
HAL Id: hal-04391177
https://hal.science/hal-04391177v1

Submitted on 12 Jan 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Non-invasive diagnosis of solid electrolyte interphase
and charge transfers resistances for degraded lithium-ion

batteries
Fernanda Vendrame, Nicolas Damay, Houssam Rabab, Christophe Forgez,

Marie Sayegh

To cite this version:
Fernanda Vendrame, Nicolas Damay, Houssam Rabab, Christophe Forgez, Marie Sayegh. Non-invasive
diagnosis of solid electrolyte interphase and charge transfers resistances for degraded lithium-ion bat-
teries. Journal of Power Sources, 2024, 595, pp.234049. �10.1016/j.jpowsour.2023.234049�. �hal-
04391177�

https://hal.science/hal-04391177v1
https://hal.archives-ouvertes.fr


Non-invasive diagnosis of solid electrolyte interphase and charge transfers resistances
for degraded lithium-ion batteries

Fernanda Vendramea,b, Nicolas Damaya,∗, Houssam Rababa, Christophe Forgeza, Marie Sayeghb

aUniversité de Technologie de Compiègne, Roberval (Mechanics, Energy and Electricity)
Centre de recherche Royallieu, CS 60319, 60203 Compiègne Cedex, France

bSafran Electrical & Power
70-80 Rue Auguste Perret, 94000 Créteil, France

Abstract

Modeling the electrical behavior of cells is often complex because several parameters have to be determined simultane-
ously, which may lead to inconsistencies and inaccuracies. In the present paper, we modeled the “surface resistance” by
using a method based on rules of dependence, already presented in the literature, which makes it possible to separate the
contributions of the SEI (Solid Electrolyte Interphase) layer and the charge transfers as a function of the temperature
and the current. A physical model is able to provide a consistent estimate of the surface resistance values at untested
operating points. We transposed this model to NCA (LiNixCoyAl1−x−yO2) and NMC-622 (LiNi0.6Mn0.2Co0.2O2) /
graphite+Si cells and we characterized them for different states of health (SOH). For a SOH of 87%, we found that the
charge transfers resistance was multiplied at least by 5.8, while the SEI resistance was multiplied at least by 1.5. As the
cell ages, the proposed model should be easier to recalibrate than lookup tables. For that, we propose two methods, one
that provides more detailed and accurate results and one that is more practical from an engineering point of view.
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1. Introduction

An accurate model of lithium-ion cells is a key element
to understand the impact of operating conditions on their
behavior, which may be very useful for determining crucial
information such as the cell state of charge (SOC), state
of health, among other indicators.

There are multiple ways of representing the behavior of
a cell, such as an electrochemical model [1, 2, 3, 4], a data-
driven model [5] or an equivalent circuit model (ECM)
[6, 7, 8, 9]. In this study, we need a model that represents
the overall behavior of the cell in a physically consistent
way. Data-driven models can be very effective in represent-
ing the overall behavior, but do not necessarily have phys-
ical meaning. Electrochemical models are physics-based
and naturally take into account the non-linearities of the
cell behavior, but are better suited to describe local phe-
nomena. This is why we will develop our work using an
ECM.

The ECM parameters depend on many factors, such as
temperature, current, state of charge and state of health
[9, 10, 11]. Many tests are usually necessary in order to
obtain the values of these parameters at different operat-
ing conditions and the results can be presented in the form
of lookup tables, which will be all the more precise as the
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tests are numerous. However, this method presents three
problems: (1) it is difficult to recalibrate these lookup ta-
bles as the battery ages, (2) a linear interpolation between
two points may give an inaccurate value of the parameter
and (3) the parameters values are usually found by using
optimization algorithms which usually provide solutions
that are mathematically coherent, but are not necessarily
physically coherent.

