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The lifetime of a battery is affected by various aging processes happening at the electrode scale and causing capacity and power
fade over time. Two of the most critical mechanisms are the deposition of metallic lithium (plating) and the loss of lithium
inventory to the solid electrolyte interphase (SEI). These side reactions compete with reversible lithium intercalation at the graphite
anode. Here we present a comprehensive physicochemical pseudo-3D aging model for a lithium-ion battery cell, which includes
electrochemical reactions for SEI formation on graphite anode, lithium plating, and SEI formation on plated lithium. The
thermodynamics of the aging reactions are modeled depending on temperature and ion concentration, and the reactions kinetics
are described with an Arrhenius-type rate law. The model includes also the positive feedback of plating on SEI growth, with the
presence of plated lithium leading to a higher SEI formation rate compared to the values obtained in its absence at the same
operating conditions. The model is thus able to describe cell aging over a wide range of temperatures and C-rates. In particular, it
allows to quantify capacity loss due to cycling (here in % per year) as function of operating conditions. This allows the
visualization of aging colormaps as function of both temperature and C-rate and the identification of critical operation conditions, a
fundamental step for a comprehensive understanding of batteries performance and behavior. For example, the model predicts that
at the harshest conditions (< –5 °C, > 3 C), aging is reduced compared to most critical conditions (around 0–5 °C) because the cell
cannot be fully charged.
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article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
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List of symbols
Symbol Unit Meaning
Ae m2 Active electrode area

An
V m2·m–3 Volume-specific surface area of reaction n

CDL
V F·m–3 Volume-specific double-layer capacity

ci mol·m–3 Concentration of species i in a bulk phase

ci
0 mol·m–3 Standard concentration of species i

[ ]+cLi elyt mol·m–3 Concentration of solved Li-ions
cP J·kg–1·K–1 Specific heat capacity
Di m2·s–1 Diffusion coefficient of species i

Di
eff m2·s–1 Effective diffusion coefficient of species i

Eact J·mol–1 Activation energy of forward reaction
F C·mol–1 Faraday’s constant
ΔHn J·mol–1 Enthalpy of reaction n

hi
0 kJ·mol–1 Molar enthalpy of species i

ΔGn J·mol–1 Gibbs energy of reaction n
i 1 Index of species
i A·m–2 Area-specific current (with respect to Ae)
i0 A·m–2 Exchange current density

i00 A·m–2 Exchange current density factor

iF
V A·m–3 Volume-specific faradaic current

j 1 Index of bulk phases
Jq W·m–2 Heat flux from cell surface
Ji mol·m–2·s–1 Molar flux of species i
k k,f r mol, m, s (*) Forward and reverse reaction rate constants
LEP m Thickness of electrode pair
Mi kg·mol–1 Molar mass of species i
n 1 Index of reactions
N N,R P 1 Number of reactants and products in reaction
Nr 1 Number of reactions

(Continued).

p Pa Pressure
pref Pa Reference pressure
̇qchem W·m–2 Heat source due to chemical reactions
̇qohm W·m–2 Heat source due to ohmic losses

̇qV W·m–3 Volume-specific heat source

R J·K–1·mol–1 Ideal gas constant
Rcc Ω·m2 Area-specific ohmic resistance of current

collection system

RSEI
V Ω·m3 Volume-specific ohmic resistance of SEI film

rn mol·m–2·s−1 Interfacial reaction rate of reaction n

si
0 J·mol–1·K–1 Molar entropy of species i

̇si
V mol·m–3·s–1 Volumetric species source term

̇si,DL
V mol·m–3·s–1 Volumetric species source term due to double

layer charge/discharge
t s Time
T K Temperature
Tamb K Ambient temperature (cell surrounding)
Vcell m3 Volume of cell
x m Spatial position in dimension of battery

thickness
XLi 1 Stoichiometry of lithium in the active material
SOC 1 State-Of-Charge
y m Spatial position in dimension of electrode-pair

thickness
z m Spatial position in dimension of particle

thickness
z 1 Number of electrons transferred in charge-

transfer reaction

α W·m–2·K–1 Heat transfer coefficient
α ,a αc 1 Anodic and cathodic transfer coefficients of

electrochemical reaction
ϕ ϕ,elde elyt V Electric potential in the solid phase and in the

electrolytezE-mail: serena.carelli@hs-offenburg.de
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Lithium-ion batteries play a vital role in a society more and more
affected by the impact of climate change; hence we cannot overlook
the ever-growing need to lower CO2 emissions and reduce the fossil
fuel consumption. At the moment, lithium-ion batteries appear as the
ideal candidates for climate-neutral technologies such as electric
mobility and renewable energy storage, but further research and
development is required to understand their behavior, predict their
issues and therefore improve their performance. In this regard,
mathematical modeling and numerical simulation have become
standard techniques in lithium-ion battery research and development
and have proven to be highly useful in supporting experimental work
and increasing the predictability of model-based life expectancy.

The lifetime of a battery is affected by various aging mechanisms
happening at the electrode scale and causing capacity and power fade
over time.1–4 We distinguish (macroscopically) two types of aging:
calendaric aging, during storage and in case of nonoperating condi-
tions, and cyclic aging, during charging/discharging operations.5

Calendaric aging mainly results from the interactions between
the electrolyte and the active materials and it is strongly linked to
electrolyte decomposition and consequent formation of films on the
electrodes surfaces: hence it depends on resting time, state of charge
and temperature. Cyclic aging is an “active” aging, resulting from
structural and morphological changes inside the electrodes as well as
side reactions driven by inhomogeneous concentration, potential and/
or temperature distributions: hence it depends on current rate, cycling
depth, and temperature. Microscopically, it is impossible to comple-
tely separate the contributions from these two types, seen that the
calendaric aging tends to happen simultaneously with the cyclic aging,
making the two phenomena interdependent.6

Some of the aging mechanisms in lithium-ion cells are mainly
chemical, some rather mechanical (i.e. cracking and exfoliation). In
this study we will focus exclusively on two chemical aging
mechanisms. The first one, considered as most common source of
capacity fade, is the loss of lithium inventory (the so-called LLI:7–9

lithium ions are consumed by the parasitic reactions and no longer
available for cycling) to the Solid Electrolyte Interphase (SEI) at the
anode, the formation of which competes with reversible lithium
intercalation. As the graphite anodes of lithium-ion cells operate at
voltages beyond the thermodynamic stability of the organic electro-
lytes, the electrochemical reduction of the electrolyte solvent and
decomposition of the conducting salt are inevitable, with the
resulting products forming a passivating film at the graphite/
electrolyte surface which is permeable for lithium cations, but rather
impermeable for electrons and other electrolyte components.4,10

Thus, the irreversible formation of the SEI passivation layer during

the first few charge/discharge cycles of the battery is actually
considered a positive mechanism, as it reasonably protects both
the electrolyte and the electrode from further lithium losses and
degradation.11,12 Over time SEI growth and thickening leads to a
gradual but important capacity loss,13 with the SEI eventually
penetrating into the pores of the electrodes and clogging the
separator, with a consequent increase of internal resistance or cell
impedance, which can be measured by electrochemical impedance
spectroscopy (EIS).14 Voltage cut-off is also reached visibly sooner
during charging/discharging in an aged battery. The composition and
structure of the SEI vary according to the active materials, the
characteristics of the electrolyte and the formation process: it is
generally described though as a bilayer structure with a dense inner
inorganic core and a soft outer organic layer.15–18 As exposed in
several studies,19–26 the SEI thickness is experimentally observed to
grow with the square-root of time during long-term storage under
open-circuit condition, while during battery cycling it is proposed
that different growth mechanisms could dominate at different time
scales.27

