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1. Introduction

Lithium-ion batteries have become essential components of modern
technology for powering a wide range of devices. However, despite the
increased performance and safety of lithium-ion batteries, a deep un-
derstanding of their degradation mechanisms and their interplay re-
mains a challenge [1-3].

Battery degradation, often referred to as battery aging, comprises
complex chemical and mechanical mechanisms that occur simulta-
neously and interact with each other, making it challenging to isolate
individual degradation phenomena [4,5]. In addition, aging mechanism
can vary depending on the specific properties of the electrode active
material, such as its crystal structure, electronic conductivity, and
reactivity with electrolytes. Structural degradation, transition metal
dissolution, and surface film formation are three common degradation
mechanisms that can occur in cathode materials for lithium-ion batte-
ries. At the same time, anodes suffer from lithium metal deposition,
dendrite formation, active material particle cracking, and continued
Solid Electrolyte Interphase (SEI) growth [6]. The severity of these
mechanisms depends on the specific electrode active material and bat-
tery operating conditions.

Among the aging processes, calendar aging is the decline of a battery
performance when no current is flowing into the battery [7-9]. This
aging process results in capacity fading and an increased internal
resistance [10-12]. The primary cause of battery degradation during
calendar aging is the continuous growth of SEI at the surface of the
anode. Furthermore, at a high state of charge (SoC), cathode electrolyte
interface (CEI) formation and transition metal dissolution occur,
particularly in manganese-containing cathodes [13]. Previous studies
[14-19] have shown that these metal ions can reach the anode and
accelerate SEI layer growth, leading to faster capacity fade and
increased resistance.

Understanding battery degradation solely from experimental results
poses significant challenges, owing to the complexity and interplay of
various degradation mechanisms. Despite advances in experimental
techniques, isolating and comprehensively characterizing each
contributing factor remains challenging. In this context,
electrochemical-thermal models have emerged as valuable tools, offer-
ing a more holistic approach to studying battery degradation. These
models integrate electrochemical and thermal dynamics, enabling
deeper insights into the underlying processes and interactions that drive
degradation.

Based on the pseudo-2D (P2D) model proposed by Fuller [20-22],
various mathematical models have been developed to investigate bat-
tery degradation.

Typically, the primary degradation mechanism considered in elec-
trochemical models is the formation of the SEI layer. Several studies
have implemented kinetically limited SEI growth rates using Tafel ki-
netics [23-26]. However, these models assume an abundance of solvents
at the reaction site, thus neglecting the influence of the diffusion limi-
tations. Alternatively, diffusion-limited models are characterized by the
inclusion of solvent molecules that traverse the existing SEI layer to
reach reaction sites, which is a key aspect [27-29]. This additional
limitation influences the overall growth rate and often predicts the
square-root dependence of the capacity fading over time. Notably, only
few articles considered both limitations [28,30,31]. Moreover, the
degradation of cathode materials in Li-ion batteries is a critical issue that
has been addressed by several researchers. Kindermann et al. [26]
introduced a pseudo-2D model considering cathode active material loss

Applied Energy 377 (2025) 124640

due to manganese dissolution. Lee et al. [14] and Dai et al. [32] have
included both manganese dissolution and deposition also considering a
kinetics for solvent oxidation at the cathode surface. Lastly, Lee [33]
additionally examined the impact of manganese in the SEI layer. How-
ever, to the best of our knowledge, the combined study of all these
degradation mechanisms and their interplay within the same model, is
still lacking.

Basing on these considerations to analyze the effect of calendar aging
on commercial cell, in this study we introduce an electrochemical-
thermal model that includes different degradation mechanisms: SEI
growth at the anode, CEI formation, solvent dehydrogenation, and
transition-metal dissolution at the cathode. Moreover, it considers the
interaction between the cathode aging products and SEI growth at the
anode. The calendar aging test was performed on 21,700 cylindrical
cells (LGM50LT), with a LiNig gMng 1Cog 102 (NMC811) cathode and a
silicon-graphite composite anode. The aging test was conducted over a
period of three months to assess the impact of high-temperature calen-
dar aging. Excluding the checkup procedure, the cells underwent 63
days of accelerated calendar aging at 60 °C across different cell voltages
corresponding to various states of charge (SoCs) to obtain specific
degradation information. At low SoC levels (< 0.5), the degradation is
primarily attributed to SEI layer growth, because the cathode voltage
remains below 4 V, limiting transition metal dissolution and CEI growth
phenomena [26,34-36]. At higher SoC (0.5 < SOC < 0.85), transition
metal dissolution from the cathode is expected to occur due to acidic
attack by hydrofluoric acid (HF) [26,33,37,38]. Lastly, at the full state of
charge, the elevated cathode voltage (> 4.3) promotes the development
of a surface layer on the cathode due to electrolyte oxidation [39-42].
Finally, recent studies on calendar aging with graphite-silicon anodes
have shown that SEI growth is the primary cause of capacity loss and
isolation of silicon particles, while particle cracking was not observed
[43,44]. Consequently, the stress equations related to silicon expansion
were not considered in this work. However, it is important to note that
these equations should be included when studying cycle aging [45].

Furthermore, considering commercial cells with jellyroll configura-
tions, the P2D models cannot properly simulate the local heterogeneity
of the real electrochemical and thermal processes. Therefore, we intro-
duce a pseudo-4D (P4D) battery model of the cylindrical cell, developed
using COMSOL Multiphysics, that extends the traditional 1D geometry
of a P2D model into a 3D framework providing detailed insights into the
thermal behavior and degradation processes of the cell.

