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The impetus for this study is the lack of a detailed knowledge on the formation mechanism of the solid electrolyte interface (SEI)
layer and the diffusion mechanisms within this layer that impacts the predictive abilities of the current mathematical models.
Specifically, most models continue to employ a constant value of diffusion coefficient along with several lumped fitting parameters,
instead of a variable formulation that is dependent on the temperature and concentration of Li-ions, to characterize Li-ion batteries
(LIBs). As a result, the current models fail in predicting the capacity fading accurately. In overcoming this gap, we have employed
a previously proposed temperature and concentration-dependent diffusion equation to present a modified mathematical model that
is capable of accurately predicting the capacity fading and SEI growth rate as a function of temperature, concentration, and time,
with just two significantly simplified temperature dependent fitting parameters. Further, these parameters need to be adjusted only
for new temperatures. Our enhanced model is validated with respect to the experimental data for different operational conditions,
including open circuit condition with different initial state of charges (SOCs) as well as cycling with a constant current.
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Nomenclature

In the transportation sector, a high proportion of the emissions of
greenhouse gases (GHG) (∼50%) and energy consumption (∼50%)
are contributing significantly to environmental issues. Therefore,
transport electrification is critical to address the current environ-
mental issues, and has attracted a lot of political and social attention.
This receives further impetus from the fact that a typical electric
motor (EM) utilized in electric vehicles (EVs) has a significantly
higher efficiency (>90%) than internal combustion engines (ICEs)
(<15%). Still, one of the biggest barriers in adopting this transfor-
mation of the transport sector is the limited lifespan of Li-ion
batteries (LIBs). In addition to the costs, LIBs’ short lifetime will
produce a lot of waste materials which is beginning to pose a new
environmental problem. Therefore, extending a battery’s lifespan is
critical for transport electrification and mitigating environmental
issues.

The main parts of LIBs, i.e., the electrolyte, the cathode, and the
anode have been well investigated in recent years.1–6 While these
studies have improved the LIBs’ performance parameters (e.g.,
capacity, power, voltage), precise aging mechanisms are still largely
unknown. Moreover, even in the recent well-engineered LIBs, over
50% of capacity loss is due to the solid electrolyte interface (SEI)
layer.7–10

The SEI layer was first observed and reported by Peled in 1979.11

This layer is formed through some reduction and oxidation reactions
on the electrode surface. When the cathode’s potential is lower and/
or the anode’s potential is higher than the electrolyte’s oxidation
and/or reduction potentials, the electrolyte molecules are oxidized
and/or reduced on the electrode surface, respectively. The products

Symbol Unit Description

acrd 1 Proportionality factor
A m2 Electrode surface area
C mol

m3
Reactant concentration of SEI formation

Cbatt 1 Relative capacity
Di m

s

2 Diffusion coefficient

Eeq,i V Equilibrium potential
f 1 Lumped fitting parameter
F C

mol
Faraday’s constant, 96 485

I0 A Exchange current
I1C A 1C charge/discharge current, 2.3
Ikin A Kinetic current
Ilim A Limiting current
Iload A Applied current on the battery
J 1 Lumped fitting parameter
H 1 Lumped fitting parameter
Qbatt.0 C Initial battery capacity, 2.3
Qneg C Charge stored in the negative electrode
QSEI C Charge lost to SEI forming reactions
R J

molK
Molar gas constant, 8.3145

s m SEI layer thickness
T k Temperature
V m

C

3 Coulombic volume for forming the SEI

x 1 Stoichiometric coefficient in LixC6

α 1 Transfer coefficient
ϵi 1 Porosity
ηi V Over-potential
Φi V Potential of i phase
τi 1 Tortuosity