To address these issues, our team [12] developed a
method for studying one of the parameters of the elec-
trical model, namely the surface resistance, which estab-
lishes some rules of dependence, making it possible to find
a physically coherent equation of this parameter as a func-
tion of current and temperature. This method eliminates
the problem of interpolation, reduces the number of tests
required and allows physical information to be extracted
from the parameter. Because the model of this parameter
is physically based, it should remain consistent when the
battery ages. More precisely, his governing equations are
expected to remain the same, but his parameters value
may change because of the internal degradations due to
aging.

The effects of aging can be different depending on whether
the cell was aged in cycling or calendar mode. Regard-
ing cycling aging, Wong et al. [13, 14] found that during
cycling aging, the application of high current rates con-
tribute to the rapid formation of a high impedance film,
which causes a drastic change in charge transfers kinet-



ics. A significant loss of capacity was observed, as well
as a large increase in the charge transfers resistance and
a mild growth of the SEI layer. Sabet et al. [15] studied
NMC cells during cycling aging and observed an increase in
charge transfers resistance. The main mechanisms identi-
fied were anode’s and cathode’s particle cracking, cathode
dissolution and possibly CEI (Cathode-Electrolyte Inter-
phase) layer growth. Regarding calendar aging, Stiaszny
et al. [16] evaluated the impact of storing NCA cells at
60 °C at different SOC levels. They observed that the
resistances of the SEI layer and the cathode charge trans-
fers resistance increased. The growth of the SEI layer was
even more drastic at higher SOC. Sabet et al. [15] observed
that both SEI and charge transfers resistances increased
for calendar aging.

In most of the mentioned works, the study of aging
mechanisms is mainly based on EIS (Electrochemical Im-
pedance Spectroscopy) test results [17, 18]. This method
makes it possible to extract precious information about
the effects of different aging conditions for different cell
chemistries. However, it mainly gives information about
what happens at near zero current, whereas the behavior
of the cell changes significantly with increasing current.
Besides, EIS does not always allow the different surface
phenomena (i.e. SEI, charge transfers) to be distinguished
due to their similar dynamics, especially at room tempera-
ture [19]. Our method fills these gaps as it is applicable to
the entire range of currents that the cell can withstand and
makes it possible to distinguish SEI and charge transfers
contributions even when they have similar time constants.
Some positive electrodes may also have a SEI that have
a significant contribution such as Ni-rich cathodes [20, 21]
and high-voltage LiCoO2 (LCO) cathodes [22]. This study
does not apply to batteries using these cathodes and is
focused on batteries with a significant SEI only at their
anodes.

The present paper has three main objectives. The first
objective is to show that the method developed by our
team [12] for modeling the surface resistance can be trans-
posed to a NCA+NMC / graphite+Si cell, as it was orig-
inally developed using a LFP (LiFePO4) / graphite cell.
The second objective is to validate a new characteriza-
tion protocol dedicated to the surface resistance, that is
faster than in the previous study. The third objective is
to demonstrate the model remains consistent for degraded
lithium-ion cells and that it can hence be used as a efficient
diagnosis tool for future aging studies.

In the next section, the electrical cell model is pre-
sented. Its structure is detailed, as well as the methods
and experimental tests needed in order to obtain its pa-
rameters, with a characterization protocol that is faster
than in the previous study [12]. Section 3 is focused on
the surface resistance, which is one of the parameters of
the electrical cell model. The physical laws that describe
its behavior as a function of temperature (Arrhenius equa-
tion) and current (Butler-Volmer equation) are presented
in order to identify the individual contributions of SEI

layer and charge transfers phenomena. Finally, the results
of this analysis are presented in section 4, followed by a
discussion about the impact of aging over these two con-
tributions and a comparison between our results and the
literature. Some perspectives are also presented to guide
the next steps of this research.

2. Battery model

2.1. Equivalent circuit model
The equivalent circuit model used in this study, repre-

sented in Fig. 1, is composed of the following elements:

• Uoc: a voltage source representing the OCV (open
circuit voltage). This is the voltage of the cell in
open circuit and at equilibrium.

• Rs: a series resistance representing all purely resis-
tive contributions, such as electrolyte, current col-
lectors, contact and pore resistances [17, 23].