Currently, increasing numbers of researchers focus on P2D electro-
chemical model combined with the three-dimensional thermal model for
simplification. However, they often disregard the internal layered
structure of the battery cell, which hampers the observation of the in-
ternal electrochemical properties, such as the direction of electrode
current density flow or the movement of lithium ions, as well as the
temperature of each layer during cycling. This oversight can lead to a
reduction in the accuracy of the model [46,47]. Thus, some researchers
have focused on the three-dimensional layered electrochemical-thermal
model to investigate the internal distributed properties of commercial
pouch cells [46-49]. For example, Sun et al. [50] developed a three-
dimensional model to investigate inhomogeneous lithium plating
resulting from non-uniform temperature distribution. Nevertheless, to
the best of our knowledge, all the proposed P4D models are developed
for pouch cells.

The accuracy of the model was initially validated using data from
charge/discharge tests with constant current and current pulses at a
temperature of 25 °C. These tests were conducted to assess the model's
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ability to accurately simulate the electrochemical and thermal behavior
of a cylindrical cell. The final validation was conducted using the ca-
pacity loss data obtained from experimental calendar aging tests to
verify the degradation mechanisms within the model.

The findings of our study underscore the intricate interplay between
various degradation mechanisms and highlight the importance of
combining experimental and modelling techniques.

Considering these insights, the key contributions of this study are:

e provide an approach to introduce the interplay between different
degradation mechanisms,

o extend the traditional P2D models to a P4D model, for better capture
spatial current distribution and lithium inhomogeneity,

e deliver insights into cylindrical cell behavior during calendar aging.

2. Experimental
2.1. Degradation study

For the present study cylindrical 21,700 cells (INR 21700-M50LT)
with a rated capacity of 4.8 Ah were investigated. The primary objec-
tive of the calendar test matrix was to examine the influence of voltage
on the aging phenomena. The table of the calendar aging test matrix is
provided in Table 1, and it features six distinct SoCs. The temperature
was kept at 60 °C to accelerate the degradation processes. The state of
charge is defined as the ratio between the actual capacity and the
nominal capacity. Three cells were tested for each test condition to
ensure reproducibility.

Checkups were performed at the beginning, end, and 3-week in-
tervals to assess cell degradation. During the check-up, the cells were
tested at 25 °C. The checkup procedure utilized in this investigation was
modified from the protocol proposed by Kirkaldy et al. [51]. More
specifically, an extended version of the test presented in their study was
implemented. Discharge curves at C/10 were used to assess the capacity
loss, while the changes in the internal resistance of the cell at different
SoCs were evaluated using the pulse test. The pulse current was fixed at
2.4 A which corresponds to C/2 considering the Beginning of Life (BoL)
capacity of 4.8 Ah. At the end of each checkup the cells were charged at
the defined voltage using the standard charge procedure reported in the
datasheet provided by the producer (constant current charge at 1.44 A
and constant voltage at 4.2 with cut-off current of 50 mA). A climatic

Table 1
Calendar aging experimental matrix.
T (°C) Voltage (V) 3.63 3.74 3.87 4.0 4.2 4.2(CV)
SoC (-) 0.25 0.4 0.55 0.7 0.95 1
60 X X X X X X

Archimedean spirals
uscd to obtain the basc
of the cell

T Posilive tab
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chamber (Binder MKF-720) with an accuracy of +0.5 °C was used for
temperature control. The electrochemical tests were conducted using an
Arbin galvanostat (LBT-21084).

2.2. Cell teardown

To obtain the model parameters, one cylindrical cell was discharged
to 2.5V at C/50 and moved to an argon glovebox to extract the jelly roll.
The positive and negative electrodes from the opened cell were soaked
in dimethyl carbonate (DMC) for a few minutes to remove electrolyte
salt residues. After washing, the electrodes were cut into sheets before
delamination. One side of the double-sided electrode was delaminated
to obtain single-sided electrodes suitable for electrochemical charac-
terisation in two- and three-electrodes cell configurations. The anode
was successfully delaminated using water as a solvent, suggesting the
presence of a water-based binder, whereas NMP was necessary for the
optimal delamination of the cathode. The edges of each electrode sheet
were fixed to a support using tape to avoid contact between the solvent
and opposite side of the electrode. Subsequently, the electrodes were
dried for 4 h at 120 °C under vacuum (Biichi Glass Oven B-585, Flawil,
Switzerland) before characterisation.

2.3. Physical parameters

The average thicknesses of the electrodes and separator were
measured using a digital thickness gauge (Mitutoyo) by sampling and
measuring the extracted jelly roll over different areas. Field Emission
Scanning Electron Microscopy (FESEM) using a Zeiss SUPRA 40 with a
Gemini column and Schottky field emission source (tungsten at 1800 K)
was used for morphological analysis of the electrodes. Energy dispersive
X-ray spectroscopy (EDS) was used to investigate the elemental
composition of the active material. The porosity of the electrodes was
obtained using a MATLAB script [52,53] based on an algorithm for the
extraction of the pore network, whereas the tortuosity was evaluated
using the TauFactor [54] using FESEM cross-section micrographs.