The second degradation mechanism considered here is lithium
plating. During charging at high currents and/or low temperatures, a
high overpotential is reached at the graphite anode and hence a
dropping of the anode potential below 0 V vs Li/Li:+28–31 in these
conditions, the lithium plating reaction becomes favorable over the
main reaction of intercalation into the anode particles, as a further
source of degradation of the cell. Lithium plating describes the
reduction of lithium ions dissolved in the electrolyte to lithium
plated at the surface of the anode: this reaction could be reversible or
irreversible, with the deposition of insoluble side products causing
accelerated capacity loss.2,32,33 During the stripping process (the
opposite of deposition), it can occur that a part of the plated lithium
loses contact to the anode, finding itself electrically isolated and
taking the suggestive name of “dead lithium”:34,35 this is considered
one of the main causes of capacity fade in the battery during cyclic
aging at low temperatures. The metallic lithium film can usually be
detected by an increasing thickness of the cell,36 EIS analysis37 and
observation through scanning electron microscopy (SEM).38

Lithium plating can also be identified by some specific “plating
hints” in the voltage behavior. The most known is a specific plateau
in the cell voltage, observed during relaxation or discharge after
charge at low temperatures:37–47 it is ascribed to the mixed potential
associated with simultaneous oxidation of deposited lithium and
eventual re-intercalation into the anode active material, hence
indicating that lithium has been plated at one point during charging.
Worth noting, its duration is affected by the rate capability of re-
intercalation into graphite. Another known voltage hint is a voltage
drop detected when cells are charged at low temperatures and then
heated during the following rest.46,48–50 This fast drop of voltage of
about 0.1 V is not simply due to the temperature rise of the cell, but
to a heat-favored re-intercalation of lithium plated on the anode
surface. Worth adding also that thicker electrodes with larger
particles and a lower porosity are more subject to lithium plating
than thinner electrodes with smaller particles and a higher porosity.51

Hence multiple factors, including geometric, thermodynamic and
kinetic, could influence the voltage behavior and determining the
presence or absence of these plating hints.

The multiple causes, rates and inter-dependencies of the two
degradation mechanisms make a complete analysis of the aging
phenomena extremely challenging: if high temperature and state of
charge (SOC) may take to SEI growth, low temperature could
instead lead to lithium plating. The continuous volume changes of
the graphite particles during cycling strongly stress the limitedly
flexible SEI surface,52 hence a repetitive fracture of the already
formed nanometer-thick film could happen, with a further exposition
of the underlying surfaces.53 Furthermore, lithium deposition tends
to concentrate on the previously deposited lithium and its irrever-
sible reaction with the electrolyte, with consequent formation of
additional SEI, adds to the loss of cyclable lithium.

(Continued).

ϕΔ eq V Equilibrium potential difference
ϕΔ an V Electric potential of the anode electrode

ϕΔ Li
eq V Equilibrium potential of plating reaction

ϕΔ n V Electric potential difference of reaction n
ϵ 1 Emissivity of the cell surface
εelyt 1 Volume fraction of the electrolyte
εj 1 Volume fraction of bulk phase j

ηact V Activation overpotential
λ W·m–1·K–1 Thermal conductivity

μi
0 J·mol–1 Standard-state chemical potential

ν ne, 1 Stoichiometric coefficient of electrochemical
reaction n

ρ kg·m–3 Density
σ S·m–1 Electrolyte conductivity
σSB W·m–2·K–4 Stefan-Boltzmann constant
τelyt 1 Geometric tortuosity of the electrolyte

Ωi m3·mol–1 Partial molar volume of species i
* Units of mol, m and s depending on reaction stoichiometry
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Several research groups54–56 have already addressed the need of a
comprehensive understanding of the coupling of SEI growth and
lithium plating. In an experimental study by Waldmann et al.57 the
degradation rate was quantitatively determined using aging rates r
derived from capacity fade curves and then plotted in an Arrhenius
plot ln(r) vs 1/kbT (where kb is Boltzmann’s constant and T the
temperature). A change of the slope was interpreted as indicator for a
mechanism change. Two different aging mechanisms have thus been
detected: lithium plating at T < 25 °C, with aging rates increasing
with decreasing temperature, and SEI growth at T > 25 °C, with
aging rates increasing with increasing temperature. In the modeling
works of Yang et al.,58,59 where only irreversible plating is included,
the aging rate of the cell is defined as the total capacity loss (in %)
per full cycle and similarly plotted in logarithmic scale vs 1/kbT: the
change of Arrhenius slope is detected at 20 °C for a C-rate equal to
1C, but it is observed to appear in higher temperatures with
increasing charge rate (i.e. 40 °C for 2C and over 50 °C for 3C).

Several research groups pointed out that the main aging
mechanism (SEI growth vs plating) may also change over time as
capacity loss progresses. The change of the slope of capacity as
function of cycle number may signal the onset of irreversible lithium
plating.60–62 With the appearance of lithium metal, the augmented
decrease of local anode porosity sets a positive feedback with the
lithium plating rate and leads to a consequent transit to nonlinear
behavior—i.e. a sudden and evident capacity drop, together with a
sharp increase of the measured cell impedance. In the work from
Kindermann et al.,7 the developed model is able to describe the
transition from the linear early stage to the following nonlinear
capacity fade: while the SEI formation defines linear aging, the
nonlinear aging, which takes over only after extended cycling, is
simulated based on a variable ratio of reversible and irreversible
plating. The modeling work from Atalay et al.63 presents a pseudo
two-dimensional (P2D) aging battery model which includes hetero-
geneous dual-layer SEI growth, by incorporating the effects of both
electrolyte solvents (EC and DMC), and lithium metal formation: the
porosity of the anode active material evolves with the surface film
formed due to SEI and lithium plating, which is here assumed to be
irreversible. Note that Kupper et al.5 offered an alternative inter-
pretation of nonlinear capacity loss with increasing cycling number:
they showed that the dry-out of the electrodes due to gas formation
and consequent loss of contact between active materials and
electrolyte is consistent with observed experimental aging data.

The main aim of this work is to improve the understanding of
coupled SEI formation and lithium plating as well as their influence
on the macroscopic cell aging behavior. Towards this goal, we
couple our previous modeling framework64 for reversible plating
with the SEI model from Kupper et al.,5 specifically modified to
include the positive feedback of the plating formation on the SEI
growth and their complex interactions.65 As explained before, the
prediction of thermal and aging effects is actually fundamental
for a comprehensive understanding of batteries performance and
behavior.

Modeling and Simulation Methodology

Pseudo-3D model.—The study presented here is based on a
modeling framework previously developed, representing a commer-
cial 350 mAh high-power lithium-ion pouch cell with graphite at the
negative electrode (in this article generally referred to as anode) and
NCA/LCO blend at the positive electrode (in this article generally
referred to as cathode). An accurate description of the development
and parametrization of the model is available in the previous works
by Carelli et al.,64,66 while the transport equations were derived in
Kupper et al.67 A summary of all model equations as well as symbol
definitions can be found in the Appendix of Ref. 64.

