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Impact of temperature and state-of-charge on
long-term storage degradation in lithium-ion
batteries: an integrated P2D-based degradation
analysis
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This study utilizes a Pseudo-Two-Dimensional (P2D) model to predict calendar aging in LiFePO,4/graphite
lithium-ion batteries, emphasizing temperature and state-of-charge (SOC) impacts. Implemented in
COMSOL Multiphysics, the P2D framework simulates solid electrolyte interphase (SEI) growth and
electrolyte conductivity loss, driven by parasitic redox reactions at the electrode—electrolyte interface,
modeled using Arrhenius and Tafel kinetics. Validated against experimental data across five
temperature—SOC conditions, the P2D model achieves root mean square errors below 0.9. Results show
synergistic degradation, with SEI thickness exceeding 300 nm and conductivity loss over 20% after 36
months at 55 °C and 90% SOC. Higher SOCs intensify SEI growth due to electrolyte instability at elevated
anode potentials. This P2D-based, chemically grounded approach provides mechanistic insights into
storage degradation, enabling optimized battery management and storage strategies to enhance lifespan
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Introduction

Lithium-ion batteries (LIBs) have become the dominant energy
storage technology in portable electronics, electric vehicles
(EVs), and grid-scale applications due to their high energy
density, long cycle life, and relatively low self-discharge rate.'”
However, their performance inevitably deteriorates over time,
even when not in use (a phenomenon known as calendar aging).
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and reliability for electric vehicles and grid applications.

Calendar aging is particularly critical for applications such as
EVs, where batteries often remain idle for extended periods
under temperatures and state-of-charge (SOC)
conditions.*”

Aging mechanisms in lithium-ion batteries (LIBs) can be
broadly classified into two fundamental categories: cycle aging
and calendar aging. Cycle aging arises from repetitive electro-
chemical cycling (i.e., charge and discharge processes) which
impose mechanical, thermal, and chemical stresses on the
electrodes, leading to degradation phenomena such as active
material loss, structural collapse, particle cracking, and lithium
inventory depletion due to repeated intercalation/
deintercalation cycles.**° This aging mode is primarily driven
by electrochemical, mechanical, and thermal stresses exerted
on the electrode materials during the intercalation and dein-
tercalation of lithium ions. Over time, these stresses lead to
phenomena such as active material loss, microstructural
damage, SEI instability, and lithium inventory depletion, ulti-
mately resulting in capacity fade and increased internal
resistance.”™ Recent studies have highlighted that the rate and
nature of cycle-induced degradation are strongly dependent on
operational parameters such as depth of discharge (DoD),
current rate (C-rate), temperature, and state-of-charge (SOC)
window.*** Therefore, accurate modeling and characterization
of cycle aging are essential for predicting battery lifetime and
guiding the development of optimized cycling protocols that
mitigate long-term degradation."***

various

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra03735b&domain=pdf&date_stamp=2025-07-01
http://orcid.org/0009-0003-8834-9505
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra03735b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015028

Open Access Article. Published on 02 July 2025. Downloaded on 1/19/2026 10:51:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

In contrast, calendar aging refers to the gradual degradation
of battery performance over time when the cell is stored at
a constant state-of-charge (SOC), with no external current flow.
This aging mode is driven primarily by parasitic side reactions
occurring at the electrode/electrolyte interfaces, particularly at
the anode side, even under open-circuit conditions. These
reactions are accelerated by elevated temperatures and high
SOC levels and contribute to the irreversible loss of lithium,
resulting in capacity fade and increased internal resistance over
time'6,15,16

The dominant degradation mechanisms
calendar aging include:

e Growth of the solid electrolyte interphase (SEI) on the
anode surface due to continuous electrolyte reduction reac-
tions. This process consumes cyclable lithium and increases
ionic/electronic resistance.

e Electrolyte decomposition, which leads to the formation of
gas and insoluble byproducts, reducing ionic conductivity.

e Passive layer formation and structural degradation of
active materials due to slow but persistent reactions with elec-
trolyte solvents or dissolved transition metals.”*"*>'78