• Rsurf : a surface resistance related to the voltage
drop between the surface of the active material and
the electrolyte, due to charge transfers and SEI [12].

• τsurf = Rsurf × Csurf : a time constant related to
the surface phenomena, which are associated with
charge transfers, double layers and SEI. It represents
a quick dynamic, usually inferior to 1 second.

• Zdiff : impedance related to the phenomena of lithium
ions diffusion in the electrolyte and lithium atoms in
both electrodes, having a slow dynamic, usually in
the order of several minutes [24, 25]. This impedance
can be represented by a series of n RC circuits, with
2n parameters. However, the diffusion resistances
Rdiff,i and the diffusion time constants τdiff,i of all
the circuits can be calculated from a global value of
Rdiff and τdiff (Rdiff × Cdiff ) using the following
equations [12, 26]:

Rdiff,i = Rdiff,1

(2i− 1)2 (1)

Cdiff,i = Cdiff (2)

τdiff,i = τdiff,1

(2i− 1)2 (3)

where

Rdiff,1 = Rdiff∑n
i=1

1
(2i−1)2

(4)

τdiff,1 = τdiff∑n
i=1

1
(2i−1)2

(5)
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Figure 1: Equivalent circuit model

Once Rsurf is identified, its behavior for different cur-
rent rates and temperatures can be studied. Its depen-
dence on SOC has not yet been analyzed, so it will not
be addressed in the present paper. However, EIS (Elec-
trochemical Impedance Spectroscopy) tests are a simple
way to observe, for a given cell, whether the surface re-
sistance depends strongly on SOC. Taking the cell used
in this work as an example, its surface resistance varies
very slightly between SOC 10% and 70%, so the proposed
method could be applied to one SOC value within this
range and to some values closer to 0% and 100% depend-
ing on the requirements of the application.

2.2. Experimental protocol
Three commercial cells Samsung 18650-25R were used

for this study. These are NCA (LiNixCoyAl1−x−yO2) and
NMC-622 (LiNi0.6Mn0.2Co0.2O2) / graphite+Si cells [27]
with a nominal capacity Cnom of 2.5 Ah, a mass of 45 g,
a voltage range of 2.5 to 4.2 V, a nominal voltage Unom

of 3.6 V, maximum current rate of 8C for continuous dis-
charge and 1.6C for continuous charge, temperature range
going from 0 to 50 °C in charge and from -20 to 70 °C in
discharge [28]. Each one of these cells has a different state
of health (SOH = C/Cnom, where C is the cell capacity
at the time of the test and Cnom is the nominal capacity):

• Cell A : SOH 100%.

• Cell B : SOH 95%. Mixed aging conditions, mostly
cycling. This cell aged during electrical characteriza-
tion tests, such as EIS, GITT (Galvanostatic Inter-
mittent Titration Technique) and continuous charge
/ discharge. The test temperatures varied between
0 °C and 50 °C, with the maximum cell temperature
reaching 70 °C. The current rates varied from C/2 to
1C in charge and from 1C to 5C in discharge. The
tests that contributed most to aging were probably
continuous discharges at 3C and 5C, with extreme
temperatures (0 °C and 50 °C). The cycling current
rates varied between C/2 and 5C for room tempera-
tures going from 0 °C to 50 °C, with maximum cell
temperature reaching 70 °C.

• Cell C : SOH 87%. Calendar aging at 60 °C and
SOC 100% during 55 days. Fig. 2 shows how its ca-
pacity changed over time. It is important to notice

that this cell aged very fast because of the high tem-
perature. Another cell of the same reference, aged at
50 °C, reached the same final capacity after around
1 year.

Figure 2: Capacity of cell C over time during calendar aging

A Bio-Logic system was used for tests (VSP-300) with
a 20 A booster. The precision of this device is 0.1% of its
full scale. Besides, the cells were placed into a climatic
chamber to control their temperatures.

The experimental protocol, applied at three different
temperatures (25 °C, 0 °C, -10 °C) consists of three main
parts:

1. Initialization
2. EIS
3. Current pulses in charge and discharge

For the first part, the temperature was set to 25 °C,
the cell was fully discharged and then charged up to 2 Ah
(80% of the nominal capacity).