Figure 1 illustrates schematically the 1D + 1D + 1D (pseudo-3D
or P3D) multiscale modeling domain, which is the same as used in
Ref. 64. The transport scales combine heat transport through the cell
thickness (macroscopic scale, referred to as x scale in Fig. 1), mass

and charge transport inside the liquid electrolyte (mesoscopic scale,
referred to as y scale in Fig. 1), and diffusive mass transport in the
active material particles (microscopic scale, referred to as z scale in
Fig. 1). Heat transport is assumed conductive and symmetrical to the
center of the cell, with the cell surface directly exposed to ambient
air without additional cell holders. The heat losses at the boundaries
are modeled as combined convective and radiative. The electrodes
are described in a continuum setting, that is, microstructure is not
resolved. Transport of electrolyte-dissolved ionic species (Li+ and
PF6

–) is described as combined diffusion and migration in a Nernst-
Planck setting with concentration-dependent diffusion coefficients.
The lithium transport in the active materials is modeled by Fickian
diffusion with stoichiometry-dependent diffusion coefficient. The
three scales are coupled through boundary conditions and chemistry
and heat source terms. For details please see our previous
work.64,66,67

Electrochemistry.—In this Section we present the development
of a comprehensive chemical aging model by combining lithium
plating with SEI formation. The reaction mechanism and rate
coefficients are given in Table I.

For SEI formation on the graphite anode we follow the approach
of Kupper et al.5,67 For the sake of simplicity, the SEI structure is
considered as ideally uniform in morphology and chemical compo-
sition, consisting of only lithium ethylene dicarbonate (LEDC),
( )CH OCO Li .2 2 2 Its formation at the anode is assumed to be
accompanied by the release of gaseous decomposition products
according to the following reaction (cf Table I, Reaction 3):

[ ] + + [ ] ⇌ ( ) [ ]
+ [ ] [ ]

+ −Li elyt e C H O elyt 0.5 CH OCO Li SEI
0.5 C H gas . 1

3 4 3 2 2 2

2 4

In the following, we refer to this reaction as electrolyte-driven
SEI formation. We assume that this reaction takes place both under
storage and cycling with a combined rate law according to5

⎛
⎝⎜

⎞
⎠⎟δ

σ

= + =

· + · · · [ ]
[ ]

r r r A

k i
X

r
1 d

d
, 2

V V V V

V A

SEI SEI,calendaric SEI,cyclic LiC

SEI
c chg

t,SEI

Li C
SEI

6

6

where, rV
SEI is the volume-specific SEI formation rate in the graphite

anode, A V
LiC6

is the volume-specific graphite surface area, δSEI is the

SEI thickness, kc is a rate constant describing cyclic aging, iV
chg is the

volumetric current density during charging (lithium intercalation
into graphite), σ / [ ]Xd dt,SEI Li C6 is the derivate of the tangential SEI
stress σt,SEI with respect to intercalated lithium mole fraction [ ]X ,Li C6

Figure 1. Schematic representation of 1D+1D+1D (pseudo-3D, P3D)
modeling domain.64
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Table I. Interfacial chemical reactions and rate coefficients used in “Plating ON” model (including both SEI and lithium plating). “elyt-driven” = electrolyte-driven, “LP-driven” = plating-driven.

No. Electrode Reaction Label Rate coefficient
Activation en-
ergy

Symmetry
factor

(1) Anode Li+[elyt] + e– + V[C6] ⇄ Li[C6] Intercalation i00 = 8.84·1014 A m−2 66 77.1 kJ mol−1 66 0.566

(2) Anode Li+[elyt] + e– ⇄ Li[metal] Plating i00 = 2.29·1013 A m−2 46,64 65.0 kJ mol−1 46 0.49246

(3) Anode Li+[elyt] + C3H4O3[elyt] + e– ⇄ 0.5 LEDC[SEI] + 0.5 C2H4 SEI formation (elyt-driven)
kf

0 =
⎛
⎝⎜

⎞
⎠⎟δ

σ
+ · · · ·

[ ]

−k i
X

1 d

d
8.65 10V

SEI
c chg

t,SEI

Li C

11

6

mol/(m2·s)5a)

55.5 kJ mol−1 5 0.55

(4) Anode Li[metal] + C3H4O3[elyt] ⇄ 0.5 LEDC[SEI] + 0.5 C2H4 SEI formation (LP-driven) kf
0 = ε ·Li 6.05 mol/(m2·s)b) 55.5 kJ mol−1 5 0.492 46

(5) Cathode Li+[elyt] + e– + V[LCO] ⇄ Li[LCO] Intercalation i00 = 8.20 ·1012 A m−2, 66 72.3 kJ mol−1 66 0.566

(6) Cathode Li+[elyt] + e– + V[NCA] ⇄ Li[NCA] Intercalation i00 = 2.63 ·1010 A m−2 66 61.0 kJ mol−1 66 0.566

a) Reaction rate set to represent both calendaric and cyclic SEI formation, see text. b) Reaction rate set proportional to plated lithium volume fraction ε .Li
35 Value assumed, see text.
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and r A
SEI the area-specific growth rate modeled with a standard

Butler-Volmer expression. The first term in the bracket on the right-
hand side of Eq. 2 represents transport-limited growth during
calendaric aging. The second term represents cyclic growth due to
cracking of the SEI layer and exposition of fresh particle surface to
the electrolyte. The later model was inspired by the work of
Laresgoiti et al.68 A local mass balance equation is solved for the
formed LEDC.5

For lithium plating we use the approach of Carelli et al.64 We
describe the reduction of the dissolved lithium ions to lithium plated
on the anode according to the following reaction (cf Table I,
Reaction 2):

[ ] + ⇌ [ ] [ ]+ −Li elyt e Li metal . 3

The rate is calculated with a standard Butler-Volmer expression. As
pointed out before,64 the model considers that the equilibrium
plating potential is a function of temperature and lithium-ion
concentration. Again, a local mass balance equation is solved for
lithium metal.64

The plating reaction (Eq. 3) is reversible, that is, plated lithium
will be fully reintercalated when the anode potential increases
sufficiently. In order to include irreversible aging due to plating
into our model, we include a second SEI formation reaction,
explicitly induced by lithium plating (cf Table I, Reaction 4):

[ ] + [ ] ⇄ ( ) [ ]
+ [ ] [ ]

Li metal C H O elyt 0.5 CH OCO Li SEI
0.5 C H gas . 4

3 4 3 2 2 2

2 4

In the following, we refer to this reaction as plating-driven SEI
formation.65 Note that this is a thermochemical reaction (no
electrons transferred) as opposed to the electrochemical reaction in
Eq. 1. Its rate is described with standard mass-action kinetics (cf
Appendix). In order to describe the positive feedback between
plating and SEI formation, we set the reaction rate proportional to
the lithium volume fraction, that is, ε∼k .Lif

0 The value for the rate
coefficient is set to give a similar aging rate at 0 °C and 70 °C, as
shown in Waldmann et al.,57 and to result in a plating-driven SEI
formation reaction happening around 4 times faster than the
electrolyte-driven one, as suggested in Ansean et al.2 We decided
to apply this last proportion at the highest temperature in which
plating is detected at 1C in our model, being the reference tests in
Ansean et al.2 carried out at an ambient temperature of 23 °C.
Microscopically, this reaction (Eq. 4) takes place on the surface of
plated lithium.