Index Description

cov Areas covered by an microporous SEI layer
crd Areas where the SEI layer has cracked
ical Intercalating reaction
neg negative electrode
SEI SEI layer or SEI layer forming reaction
s Solid (Electrode) phase
l Liquid (Electrolyte) phase
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of these oxidation and reduction reactions will accumulate on the
surface, forming the SEI layer.7,12 These oxidation and reduction
potentials of the electrolyte directly depend on the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) energy level, respectively.12,13 It must be noted that
the operating conditions of a battery, such as the loaded voltage,
current and temperature, affect these potential window. The SEI
formation reactions decompose the electrolyte’s molecules and
consume active Li-ions resulting in a capacity loss.14

An intact and well-designed SEI layer reduces electron tunneling
and electrolyte diffusion at the electrode-electrolyte interface. This
further decreases the SEI formation and reduction reactions, and
thereby the rate of capacity fading.7 A typical SEI layer comprises
the following: (I) An inorganic inner layer which is closer to the
electrode interface and is only permeable for Li-ions. (II) An organic
porous outer layer which is closer to the electrolyte interface and that
allows the transport of electrolyte solvent molecules as well as
Li-ions.15,16 Therefore, characterizing and understanding the SEI
layer transportation and formation mechanisms is the key to
improving LIBs’ durability.17,18

Since some of the SEI formation reactions occur at
picosesond (ps) timescales, experimental investigations are very
challenging. Therefore, multi-scale multi-physics modelling in-
cluding Quantum Mechanics (QM) calculations, Molecular
Dynamics (MD) simulations, and Macro-Scale mathematical mod-
elling are often employed by researchers to understand the mechan-
isms at various time and length scales that cause the aging in LIBs,
overcoming the constraints and limitations of the experimental
methods.19–24

Christensen and Newman25 developed a model to estimate the
rate of SEI growth and irreversible capacity loss. However, due to
the lack of information on the diffusion coefficient equation in the
SEI layer, they assumed a constant diffusion coefficient of

( )× −5.0 10 m

s
14

2
for all the ions (Li+ and PF−

6 ) in every region.

Thus, a lack of clarity on the diffusion mechanism in the SEI layer
and the complexity of this structure results in the discrepancies
between predictions from the mathematical models such as the ones
by Christensen and Newman25 and the actual aging behavior of
LIBs. This claim is further supported by the work of Deng et al.26

who have shown that the SEI formation is a diffusion-limited
phenomenon which is governed by the value of the diffusion
coefficient in this layer. Liu et al.27 developed a model indicating
a spatial dependence of the SEI layer formation in LIBs. They found
that in a diffusion-limited system, the thickness of the SEI layer can
increase from 4 nm to 20 nm (500%) if the diffusion coefficient in
the SEI layer is doubled.27 However, as with the other
researchers,27–32 with an insufficient understanding of the diffusion
mechanisms, resulting in the lack of a temperature and concentra-
tion-dependent equation for the diffusion coefficient, they used the
constant value proposed by Christensen and Newman.25 In sum-
mary, to develop a good understanding of the aging mechanisms in a
LIB, we need an accurate mathematical model to estimate LIBs’
lifespan that accounts for the capacity fade due to the SEI growth
rate.

In 2015, Ekström and Lindbergh33 derived a macro-scale
mathematical continuum model to estimate the effect of SEI layer
formation on the aging of LIBs that use a graphite anode material.
The model is a combination of kinetic and transport control systems
and uses a constant diffusion coefficient. In their model, the authors

proposed three lumped fitting parameters which are substituted in the
Eqs. instead of variables such as a diffusion coefficient. Using these
parameters improves the accuracy of the model with respect to the
experimental data for a range of temperature and concentration
values. However, the problem with these fitting parameters is that
they need to be adjusted experimentally before we can employ the
model. Further, the fitting parameters will vary with the material of
the LIBs, prohibiting us from a computational exploration of new
and novel materials in LIBs.