2.4. Electrochemical parameters evaluation

The evaluation of electrochemical parameters was performed in half-
cell configuration (Coin cells 2032) and three-electrodes cell configu-
ration (PAT-cells, EL-Cell Gmbh) using lithium disc as counter electrode
in coin-cell and as reference electrode in 3-electrode configuration. The
cells were assembled in an argon-filled glovebox (MBraum Labstar,
Garching-Germany; H>O and O content lower than 1 ppm) using 100 pL
of electrolyte (1 M LiPF¢ EC: DEC 1:1 by volume, Solvionic) and MTI
ceramic-coated separator (Ceramic-coated PE monolayer) [55]. To
assemble 2-electrodes and 3-electrodes cells, 15 mm diameter disks were
cut from the delaminated electrode sheets. Lithium discs with a diameter

Fig. 1. (a) Geometry of the cell used in the simulation. (b) Photograph of the extracted jellyroll.
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Table 2
Model parameters.
Parameters Negative Positive Separator
electrode electrode
Thickness, L (m) 85.2e-6 58.3 12e-6
Current collector thickness, 1 (m) 12e-6 16e-6
Mean particle radius, R, (m) 5.05e-6 5.22e-6
Ac(tl:/)e material volume fraction, &g 0.638 0.622
Electrolyte volume fraction, & (—) 0.272 0.294 0.47
Bruggeman exponent, b (—) 1.7 1.94 1.5
Maximum hth13um concentration, cg, 28,500 51,545
max (mol/ m~)
Exchange current density, jo (A/m?) 0.7 1.74
Activation Energy reaction rate, E,,;
56.7 62.8
(kJ/mol)
Diffusion coefficient, Dg (mz/s) Fig.S1(b) Fig.S1(a)
Equilibrium potentetial, Egq. (V) Fig.S2(b) Fig.S2(a)
Side reactions parameters
Diffusion coefficient EC, Dgc (m?/s) 4.2e-20"
Diffusion coefficient VC, Dve (m?/s) 4.2e-20"
Initial EC tration, 1
ni 1;1 concentration, cgco (mol/ 4541°
m”)
Initial EC concentration, cyco (mol/ R
3 30.4°
m”)
Initial Mn concentration, ¢y (mol/ .
3 0
m~)
Reaction rate EC reduction, Kgc s .
3e-21
(m/s)
Reaction rate VC reduction, kyc s .
7e-24
(m/s)
Activation energy for SEI reaction 200¢
rates, E,,sgr (kJ/mol)
Exchange current density Mn d
6.05e-6
dissolution, joum (A/ m?) ¢
Reaction rate Mn deposition, 1.94e-12"
Kyin dep (m/s)
Coefficient of additional formation of 4
SEI induced by Mn, y,,
Exc};ange current density, jo,cer (A/ 6.050-9 ¢
m®)
Exch: t density, j A .
XC 2ange current density, jec pen (A/ 3e-16°
m°)
Charge transfer coefficient, a 0.5"
Equilibrium potential of manganese &
dissolution, Upp, giss (V)
Equilibrium potential of EC 3.8¢
dehydrogenation, Ugc gen (V) :
Equilibrium potential of electrolyte 43
oxidation, Ucg (V) :
Equilibrium potential of manganese 0.3°
deposition on anode, Uy dep (V) :
Equilibrium potential of EC reduction, 0.8
Ugcser (V) '
Equilibrium potential of VC 135

reduction, Uycsgr (V)

Physical constant
Ideal gas constant, R (J/(K-mol)) 8.314
Faraday constant, F (s-A/mol) 96,485

2 assumed.

estimated.

b From Ref. [68].
¢ From Ref. [63].
4 From Ref. [26].
f From Ref. [31].
& From ref. [28].

e

of 16 mm (Chemetall Foote Corporation) were used for half-cell tests.
Electrochemical tests were conducted using an Arbin galvanostat (LBT-
21084) and Bio-Logic®VSP-3e multichannel potentiostat. For all tests,
the cathode voltage range was set between 2.7 V and 4.3 V (vs Li*/Li)
[56-58], while for the anode the voltage range was set between 0.005 V
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and 2 V (vs Lit/Li) [59,60]. After assembling, each cell was allowed to
rest for 24 h to ensure the complete wetting of the separator and elec-
trodes. The cells were then charged/discharged three times using a
constant-current protocol at C/20 to ensure the restoration of the SEIL
After the formation step, different techniques were used to obtain the
diffusion coefficients, charge-transfer kinetics, and pseudo-open-circuit
curves (OCV). Diffusion coefficients and OCV curves were obtained
using the intermittent current interruption (ICI) technique [60] in a half-
cell configuration. The ICI technique consists of 5 min current pulses at
C/10 followed by a 5 s current interruption with a sampling time of 0.1 s.
The pseudo-OCV curves were also determined from slow galvanostatic
cycling (C/20) in both half-cell and pat-cell configurations. Potentio-
static impedance spectroscopy (PEIS) measurements of the coin cells
were performed to determine the exchange current density at different
temperatures [61]. The frequency spectrum was recorded between 500
kHz and 50 mHz using an excitation voltage of 10 mV and a sampling
point density of seven points per decade. All PEIS were performed at
middle SoC at four different temperatures: 20 °C,30 °C,40 °C and 50 °C.