It should be noted that the assumed SEI formation mechanisms,
Reactions 1 and 4, are a significant simplification of what has been
modeled before as very complex processes.25,69,70 In particular, the
approach neglects the expected complex microstructure of combined
SEI and lithium phases. Still, we believe that the level of detail is
appropriate for the present purpose of predicting macroscopic cell
aging in a pseudo-3D model setting. More detailed, microscopically-
oriented SEI formation models may be included in future work.

In the remainder of this article, we will show and discuss the
positive feedback of plating on SEI formation by analyzing two
different versions of this combined framework:

• “Plating OFF”: here the plating reaction is switched off by
setting its rate coefficient to 0. Hence this version includes only the
SEI formation reaction from Eq. 1;

• “Plating ON”: the coupled model, including plating Eq. 3 and
both SEI formation reactions from Eqs. 1 and 4. The complete
kinetics for this combined model can be found in Table I.

The first version is an intercalation/deintercalation model en-
riched with SEI formation while the second one has a visibly higher
degree of complexity. In the “Plating ON” model, not only lithium
plating is included, but SEI formation happens via two different

paths: one is electrolyte-driven, forming LEDC via reaction of Li+ ions
with the EC electrolyte (Eq. 1); the other is plating-driven, forming
LEDC on the plated lithium (Eq. 4). In this model we do not distinguish
between the product SEI, that is, both reactions are assumed to result

in the same species. We use = −[ ]h 1383
kJ

molLEDC SEI
0 and

=
·[ ]s 90.1
J

K mol
,LEDC SEI

0 calculated assuming SEI formation potential

of 0.8 V vs Li/Li+.

Simulation methodology.—The P3D model presented above is
an extension of the framework already presented in Carelli et al.64

The governing equations were implemented in the in-house multi-
physics software package DENIS (Detailed Electrochemistry and
Numerical Impedance Simulation)67 and numerically solved using
the implicit time-adaptive solver LIMEX.71,72 The chemical thermo-
dynamics and kinetics are evaluated with the open-source code
Cantera73 (version 2.5.0a3), which is coupled to the DENIS transport
models via the chemistry source terms. An in-depth explanation
about the software can be found in Mayur et al.74 Both Li[metal] and
( ) [ ]CH OCO Li SEI2 2 2 species are described through Cantera’s
StoichSubstance class (stoichiometric_solid), with density kept
constant to a value of respectively 534 g cm−3 75 and 1300 g
cm−3.76 The Cantera input file is available from the authors upon
request. In order to set the activity of vanishing phases to zero, we
use Cantera’s phaseExistence functionality implemented in the
interfaceKinetics class (cf. Appendix). MATLAB (version 2019a)
is the chosen interface for controlling all DENIS simulations, as well
as for data evaluation and visualization.

Results and Discussion

Dynamics of macroscopic and internal states.—To understand
the influence of plating on SEI formation and consequently how
much the existence of one or two possible paths (electrolyte-driven
and plating-driven) could have an impact on it, the easiest way is
clearly to compare the two models (“Plating OFF” and and “Plating
ON”) previously introduced.

In Fig. 2 this is done for 1C at two temperatures, −10 °C (left
column) and 10 °C (right column). The applied cycling protocol was
discharge (1C CC) - rest (1800 s) - charge (1C CCCV, C/10 cut-off)
—rest (1800 s). Two consecutive cycles were performed. Panels (a)
and (f) show simulated cell voltage and Panels (b) and (g) the current
density (negative for charge). The average SOC of the anode,
defined as

=
¯ −

−
[ ]

=

= =

X X

X X
SOC , 5avg

Li,an Li,an
SOC 0

Li,an
SOC 1

Li,an
SOC 0

is shown in Panels (c) and (h), while the volume fractions of Li
[metal] and LEDC[SEI] are visible respectively in Panels (d), (i) and
(e), (j). At −10 °C (left column), the “Plating ON” model clearly
shows lithium plating: lithium volume fraction (Panel d) increases
during charge both in the late CC and the early CV phases, followed
by decrase during late CV phase and during the rest phase. The
highest value for the lithium volume fraction is 0.022, reached
during the second CV charge. For the “Plating ON” model, the
growth of the SOC (Panel c) during rest indicates reintercalation of
the plated lithium, with the highest SOC value reached during the
first cycle in the middle of the discharge plateau (74.65% at t = 2.7 h
—see inset in Panel a) containing a zoom on the CC discharge). The
presence of plated lithium in Panel d) for “Plating ON” accompanies
a correspondent higher volume fraction of SEI formed (final value:
9.014·10–4) in Panel e), compared to the values obtained using
“Plating OFF” at the same operating conditions (final value:
8.018·10–4). Nevertheless, for both models, the SEI formation is
happening mostly during the CCCV charge and the rest phase.
Worth remembering that all the curves start at the same initial SEI
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Figure 2. Macroscopic and microscopic cell behavior during cycling for the “Plating OFF” and “Plating ON” models. Simulations (2 cycles) for 1C CC
discharge—rest (1800 s)—1C CCCV charge (C/10 cut-off)—rest (1800 s). On the left, at −10 °C: (a) voltage, (b) current density, (c) SOC, (d) lithium volume
fraction, (e) LEDC[SEI] volume fraction. On the right, at 10 °C: (f) voltage, (g) current density, (h) SOC, (i) lithium volume fraction, (j) LEDC[SEI] volume
fraction. The values are averages over the complete anode thickness.
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volume fraction of 8·10–4 (set in both models as starting point for our
simulations) and the first charge is simply not included here. It is
interesting to note that the “Plating OFF” model shows a consider-
ably longer CV phase compared to the “Plating ON” model (Panel
a). This also leads to a higher SOC at end of charge (Panel d).

At 10 °C (right column of Fig. 2), no plating is happening: the
lithium volume fraction stays at zero even for the “Plating ON”
model. Consequently, the two simulations (“Plating OFF” and
“Plating ON”) superimpose. SEI formation and growth is happening
only via the classical electrolyte-driven reaction (volume fraction
final value: 8.022·10–4).

Figure 3 gives insight into the potential dynamics at −10 °C and
for the two models (“Plating OFF” on the left and “Plating ON” on
the right). The two panels show the equilibrium potentials ϕΔ eq of
the competing charge-transfer reactions (intercalation, electrolyte-
driven SEI formation, and plating) together with the half-cell
potential ϕΔ an at the anode at −10 °C. ϕΔ an is above the intercala-
tion potential ϕΔ LiC6

eq during the CC discharge (driving de-intercala-
tion) and below during the CCCV charge (driving intercalation).
When ϕΔ an gets lower than the plating potential ϕΔ Li

eq (last part of
CC charge and part of the CV phase for both models), the plating
reaction becomes thermodynamically feasible. Nevertheless, in
“Plating OFF” the correspondent reaction is kinetically switched
off, hence no plated lithium is formed. Worth noting, ϕΔ an in
“Plating ON” (minimum at +0.0011 V) remains higher than in
“Plating OFF” (minimum at −0.0446 V): The plating reaction
“pins” the anode potential close to the plating potential. As a
consequence, the cell voltage also stays lower (Fig. 2a), showing a
small plating plateau during CC charge. Hence, we observe also
longer CC phases (because of the additional CC charge plateau) and
shorter CV phases (because the combined current density +i iLiC6 Li
decreases more rapidly below the CC cutoff current). Finally we can
note that the anode potential ϕΔ an is permanently strongly below the
SEI equilibrium potential ϕΔ ,LEDC

eq that is, electrolyte-driven SEI
formation is thermodynamically permanently favored.

