market-oriented compensation path for new-type energy
storage to participate in FR ancillary service under volatile spot markets.

Keywords: hybrid energy storage system; frequency regulation ancillary service; opportunity

cost compensation; electricity spot market; joint optimal operation
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Figure 1

Framework for Hybrid Energy Storage Participating in Electricity Spot & Frequency Regulation

Ancillary Service Markets
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3.1

Table 1 Key Parameters of Hybrid Energy Storage
System for Calculation Example
ZH BB b HBY
B h#E (MWD 10.0 5.0
e (MWh) 20.0 1.0
FHEME (%) 0.95 0.97
R (%) 0.95 0.97
A SOC (%) 0.50 0.50
SN SOC I ZERZIE (%) 0.02 0.02
SOC E R (%) [0.10, 0.90] [0.20, 0.80]
K14 15 2.0
BRI ELA (GT/MWh) 200 50
#2 HEABEITHXESH

Table 2 Key Parameters of Electricity Market for
Calculation Example
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Table 3 Scenario Setting Plan for Calculation Example
M5 W% AT Ih IR %% Bl A Bt X
S1 N x x W5
S2 x N x 12 55 A B IR 55 7
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Table 4 Analysis of 2025 Full-Year Day-Ahead and
Real-Time Price in a Certain Region

H A -SE A

T H H i Ay S B -

W (o/MWh) 292.69 285.37 -7.32

Fr#EZ (GL/MWh) 197.53 197.76 104.2

AL (GE/MWh) 344.42 348.00 0.00
A5 REL 0.6749 0.6930 14.2289

P5 (7o/MWh) -80.00 -80.00 123.67
P95 (JL/MWh) 540.00 516.94 -189.12

*5 DETLTE
Table 5 Seasonal Statistics

BT & = K %

FEARREL 92 92 91 90
AF P8 803 371.2 292.5 510.6
AF H A7 5 664.8 307.4 2325 238.3
AF_P25 464.3 155.3 155.5 104.8
AF_P75 916.5 496.8 317.9 664.6
AF /) 76.7 50.2 16.4 40.2
AF K 5201.6 1901.4 1748.8 2846
AF NIE S EH % 100 100 100 100
AF%){H 9.08 5.35 4.08 6.72
A AF 305.6 152.2 596.2 198.3
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Figure 2 Typical Daily Electricity Price Curve of a
Certain Region
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Table 6 Four-Scenario Typical Day Net Revenue
Comparison

AR n
o ANEZFERE O pogEd _
AF (S4- 1

H S1 S2 S3 sS4 -
S3) W%

#% 399821 1,086.82 4,166.30 4,471.93 +305.63 +7.34
H 531962 32478 545390 5,606.06 +152.16 +2.79

% 11,097.34 1,945.46 11,269.59 11,865.81
% 4,046.50 1,199.37 4,212.16 4,410.50

+596.22 +5.29
+198.34 +4.71
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