Among these, SEI layer growth is recognized as the most
significant contributor to calendar aging in graphite-based
anodes.” While the SEI initially forms during the first few
cycles to stabilize the anode/electrolyte interface, its continued
growth during storage consumes lithium ions and thickens the
interfacial resistance layer.>®*' This process follows diffusion-
limited, sub-linear time dependence, often modeled with a °>
or t>7° behavior, and is strongly influenced by temperature and
SOC. The exponent 0.5 typically represents purely diffusion-
controlled SEI growth, where lithium-ion transport through
the SEI layer limits the reaction rate, as described by Fickian
diffusion. The exponent 0.75 reflects a mixed diffusion-reaction
regime, where both diffusion and interfacial reaction kinetics
contribute, often observed in long-term storage due to SEI
densification and porosity changes.”* In this study, the expo-
nent 0.75 was chosen to align with experimental observations of
sub-linear SEI growth in LiFePO,/graphite cells under pro-
longed storage, as validated against data from Sui et al.**

In addition to these insights, long-term empirical studies
have provided valuable data on how cell chemistry and elec-
trode composition influence calendar aging. Frie et al.*® con-
ducted a comprehensive five-year investigation into the
calendar aging behavior of nickel-rich NCA 18650 cells equip-
ped with silicon/graphite (Si/C) composite anodes. The study
revealed that elevated storage voltages significantly accelerated
degradation, primarily due to intensified solid electrolyte
interphase (SEI) growth on the high-surface-area silicon parti-
cles. This resulted in a marked increase in capacity fade
compared to graphite-only systems, underscoring the vulnera-
bility of silicon-rich anodes to interfacial instability during
prolonged storage. Similarly, Wang et al”® examined the
calendar aging of lithium titanate (LTO)-based cells (renowned
for their structural stability) under high-temperature storage
conditions (60 °C) at different SOC levels. The findings indi-
cated that even in LTO systems, higher SOCs (particularly 100%)
led to greater capacity loss and impedance growth, driven by

involved in
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enhanced side reactions and SEI formation at the electrode/
electrolyte interface.

Therefore, accurate modeling of calendar aging (especially
SEI dynamics and electrolyte conductivity degradation) is
crucial for battery lifetime prediction, health estimation, and
thermal/storage management in modern battery applications.

Understanding the influence of storage conditions, such as
temperature and duration, on calendar aging is essential for
predicting battery lifetime and optimizing battery management
strategies. Elevated temperatures significantly accelerate
degradation reactions, which can lead to rapid performance
deterioration if not properly managed.>” Experimental investi-
gations have shown that even moderate increases in storage
temperature can markedly reduce battery lifespan.*®

Physics-based modeling frameworks (particularly pseudo-
two-dimensional (P2D) models) have demonstrated significant
efficacy in capturing the intricate interplay among electro-
chemical, thermal, and aging phenomena in lithium-ion
batteries (LIBs)."*** In contrast to empirical or data-driven
approaches, P2D models are grounded in fundamental trans-
port and reaction equations, allowing for the resolution of
spatial and temporal distributions of critical internal state
variables. These include lithium-ion concentration gradients
within electrodes and electrolyte phases, local overpotentials,
and temperature fields across the cell architecture. This level of
detail enables more accurate and predictive assessments of
performance degradation, especially under diverse storage and
operational scenarios.* When augmented with sub-models that
represent aging mechanisms (such as solid electrolyte inter-
phase (SEI) layer growth, lithium plating, and active material
loss) P2D frameworks become powerful tools for simulating
long-term calendar aging behavior. They provide deeper
mechanistic insight into capacity fade and resistance growth,
which are influenced by electrochemical and thermal inhomo-
geneities at the micro- and macro-scale.® Consequently, these
models serve not only as diagnostic platforms but also as
predictive engines for optimizing cell design, storage protocols,
and battery management strategies aimed at extending LIB
lifespan. Recent advancements in P2D modeling have signifi-
cantly enhanced the ability to predict lithium-ion battery aging
under diverse conditions. For instance, Wickramanayake et al.>
developed a novel solver for a P2D electrochemical-thermal
aging model, incorporating kinetic- and diffusion-limited SEI
growth models to estimate capacity fade in real-time with less
than 1% error compared to commercial solvers, validated across
multiple operational scenarios including 1C discharge/charge
cycles. Similarly, Di Prima et al** introduced a pseudo-four-
dimensional (P4D) model for cylindrical NMC cells, extending
the P2D framework to account for 3D electrochemical and
thermal non-uniformities, revealing the impact of SEI growth
and cathode electrolyte interface (CEI) formation on calendar
aging at 60 °C. Additionally, Su et al.** employed a P2D-based
electrochemical-thermal coupling model to study capacity
fade in M1254S2 button-type lithium-ion batteries, demon-
strating that larger anode particle radii lead to thicker SEI films
and increased resistance, exacerbating capacity loss over 3000
cycles. These studies demonstrate the robustness of P2D and
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extended models in capturing electrochemical and thermal
dynamics, providing a strong foundation for analyzing calendar
aging under varied storage scenarios.