An insight into the kinetics, this time at 1C 5 °C, is given in
Fig. 4: the rates of progress for the intercalation, plating and the two
SEI reactions (electrolyte-driven and plating-driven) are respectively
shown in Panels (a), (b), (c) and (d), comparing the “Plating OFF”
and “Plating ON” models. Some influence of plating on the
intercalation rate during charge is visible in Panel a), with Panel
b) revealing positive plating rates during late CC charge and
negative plating rates already during early CV charge, corresponding
to re-intercalation of the plated lithium. In Panel c) we can notice
how the presence of plating slightly reduces the electrolyte-driven
SEI formation rate. This could be an effect of the less negative anode
potential ϕΔ an reached in the “Plating ON” model (cf. Fig. 3).
Finally, in Panel d) the rate of progress for the plating-driven SEI
reaction is shown. Note that the reaction rate was set proportional to
the lithium volume fraction, therefore this rate is interdependent with

the plating rate. At the highest temperature in which plating is
detected at 1C in our model (5 °C), the maximum plating-driven SEI
formation rate observed is ca. 8 times faster than the maximum
electrolyte-driven formation rate shown in Panel c).

While the results shown so far demonstrate the complex
interdependence between the four anode reactions, it is interesting
to further study their temperature dependence. In Fig. 5 two
simulated cycles are shown using the “Plating ON” model (same
cycling protocol as in Fig. 2): on the left, we can see −20 °C, 0 °C
and 20 °C, while on the right 10 °C, 30 °C and 70°C are shown. The
left side represents a “cold zone” where plating is expected to
happen and to increase SEI formation: this is visually enhanced by
comparison with room temperature in the same plot, where the
absence of plating is expected. The right side instead, it looks at the
“electrolyte-driven” formation of SEI in absence of plating (“warm
zone” with T ⩾ 10 °C) and shows the specific effect of increasing
temperature on this aging mechanism. This figure gives quite a
comprehensive insight on how the coupled model behaves over a
wide range of temperatures and how temperatures could impact the
SEI formation and growth. Starting from the left column, in Panel c)
the temperature has actually a significant impact on the SOC, with a
complete discharge/charge only happening at 20 °C and the SOC of
the simulated battery oscillating only between ∼62 and ∼32% at
−20 °C. From Panel d) we observe lithium plating at at −20 °C and
0 °C: if −20 °C shows a similar behaviour to −10 °C in Fig. 2 (i.e. a
discharge plateau—see inset in Panel a), at 0 °C we see that stripping
and reintercalation of plated lithium completely happens during the
CV charge (maximum SOC = 87.4 %), with the consequent absence
of any plateau during the following discharge. Panel e) shows the
SEI growth with time. More SEI forms at 0 °C compared to −20 °C,
despite the lower presence of metallic lithium: this is because very
low temperatures tend to reduce the cyclable SOC range and to
affect the charge throughput, hence leading to lower SEI formation
in the harshest conditions. We will discuss about this more in detail
in the next Section.

At higher temperatures (right column), we observe a much better
performance of the simulated battery. The CV phase becomes short
(Panels f, g) and the cycling depth reaches the full 0…100 % SOC
(Panel h) with increasing temperature. No metallic lithium is formed
(Panel i). The SEI formation shows a monotonic trend with
temperature (Panel j): LEDC[SEI] volume fraction is increasing
according to 70 °C > 30 °C > 10 °C. This is in accordance with the
general principle that chemical reactions (hence the electrolyte-
driven SEI formation too) are kinetically accelerated with increasing
temperature,77 as represented by the activation energy of the SEI
formation reaction (Table I, Reaction 3).

The “Qualitative Aging” factor.—We introduce here a simple
degradation factor called “Qualitative Aging” (QA). QA is equal to
the volume fraction ε of LEDC[SEI] (averaged over the complete
anode thickness) formed during two charge-discharge cycles of time

Figure 3. Comparison between “Plating OFF” (left) and “Plating ON” (right) models at −10 °C. Potential dynamics (2 cycles) for 1C CC discharge—rest (1800
s)—1C CCCV charge (C/10 cut-off)—rest (1800 s). Here shown the equilibrium potentials of the competing reactions included in the models (intercalation,
plating and LEDC[SEI] formation), together with the anode half-cell potential. The values are averages over the complete anode thickness.
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length t (starting at t = 0), according to

ε ε= − [ ][ ] [ ]QA , 6tLEDC SEI , LEDC SEI ,0

which we plot logarithmically against 1/kbT in an Arrhenius plot.
Results are shown in Fig. 6. A second x axis, showing the equivalent
temperatures in °C, was added on the top of the figure. The same
protocol previously described (CC discharge—rest 1800 s—CCCV
charge with C/10 cut-off—rest 1800 s) was applied to both versions
of the model (“Plating OFF” and “Plating ON”), over a wide range
of temperatures (−20 °C…80 °C) using two different C-rates for the
CC phases, 0.2C and 4C respectively in Panels (a) and (b). Given
that ε [ ]LEDC SEI originates via both electrolyte and plating-driven
reactions, the QA factor gives a qualitative information about the
interaction between plating and SEI.

For “Plating ON” at 0.2 C cycles (Fig. 6a), QA shows a minimum
at = − °T 5 C, that is, the cell exhibits lowest aging at = − °T 5 C.
This is qualitatively the same behavior as observed experimentally
by Waldmann et al.57 Two zones can be distinguished in this plot:

• T > −5 °C: SEI growth via electrolyte-driven mechanism. The
two models overlap, plating not present (minimum at −5 °C for
“Plating ON”). Aging rate increases with increasing temperature: for
T > −5 °C, the increase in QA shows a linear slope in the Arrhenius
plot (the activation energy read from the plot is 57.0 kJ mol−1).

• T < −5 °C: plating happens and the two models separate. In
“Plating ON,” SEI is produced mainly via plating-driven reaction.
QA becomes higher in presence of plating (factor of 32.4 at −20 °C
compared to “Plating OFF,” whose QA shows instead a plateau-like
behavior). Aging rate increases with decreasing temperature: the
smaller activation energies for plating and plating-driven SEI growth
(respectively 65.0 and 55.5 kJ mol−1) make these mechanisms more
competitive than intercalation (77.1 kJ mol−1) at low temperatures.

When increasing the C-rate, the behavior becomes more com-
plex. At 4C cycles (Fig. 6b), the aging minimum shifts towards
higher temperatures as compared to the 0.2C cycles, consistent with
Yang’s59 work. Here it is observed at 25 °C. Three zones can be
distinguished in this plot:

• T > 25 °C: SEI growth via electrolyte-driven mechanism. The
two models overlap, plating not present (minimum at 25 °C for
“Plating ON”). Aging rate increases with increasing temperature.

• 25 °C < T < 5 °C: plating happens and the two models
separate. A combination of multiple reactions at the anode, thermo-
dynamics and kinetics, is behind the increasing of the QA: for
“Plating ON,” SEI is produced mainly via plating-driven reaction.
The aging rate increase with decreasing temperature and exhibits a
maximum at 5 °C (factor of 53.0 at 5 °C compared to “Plating
OFF”).