For the second part of the protocol, the climatic cham-
ber was adjusted to perform the tests at the temperatures
mentioned above. The EIS tests consists of applying a sine
current wave to the cell and measuring its voltage varia-
tion in order to compute its impedance. This test was
performed from 10 kHz to 10 mHz at C/5 and C/50. The
reason for using different currents is that the lower the
current, the more reasonable it is to admit that the im-
pedance is identified at zero current, especially at very low
temperatures. However, such low currents tend to cause
imprecise measurements at higher frequencies, where se-
ries resistance is identified. So, when processing the EIS
results, the spectrum obtained with a C/5 current was used
to identify the series resistance (medium to high frequen-
cies), while the spectrum obtained with a C/50 current
was used to identify the surface resistance (low frequen-
cies). This is presented in Fig. 3 and detailed in section
2.3.1.

The third part consists of current pulses of 20 sec-
onds followed by a 30 minutes pause around SOC 80%.
The measurements were sampled every 500 ms and ev-
ery 1 mV variation. By analyzing the variation of the
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Figure 3: Identification of Rs and Rsurf at near-zero current from
an impedance spectrum (cell A tested at 0 °C, from 10 kHz fo 10
mHz with 6 points per decade)

voltage during the current pulses, we can extract infor-
mation about the impedance of the cell. The following
currents were tested: -C/2, -1C, -3C, -5C, -8C, +C/2 and
+1C, the pulses in charge being applied only at 25 °C
to avoid lithium-plating, specially in the case of the aged
cells presenting a very high impedance. For the other tem-
peratures, the charge current was limited to C/10. This
protocol is presented in Fig. 4. The charges between the
pulses at -3C, -5C and -8C were omitted to make the fig-
ure clearer, but they were done at C/2 (25 °C) or C/10
(0 °C and 10 °C) and recharged the same amount of Ah
that had been discharged during the previous pulse.

This part of the protocol took 14.5 hours per cell for
a total of 17 experimental points, i.e. approximately 51
minutes per point, while the protocol proposed by Damay
et al. [12] took 150 hours for 70 conditions tested, i.e. 2
hours and 8 minutes per point. In his protocol, the cur-
rent pulses were longer because the same tests were used in
another study where it was important to accurately iden-
tify the diffusion parameters. With longer pulses, the rest
time also had to be longer in order to achieve voltage and
temperature equilibrium. The protocol proposed in the
present work therefore represents a considerable time sav-
ing. The rest time could even be reduced to 15 minutes
instead of 30 for current rates inferior to 3C, since temper-
ature and voltage were already stable within this period.
This would represent an additional gain of 4.5 hours.

2.3. Parameters identification
When characterizing the electrical model, the OCV

and the series resistance may be determined first, then
the other four parameters are identified simultaneously by
fitting.

It is assumed that the series resistance does not depend
on the current, so it can be determined from the EIS tests.
The surface resistance for a near zero current can also be
identified from EIS. The remaining parameters, including
the surface resistance for currents different from near zero,
require current pulses tests to be identified.

+C/2

20s
+1C

20s

-3C

20s

-5C

20s

-8C

20s

-C/2

20s -1C

20s

Pause 

30min
(a)

(b)

Figure 4: (a) Current pulses protocol and (b) identification of the
parameters of the electrical model from the voltage response to a
current pulse

2.3.1. Identification from EIS tests
The impedance obtained from an EIS tests is presented

in a Nyquist plot, with the real part of its value on the x-
axis and the negative of its imaginary part on the y-axis.

Rs and Rsurf can be determined as represented in Fig.
3. The series resistance Rs corresponds to the minimum
real value of the impedance spectrum. The sum of the se-
ries and surface resistances is obtained from the real value
of the impedance between the semi-circle and the slope (re-
lated to diffusion phenomena), where the imaginary part
of the impedance reaches a local minimal value.