In our previous work,14 we used a combination of QM calcula-
tions and MD simulations to prescribe a temperature and Li-ion
concentration-dependent equation for the diffusion coefficient for
every crystal structure in the inner part of the SEI layer.
Subsequently, to accurately model the physics within the SEI layer,
the macro-scale mathematical model was equipped with a single
equation for the diffusion coefficient. Specifically, the diffusion
coefficient equation in our previous work14 was integrated into a
popular macro-scale mathematical model (MSMM) from Ekström
and Lindbergh33 that is used in commercialized engineering soft-
ware, i.e., Comsol Multiphysics, to investigate SEI growth and
capacity fading. The results obtained from our proposed formulation
are validated with respect to the experimental data and compared
with the results obtained by using a model with constant diffusion
coefficient to highlight the accuracy and impact of our new
formulation. In other words, as the outcome of this work, a modified
version of the Ekström and Lindbergh MSMM is proposed in which
only two simplified fitting parameters are used, eliminating the most
complicated parameter in the original model. Our revised formula-
tion accounts for the effect of temperature and concentration on
ageing. We use this model to study SEI growth and capacity fading
as a function of time and initial SOC for a wide range of
temperatures and concentrations.

The Theoretical Method and Computational Details

SEI components.—The inner Section of the SEI layer is made of
three main components, namely, Li2CO3, LiF, and Li2O.

13,16,34–36

Experimental and theoretical studies indicated that Li2CO3 is a
component in the SEI layer, produced by a reaction of CoCO3 and
Li-ion in presence of the ethylene carbonate (EC).37 Several
studies38,39 found that the thermodynamically unstable Li2CO3 will
reduce to Li2O and Li2C2. Li2C2 will further decompose to Li+,
C2H2, and C.39 Consequently, Li2CO3 cannot be considered as a
permanent component in a SEI layer’s inner section.37–39 Therefore,
in this work, only LiF and Li2O are assumed as the constant
components in this part.

Diffusion equation.—Li-ion diffusion coefficient in the SEI
layer (DT) are calculated as Ref. 14:

δ δ= + [ ]D D D , 1T LiF LiF Li O Li O2 2

where δi and Di is the surface area fraction and diffusion coefficient
of component i, respectively. Further, the diffusion coefficient of
each component can be calculated as a function of temperature and
concentration as:

( ) = − ( ) [ ]D C T D
A EB C

k T
, exp , 2i

b
0

0
⎜ ⎟
⎛
⎝

⎞
⎠

where D0 and A0 are SEI component dependent constants that are
reported in Table I.14 In the above equation, EB is the energy barrier
which can be calculated as a function of concentration via:

( ) = + + [ ]+ + +EB C a C a C a , 3Li Li Li2
2

1
1

0

where the SEI component dependent constants a0, a1, and a2 are
summarized in Table II.14

Table I. The constants in Eq. 2 for the SEI components Li2O and
LiF.

A0 D0
m

s

2
⎡
⎣

⎤
⎦

R2

Li2O 4.07 × 10−2 1.54 × 10−10 0.98
LiF 1.128 × 10−1 5.10 × 10−10 0.96
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Since it would be difficult to directly measure the fraction of the
surface area of different components in the SEI layer, δi can be
obtained as follow:

ω =
+

[ ]m

m m
, 4i

i

Li O LiF2

δ
ω

ω ω

δ ω
ω ω

=
+

=
+

[ ]

ρ

ρ

ρ
ρ

and

, 5

Li O
Li O

Li O LiF

LiF
LiF

LiF Li O

Li O

LiF

LiF

Li O

2
2

2
2

2
2

where m, L, ω and ρ, are mass, thickness, mass fraction, and density
of the material i, either LiF or Li2O, in the SEI layer, respectively.