This study aims to implement a physics-based simulation
framework using the Pseudo-Two-Dimensional (P2D) model to
investigate calendar aging phenomena in commercial LiFePO,/
graphite cells under various temperature and SOC conditions.
By incorporating SEI layer growth and electrolyte conductivity
loss into the model, and validating it against long-term experi-
mental data, the proposed approach enables a mechanistic
understanding of degradation trends and provides predictive
insights for optimizing storage strategies and battery manage-
ment systems.

Materials and methods
Experimental setup

To validate the simulation model of calendar aging in lithium-
ion batteries, experimental data were obtained from long-term
storage tests reported in Sui et al.>* These experiments were
conducted on cylindrical LiFePO,/C cells (nominal capacity: 2.5
Ah), which employed graphite as the negative electrode and
LiFePO, as the positive electrode. A total of 15 battery cells were
tested under five distinct storage conditions, each combining
a specific temperature and state of charge (SOC). The selected
stress factors included temperatures of 40 °C, 47.5 °C, and 55 °
C, and SOC levels of 10%, 50%, and 90%, enabling investigation
of their combined influence on long-term degradation
behavior.

To maintain stable environmental conditions throughout
the aging process, all cells were stored in precision climate
chambers (Weiss WT3-180/40), capable of regulating the
ambient temperature within a tolerance of £0.5 °C. Each group
of three cells was subjected to one of the five predefined storage
conditions (Table 1). The storage tests extended over duration of
up to 43 months for Cases 1-3, and 27 months for Cases 4-5,
ensuring sufficient time to observe capacity fade well beyond
the conventional end-of-life (EOL) threshold of 20%.

To quantify the degradation in capacity, reference
measurements were performed at regular intervals of 30 days.
Prior to each measurement, the cells were equilibrated to room
temperature (25 °C). Discharge tests were conducted following
the protocol described in Sui et al,* where cells were dis-
charged at a constant current of 2.5 A (1C rate) to 2.0 V, charged
at 1C to 3.6 V, and discharged again at 1C to 2.0 V. The capacity
from the final discharge step was recorded as the remaining

Table 1 Storage conditions applied for calendar aging tests of
LiFePO4/graphite cells®

Case Temperature SOC level
Case 1 55 °C 50%
Case 2 47.5 °C 50%
Case 3 40 °C 50%
Case 4 55 °C 10%
Case 5 55 °C 90%
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Table 2 Material properties of cell
Initial ionic conductivity Ko =10 mS cm '
Particle radius (anode) rp =5 um
Diffusion coefficient (anode) Di=39x10 " m?>s™"
Particle radius (cathode) rp = 0.1 um
Diffusion coefficient (cathode) Dg=1.0x10 " m?>s!
Separator porosity e=0.4
Separator tortuosity T=2.5

capacity for retention calculations. While a lower rate (e.g., C/3)
with constant-current constant-voltage (CC-CV) charging is
often preferred for precise capacity measurements in LiFePO,/
graphite cells, the 1C-rate protocol was adopted to align with the
experimental conditions of Sui et al.,>* ensuring consistency for
model validation.

Simulation model

The calendar aging behavior of lithium-ion batteries was
simulated using a physics-based Pseudo-Two-Dimensional
(P2D) electrochemical model implemented in COMSOL Multi-
physics (version 6.2). This model captures both macroscopic
and microscopic transport processes within the battery and is
well-suited for simulating the degradation mechanisms asso-
ciated with long-term storage. The P2D framework resolves
lithium-ion and electronic transport across a one-dimensional
spatial domain comprising the graphite anode, porous sepa-
rator, and LiFePO, cathode, while also modeling intra-particle
lithium diffusion in a radial coordinate.

The geometric configuration used in the simulation repre-
sents a typical cylindrical 2.5 Ah LiFePO,/C cell, consistent with
the experimental setup described in ref. 24. The electrode stack
included a 50 pm thick graphite anode, a 25 pm separator, and
a 70 um LiFePO, cathode. Relevant material properties were
taken from the same reference and supporting literature sour-
ces (Table 2).

Initial lithium concentrations were set to reflect specific SOC
values of 10%, 50%, and 90%, and were held constant during
the simulations to emulate open-circuit storage conditions.
Boundary conditions included zero-flux (Neumann) conditions
at the electrode-current collector interfaces.