We found that Rs was more precisely determined at
C/5, but we used a lower current for determining Rsurf to
be in accordance with a near-zero current assumption.

2.3.2. Identification from current pulses tests
For this study, the OCV during each pulse is identified

by measuring the voltage at the beginning and at the end
(after 30 minutes of rest) of the pulse and interpolating
these two values. Next, the overvoltage ∆U is calculated
by subtracting the OCV from the cell voltage and then
fitted to find the remaining parameters using the function
fmincon on Matlab using a loss function such as the root
mean square error (RMSE). It is modeled by the following
equation:

∆Û(t) =
[
Rs +Rsurf

(
1 − exp

(
− t

τsurf

))

+
n∑

i=1
Rdiff,i

(
1 − exp

(
− t

τdiff,i

))]
I(t)

(6)

where n is the number of diffusion circuits. We opted for
20 for this study, so that the time constants of the last
circuits are sufficiently small to ensure a good accuracy in
the beginning of the pulse, where the dynamics are fast.
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The surface resistance can be determined from the EIS
tests as explained in section 2.3.1. Fig. 4 shows the voltage
response to a current pulse and gives some indication of
which part corresponds to each parameter.

3. Separating SEI and charge transfers contribu-
tions to surface resistance

After presenting the electrical model of the cell and the
identification of its parameters, we can focus on the main
subject of the present article : the surface resistance. In
this section, we are going to recall the modeling of charge
transfers and SEI layer contributions to the surface resis-
tance as a function of temperature and current, as pro-
posed by Damay et al. [12].

The relation between the cell current I and the charge
transfers voltage Uct is based on the Butler-Volmer law
[29]:

I = I0

[
exp

(
(1 − β)F

R T
Uct

)
− exp

(
−βF
R T

Uct

)]
(7)

where I0 is the exchange current [A], related to the charge
transfer phenomena, β is the transfer coefficient, R is the
universal gas constant [J/(mol ·K)], T is the temperature
[K] ans F is the Faraday constant [s ·A/mol].

Assuming that the charge transfers coefficient β is equal
to 0.5 and knowing that Uct = Usurf − I · RSEI [29], the
surface resistance can be isolated to find its dependence
law on current:

Rsurf (I) = Usurf

I
= RSEI + 2 R T

F I
asinh

(
I

2 I0

)
(8)

It was demonstrated that RSEI and I0 are dependent
on the temperature in accordance to the Arrhenius Law [3,
4, 12, 30]. In this work, the Arrhenius Law was normalized
to display the parameters values at 25 °C. This brings the
final Rsurf equation below:

Rsurf (I, T ) = RSEI(25°C) × exp
(
Ea,SEI

kB

(
1
T

− 1
298

))
+ 2 R T

F I
asinh

(
I

2 I0(25°C) exp
(
Ea,I0

kB

(
1
T

− 1
298

)))
(9)

where RSEI is the resistance of the SEI layer at 25 °C
[Ω], Ea,SEI and Ea,I0 are the activation energies of the
considered reactions [eV ] and kB is the Boltzmann con-
stant [eV/K]. The first term expresses the contribution
of the SEI while the second expresses the contribution
of the charge transfers. The parameters to be found are
RSEI(25°C), Ea,SEI , I0(25°C) and Ea,I0 .

For a near zero current, the second term in equation
9 tends to equation 10, which corresponds to the classical

electrochemical definition of charge transfers resistance [3,
4].

Rct,0(T ) = R T

F I0(T ) (10)

4. Results and discussion

4.1. Fitting the model to the experimental data
After determining the value of Rsurf for every test con-

dition, the RMSRE (Root Mean Squared Relative Error)
was used as the loss function to fit the model described in
(9) to the experimental values. In a first step, the model
was fitted for each SOH independently, each parameter be-
ing free to vary. In a second step, it was fitted with the
activation energies kept constant for every state of health,
since they depend on the chemical reactions occurring in
the cell and these reactions are the same regardless of its
state of health. This second approach leaves us with only
two parameters to be found in each case, RSEI(25°C) and
I0(25°C). The results obtained with the first approach
(variable activation energies) are presented in section 4.1.2
and those obtained with the second approach (constant ac-
tivation energies) are presented in section 4.1.3.