3. Model development

The 3D geometry of the cell used in the model was designed
considering the internal structure of LG INR 21700-M50LT cells. The
base of the jellyroll geometry was obtained using the Archimedean spiral
equation considering 24.5 windings and the thickness of each layer Fig.1
(a). Subsequently, the base of the cell was extruded and the tabs were
added in the correct position. Notably, this cell had two tabs on the
anode side placed at the beginning and end of the electrode sheet.
Conversely, the cathode has a single tab located at the center of the
current collector. Further details on the structure can be found in the
previous paper of Baazouzi et al. [62]. Additionally, a photograph of the
extracted jellyroll is depicted in Fig.1 (b).

Concerning the model development, the main side reactions pro-
posed include CEI and SEI formation, manganese ion dissolution from
NMC, and ethylene carbonate (EC) dehydrogenation on the cathode
[63]. Furthermore, the interplay between the degradation mechanisms
at the cathode and anode was investigated by evaluating the change in
reactant concentration for each reaction. Because of the difficulty in
obtaining a detailed electrolyte composition from a commercial cell, we
used a standardized electrolyte composition in the model, as also re-
ported in the reference [64]: 1 M LiPF¢ dissolved in a mixture of EC and
ethyl methyl carbonate (EMC) at a volumetric ratio of 3:7, with 1 wt%
vinylene carbonate (VC). Considering this electrolyte, it is assumed that
SEI growth is due to the reduction of ethylene carbonate and vinylene
carbonate produced by EC dehydrogenation on the NMC surface. This
assumption was based on experimental studies by Kuntz et al. [65] and
Chen et al. [66]. The first study revealed that SEI growth is primarily due
to solvent degradation rather than salt reduction during calendar aging,
whereas the second study found that EC is preferentially reduced
compared to EMC. CEI formation is introduced when the cathode
voltage reaches 4.3 V corresponding to the beginning of electrolyte
oxidation [42]. Manganese dissolution due to acid attack and its influ-
ence on the SEI layer were included, following the hypothesis outlined
by Vissers [67]. It is proposed that after dissolution into the electrolyte,
manganese ions are deposited on the external surface of the inner
inorganic SEI layer during the lithiation of graphite, where they are
reduced from an oxidative state of 2+ to 1+. When deposited on the SEI
layer, Mn'* coordinates with ethylene carbonate molecules from the
electrolyte. Subsequently, Mn!" is oxidised to Mn?", transferring one
electron to EC, thus promoting its reduction. Finally, during calendar
aging the main aging mechanism for cells containing graphite or Si/
graphite anodes is likely to be SEI growth, as demonstrated by recent
studies [43,44]. Consequently, the presence of silicon is not explicitly
considered; however, the obtained OCV curve of the anode is shifted
towards a higher voltage, resulting in more rapid SEI growth, particu-
larly at low SoCs, when compared to the graphite anode.
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Table 3
Electrochemical-Thermal model equations.
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Equations Boundary condition
Solid phase
Mass balance dcsi _ Dsi 0 ,2'3':51' _D 0¢si —0-D O¢si _ Joe
o  r2 o\ or or {,_ orlg, F
. 0
Electron transport V o (07, Vebsi) = ayji; ~ Doy, (zs.p = Iy — Doy as.n —0
T |positive tab T negatove tabs
Electrochemical kinetics . agiFn;| aciFn;
Ji """{e’q’{ RT |~ ®P|RT
Liquid phase
dc; aiji interfc interf
Mass balance fld—t' = V(fof Vq) + %(1 —t)) VCl g surrent coltector = V<l pos current cottector = O
i RT olnf., . interfe interf

Charge conservation — V(key Vepy) +V <2’<eff7 (1-t) (1 + Wﬁ) Vlnq) = aji Vit negoument coltector = VPtlposcurrent cottector = 0

Thermal model

Heat generation Q = Qrev + Qirrev

: 0U,qi(SoC;
Reversible heat Qrey = VjiT eq-l(TD i)
Irreversible heat Qirev = iV + JsV s + Vi
aT
Heat balance Pitpig = Q+ V(kr;VT) — V(kr;VT) | = h(T — Tar)
Table 2 summarises the electrochemical and physical parameters 3
. €,
used in the model; the thermal and electrolyte parameters can be found a, =— (5)

T
p

in [64].
3.1. Model equations

The mathematical formulation of the coupled electrochemical-
thermal model was based on mass, charge, and energy conservation.
The governing equations of the electrochemical-thermal model are re-
ported in Table 3, while a more detailed discussion of the equations
implemented for the degradation mechanisms is reported in the
following sections.

3.2. Mn?* dissolution from NMC cathode and its impact on SEI

On the cathode side, manganese dissolution is modelled with irre-
versible kinetics, and the current density associated with this reaction is
used to evaluate the fraction of active material loss using the same
relation [26]:

. . F
JMndis = Jomn€XP <ﬁ (¢'s - ¢'l - UMn.diss) ) (1)

f jMn,dis dt

Cs max NmcFLnmc

(2)

€spos = €s0,pos —

where j, \r, is the dissolution exchange current density, ¢, and ¢, are the
solid-phase and electrolyte-phase potential, and Uy, giss is the equilib-
rium potential of the dissolution reaction and is assumed to be 4 V
because it is related with the acidic attack of HF [26]. In Eq. (2), &50,pos
and &;0s are the active material volume fractions before and after
dissolution reaction, ¢s max nmc is the maximum lithium concentration of
the cathode, and Ly is the thickness of the cathode.

