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Abstract

To address the insufficient regulation duration of short-term energy storage in power systems with
a high penetration of renewable energy, as well as the insufficient consideration of safe operating
boundaries and asset-health impacts in conventional planning models, a capacity optimization method
for long-duration energy storage considering operational safety margins is proposed. A source-grid-
load-storage coordinated operation model is first established. Under a given storage duration, the
rated power of energy storage is optimized and the rated energy is determined accordingly. The ob-
jective is to minimize the sum of annualized investment cost, electricity purchase cost, renewable cur-
tailment cost, loss-of-load cost, demand charge, variable operation cost, and equivalent life-degrada-
tion cost. Then, the operational safety margin is defined as the feasible operating boundary retained
beyond normal dispatch to avoid overcharge/overdischarge, excessive deep cycling, and emergency
power shortage. The safe SOC range, maximum depth of discharge, daily equivalent-cycle limit, and
emergency reserve above the minimum safe SOC are formulated as linear constraints, resulting in a
mixed-integer linear programming model that coordinates economy, reliability, operational safety,
and asset health. Based on an 8760 h equivalent time series expanded from four weighted representa-
tive seasonal days, four cases, namely no storage, 4 h conventional storage, 8 h long-duration storage,
and 8 h safety-constrained long-duration storage, are compared. Sensitivity analyses on storage du-
ration, power limit, investment cost, loss-of-load value, electricity price, and safety-margin level are
also added. The results show that the 8 h system eliminates load loss with a lower rated power and
reduces the annual total cost by 4.62% compared with the 4 h conventional system. After introducing
safety margins, the optimal capacity changes from 74.52 MW/596.20 MWh to 78.19 MW/625.55 MWh,
while the annual cost increases by 2.11%; the maximum depth of discharge decreases from 89.51%
to 68.47%, and the annual equivalent cycles decreases by 13.43%. The sensitivity results indicate that
the 8 h configuration achieves the lowest comprehensive cost under the parameters used in this paper
and remains robust within a certain range of key economic parameters. The proposed method can
provide a reference for engineering capacity demonstration, safe operating-boundary determination,
and graded safety-economic decision-making of long-duration energy storage.
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Figure 1. Source-grid-load-storage system with long-duration energy storage
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Figure 2. Load and renewable output of four representative seasonal days
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Table 3. Optimization results under different cases
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Figure 3. Capacity and annual total cost comparison under different cases
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Figure 4. Operation results of Case D on a summer representative day
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Table 4. Comparison of safe operation indicators for long-duration energy storage
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Table 6. Sensitivity results of power upper limit for 4 h safety-constrained storage
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Figure 7. Sensitivity of power upper limit for the 4 h safety-constrained storage case
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Table 7. Sensitivity analysis of key economic parameters
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Table 8. Graded settings of safety-margin levels
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