• T < 5 °C: the aging rate decreases with further decreasing
temperature. This is both due to kinetic limitations of SEI growth
(reaction becomes slower with decreasing temperature) and the
incomplete cycling range due to high intercalation overpotentials.

As the charge throughput during cycling differs according to the
applied cycling conditions (temperature, C-rate), it makes sense to
quantify battery aging with respect to charge throughput, not with
respect to cycle number. This can be achieved by normalizing the
QA values to a reference charge capacity, here chosen at 1C and
20 °C, according to

°
( ) = ( )

( ) /
[ ]T I

T I

C T I C
QA ,

QA ,

,
, 7norm

charge charge,20 C, 1C

where, Ccharge is the charge capacity. Arrhenius plots using this
definition are shown in Fig. 7, where the normalized ln(QA) for the
same cycling protocol, using a wide range of C-rates between 0.05C

Figure 4. Reaction rates of progress for (a) intercalation, (b) plating, (c)
electrolyte (elyt)-driven SEI, d) lithium plating (LP)-driven SEI. Comparison
between “Plating OFF” and “Plating ON” models at 5 °C. Simulations (2
cycles) for 1C CC discharge—rest (1800 s)—1C CCCV charge (C/10 cut-
off)—rest (1800 s). The values are averages over the complete anode
thickness.
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Figure 5. Macroscopic and microscopic cell behavior during cycling for “Plating ON” model. Simulations (2 cycles) for 1C CC discharge—rest (1800 s)—1C
CCCV charge (C/10 cut-off)—rest (1800 s) at different temperatures. On the left, at −20, 0 and 20 °C: (a) voltage, (b) current density, (c) SOC, (d) lithium
volume fraction, (e) LEDC[SEI] volume fraction. On the right, at 10, 30 and 70 °C: (f) voltage, (g) current density, (h) SOC, (i) lithium volume fraction, (j)
LEDC[SEI] volume fraction. The values are averages over the complete anode thickness.
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and 5C, is plotted against 1/kbT, for “Plating OFF” in Panel a) and
“Plating ON” in Panel b). As before, all curves show an individual
minimum which shifts towards higher temperatures with increasing
C-rate. According to this qualitative factor, the optimum operation
temperature at 5C, showing the minimum of aging, can be found at
25 °C for this specific high-power cell.

The plateau-like behavior observed in Panel a) towards low
temperatures is probably due to the increasing length of the CV
phases at low temperature: the cell is under high voltage for
increasing duration, compensating the temperature influence on the
SEI formation. At high temperatures, the data show an inversed
proportionality between QA values and C-rates: the aging is stronger
at 0.05C (factor of 12.8 at 80 °C) than at 5C. This can be explained
with the longer cycling times at lower C-rates, therefore increasing
the calendaric component of aging.

Quantitative degradation maps.—For a more intuitive visualiza-
tion, results can also be plotted as 2D colormaps, that is, color-coded
values as function of both temperature and C-rate. These colormaps
are based on two consecutive cycles performed with the same
protocol previously described (CC discharge—rest 1800 s—CCCV
charge with C/10 cut-off—rest 1800 s), using various C-rates for
the CC phases from 5C down to 0.05C in a temperature range from
−20 °C to +80 °C.

In Fig. 8 two colormaps resulting from the “Plating ON” model
are shown, respectively in Panel a) for the charge normalization
factor ( ) / °C T I C,charge charge,20 C, 1C (cf. Eq. 7) and in Panel b) for the
temperature increase −T Tmax amb happening during cycling. In
Panel a), we can notice how the normalization factor deviates
from unity mainly at low temperature (left side of the colormap). At
low temperature and high C-rates, the cell significantly loses
cyclable capacity, down to a factor of only 0.12 at −20°C and 5C.
This is also referred to as capacity-rate effect. However, the
influence of temperature is stronger than that of C-rate because of
the CV phase used during charging, partially mitigating the effect of
high C-rates. In Panel b), a strong heating can be observed especially
for the high C-rates, with the cell reaching a +9.1 °C difference at
5C and −10 °C. This heating effect could favor both plating
reversibility and reintercalation. The temperature values represent
averages of the cell thickness (x scale in Fig. 1). It should be noted
that the predicted temperature gradient over the cell thickness is
small (< 0.1 °C for all conditions, results not shown) which is due to
the small dimension of the investigated cell (3 mm thickness).
Thermal gradients and related inhomogeneities in performance and
aging are likely to occur in larger-format cells.

Following the previous Section, we now describe aging in a more
practically meaningful way, by quantifiying it in terms of capacity
loss (CL) in % per year. Remembering that QA is equal to the
volume fraction of LEDC[SEI] formed during two cycles (Eq. 6), we

Figure 6. Arrhenius plots for Qualitative Aging (QA). Simulated data for (2
cycles) CC discharge—rest (1800 s)—CCCV charge (C/10 cut-off)—rest
(1800 s) in the temperature range −20…80 °C. “Plating OFF” and “Plating
ON” models are compared at (a) 0.2C, (b) 4C. The two black arrows indicate
the minima for “Plating ON” model.

Figure 7. Arrhenius plots for normalized QA: ln(QA)norm vs 1/kbT.
Simulated data for (2 cycles) CC discharge—rest (1800 s)—CCCV charge
(C/10 cut-off)—rest (1800 s) in the temperature range −20…80 °C and for
various C-rates (0.05…5C). In (a) “Plating OFF” model; (b) “Plating ON”
model.
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have:

( ) = ( · · / )· · [ ]T I F z n C NCL , d 100%, 8SEI SEI N Y

where, nd SEI is the number of SEI moles formed during two cycles
(summed over the complete anode thickness), zSEI is the moles of
lithium ions bound in one mole of SEI (for ( )CH OCO Li2 2 2 zSEI =
2), CN is the nominal capacity of the cell and NY is the calculated
number of cycles in one year (assuming continuous cycling of the
battery, as per protocol). This “Quantitative Aging” CL is directly
proportional to the “Qualitative Aging” QA factor exposed in the
previous Section (i.e. to the volume fraction of LEDC[SEI] formed
during two cycles) and, by referring to a fixed amount of cycling
time (one year), includes the calendaric effect due to the difference
in cycling time for the compared C-rates.

In Fig. 9 (left side) CL is represented as colormap for “Plating
OFF” (without plating, Panel a) and “Plating ON” (with plating
included, Panel b). For greater clarity and an eventual comparison
with Fig. 7, an alternative representation showing CL vs T is
included on the right side of Fig. 9. A first look confirms that the
model with plating (Panel b) experiences remarkably higher capacity
loss at low temperatures, especially in the zone −10 °C < T < 10 °C
for 2C and 3C and in the zone −5 °C < T < 15 °C for higher
C-rates: this is due to the plating-driven SEI growth, which adds to
the electrolyte-driven SEI growth (shown in Panel a) for “Plating
OFF”). Worth noting, the red zone with the maximum capacity loss
in Panel b) contains values over 60 times higher than the values in
the corresponding zone from Panel a) (i.e. 57.7 % vs 0.85 %—a
maximum factor of 68 at 5C 5 °C). As expected, the limit between
plating/no plating zones tends to move towards higher temperatures
with increasing C-rates. Very low temperatures and high C-rates tend
also to reduce the cyclable SOC range and consequently we have
lower values in the harshest conditions (especially T < −15 °C at
C-rates over 3C). At high temperatures, the two models show the same
aging behavior: SEI growth is happening exclusively via the electro-
lyte-driven mechanism. By using this quantitative factor, we include

the calendaric effect derived from longer cycling times, hence the data
here show proportionality between CL values and C-rates: the aging is
stronger at 5C (factor of 2.3 at 80 °C) than at 0.05C.