The Mn?" concentration can be evaluated using Faraday's law,
considering the reaction proposed in [69]:

MO,—0, +2e™ + MZ} 3
[ vinis ® 8
CMn NMC = / ~ oF dt (4) (C))

where n is the number of electrons involved in the reaction, and a, is the
active specific surface area; considering spherical particles, it results in:

&, is the fraction of active material in the electrode and r, is the active
material particle radius. On the anode side, because the deposition is
charge-limited and irreversible, we used the Tafel equation to evaluate
the current related to manganese deposition (jum,dep):

. —aF
IMndep = — Fan.depCMnexp (ﬁ (q)s - q)l - UMn,dep) ) (6)

where ky, gep is the reaction rate constant for manganese deposition and
Unin,dep is the equilibrium potential of the reaction equal to 0.3 V as
found experimentally in [14]. The manganese concentration (cpp) is
calculated considering the ion dissolution from the cathode and its
deposition on the anode:

CMn = CMa,NMC — CMn.dep 7)
. .
CMndep = /]MndepTv dt (€)]

Following the same approach proposed by Lee [33], the current
densities of EC and VC reduction are increased considering a multiplying
factor (y,,) to simulate the higher rate of solvent consumption induced
by manganese deposition in the SEI layer.

3.3. Cathodic electrolyte degradation mechanisms and effect on SEI

The electrolyte degradation at the NMC electrode follows two
distinct pathways. At potentials as low as 3.8 V vs. Li*/Li, EC undergoes
dehydrogenation, resulting in the formation of VC, without the pro-
duction of gaseous by-products. Conversely, at higher potentials
(approximately 4.4 V ys. Li'/Li), singlet oxygen released from the pos-
itive electrode chemically oxidizes EC, leading to the generation of H50,
CO», and CO [63].

Dehydrogenation of EC was introduced in the model with irrevers-
ible kinetics, and the current density associated with this reaction was
used to evaluate the concentration of EC loss as well as the concentration
of VC produced. These two concentrations are used on the anode side to
simulate the SEI growth while, at the cathode, the electrolyte oxidation
is introduced when the voltage reaches 4.3 V [70].

The EC dehydrogenation reaction proposed by Rinkel [63] is:
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C3H403—-C3H,03 +2e + 2H* (8)

The concentrations of dehydrogenated EC and VC produced were
calculated considering the current density associated with the reaction
presented above:

. . F
Jec.den = Jo,den€XP (ﬁ (s — &y — Ukcaen) ) 9

j ea,
CvcdeH = /%dt = CEC.deH (10)

where Ugc gy = 3.8V, is the equilibrium potential of the reaction. The
CEI formation is introduced considering the carbonate oxidation at a
high potential, assuming an irreversible reaction following the Tafel
kinetics following the reaction pathway proposed by Pritzl [70], which
involves one electron:

. . —aF
Jcer = Jo,ce1€XP (R_O-l[- (s — Py — Ucrr) ) an

where Uyccrr = 4.3V is the potential associated with oxidation, and
Jjo.crr is the oxidation current density.

3.4. Solid electrolyte growth

The reduction of EC leads to the formation of lithium ethylene
dicarbonate and CoHy [71]:

2C3H,03 + 2e + 2Li* —(CH,0CO,Li), + C;Hy 12)

Both kinetic and diffusion-limited SEI growth were considered. Eq.
13 is derived from Fick's first law, which yields a diffusion-limited
current density proportional to the bulk concentration of the solvent.
The Tafel Eq. (14) was used to describe the kinetically limited SEI
growth rate.

. c

Jecseip = — FDsol§LC (13)
SEI

. —aF

Jecseik = — FKec seiCecexp (ﬁ (b5 — &1 — Ucsmr) ) 14)

where Dgc is the diffusion coefficient of the solvent, cgc is the bulk EC
concentration, 8sg; is the SEI thickness, kgcsgr is the SEI reaction rate
constant, a is the charge transfer coefficient, ¢, and ¢; are the solid-
phase and electrolyte-phase potentials, respectively, and Ugg is the
equilibrium potential of the SEI formation.

Using the Koutecky-Levich equation, it is possible to couple Egs. (13)
and (14) to obtain the current density associated with SEI layer growth,
obtaining the same equation reported in [31]:

. jEC,SEI.D A jEC,SELk
JecsEr = 3 : (15)
Jecserp T JECsELK

Furthermore, we consider the consumption of EC using Faraday's
law:

j ea,
Cec = CECO — / %dt — CEC.deH (16)

where jgc sgrvo1 1S the volumetric current density related to SEI formation.
The reaction associated with the reduction of VC was proposed in [72]
and is reported below.

2C3H,05 +2e~ + 2Li"—(CH = CHOLi), + 2CO a7)

In addition, both kinetic and diffusion limitations were implemented
to describe the SEI growth caused by VC reduction.
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Table 4
Relative capacities values for cells stored at different SoCs.
Voltage (V) 3.63 3.74 3.87 4.0 4.2 4.2(CV)
SoC (-) 0.25 0.4 0.55 0.7 0.95 1
Relative capacity
3 weeks 0.987 0.985 0.973 0.969 0.961 0.978
6 weeks 0.981 0.973 0.961 0.960 0.950 0.973
EoL 0.973 0.965 0.951 0.949 0.942 0.967
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Fig. 2. (a) Change in the relative capacity as a function of SoC for cells stored at
60°C. The capacity values were obtained from C/10 discharge at 25 °C during
the check-up. (b) Anode, cathode, and cell voltage profiles during stan-
dard charging.