Cell specification

The battery cell used in both the experimental study and
simulation model was a commercial high-power cylindrical
lithium iron phosphate/graphite (LiFePO,/C) cell with
a nominal capacity of 2.5 Ah and a nominal voltage of 3.3 V. The
cell employed LiFePO, as the positive electrode (cathode) active
material and graphite as the negative electrode (anode) active
material. The key specifications of the tested cell are summa-
rized in Table 3.

P2D model formulation

The electrochemical simulation of calendar aging was per-
formed using the Pseudo-Two-Dimensional (P2D) model, a well-
established framework for modeling lithium-ion batteries. This
approach resolves the macroscopic (through-plane) and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Cell specifications

Item Value
Type Cylindrical
Dimensions 026 x 65 mm
Weight 76 g
Nominal capacity 2.5 Ah
Nominal voltage 3.3V
Maximum voltage 3.6V
Minimum voltage 2.0V
Maximum-continuous 10 A (4C)
charge current

Maximum-continuous 50 A (20Q)

discharge current

Storage temperature —40 °C to 60 °C

Electrolyte 1 M LiPF¢ in EC: EMC
(3:7 by volume)

Anode Graphite

Cathode LiFePO,

microscopic (particle-scale) transport phenomena that govern
battery behavior under storage conditions. The model
comprises a coupled set of partial differential equations (PDEs)
that describe mass and charge conservation in both solid and
liquid phases, as well as electrochemical reaction kinetics at the
electrode/electrolyte interfaces.

The spatial domain was one-dimensional across the thick-
ness of the cell (from anode current collector to cathode current
collector), while each electrode domain included a spherical
radial coordinate to simulate intra-particle diffusion. The
general structure of the governing equations is described in
Table 4.

Electrolyte conductivity loss model

One of the key degradation mechanisms during calendar aging
of lithium-ion batteries is the reduction in ionic conductivity of
the electrolyte. This loss in conductivity arises primarily from
parasitic side reactions at the electrode/electrolyte interface,
which lead to the formation of resistive byproducts—such as
inorganic and organic species—that accumulate in the elec-
trolyte and hinder lithium-ion mobility. As a result, ion trans-
port through the porous media becomes progressively less
efficient, contributing to capacity fade and increased internal
resistance over time.*>*!

In the P2D simulation framework, the time-dependent
electrolyte conductivity «(¢) is modeled as a function of
temperature 7, state of charge (SOC), and storage duration ¢,
incorporating both empirical aging observations and physical
degradation trends. The degradation behavior follows a power-
law dependence on time and an Arrhenius-type dependence on
temperature, reflecting the thermally activated nature of the
decomposition reactions. Additionally, a linear dependence on
SOC is included to capture the role of higher electrode poten-
tials in promoting side reactions.

The conductivity evolution is modeled by the following
expression:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Eax
k(t, T, SOC) = ko[ 1 — «.*"e &7 (1 4 b x SOC) (9)

where «(¢, T, SOC) is effective ionic conductivity at time ¢, k, is
initial conductivity of the fresh electrolyte (set to 10 mS cm ™),
ke = 1.5 x 10~ * s7°73 empirical degradation rate constant, n =
0.75 is time exponent reflecting sub linear degradation behavior
(self-inhibiting growth), and b = 0.015 is SOC sensitivity coef-
ficient (dimensionless).*

This model captures the experimentally observed trends in
which conductivity declines faster at elevated temperatures and
higher SOC levels due to increased rates of solvent oxidation,
salt decomposition, and gas evolution reactions.**** The expo-
nent n = 0.75 is consistent with prior works that report non-
linear, self-limiting degradation kinetics under storage condi-
tions, particularly in systems dominated by SEI-related and
electrolyte side reactions.*

By integrating this expression into the P2D model, the
simulation accurately reflects the time-dependent transport
limitations in the electrolyte, which in turn influence lithium-
ion diffusion, overpotentials, and ultimately the rate of SEI
growth and capacity fade.

SEI thickness growth model

The growth of the Solid Electrolyte Interphase (SEI) layer on the
surface of the graphite anode is a key contributor to capacity
fade during calendar aging of lithium-ion batteries. The SEI is
a passivation layer formed by the reductive decomposition of
electrolyte components at low anode potentials, primarily
during initial charging cycles and subsequently during long-
term storage. Although this layer is essential for preventing
continuous electrolyte degradation, it also consumes cyclable
lithium and increases the interfacial resistance, both of which
adversely affect battery performance.***

In the context of calendar aging, where the battery remains at
open-circuit voltage and a fixed state of charge, SEI formation
proceeds at a slow but steady rate due to persistent side reac-
tions between the anode and the electrolyte. This process is
thermally activated and strongly influenced by the state of
charge (SOC), as higher SOCs correspond to lower anode
potentials, which promote further reduction of electrolyte
species.*®*