4.1.1. Definition of an equivalent activation energy for the
charge transfers resistance

As indicated, the activation energy of a reaction is as-
sumed to be independent of the state of health of the cell,
since the chemical reaction is the same. However, in our
model, the positive and negative electrodes are simplified
into one single electrode. This should not affect Ea,SEI ,
as the SEI is only formed on the negative electrode, or at
least we can neglect this phenomenon over the positive.
However, the charge transfers take place on both positive
and negative electrodes. Therefore, Ea,I0 can be expected
to change with aging, depending on how the charge trans-
fers resistances of each electrode increase.

To better understand it, we can calculate the equiva-
lent activation energy for Rct(T ). The thermal dependence
of the positive (index P) and negative (index N) charge
transfers resistances can be expressed as:

Rct,P (T ) = Rct,P (Tref ) exp
(
Ea,P

kB

(
1
T

− 1
Tref

))
Rct,N (T ) = Rct,N (Tref ) exp

(
Ea,N

kB

(
1
T

− 1
Tref

)) (11)

where Tref is a reference temperature.
For simplicity, the activation energies are denoted Ea,P

and Ea,N , but they are equivalent to Ea,I0,P and Ea,I0,N .
The equivalent resistance Rct is the sum of Rct,P and

Rct,N . To develop the exponentials, we can use Taylor’s
theorem :

exp(x) ≈ 1 + x

1! + x2

2! + ...+ xn

n! (12)
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For x ≈ 0, we can admit that exp(x) ≈ 1+x. Then, if 1/T
is close to 1/Tref , the sum of the two resistances gives:

Rct(T ) = Rct,P (Tref )
(

1 + Ea,P

kB

(
1
T

− 1
Tref

))
+Rct,N (Tref )

(
1 + Ea,N

kB

(
1
T

− 1
Tref

))
≈ Rct,P (Tref ) +Rct,N (Tref ) + 1

kB

(
1
T

− 1
Tref

)
(Rct,P (Tref )Ea,P +Rct,N (Tref )Ea,N )

≈ (Rct,P (Tref ) +Rct,N (Tref ))
(

1 +
(
Rct,P (Tref )Ea,P +Rct,N (Tref )Ea,N

Rct,P (Tref ) +Rct,N (Tref )

)
1
kB

(
1
T

− 1
Tref

)) (13)

which can be written as:

Rct(T ) ≈ Rct(Tref ) exp
(
Ea

kB

(
1
T

− 1
Tref

))
(14)

where:

Rct(Tref ) = Rct,P (Tref ) +Rct,N (Tref ) (15)

Ea ≈ Rct,P (Tref )Ea,P +Rct,N (Tref )Ea,N

Rct,P (Tref ) +Rct,N (Tref ) (16)

The closer the term inside the exponential in equation
(14) is to zero, the more accurate the approximation will
be. For a temperature range going from -20 °C to 70 °C,
for example, this term varies at most between 6.9 and -5.1
(for a pessimistic activation energy of 1). Depending on
the required accuracy, this may lead to some errors for the
extreme operating temperatures, but the error should be
acceptable pour most of the use cases.

Equation (16) shows that the equivalent activation en-
ergy of two charge transfers resistances depends on the
relative values of these resistances as a weighted average.
Thus, the equivalent activation energy always tends to-
wards the activation energy of the highest resistance, as it
will be shown in the next section. When a battery ages,
the charge transfers resistances of the positive and neg-
ative electrodes may increase in different proportions, as
stated in the introduction of this paper. Consequently,
we expect the equivalent activation energy to change with
aging.