. —aF

Jjvese = — FkycsgiCvcexp (ﬁ (¢5 — ¢ — UVC,SEI) ) (18)

. c

Jecsep = — FDsolS£ 19)
SEI

Cvc = Cvco 1 Cvcden — / Jvrcl% dt (20)

where kyc sgr is the reaction rate constant for VC reduction, and Uy sgy is
the equilibrium potential of the reaction equal to 1 V as reported in
[70,72].
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Table 5
Comparison between real voltage data and simulation data during standard
charging at 25 °C. Anode and cathode voltages obtained by simulation.

SoC () 0.25 0.4 0.55 0.7 0.95 1
Cell voltage error (V) 0.02 0 0.01 0.03 0.01 0
Cell voltage simulation (V) 3.65 3.74 3.86 4.03 4.20 4.20
Cathode voltage simulation (V) 3.75 3.83 3.95 4.08 4.26 4.31
Anode voltage simulation (V) 0.10 0.09 0.09 0.05 0.06 0.11

. Jvcserp ® Jveserk
Jvesg =i 2D
VS Jveserp T Jveserk

4. Results and discussion
4.1. Experimental data analysis

The evaluation of battery performance often involves a compre-
hensive analysis of the capacity fading and resistance increase. The
degree of capacity fade was assessed by employing the relative capacity,
which is defined as the ratio of the discharge capacity measured at C/10
at each check-up to the capacity of the cell obtained at the BoL. The
relative capacities measured during each check-up are listed in Table 4.
Results are presented for a single cell, due to the relatively low error
both observed in both the capacity and resistance measurements across
three cells. Fig. 2 (a) shows the relative capacity change measured at
each checkup as a function of the SoC. The distance between the curves
illustrates the loss of capacity over time for cells stored under the same
conditions. The gap between the curves decreases at each checkup,
indicating that the rate of capacity loss is faster in the first three weeks of
storage and then slows down gradually over time. This observation is
consistent with the kinetics of SEI growth; as the thickness of the layer
increases, the growth rate decreases owing to the increase in diffusion
and ionic resistance [73]. Moreover, the relative capacity declines more
rapidly at higher SoCs, reaching its lowest point at SoC = 0.95. Inter-
estingly, cells stored at full charge exhibited a slower degradation rate,
which was similar to that of cells stored at intermediate SoCs. A similar
behavior was reported for commercial cells with nickel-rich cathodes
and silicon-graphite anodes [74,75]. In particular, in the study by Ziilke
[75], the slower rate of capacity decay observed for cells stored at a fully
charged state was explained by a proposed shuttle effect between the
anode and cathode. At full SoC lithium ions, which would typically
contribute to SEI formation at the anode, are instead diverted towards
the cathode, thereby reducing the rate of SEI growth at the anode and
leading to a slower degradation rate. The anode and cathode potentials
at various SoCs were obtained using the simulation to gain a deeper
understanding of this trend. The voltage profiles during a standard
charge are shown in Fig.2 (b), whereas the values, as well as the
discrepancy between the simulated and experimental cell voltages, are
reported in Table 5.

During the constant-voltage step, the anode potential increased. In
this step, kinetic inhibition is diminished, leading to a reduction in the
overpotential. Conversely, delithiated NMC has minimal kinetic inhi-
bition, which means that the extraction of Li" leads to a rise in potential
[76].

After three weeks, cells stored at low state of charges, namely SoCs
0.25 and 0.4, show similar relative capacity. The anode potential is
approximately 0.1 V in both cases, and it is reasonable to assume a
similar SEI structure, which leads to a comparable relative capacity
decrease, as demonstrated by Sun et al. [76]. However, in subsequent
check-ups, cells stored at SoC 0.4 showed a lower relative capacity.
Interestingly, at this SoC, the cathode potential resulting from the
simulation is approximately 3.8 V, at which point EC dehydrogenation
begins, resulting in VC formation [63]. The faster decline in capacity
observed in cells stored at a state of charge of 0.4 can be linked to this
cathode degradation mechanism and to the reduction of the VC
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produced at the anode. Furthermore, the relative capacity values of cells
stored at SoC = 0.55 are comparable to those stored at a SoC of 0.7.
However, the anode potential of the cell stored at 0.55 is equal to that of
cells stored at SoC 0.4 and higher than that of cells stored at SoC 0.7.
Moreover, cells stored at SoC 0.7 and 0.95 have the similar anode
voltage, but again show different rates of capacity decay.