The SEI growth rate is linked to the side reaction current
density jsgr, which is governed by a Tafel-type expression derived
from Butler-Volmer kinetics:

aSElF”'IsEI> (10)

JSEI = 10SEI exp( RT

where jsg; is the SEI formation current density, iy ggr = 1.0 x
1077 A m 2 is the exchange current density, agg; = 0.5, and s
= ¢s — ¢pe — Usgy is the SEI overpotential (Ugg; = 0.4 V).*

The cumulative growth of the SEI thickness over time is
calculated from the integrated SEI formation charge:*°

MSEI J.t . 7 ’
JsEl (f )dl
pserF Jo

Oser(t) = (11)

RSC Adv, 2025, 15, 22576-22586 | 22579


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra03735b

View Article Online

Paper

RSC Advances

(6€ pue gg "3a1)

[,_s ;] ., 0T x gg'T = *wo'sy
[_s u],, 01 x £'g =40y
[;_tow [] s1pE = ST @y

301
ﬁmm pue g¢ .m@.& AAW _ rmv &v dxo mo%o,wQ — mom.mQ
[

I I

I 1 o ‘o ‘
s g = _ — dxo %uo'sg — Sou's
(8) [,_low [] £°sT0 89 = S a™ry (¢€ pue g€ 3o1) AT 1 v Fou ﬁ.?@v X9 a a Jua1o1Ie00 uoisnyIp aseyd pijos
o or|%q ='a
6et— A Guv 51
A._mw v PLO——— L st
(2) 6€ PUE g€ "JOI 03 Ie[IWUIS (&1a1snggTp) JUsI0yFO0d UOISNIP dseyd prnbrg
(2€ 31) [,_1ow [] 000 0€ = 4 ***g . VA AN S PP
(9) (9¢ '301) [,_1ow [] 000 0T = 47y (s€ pue ve 321 I 1)y oA JUEBISUOS el UoNoEay
(8o (o -
(9) [P &Y L*0 (uoryenba 1awWI[OA-19ING) SONIAUD 9POIIISH
0= 70 u- S
) 0= "% U= (SpAP20)- A (p110S) UOTIBAISSUOD d3IRYD
(€) 0 = TO=|u->pA N = (PHAP¥)- A (14]01709]9) UOTIBAIISUOD d3TRYD
di=
d 10
f - mumeI
o= | 10, ) e
(2) 20 S0 T ) e 1 Sop 11odsuen aseyd prjos
A > e
) 4 (s A=
(1) 0 = T0=|u-A - +(2aa)-a &@w j10dsuen aseyd 214[01303[F
SUONIpuod ATepunog uonenbg uondrsaq

1oPOW 1B2IWBYD04103]19 (24 404 SUORIPUOD Alepunog pue suonenbs BuluIsAoy) aiqel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd TETS:0T 9202/6T/T U0 papeo|umoq Gz0z AINC 20 U0 paus!idnd 81y sse00y usdo

© 2025 The Author(s). Published by the Royal Society of Chemistry

22580 | RSC Adv, 2025, 15, 22576-22586


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra03735b

Open Access Article. Published on 02 July 2025. Downloaded on 1/19/2026 10:51:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

where Mgg; = 0.1 kg mol ™" is the molar mass of the SEI layer,
pser = 2000 kg m ™2 is the SEI density. To capture the empirical
observations that SEI growth slows down over time (i.e., self-
limiting behavior), the model adopts a power-law dependence
with a time exponent of 0.75. This behavior is well-supported in
the literature and reflects diffusion-limited growth of SEI
components through the existing SEI layer.** Furthermore, an
Arrhenius term and a linear SOC dependence are incorporated
to model thermal acceleration and potential-driven effects:

%EU,T,SOC)zmﬂ”@m(f RT

&ﬁja+dxﬁm)(u)
where m = 0.02 nm s~ °7%, E, g = 55 k] mol™", and d = 0.012.
The 0.75 exponent reflects the self-inhibiting nature of SEI
growth.”

In this model, the SEI growth is directly linked to the loss of
lithium inventory and hence to the capacity fade observed in
long-term storage, as the lithium consumed in forming SEI is
irreversibly lost from the electrochemically active pool. This
coupling allows accurate prediction of capacity degradation as
a function of time, temperature, and SOC within the P2D
simulation environment.