A mathematical model for aging.—In this work, we present a
modified version of the Ekström and Lindbergh33 model.
Specifically, the enhanced model uses only two simplified fitting
parameters and uses a temperature and Li-ion concentration-depen-
dent diffusion coefficient equation proposed in our previous work.14

The resulting model uses the information on SEI growth rate more
precisely to estimate the aging of the battery and helps enhance the
accuracy of the model. We establish the superior performance of this
enhanced model by comparing it with the original model that uses
three complex fitting parameters instead of a diffusion coefficient
value. Specifically, we present a zero-dimensional model which uses
a galvanostatic mode in battery cycling and therefore does not
require the definition of a positive electrode or the electrolyte.

In this model, the accumulated charge (QSEI (C)), which is lost in
LIBs due to the SEI formation reactions, is calculated as follows:33

= − [ ]
dQ

dt
I , 6SEI
SEI

where ISEI is the sum of the current distribution passing through the
surfaces that are fully covered by the intact or cracked SEI layer. The
derivation of ISEI, outlined in the Appendix, yields the following
expression:

( )= −( + )
+

[ ]
α η

I HK
JI

exp
1 , 7SEI crd

C

F

RT

fJQ

I

1

SEI SEI

C1

where I1C are the currents through the cracked parts and 1 C-rate
charging current, respectively. Additionally, J, H, and f are three
lumped fitting parameters to compensate for the lack of knowledge
regarding SEI and aging phenomena which need to be fitted for
each new battery cell and/or operational condition. In the

original Ekström and Lindbergh model,33 these fitting parameters
are defined as:

ϵ= [ ]J
I

I
, 8cov

C

0

1

τ
ϵ ϵ

=
( − )

[ ]f
VI

CDFA1
, 9cov C

cov cov

1
2

2

ϵ
= [ ]H

a
. 10crd

cov

The parameters in these Eqs. are described in the nomenclature. A
detailed description of the derivation of the Eqs. in this model are
presented in the Appendix.

As mentioned earlier, the SEI layer is made of different materials
and crystal structures, namely, Li2O and LiF. Also, different
particles diffuse through these crystal structures including electrolyte
solvent molecules and Li-ions with different sizes and charge values.
Therefore, the diffusion coefficient values would vary widely for
different particles in these various structures, and will be impacted
by the operating temperatures and concentrations. Due to the lack of
data for the complex diffusion and reaction mechanisms, J, f, and H
(Eqs. 8–10) are employed to increase the accuracy of the model and
reduce the deviation from experimental data.

Since the accumulation of Li-ions increases the charge profile
gradient in the SEI layer, it raises the electron leakage, increasing
I0. On the other hand, reducing the diffusion coefficient increases
the Li-ions gradient. This clearly indicates that I0 is inversely
proportional to DT. Consequently, I0 can be reversely proportional
to the DT. Therefore, in this work, modifying E. 8, we employed
the following expression for J that uses a material constant (J0)
and DT.:

= [ ]J
J

D
11

T

0

In the above equation, DT is the expression given in Eq. 1. Also, J0 is

× −1.49 10 m

s
16

2

⎡
⎣

⎤
⎦
, a material constant that is dependent on the

solvent molecules. Thus, with the introduction of this equation, the
first lumped fitting parameter (J) is no longer required. In other
words, we have eliminated the fitting parameter J in the modified
model and reduced the number of lumped fitting parameters to two.

Simplified expressions for the remaining two fitting parameters,
i.e., f and H, were developed as follows: We obtained experimental
data from the literature for the following three aging conditions at
two different temperatures (25 °C and 45 °C):33,40

1. charge/discharge cycling with 1 C-rate load current
2. open circuit at 50% SOC
3. open circuit at 100% SOC

The Ekström and Lindbergh model with the updated expression for
J (Eq. 11) was applied to these data and the model was tuned for the
values of f and H to reflect the highest possible accuracy. The tuned
values of these parameters are summarized in Table III. Finally, with
these tuned values of f and H for a temperature range of [25 °C, 45 °
C], a linear profile of these parameters as a function of temperature
was defined as follows:

Table II. The coefficients of the second-degree polynomial
= + ++ +EB a C a C a

Li Li2
2

1
1

0 (Eq. 3) for Li2O and LiF.

a0
[eV] a1 [eV] a2 [eV] R2

Li2O 3.9488 −8.9294 12.0460 0.96
LiF 1.9886 −2.5607 3.5237 0.93

Table III. Employed parameters for the modified MSMM aging
model introduced in this work.