The observed higher capacity loss in cells stored at SoC = 0.95 may
be attributed to manganese dissolution from NMC and its migration to
the anode, thereby accelerating SEI growth. Finally, cells stored at the
full state of charge displayed a slightly lower capacity decay than those
stored at SoC 0.55 initially, and in subsequent checkups showed a
remarkably low rate of capacity decrease. This may be attributed to the
formation of a stable CEI, which protects it from further degradation
[62], or to the growth of a different SEI layer owing to the higher anode
potential. A pattern similar to that of the capacity can be seen in the
evolution of the resistance considering the different SoCs (Fig.3). The
resistance was calculated using the pulse discharge data of each checkup
as follows:

Vi*Vr
1

RpuLse =

where V; is the voltage measured 0.1 s after the current pulse was
applied, V;, is the voltage of the cell before the current application, and I
is the applied current. Fig. 3 presents the evolution of the relative
resistance of the cells stored at SoC 0.25, 0.95 and 1. The results relative
to all charge states are reported in Fig.S3. Generally, the resistance in-
crease follows the same pattern as the capacity decay. At a higher charge
state, the resistance increased faster, reaching its maximum value at a
SoC of 0.95. Conversely, cells stored at SoC = 0.25 exhibit the minimum
resistance increase. After three weeks of calendar aging, fully charged
cells displayed a resistance increase comparable to those aged at SoC =
0.4 and SoC = 0.55. However, after six weeks, cells stored at SoC = 1
exhibited a higher increase in resistance, which then stabilised during
the last checkup. Cells stored at SoC = 0.7 and 0.95 exhibit similar
behavior up to the third checkup, but the resistance of cells stored at 0.7
SoC remains stable during the last checkup while continuing to increase
for cells stored at 0.95. The faster increase in resistance supports the
possible presence of transition metals in the surface layer of the anode,
which act as catalysts for SEI growth.

4.2. Model validation

The electrochemical-thermal model validation was performed by
comparing the measured operating voltage and temperature obtained
during the checkup test with the model results. The surface temperature
was measured by using a thermocouple placed in the middle of the cell.
The short checkup procedure of Kirkaldy et al. [51] was used to validate
the model. Fig. 4 presents the validation results for cell voltage (a) and
temperature (b) during the constant-current/constant-voltage and
pulse-current tests. The voltage profile was consistent with the experi-
mental data with a small variation during the pulse test. Nevertheless, it
is important to highlight that during the pulses, the current fluctuates
between 1/3C and 1.5C. Furthermore, the larger disparity observed
during discharge can be ascribed to the anode voltage hysteresis. The
temperature profile aligns with the experimental profile, with the
highest error occurring during the final discharge of approximately 1 °C.

The experimental and simulated battery capacity losses were
compared to evaluate the ability of the model to predict the degradation.
Four different states of charge were chosen to cover the entire range,
except for fully charged cells, which were included to assess the ability
of the model to account for unexpected cell behaviours. The comparison
results are illustrated in Fig.5. Simulations for cells stored at SoCs 0.4
and 0.7, respectively, were used to calibrate the kinetics of EC dehy-
drogenation and the kinetics of manganese dissolution with the accel-
erating factor for SEI growth resulting from manganese deposition. Only



P. Di Prima et al. Applied Energy 377 (2025) 124640

040 1 T T T T T T 1 T
« BolL (@)
| | = 3weeks 4
U3 *  6weeks
*  EolL
0.30 1
<} :
8025F o
c .
= e
£ 020 . a
7]
& L .
0.15 |- L
I R O N A T T A T
010 B . . L L b L) . . . . . . . . ' 7
005 1 1 1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0 4.5 5.0
Capacity (Ah)
040 T T T T T T I | j
« BolL - (b)
| | *© 3weeks i
0:89 * 6 weeks .
* EoL .
030 , . 1
g I cr S . e o e o e o ® ° L e e o . .
8025F . & . ., P Lt -
c | e o o o e o o o o & o o .
8 SO e S .« °
®L020F , - ° R S -
7]
ha .
0.15 1
010 B . . . L) . L] . 3 . . . . . . . ’ T
005 1 1 1 I 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 25 30 35 4.0 4.5 5.0
Capacity (Ah)
040 1 1 1 1 1 1 I I 1
L e BolL (C)
| | ¢ 3weeks i
RS> *  6weeks
* EolL
030 -
g .
80251 .
= .
= :
£ 020 . .
g s : : e * P % e 4 ¢ e s 3 8 3 (O~ : 8 8 °
15| L° -
010 e e e o o ooy ) 7
005 1 1 1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0 4.5 5.0
Capacity (Ah)
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Fig. 4. Voltage profile (a) and temperature validation (b) comparison between the experimental data, blue line, and the simulation results, orange line. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the first 3 weeks of calendar aging for cells stored at SoC 0.25 were used
to estimate the current density of EC and VC reduction.

The results showed that the simulated capacity decay during calen-
dar aging tests was closely aligned with the experimental results for cells
stored at different SoCs from 0.25 to 0.95. The present outcome vali-
dates the reliability of the model for estimating battery degradation
across various states of charge. Nevertheless, additional mechanisms
should be integrated to accurately simulate the performance of fully
charged cells. As previously reported [75], the lower rate of capacity
decay observed for cells stored at a fully charged state has been attrib-
uted to a hypothesized shuttle effect between the anode and cathode. In
this scenario, the higher potential of the cathode results in a greater
number of lithium ions being redirected from their typical role in SEI

formation at the anode towards the cathode. However, in the absence of
specific chemical data for these reactions in the cells it is difficult to
include these mechanisms in the model. Scheme 1 illustrates the vali-
dated degradation mechanisms and their interactions. At high SoC
(when the voltage of NMC reaches 4 V) the dissolution of manganese
from the cathode affects battery performance by reducing the active
material in the cathode. Additionally, these ions migrate to the anode,
where they deposit and accelerate the formation SEI layer, leading to
increased electrolyte consumption. At lower cathode potential EC de-
hydrogenates at the cathode to form VC. This reaction reduces the
concentration of EC in the electrolyte and influences the kinetics of SEI
growth.

