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Energy Storage Planning for High-Penetration Renewable
Power Systems Considering Multiple Frequency Regulation
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Abstract: To address the challenges of declining system inertia and frequency security caused by
renewable energy integration in high-penetration renewable power systems, this paper proposes an
energy storage planning model considering multiple frequency regulation resources and frequency
security. First, a multi-machine system frequency response model encompassing thermal units,

renewable energy plants, and battery energy storage systems is established. A multi-machine
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aggregation method is adopted to unify heterogeneous frequency regulation resources into an equivalent
single-machine model, and constraints on available frequency response power and power margin are
formulated to ensure sufficient primary frequency response capability. Second, based on the concept of
frequency security margin, the nonlinear frequency nadir constraint is transformed into a constraint on
the maximum power imbalance that the system can withstand, which is then embedded into a mixed-
integer linear programming model through piecewise linearization. On this basis, with the objective of
minimizing the sum of the life-cycle cost of energy storage and the system operating cost, short-term
unit commitment is incorporated into long-term investment decision-making to jointly optimize energy
storage configuration and system operation. Case studies on a modified IEEE 39-bus system show that
the proposed linearized constraint has an average error of 4.3%; compared with the model without
frequency constraints, the system frequency security region is expanded from 78.31 MW to 171.21
MW; and compared with the model in which energy storage does not participate in frequency
regulation, the total system cost is reduced by 2.2%. The results demonstrate that the proposed method
can enhance system frequency security and obtain an energy storage planning scheme that balances
security and economic performance.

Keywords: high-penetration renewable power system; multi-machine system frequency response;

frequency security; energy storage planning
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Table 2 Energy storage planning results under different renewable energy penetration
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