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Abstract

This study proposes an advanced framework for full-cycle diagnostics, calibration, and restoration of ESS cells
by integrating multi-frequency electrochemical impedance spectroscopy (EIS) with 4-month long-term operation
data. High-dimensional features including real/imaginary impedance, magnitude, phase angle, and inter-frequency
differences extracted from 1Hz~1kHz EIS data achieved superior internal resistance and SOH prediction
performance (R* > 0.95, MAPE in mid single digits) compared to conventional 3rd-order polynomial calibration.
Stepwise EIS pattern analysis during restoration revealed 3.8~5.3% impedance reduction in low/mid-frequency
bands and 19.7%p SOH improvement (68.6—88.3%) in successful cells. Key EIS indices (R_1Hz, R_31Hz, R_1kHz)
are proposed as supplementary metrics applicable to UL 1974 and IEC 62933-2-1 standardization requirements for
repurposing and grading.
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