Parameter 25 °C 45 °C

f 4.5 × 106 7.0 × 105

H 6.8 3.9

Table IV. The constants in Eq. 12.

f0 K

1
⎡⎣ ⎤⎦ f1

H0

K

1
⎡⎣ ⎤⎦ H1

− 1.9 × 105 6.1 × 107 −0.14 49.5
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( ) = + [ ]f T f T f , 120 1

( ) = + [ ]H T H T H . 130 1

where f0 and H0 are reported in Table IV.
Thus, the modified Ekström and Lindbergh model presented in

this work uses simpler revised expressions for J, f and H, that
collectively account for the temperature and concentration of the
Li-ions.

While this diffusion coefficient equation (Eq. 1) employs
the same formulation for all diffusing particles, contributing to the
deviation from experimental results, it adequately accounts for the
effects of different concentrations, temperatures and crystal struc-
tures on diffusion coefficient and SEI formation. In the ensuing
section, we demonstrate that our modified model is able to predict
the experimental data with high accuracy, justifying the new
formulation that limits the number of fitting parameters to two.

Additionally, accounting for the capacity fade due to the loss of
Li-ions during the SEI formation, the Relative capacity (RC) can be
calculated as:

=
−

[ ]
Q Q

Q
RC , 14batt SEI

batt

,0

,0

where Qbatt,0 is the initial battery capacity. Moreover, the SEI
thickness can be estimated as:

ϵ
=

( − )
[ ]s

Q V

A1
. 15SEI

cov

In our calculations, the initial charge accumulation (QSEI) is set to
zero at t= 0, and the initial relative capacity (RC) is 100%. All the
indexes and symbols used in this model are defined in the
nomenclature. The relative capacity during 400 days at the three
different aging conditions described earlier, each at two different
temperatures (25 °C and 45 °C), were evaluated employing the
pristine and modified Ekström and Lindbergh model presented in
this work, and the results are compared with the experimental data.

Results and Discussion

We investigated capacity fading as a function of time at two
different temperatures using the modified MSMM model that is
equipped with a temperature and concentration-dependent diffusion
equation (Eq. 1) for DT. As mentioned earlier, the experimental data
from the three different battery aging conditions, each at two
different temperatures, were used for validating the model.

The results obtained from this investigation are presented in
Fig. 1. As seen in this figure, the results from the pristine model and
the modified MSMM model that use three and two lumped fitting
parameters, respectively. To facilitate the comparison of the models,
experimental data is also included for all the simulated conditions.
The results show that both models, i.e., the pristine and the modified
MSMM model, produce results that are in good agreement with the
experimental data.

The R2 for the pristine and modified MSMM model with respect
to the experimental data is summarized in Table V. Therefore,
substituting the diffusion coefficient in Eq. 11 and calculating the
value of J directly for a specific temperature and operating condition
not only reduces the number of required parameters, revealing the
effects of the diffusion coefficient in the SEI layer on the capacity
fading, but also increase the accuracy of the model for a wide range
of SOC values.

As seen in Table V, the accuracy of the pristine model is higher
than 99% which is either equal to or marginally better than the
modified model. However, the pristine model needs re-tuning of the

Figure 1. Relative capacity versus time for a duration of 350 days: Markers, dashed, and dotted lines are for the experimental data,33 pristine model and the
modified model, respectively at (a) 25 °C and (b) 45 °C. At each temperature, the relative capacity has been obtained for open circuit condition with 50% and
100% initial capacity as well as for the cycling operation with I1C (1 C-rate) current.

Table V. R2 values of the estimated relative capacity using the
pristine and the modified MSMM models with respect to the
experimental data.