Model validation

The simulation study was performed across all five experi-
mental stress condition combinations, encompassing three
storage temperatures (40 °C, 47.5 °C, and 55 °C) and three state-
of-charge (SOC) levels (10%, 50%, and 90%), and was further
extended to include ambient temperature conditions at 25 °C
for reference. Model validation was achieved by comparing the
simulated capacity fade—derived from the loss of lithium
inventory attributed to SEI layer formation—with experimental
results reported in ref. 24. Capacity degradation was quantified
using the relation:

Oskr

initial

Capacity fade (%) = x 100 (13)

where Qsg; = f Jserdanodedt represents the total charge
consumed by SEI formation over time, and Qjpjtia; = 2.5 Ah is the
nominal initial capacity of the cell. The simulation results
demonstrated strong agreement with the experimental data,
and the root mean square error (RMSE) was employed as
a quantitative metric to evaluate the accuracy of the model
predictions.

To elucidate the capacity fade model, the experimentally
measured capacity during 1C-rate discharge tests, as reported in
Sui et al.,** is acknowledged to encompass both irreversible Loss
of Lithium Inventory (LLI) and power fade resulting from
increased internal resistance. Eqn (13) quantifies capacity fade
predominantly through the charge consumed by SEI formation
(QSEI), reflecting the primary LLI mechanism in calendar aging
of LiFePO,/graphite cells. However, the P2D framework
comprehensively accounts for kinetic limitations associated
with power fade by dynamically simulating SEI thickness
growth, which elevates interfacial resistance at the anode, and
electrolyte conductivity loss, which increases transport

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Comparison between the experimental and present study of
capacity fade.

resistance across the cell. These resistance-enhancing effects
are fully integrated into the physics-based simulation, influ-
encing lithium-ion transport and reaction kinetics. The robust
agreement between simulated and experimental capacity fade,
evidenced by RMSE values below 0.9 across all aging conditions
(Fig. 1), validates the model's ability to capture the combined
effects of LLI and power fade. By emphasizing LLI in eqn (13),
the model provides a precise metric for the dominant irrevers-
ible degradation mechanism, while the P2D framework ensures
a holistic representation of all pertinent degradation processes.

Fig. 1 compares simulated and experimental capacity fade
for Cases 1-5, showing strong agreement with RMSE values of
0.8049 (Case 1), 0.8813 (Case 2), 0.3648 (Case 3), 0.4665 (Case 4),
and 0.3413 (Case 5). Cases 1-3 (50% SOC at 40 °C, 47.5 °C, 55 °
C) exhibit a clear trend of increasing capacity fade with
temperature, consistent with Arrhenius-driven acceleration of
SEI growth and electrolyte decomposition. Case 4 (10% SOC, 55
°C) shows the least fade, reflecting reduced side reaction rates at
lower SOC. However, Case 5 (90% SOC, 55 °C) initially shows
higher capacity fade than Case 1 (50% SOC, 40 °C) but falls
below it after approximately 15 months. This behavior, observed
in the experimental data, may result from the self-limiting
nature of SEI growth at high SOC, where the thicker SEI layer
(Fig. 3, 308.6 nm at 36 months) reduces further electrolyte
reduction, slowing fade relative to temperature-driven degra-
dation at 50% SOC. Additionally, experimental variations in cell
preconditioning or SEI stabilization at high SOC could
contribute to this trend.** These results reinforce the nonlinear
interplay of temperature and SOC, supporting the model's
predictive capability.

The experimental data from Sui et al>* utilized storage
temperatures of 40 °C, 47.5 °C, and 55 °C to accelerate calendar
aging, reflecting conditions relevant to high-stress applications.
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For model validation, simulations were conducted at these
temperatures, achieving RMSE values below 0.9 (Fig. 1), con-
firming robust agreement with experimental capacity fade.
Additionally, simulations at 25 °C were included as a reference
condition to evaluate degradation under ambient storage,
a scenario of practical interest for battery management but not
covered in the experimental dataset.** The 25 °C simulations
extrapolate the validated model parameters (Tables 2-4) using
Arrhenius and Tafel kinetics, providing predictive insights into
low-temperature aging behavior, as shown in Fig. 2-5. This
extension enhances the model's applicability across a broader
range of storage conditions.
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Results and discussion

The validated Pseudo-Two-Dimensional (P2D) model was
employed in COMSOL Multiphysics to simulate the progression
of electrolyte conductivity loss and SEI layer growth in LiFePO,/
C cells under various calendar aging conditions. Simulations
were primarily conducted at 40 °C and 55 °C to align with the
experimental conditions from Sui et al.,** enabling direct vali-
dation against capacity fade data (Fig. 1). An additional simu-
lation at 25 °C was included as a reference to assess aging under
ambient storage conditions, complementing the experimental
temperatures of 40 °C, 47.5 °C, and 55 °C. Results are presented
for all three temperatures (25 °C, 40 °C, 55 °C) and SOC levels
(10%, 50%, 90%) at 12, 24, and 36 months (Fig. 2-5). The model
incorporates fundamental electrochemical processes, including
SEI film formation and electrolyte decomposition, governed by
temperature and SOC-dependent kinetics described by Arrhe-
nius and Tafel formulations.