In Fig. 9c an alternative representation is shown: the aging rate is
here quantified in terms of capacity loss in % per 1000 equivalent cycles
and represented for “Plating ON” similarly to Panel b). Remembering
the charge normalization factor ( ) / °C T I C,Charge Charge,20 C, 1C from
Eq. 7, this rate is calculated as:

°
( ) = · · /

( ) /
· · [ ]T I

F z n C

C T I C
CL ,

d

,
500 100%, 91000eq

SEI SEI N

Charge Charge,20 C,1C

where, nd SEI is the number of SEI moles formed during two cycles
(summed over the complete anode thickness), therefore factor
500 needed for 1000 cycles. The inclusion at the denominator of the
normalization factor considers the difference in charge throughput
during for different cycling conditions. For 0.05C, 1000 cycles will
take around 4.5 years while, for 5C, 1000 cycles will take only
17 days: thus, in this representation, low C-rates will reasonably tend
to show a much higher aging than high C-rates.

Well visible in Fig. 9c (right side), the maximum capacity loss is
reached at 80 °C for 0.05C (70.3 %): seen the very low C-rate, this
could be considered a representation of calendar aging at high
temperature. The only degradation mechanism happening here is the
electrolyte-driven SEI growth. On the left side of the plot, we find
low values in the harshest conditions (especially T ⩽ −15 °C at
C-rates over 2C) because of the strongly reduced cyclable SOC
range. A higher capacity loss is found instead between −10 °C and
+10 °C for C-rates over 1C, where plating-driven SEI growth is
happening (local maximum 14.8 % at 0 °C for 3C). It interesting to
note that the two different types of representation (capacity loss in
% per year or in % per 1000 cycles) show different qualitative
behavior: plating-driven SEI formation is a purely cyclic aging
mechanism, while electrolyte-driven SEI formation happens both
during cycling and during rest.

Conclusions

In this paper, we introduced a pseudo three-dimensional electroche-
mical aging model for a lithium-ion battery cell. Electrochemical reactions
for SEI formation on graphite, lithium plating, and SEI formation on
plated lithium are combined into one single physicochemical model. The
model includes the positive feedback of plating on SEI growth and is thus
able to describe cell aging over a wide temperature range.

The comprehensive simulations, carried out between −20 °C to
+80 °C and C-rates between 0.05C and 5C, reveal a complex
interdependence of these reactions: for a better understanding, two
versions of this model, called respectively “Plating OFF” and “Plating
ON” depending on whether or not the plating reaction is included, are
compared. As expected, the presence of plated lithium accompanies a
correspondent higher SEI formation, compared to the values obtained
in its absence at the same operating conditions. When plating is present,
it accelerates SEI growth via the plating-driven reaction, while in its
absence only the electrolyte-driven path can happen and visibly smaller
quantities are produced. Worth adding, the anode potential during
charging drops towards more negative values when plating is switched
off, as compared to the model that includes plating.

For a more compact analysis, a simple degradation factor called
“Qualitative Aging” (QA) was introduced, defined as the volume
fraction of SEI formed during two cycles, normalized by the charge
throughput to allow a proper comparison between various operating
conditions (temperatures and C-rates). At low temperatures, electro-
lyte-driven SEI formation shows a plateau-like behavior with
decreasing temperature: we have interpreted this as combined effect
of decreasing kinetics and increasing CV phase duration. When
combining with plating-driven SEI formation, the low-temperature
aging rate is significantly increasing. At high temperatures, the data
show an inversed proportionality between QA values and C-rates,
likely explained with the longer cycling times at lower C-rates,

Figure 8. Operation colormaps for “Plating ON” model. Simulated data for
(2 cycles) CC discharge—rest (1800 s)—CCCV charge (C/10 cut-off)—rest
(1800 s). In a) normalization factor ( ) / °C T I C, .charge charge,20 C, 1C In b) T
increase during cycling ( − )T T .max amb
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which increase the calendaric component of aging. According to this
qualitative factor, the optimum operation temperature at 5C,
showing the minimum of aging, can be found at 25 °C for this
specific high-power cell.

Finally, the capacity loss (CL) was quantified in % per year and
in % per 1000 equivalent full cycles as more practical degradation
factor. This allowed the prediction of aging colormaps as function of
both temperature and C-rate and the identification of critical
operation conditions. When the SEI formation combines with plating
at low temperatures, a significant capacity loss can happen especially
for high C-rates. The limit between plating/no plating zones moves
towards higher temperatures with increasing C-rates. It was also
observed that very low temperatures and high C-rates reduce the
cyclable SOC range. This reduces both the SEI growth and the
plating, leading to lower aging values in the harshest conditions.

The present study is a pure modeling and simulation investigation
and is therefore lacking experimental validation. However, all model
parts have been validated previously: The base performance model
was validated against experiments of a high-power pouch cell
between 5 °C and 35 °C .66 The SEI model was validated against
calendaric and cyclic aging data of a cylindrical cell at 25 °C and
45 °C.5 The plating model was validated against pouch cell

experiments at −10 °C.64,65 The physicochemical nature of the
model allows the combination of these parts into a full model, and it
can be expected that the results are qualitatively correct.
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Appendix

A short model description and a summary of all model equations
and parameters, as well as symbol definitions, are given in this

Figure 9. In Panel (a) (b), operation colormaps for “Quantitative Aging” ( )CL , i.e. the capacity loss in % per year. In a) “Plating OFF” model; (b) “Plating
ON” model. On the right side, an alternative representation: CL vs T. In Panel (c), operation colormap (“Plating ON” model) for CL ,1000eq i.e. the capacity loss in
% per 1000 equivalent full cycles. On the right side, an alternative representation: CL1000eq vs T. Based on simulations of 2 cycles CC discharge—rest (1800 s)—
CCCV charge (C/10 cut-off)—rest (1800 s).
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Appendix. A complete description of model development and para-
metrization is available in the previous works from Carelli et al.,64,66

while the transport equations were derived by Kupper et al.67

Modeling domain and main assumptions.—The model features a
pseudo-3D domain (cell scale, electrode pair scale, particle scale), see
Fig. 1. On the cell level (x scale in Fig. 1), heat transport is modeled in
one dimension as conduction along the cell thickness, using convective
and radiative heat transfer as boundary conditions. This dimension runs
perpendicular to the electrode sheets of the pouch cell. On the electrode
pair level (y scale in Fig. 1), mass and charge transport of Li+ and PF6

–

ions in the liquid electrolyte and electrons in the solid electrode
components is modeled in one dimension along the thickness of the
electrode pair. Again, this is perpendicular to the electrode sheet area.
For ion transport, we describe species fluxes due to migration and
diffusion with a Nernst-Planck approach with concentration- and
temperature-dependent diffusion coefficients. Electronic conductivity
within the electrodes is assumed high and not rate-limiting. On the
particle level (z scale in Fig. 1), the diffusion of intercalated lithium
atoms in the bulk of the active materials particles is modeled using a
simple Fickian diffusion approach. The diffusion coefficients are
assumed concentration and temperature dependent.