Temperature Operational condition Pristine Modified

25 °C Open Circuit - 50% SOC 0.99 0.99
25 °C Open Circuit - 100% SOC 0.99 0.97
25 °C Cycling - 1 C-rate 0.99 0.98
45 °C Open Circuit - 50% SOC 0.99 0.99
45 °C Open Circuit - 100% SOC 0.99 0.98
45 °C Cycling - 1 C-rate 0.99 0.98

ECS Advances, 2022 1 030504



three fitting parameters for each SOC and employing the same
values of the parameters for a wide range of SOC will reduce the
model’s accuracy to lower than 10%. On the other hand, the
modified model does not require any parameter adjustment for the
entire range of SOCs (from 0% to 100%). In this model, two fitting
parameters (f and H) are a function of temperature and instead of the
third parameter (J), we directly employ the diffusion coefficient,
collectively accounting for the impact of other variables. By
employing such fixed parameters in the modified model for a variety
of operating conditions, the accuracy is still as high as 98%
(c.f. Table V).

The relative capacity was also calculated for a wide range of
initial SOC and two temperatures, and the results are shown in
Fig. 2. As seen in this figure, as the temperature increases, the
capacity fading rate increases significantly. This is while the relation
between SOC and capacity fading is not linear and follows a
quadratic trend in a way that the highest capacity fading occurs at
the highest as well as the lowest SOC. Also, the slowest aging rate
observed was at around 50% SOC. These results are in good
agreement with the experimental data in the literature.40

The SEI thickness as a function of time and initial SOC is shown
in Fig. 3. It is seen that the SEI growth is highly sensitive to
temperature and it increases from around 11 nm to 30 nm when the
temperature increases from 25 °C to 45 °C. Also, SEI thickness is
more sensitive to the initial SOC in lower temperatures and grows
from 8 nm to 11 nm as we move far from 50% initial SOC. Overall,
the range of the SEI thickness and its relation with the initial SOC

and temperature are in good agreement with the experimental data in
the literature.40

Further Investigation

We have presented the validity of an enhanced model that uses
fewer fitting parameters, with respect to experimental data from
diverse operating conditions. However, in the Macro-scale simula-
tions, we have assumed the same diffusion behavior through the
entire SEI layer for all particles. This approximation is one of the
probable reasons for the deviations of the model predictions from the
experimental data. On the other hand, the outer Section of SEI
constitutes a wide variety of components and is directly dependent
on the electrolyte of LIBs. So, the diffusion equation will vary
depending upon the type of electrolyte used. Hence, further
investigations are required to reveal additional details on the
diffusion mechanisms in the SEI layer and provide a diffusion
equation which includes the effects of charge and size of different
particles, and the outer Section of the SEI layer, on the diffusion
coefficient and SEI formation reactions.

Conclusions

SEI formation reactions consume active Li-ions and electrolyte
molecules in the LIBs, resulting in a capacity fade. Being directly
dictated by the SEI growth rate, the capacity fading rate has the
highest value at t= 0 and will decrease with time, and is sensitive to
LIB’s operating temperature. Overall, capacity fading and SEI

Figure 2. Relative capacity for different operating conditions for a duration of 350 days in (a) 25 °C and (b) 45 °C.

Figure 3. The SEI thickness for different operating conditions for a duration of 350 days in (a) 25 °C and (b) 45 °C.
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growth rate are governed by the temperature and concentration-
dependent diffusion processes inside the SEI layer.

Incorporating this into the macro-scale mathematical model, we
have presented an enhanced version of the Ekström and Lindbergh33

model using just two modified lumped fitting parameters as well as
the equation of DT (Eq. 1)14 which are adequately capable of
predicting the decay in the relative capacity of a LIB as a function of
time. This is validated with respect to the experimental data at two
different temperatures during the following aging conditions: (I)
charge/discharging cycling with 1 C-rate load current, (II) open
circuit condition at 50% SOC, and (III) open circuit condition at
100% SOC (c.f. Fig. 1a). Further, the enhanced model is also
capable of predicting the SEI growth rate as a function of
temperature and Li-ion concentration.

