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Research progress on calendar aging mechanism of lithium-ion batteries
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Abstract : [ Background] In recent years, with the rapid development of energy storage systems, lithium-ion batteries have become
crucial for the energy storage applications due to their low cost and high energy density. However, prolonged periods of inactivity in
electric vehicles and energy storage power stations lead to calendar aging in these batteries. During storage, complex chemical and
electrochemical processes cause self-discharge inside the batteries, resulting in capacity degradation and increased resistance, which
significantly affect battery lifetime. Therefore, a comprehensive understanding of the aging mechanisms in lithium-ion batteries is
essential for enhancing battery management systems and optimizing manufacturing processes to improve overall performance of
batteries. [ Progress] This paper provides an overview of recent research progress on the factors influencing calendar aging and aging
mechanisms of lithium-ion batteries, emphasizing the effects of ambient temperature, storage time, state of charge (SOC), and
dynamic storage. Calendar aging accelerates with increased temperature, storage time, and SOC, resulting in varied aging behaviors
under different conditions. The relationship between capacity fade and time is non-linear during storage, with the battery capacity
decaying faster initially and then slowing over time. The aging behaviors differ significantly between high and low temperature
storage. High temperature storage markedly accelerates the aging rate of the battery, while low temperature storage slows the
parasitic reactions rate and reduces the self-discharge rate. The effect of storage SOC on battery capacity aging can be categorized into

three regions, including low, medium, and high SOC ranges. Batteries stored at high SOC experience greater capacity degradation,
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whereas those stored at low SOC show minimal degradation. During dynamic storage aging, battery aging conditions constantly vary
throughout the testing procedure, providing data that more accurately depict battery aging behaviors under real operation conditions.
The different sequences of temperatures and SOCs have a minor effect on aging behavior, whereas varying sequences of storage and
cyclic aging affect the overall aging of the battery. In addition, the mechanisms of calendar aging and related characterization
techniques of lithium-ion batteries are analyzed in terms of the solid electrolyte interphase (SEI) on the anode, electrolyte
decomposition,and the dissolution of transition metals in the cathode. As the storage time increases, the SEI thickens, with high
temperature storage leading to the transformation of the organic component into a denser inorganic component of the SEIL
Furthermore, electrolyte decomposition accelerates at elevated temperatures and high SOC, and the interface reactions between the
electrolyte and electrodes are aggravated, enhancing the reaction activity of electrolyte decomposition. The dissolution of transition
metals in the cathode is significantly influenced by calendar aging conditions as well, which increases with higher temperatures, SOC,
and longer storage time. Moreover, the various structures of cathode active materials also have impact on transition metals
dissolution. Finally, research progress on calendar aging model is summarized. Empirical data-based models suggest a square root
relationship between calendar aging capacity degradation and time, consistent with SEI growth observed during calendar aging.
[ Perspective] Current research on calendar aging still faces challenges, such as unclear aging behaviors of batteries under practical
operation conditions and the lack of quantitative characterization of the aging process. Integrating a reasonable-designed calendar
aging path with advanced characterization techniques is expected to provide a comprehensive understanding of the calendar aging

mechanisms in lithium-ion batteries. Such efforts can serve as a foundational basic and reference for improving battery design and

lifespan prediction.
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Fig. 1 Influence factors of calendar aging of

lithium-ion batteries
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Fig. 2 Charge curve before storage and discharge curves after storage for 30 d at different temperatures (45,60 and 75 °C) for

NCA cells?? (a) ; discharge capacity of LFP cells over 885 d under different storage SOC and temperatures™® (b) ;

comparison of calendar aging model results (lines) with experimental data (symbols) in terms of variation of

NMC111/graphite pouch cells discharge capacity during 55 °C storage under different SOCF* (¢)

capacity loss during battery storage and ¢/
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capacity differences analysis (CDA) at C/15 and C/3" (¢)
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