Following the validation process for a period of up to 63 days, the
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Fig. 5. Comparison of experimental and model data for the evaluation of ca-
pacity decay in cells stored at four different levels of SoCs.

model was subsequently employed to conduct an extended calendar
aging test lasting up to 140 days. In the cells stored at SoCs of 0.25 and
0.55, the loss of capacity is solely attributed to the growth of SEI, with a
minor contribution from EC dehydrogenation at SoC = 0.55. These re-
sults are in agreement with the potential of the positive electrode re-
ported in Table 5 and the results obtained for calendar aging cells with
NMC cathode and Si/graphite anode [43,44]. Therefore, the simulation
was extended for cells stored at SoC = 0.95, where only the effect of the
CEI can be neglected. In cells stored at the full state of charge, all aging
mechanisms occur; however, owing to the higher discrepancy with the
experimental data, extending it would result in an incorrect evaluation.
The capacity loss for the extended simulation is shown in Fig.6a,
whereas Fig.6b shows the effect of different mechanisms on the capacity
after 140 days. The primary degradation mechanisms that consume
cyclable lithium is the formation of a solid electrolyte interface, which is
accelerated at higher charge states by manganese deposition. The EC
dehydrogenation has a small effect on capacity loss. However, the
introduction of EC dehydrogenation has an impact on the SEI rate for-
mation, contributing to the depletion of ethylene carbonate and
decreasing the kinetics of the reaction, leading to the production of
ethylene dicarbonate. The SEI thickness evolution is illustrated in Fig. 7
and is characterized by a square-root dependency on time, which is
consistent with calendar aging degradation, as reported in [77].
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The SoC of the graphite in the anode at the beginning and end of the
140-day simulation is shown in Fig. 8a and Fig. 8(b). The SoC within the
anode is uneven, consistently with previous experimental studies on
cylindrical cells [78,79]. This uneven distribution is influenced by both
the jellyroll structure and the configuration of the tables [78]. After 140
days, the most significant variation in SoC, and consequently the
greatest SEI growth, occurs in areas where the anode was more heavily
lithiated before the start of calendar aging. Fig. 9 reports the current
distribution within the jellyroll, including the current collector,
considering the degradation mechanisms at the onset of calendar aging
(Fig. 9a) and after 140 days (Fig. 9b). The color scales represent the
magnitude of the current density and are adjusted to highlight the un-
even distribution across different sections of the cells. The reduction
over time aligns with the square-root dependency on time for SEI
growth.

These insights underscore the importance of using a comprehensive
P4D model to predict battery degradation accurately, ultimately facili-
tating the development of strategies to enhance battery performance and
lifespan.

5. Conclusion

In this study, we introduced an advanced electrochemical-thermal
model to investigate the effects of calendar aging on commercial Li-
ion cells, specifically focusing on a cylindrical 21,700 cell configura-
tion with a NMC811 cathode and silicon-graphite anode.

The calendar aging tests conducted over three months at 60 °C under
different cell voltages corresponding to various SoCs revealed distinct
degradation patterns. Model results suggest that, although the contin-
uous formation of SEI is the primary cause of capacity fading, it is crucial
to consider the degradation mechanisms affecting the cathode and their
impact on the anode.

Manganese deposition impacts the performance of the cell by
accelerating the rate of formation of the SEI film, thus decreasing the
quantity of cyclable lithium. The EC dehydrogenation process resulted
in a lower amount of ethylene dicarbonate formation, decreasing the
amount of EC reduced for SEI layer formation.

The proposed model includes the key degradation mechanisms in
both the anode and cathode materials and introduces an approach to
consider their interplay providing insights into the complex interactions
between cathode aging products and anode SEI growth during aging
processes. Furthermore, addressing the limitations of traditional P2D
models for capturing local heterogeneities in jellyroll-configured com-
mercial cells, this study introduced a P4D battery model extending the
traditional 1D geometry of P2D models into a 3D framework. While the
current P4D model is based on NMC chemistry, it is adaptable to other
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Scheme 1. Representation of the validated degradation mechanisms and their interaction during calendar aging.
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Fig. 7. SEI thickness increase for cells stored at SoC = 0.95 for 140 days
at 60 °C.

chemistries using COMSOL libraries. For example, in LFP chemistries,
cathode degradation mechanisms can be omitted, while for NCA,
mechanisms like EC dehydrogenation could be considered. However,
the implementation of these adaptations requires additional validation
data, which is an important direction for future work.

Further studies are needed to better understand these coupling ef-
fects, and we plan to include them in our future modelling to assess their

11

impact during cycling. Our research will focus on operational parame-
ters such as the current profile and temperature, with the aim of opti-
mising charge protocols for extended battery life in both automotive and
other applications.
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Fig. 8. State of charge of graphite in different section planes along the cylindrical cell at the beginning (a) and end (b) of calendar aging. The color scales are different

to highlight the uneven distribution in the different section of the cells.
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Fig. 9. Flux of current due to degradation mechanisms after 1 day (a) and 140 days (b) of calendar aging. The color scales refer to the module of the current density
and are different to highlight the uneven distribution in the different section of the cells, as in accordance with the square-root dependency on time of SEI growth.
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