It must be noted that not only does the modified MSMMmodel have
just two fitting parameters with simpler temperature dependent formula-
tions but it can also accurately predict the capacity fading and the SEI
growth rate for different operational condition and initial SOCs with fixed
parameters. In other words, the fitting parameters must be evaluated only
for each different operational temperature in the modified model.

Appendix: Derivation of ISEI
The total current through a SEI layer can be written as:

= + [ · ]I I I , A 1SEI cov crd

where Icov and Icrd are the currents through the covered and cracked
parts, respectively.

Further, Icov (or crd) can be written based on a first-order mass
transfer restricting current through a Nernst boundary layer as:

=
+

[ · ]( )
( )

( )

( )

I
I

1
. A 2cov or crd

kin cov or crd

I

I

,

kin cov or crd

lim cov or crd

,

.

In this equation, Ikin.cov(or crd) (A) is the kinetic current, and Ilim is
the highest current of the SEI formation, restricted by the mass
transport. These currents can be calculated as:

ϵ
αη

= − − [ · ]( ) ( )I I exp
F

RT
, A 3kin cov or crd cov or crd

SEI
. 0

⎛
⎝

⎞
⎠

where I0 and ηSEI are the exchange current and the over potential of
the SEI formation reaction, respectively. All other symbols and
notations are defined in the nomenclature section. Also, ϵcrd and ϵcov
are calculated as:

ϵ = [ · ]a K , A 4crd crd crd

ϵ ϵ= − [ · ]1 , A 5cov crd

where Kcrd and acrd are the expansion factor and a dimensionless
proportionality factor, respectively. Further, for Kcrd, we have:
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⩾

[ · ]K

I

I
I x

I x
I

I
I x

I

2 0 and 0.3

0 0 and 0.3 0.7

0 and 0.7

0 0

A 6crd

ical

C
ical

ical

ical

C
ical

ical

1

1

⎧

⎨

⎪
⎪

⎩

⎪
⎪

The over potential of the SEI formation reaction can be
calculated by setting the SEI reaction equilibrium potential
(Eqe,SEI) to zero and evaluating the difference between the electrode
potential (Φs) and electrolyte potential (Φl) as follows:

η = Φ − Φ − [ · ]E . A 7SEI s l qe SEI,

It must be noted that the liquid phase potential is directly related
to the intercalation reaction’s equilibrium potential (Eqe,ical) and the
corresponding over potential, ηical, and can be expressed as:

ηΦ = −( + ) [ · ]E . A 8l qe ical ical,

By inverting the Butler-Volmer equation, the relationship be-
tween the over potential and the intercalation current can be written
as:

η =
(( − ) )

[ · ]RT

F

I

k I x x0.5
arcsinh

2 1
, A 9ical

ical

ical C1
0.5

⎜ ⎟
⎛
⎝

⎞
⎠

where x and Iical are the SOC and intercalation current of the anode,
respectively. I1C is the battery’s nominal 1C charge, and kical is the
proportionality constant chosen to render the over potential. In the
Nernst boundary layer, the limiting current density and the accumu-
lated SEI layer thickness are inversely related:

ϵ
= − [ · ]( )

( ) ( )
I

CD FA

s
, A 10lim cov or crd

cov or crd cov orcord
.

where C, F, and A are the concentration, Faraday’s constant, and
electrode surface area, respectively. Dcov(orcord) is inversely related to
the tortuosity of the layer as:

τ
= [ · ]( )D

D
. A 11cov orcord

T

cov

Finally, to minimize the error and improve the accuracy of the
model, Ekström and Lindbergh33 proposed the following three
lumped fitting parameters as:

ϵ= [ · ]J
I

I
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