Electrolyte conductivity loss

Electrolyte conductivity loss represents the reduction in ionic
mobility within the electrolyte due to parasitic side reactions
and electrolyte decomposition. These phenomena result in
resistive by-products, which progressively impede lithium-ion
transport and increase internal cell impedance. As shown in
Fig. 2, the simulated results confirm the exponential sensitivity
of conductivity loss to both temperature and SOC.

The pronounced increase in electrolyte conductivity loss at
elevated temperatures is consistent with prior studies on ther-
mally accelerated degradation in lithium-ion battery systems.>
As evidenced by the simulation results presented in Fig. 2, the
rate of conductivity decline exhibits a clear exponential depen-
dence on temperature. For instance, after 36 months of storage,
conductivity loss at 55 °C reaches up to 22.86% at 90% SOC,
compared to only 2.5% under ambient temperature (25 °C) and
10% SOC. This marked disparity highlights the critical role of
thermal energy in promoting side reactions such as solvent
decomposition, salt breakdown, and formation of resistive
byproducts, which collectively hinder ionic transport through
the electrolyte. In addition to temperature effects, the influence
of state of charge (SOC) is shown to be equally significant. The
data reveal that higher SOC levels (particularly above 50%)
amplify conductivity loss across all temperature conditions.
This behavior can be attributed to increased anode lithiation,
which lowers the anode potential and accelerates the oxidative
decomposition of the electrolyte.® At 40 °C, for example,
conductivity loss after 36 months increases from 5.29% at 10%
SOC to 10.80% at 90% SOC, underscoring the compounding
nature of SOC and temperature as degradation drivers.

The inclusion of 25 °C in simulations provides critical
insights into calendar aging under ambient conditions, where
degradation is significantly slower (e.g., 2.5% conductivity loss
and 38 nm SEI thickness at 10% SOC after 36 months, Fig. 2 and
3). These results, derived from the validated P2D model, suggest
that storage at ambient temperatures can substantially extend
battery lifespan, supporting optimized storage strategies for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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applications with prolonged idle periods.> These results

support the hypothesis that storage at elevated SOC and
temperature synergistically exacerbates electrolyte decomposi-
tion and transport limitation mechanisms. The combined
effects of thermally activated kinetics and high electrode
potentials accelerate the accumulation of inert species within
the electrolyte, thereby impeding lithium-ion mobility and
contributing to long-term performance degradation. This
underscores the importance of thermal and SOC management
during storage to mitigate calendar aging and extend battery
life.

SEI thickness growth

The simulation results of SEI layer formation further elucidate
the critical role of temperature and SOC in calendar aging of
lithium-ion batteries. As shown in Fig. 3, SEI thickness exhibits

© 2025 The Author(s). Published by the Royal Society of Chemistry

a nonlinear growth pattern over time, with both temperature
and SOC acting as accelerating factors. At 25 °C and 10% SOC,
the SEI thickness increases moderately from 12.0 nm at 12
months to 38.0 nm at 36 months, reflecting a relatively stable
degradation regime. However, under high-stress storage
conditions (e.g., 55 °C and 90% SOC), SEI thickness expands
rapidly, reaching 308.6 nm after 36 months—more than an
eightfold increase relative to the low-stress condition.

This exponential growth aligns with the diffusion-limited
nature of SEI formation, where the rate of layer buildup is
governed by both reaction kinetics and the gradual penetration
of electrolyte decomposition products through the existing SEL
Elevated temperatures significantly enhance reaction rates at
the anode/electrolyte interface, thereby intensifying SEI growth.
Likewise, high SOC levels (particularly above 50%) correspond
to lower anode potentials, which promote continuous electro-
Iyte reduction and facilitate further SEI formation.

The compounding effect of temperature and SOC is evident
when comparing mid- and high-SOC conditions. At 55 °C, SEI
thickness at 50% SOC reaches 223.7 nm after 36 months, while
increasing SOC to 90% accelerates SEI growth by over 38%,
culminating in a 308.6 nm layer. These results support prior
findings that elevated SOC enhances the availability of electro-
chemical driving forces for parasitic side reactions, thereby
intensifying irreversible lithium consumption and capacity loss.