The model framework includes continuity equations for all solid,
liquid and gaseous phases present in the electrode, allowing to track
formation and growth of new phases. In the continuum setting, all

phases are characterized by their respective volume fractions.
Lithium metal and LEDC are both included as solid phases at the
anode, and their starting volume fraction is respectively set to an
initial value of 10–11 and 8·10–4. As SEI and metallic lithium grow,
the electrode porosity is reduced accordingly.

The chemical thermodynamics and kinetics are calculated with the
Cantera software suite.73 Details on the use of Cantera for lithium-ion
batteries are given by Mayur et al.74 Note Table I contains both
electrochemical and thermochemical reactions, which are treated within
the consistent framework provided by Cantera’s interfaceKinetics class.
Kinetics involving solid phases, such as metallic lithium, require special
attention: Thermodynamically, the activity of solid phases is unity
regardless of the amount of solid. However, reaction kinetics must go to
zero if the phase vanishes. This is not considered with standard mass-
action kinetics. In the present model, we define for metallic lithium a
limiting volume fraction of 10–10, below which the decomposition rate
is set to zero. For this we use Cantera’s phaseExistence functionality
implemented in the interfaceKinetics class. During right-hand side
calculation, we set the phaseExistence flag to false if the volume
fraction is below 10–10, causing Cantera to set the reaction rate to zero.
Despite this discontinuity in the model framework, we did not observe
numerical stability issues.

Model equations.—The following Table summarizes the model
equations.
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Energy conservation

⎜ ⎟⎛
⎝

⎞
⎠ρ λ∂

∂
= ∂

∂
∂
∂

+ ̇c
T

t x

T

x
qp

V

Heat flux at cell surface α ϵσ= ( − ) + ( − )J T T T Tq amb SB
4

amb
4

Total heat sources ( )∫̇ = ( ̇ ( ) + ̇ ( )) +q
A

V
q y q y y R idV

L

e

cell

0
chem ohm cc

2

EP

Chemistry heat source
∑ ν̇ = ( (−Δ + ΔΦ ))

=

q r A H F
n

N

n n n n nchem
1

V
e,

r

Ohmic heating ⎛
⎝⎜

⎞
⎠⎟σ̇ = ·

∂Φ
∂

q
yohm elyt
elyt

2

Mesoscale (y direction): Mass and charge transport in electrode pair
Mass conservation of species i ε∂( )

∂
= − ∂

∂
+ ̇ + ̇

c

t

J

y
s s

i i
i i

elyt V
,DL
V

Charge conservation ∑∂(ΔΦ)
∂

= ∂
∂

−C
t

z F
J

y
iV

i

i
i

F
V

DL

Species fluxes: Nernst-Planck
= − ∂

∂
−

∂Φ
∂

J D
c

y

z F

RT
c D

y
i i

i i
i i

eff eff elyt

Microscale (z direction): Mass transport in active materials particle
Mass conservation (Fick’s 2nd law) ⎛
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Model parameters.—The main model parameters comprise of
molar thermodynamic data (Fig. 10), solid-state diffusion coeffi-
cients (Fig. 11), rate coefficients of the electrochemical reactions
(Table I), materials properties of the bulk phases in the electrode pair
(Table II) and geometry and transport parameters of the modeling
domain at macro-, meso- and microscale (Table III). The expressions
for the ion diffusion coefficients are
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Additional molar thermodynamic data at a standard temperature
of 298.15 K, not given in Fig. 10, are: [ ]+Li elyt (reference species:

=[ ]+h 0,Li elyt
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Several parameters are needed for the combined calendaric and
cyclic SEI formation model (Table I, Eq. 3), cf Kupper et al.5 The
SEI thickness is calculated as
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Figure 10. Molar enthalpies and entropies of intercalated lithium within the three AM (a) LCO, (b) NCA and (c) graphite. The vertical dashed lines indicate the
stoichiometry ranges for every AM, as obtained through optimization. See text and Ref. 66 for details. The molar enthalpies and entropies of the vacancies are set
to 0 (reference species), see Ref. 74.
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Table II. Properties of all bulk phases included in the model.

Layer Phase Initial volume fraction ε Density ρ/kg·m–3 Species (initial mole fraction X)

Cathode LCO 0.2856 4790 Li[LCO], V[LCO] (depends on SOC)
NCA 0.2368 3900 Li[NCA], V[NCA] (depends on SOC)
Electrolyte 0.2976 1270 C3H4O3 (0.52), C4H8O3 (0.34), +Li (0.07), −PF6 (0.07)
Gas phase 0.030 From ideal gas law N2 (1)
Electron conductor 0.150 2000 No chemically active species

Separator Separator 0.5 777 No chemically active species
Electrolyte 0.470 1270 same as at cathode
Gas phase 0.030 From ideal gas law N2 (1)

Anode C6 0.5073 2270 Li[C6],V[C6] (depends on SOC)
Electrolyte 0.4527 1270 same as at cathode
LEDC 0.0008 1300 (CH2OCO2Li)2
Lithium carbonate 0.0092 2100 Li2CO3

Gas phase 0.030 From ideal gas law N2 (1)
Lithium metal 10–11 534 Li

Table III. Geometry and transport parameters of the P3D modelling domain.

Parameter Value

Cell thickness 3 mm
Active electrode area Ae 0.02883 m2

Cell thermal conductivity λ 0.9 W·m–1·K–1

Cell heat capacity ρcP 0.95 J·g–1·K–1

Thickness of cathode 32.9 μm
Thickness of separator 15.7 μm
Thickness of anode 49.1 μm
Tortuosity of cathode τ 1.35
Tortuosity of separator τ 1.21
Tortuosity of anode τ 1.22
Diffusion coefficients +D ,Li

−DPF6 See Eqs. (10) and (11)

Specific surface area LCO/electrolyte AV 6.67 · 105 m2 m−3

Specific surface area NCA/electrolyte AV 4.28 ·106 m2 m−3

Specific surface area graphite/electrolyte AV 2.79 · 105 m2 m−3

Anode double layer capacitance CDL
V 1.5·104 F·m–3

Cathode double layer capacitance CDL
V 2.8·105 F·m–3

Ohmic resistance of current collection system Rcc
0 3.648·10–1 mΩ·m2

Electrical conductivity of the SEI layer σSEI 1.0·10–5 S m−1

Graphite stoichiometry range [ ]XLi C6 (0…100 % SOC) 0.0180…0.6186
LCO stoichiometry range [ ]XLi LCO (0…100 % SOC) 0.9922…0.4487
NCA stoichiometry range [ ]XLi NCA (0…100 % SOC) 0.8033…0.1876
Radius of cathode particles rLCO · −4.5 10 m6

Diffusion coefficient of Li in LCO DLi,LCO See Fig. 11a
Radius of cathode particles rNCA · −0.7 10 m6

Diffusion coefficient of Li in NCA DLi,NCA See Fig. 11b
Radius of anode particles rC6 · −1.075 10 m5

Diffusion coefficient of Li and graphite DLi,C6 See Fig. 11c

Figure 11. Solid-state diffusion coefficients of lithium within the three AM (a) LCO, (b) NCA, (c) graphite at 20 °C. The diffusion is assumed thermally
activated with activation energies of 28.95 kJ·mol−1, 115.78 kJ·mol−1 and 44.0 kJ·mol−1 for LCO, NCA and graphite, respectively.
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