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Fig.1 Evaluation framework for the investment benefits of battery energy storage participating in peak shaving considering

the state-dependent aging characteristics
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Tab.1 Validation of the energy storage aging model

(%)
B1T o 1000 2000 3000 4000 5000
TR X ) ) . :
k1 wo K s x s

MO 2FEALH 4703 7.408 9.657 11.653 13.479
M1 2FEHBK 4709 7413 9.662 11.657 13.484
0.5Ce M1 5 MO #IXHRZ  0.143 0.075 0.052 0.040 0.032
M2 ERZBIk 4718 7426 9.678 11.677 13.507

M2 5 MO #IXFiRZE 0317 0248 0.224 0.212  0.205

MO ZZABIL 5003 7.879 10270 12392 14.334
M1 BRERE 5010 7.885 10275 12397 14.338
Cue M1 15 MOMXIREZE 0139 0073 0.050 0.039 0.031
M2 2R B 5026 7.910 10309 12.437 14.385

M2 5 MO #5FiRZE 0467 0400 0.376 0.364 0.357

MO RAEEAH 5273 8303 10.821 13.057 15.103
M1 2FEH 5280 8.309 10.827 13.062 15.107
2Ce M1 5 MOMXiIRZE 0.136 0.072 0.049 0.038 0.031
M2 2REH 5.381 8467 11.033 13.310 15395

M2 5 MO #IXFiRZ%E  2.052 1.980 1.955 1.942 1.934
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AT [ 52 Z HUHE AL 7 vk
nyﬁE M p{o / NPVy/ NPV, g/ M p‘r'o / NPV),/ NPV o/
Jit Jigt Jit Jigt JiTt JiTt
1 52.004 49.060 49.060 93.198 87.923 87.923
2 100.187 89.166 138.226 93.198 82.946 170.869
3 116.688 97.974 236.200 93.198 78.251 249.119
4 126.829 100.460 336.660 93.198 73.822 322.941
5 131.079 97.950 434,610 93.198 69.643 392.584
6 133.938 94.421 529.030 93.198 65.701 458.285
7 135.711 90.255 619.286 93.198 61.982 520.267
8 136.371 85.561 704.847 93.198 58.474 578.740
9 136.967 81.070 785917 — — —
10 137.213 76.619 862.536 — — —
11 137.483 72.424 934,960 — — —
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Abstract Battery energy storage (BES) is widely used in various applications in the power system as a
flexible regulation resource. One of the key applications is peak shaving. BES can charge and discharge to capture
the price difference between peak and valley periods in the electricity market. However, due to the inherent
operational characteristics of BES, peak shaving behavior results in irreversible aging loss, leading to a reduction
in lifespan and available capacity. Establishing an accurate aging model for BES is fundamental for simulating its
peak shaving behavior and evaluating investment benefits. The aging characteristics of BES are state-dependent
at different stages of its lifespan. However, aging models with fixed parameters fail to consider the variation in
aging parameters over time during long-term peak shaving simulations.

A state-dependent aging model for BES is proposed, based on the Arrhenius empirical model, which accounts
for the impact of lifespan on aging characteristics. This model can represent the full aging behavior of BES
throughout its lifespan. A discrete form of the model is developed to meet the application requirements of power
system optimization. The discrete variables are adapted to those of the power system, enabling their integration.
Furthermore, the discrete aging model is embedded in a peak shaving optimization model. To address the challenge
of solving the highly nonlinear discrete aging model, linearization techniques are employed to facilitate model
computation. A dynamic parameter updating mechanism for BES is also designed and incorporated into the discrete
aging model, enabling dynamic updates of the aging loss rate and available capacity during long-term peak shaving
simulations, thus accurately capturing the full aging process throughout the lifespan.

To validate the effectiveness of the proposed method in investment benefits evaluation, historical locational
marginal prices from the Southern Power Pool (SPP) electricity market are used as inputs to simulate the daily
peak shaving operations of BES. The results of the daily simulations are used to update BES parameters via the
dynamic updating mechanism, and the peak shaving benefits are then calculated. By updating boundary conditions,
long-term peak shaving simulations of BES throughout its lifespan are performed, and the cumulative net present
value (NPV) of investing in BES for peak shaving is computed. The results show that the proposed method allows
for considering aging loss variation over time, reflecting the impact of state-dependent aging characteristics on the
peak shaving performance of BES. This method enables accurate evaluation of BES investment benefits.

From the analysis, the following conclusions can be drawn: (1) The state-dependent aging model of BES,
based on the Arrhenius empirical model and after discretization and linearization, can accurately capture the aging
characteristics throughout the entire lifespan of BES. It also facilitates effective application in power system peak
shaving simulations. (2) The state-dependent aging characteristics influence the charge and discharge behavior
decisions of BES under electricity price signals. Using the state-dependent aging model allows for precise
quantification of the aging costs arising from BES’s peak shaving behavior, enabling accurate evaluation of the
investment benefits of BES in peak shaving applications.

Keywords: Power system peak shaving, battery energy storage, Arrhenius empirical model, state-dependent
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