The SEI growth data substantiate the underlying model
assumptions, including the adoption of a sub-linear (t°7°) time
dependence and Arrhenius-type temperature scaling. This
modeling framework effectively captures the self-limiting yet
thermally activated nature of SEI formation, which is essential
for predicting long-term lithium inventory loss under varied
storage scenarios.

Interdependence between SEI thickness growth and
electrolyte conductivity loss

The degradation behaviors associated with SEI formation and
electrolyte conductivity loss, while modeled as distinct processes,
are through shared underlying

intrinsically interlinked
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mechanisms rooted in electrode-electrolyte interfacial chemistry.
Both phenomena are driven by parasitic side reactions that occur
predominantly at the anode surface during storage, particularly
under elevated temperature and SOC conditions. These side
reactions consume electrolyte solvents and lithium ions, leading
simultaneously to (i) the formation of the resistive SEI layer and
(ii) the accumulation of non-conductive byproducts in the elec-
trolyte, which impair ionic mobility.

The simulation results presented in Fig. 2 and 3 highlight
a strong correlation between the rate of SEI growth and the
magnitude of electrolyte conductivity loss. For instance, under
the most aggressive aging condition (55 °C, 90% SOC), the SEI
thickness increases to 308.6 nm after 36 months, while the cor-
responding conductivity loss reaches 22.86% (Fig. 4). In contrast,
at 25 °C and 10% SOC, both metrics remain relatively low, with
SEI thickness limited to 38.0 nm and conductivity loss to 2.5%.
This trend indicates that as SEI formation accelerates, it not only
depletes active lithium but also exacerbates electrolyte degrada-
tion, thereby reducing transport efficiency across the cell.

These findings suggest that SEI and electrolyte degradation
are not independent phenomena but rather co-evolving and
self-reinforcing processes. From a practical standpoint, this
interdependence has significant implications for long-term
battery storage strategies. Minimizing SEI formation through
optimized SOC and thermal control not only preserves lithium
inventory but also mitigates electrolyte transport degradation,
thereby maintaining cell impedance within acceptable limits.

Asymmetric behavior of SEI growth across SOC levels

The SEI growth behavior exhibits marked asymmetry across
different SOC levels, a trend that becomes increasingly
pronounced under elevated temperature conditions. As
observed in Fig. 5, at 55 °C, the monthly SEI growth rate
increases significantly with SOC. After 12 months, the growth
rate at 90% SOC reaches 1.57 nm per month, which is approx-
imately 48% higher than the corresponding rate at 10% SOC
(1.06 nm per month). This asymmetry persists over longer
storage periods, indicating a sustained acceleration of degra-
dation under high SOC conditions.

This behavior can be attributed to the electrochemical
potential of the anode, which decreases as SOC increases,
thereby enhancing the thermodynamic driving force for elec-
trolyte reduction reactions. As a result, a more aggressive SEI
formation occurs, leading to faster lithium consumption and
a thicker, more resistive interphase layer. Moreover, higher SOC
levels typically correspond to a higher degree of lithiation in the
graphite anode, where the electrolyte is more prone to reductive
decomposition due to the lower interfacial potential.

The data from the current study (Fig. 5) reinforce the
necessity of accounting for SOC-induced asymmetry in predic-
tive battery aging models. For instance, the consistently higher
SEI growth rates at 90% SOC across all time intervals suggest
that time-averaged degradation estimates may significantly
underestimate localized capacity loss in real-world scenarios,
particularly for applications where batteries are regularly stored
or operated at high charge levels.
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Conclusion

This study utilized a Pseudo-Two-Dimensional (P2D) electro-
chemical model to investigate calendar aging in LiFePO,/
graphite lithium-ion batteries, focusing on SEI layer growth and
electrolyte conductivity degradation. Simulation results reveal
a nonlinear, synergistic impact of storage temperature and
state-of-charge (SOC), with severe degradation at 55 °C and 90%
SOC, where SEI thickness exceeded 300 nm and conductivity
loss surpassed 20% after 36 months. The model, validated
against experimental data with RMSE below 0.9, highlights the
interdependence of SEI growth and electrolyte degradation,
driven by parasitic side reactions. These findings underscore
the importance of optimized storage conditions to mitigate
aging and provide a scalable framework for predicting long-
term battery performance, supporting enhanced battery
design and management strategies.
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