4.1.2. Results with a variable equivalent activation energy
Fig. 5a shows the fitting results obtained when we al-

low the activation energies to vary. Fig. 5b shows the con-
tributions of SEI layer and charge transfers to the overall
surface resistance. The values of the parameters from (9)
are presented in Tab. 1. The activation energy related to
the SEI layer (Ea,SEI) does not change significantly with
the state of health, which is consistent with the hypothesis
of negligible SEI at the positive electrode. The activation
energy related to the charge transfers, on the other hand,
decreases from 0.87 to 0.62 eV (-30%) between SOH 100%
and 87%.

The activation energy Ea,SEI is a little lower than the
values presented in literature (0.59 eV found by Damay et
al. [12] and 0.52 eV found by Pinson et al. [31]), which
can be explained by the differences in the composition of
the SEI layer for cells of different chemistries. The value of
Ea,I0 at SOH 100% is close to that proposed by Damay et
al. [12], 0.81 eV, suggesting that the equivalent charge
transfers resistance might be dominated by the charge
transfers of the negative electrode. As the battery ages,
Ea,I0 gets closer to the activation energies of charge trans-
fers for NMC and NCA electrodes, respectively 0.3-0.4 eV
and 0.5 eV as reported by Xu et al. [32] and Jow et al. [33].
As discussed in section 4.1.1, this suggests that the charge
transfers resistance of the positive electrode has increased
compared to that of the negative electrode. These results
are quite promising and they are consistent with the re-
sults of Stiaszny et al. [16], as stated in the introduction
of this paper.

Table 1: Model parameters (variable activation energies)

SOH
Parameter 100% 95% 87%

RSEI(25◦C) [mΩ] 4.52 5.48 6.79
Ea,SEI [eV ] 0.38 0.40 0.37
I0(25◦C) [A] 30.8 6.31 2.06
Ea,I0 [eV ] 0.87 0.72 0.62
Rct0(25◦C) [mΩ] 0.83 4.07 12.45
RMSRE [%] 3.70 3.94 5.36
RMSE [mΩ] 1.97 2.81 5.82

4.1.3. Results with a constant equivalent activation energy
From a diagnosis point of view, it is more rigorous to re-

determine all parameters of (9) as the cell ages. However,
this means that all tests must be repeated for each state of
health. From an engineering point of view, it would be in-
teresting to have less parameters to determine. This is why
the second method we propose consists in choosing activa-
tion energies that are approximately coherent for all states
of charge and only updating RSEI(25°C) and I0(25°C).
We decided to adopt the activation energies identified at
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Figure 5: Fitting results at different states of health using the variable activation energies

SOH 95%, since it is an intermediate between SOH 100%
and 87%.

Fig. 6a shows the fitting results obtained when the ac-
tivation energies are forced to be the same for all states
of health. The values of the parameters from (9) are pre-
sented in Tab. 2. Fig. 6b shows the contributions of
SEI layer and charge transfers to the overall surface resis-
tance. This simplified method works well for most of the
operating conditions tested, except for near zero current
at -10 °C, which will rarely be the operating condition of
our application. To improve accuracy in this condition,
the RMSE (Root Mean Squared Error) could be used as
the loss function instead of the RMSRE. It would reduce
the absolute error at low temperature and current, to the
detriment of the relative error at ambient temperature.

Table 2: Model parameters (same activation energies)

SOH
Parameter 100% 95% 87%

RSEI(25◦C) [mΩ] 3.88 5.42 6.56
Ea,SEI [eV ] 0.40
I0(25◦C) [A] 15.68 6.24 2.69
Ea,I0 [eV ] 0.72
Rct0(25◦C) [mΩ] 1.64 4.12 9.53
RMSRE [%] 5.17 3.94 12.78
RMSE [mΩ] 3.18 2.76 17.20

4.2. Evolution of surface resistance for damaged cells
The results presented in Tab. 1 and Tab. 2 show

that both SEI and charge transfers resistance increased
during cycling and calendar conditions. In both cases,

7
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Figure 6: Fitting results at different states of health using the same activation energies

the increase factor of Rct0(25◦C) is higher than that of
RSEI(25◦C). For SOH 87%, for example, RSEI(25◦C)
is multiplied by 1.5 (with variable activation energies, 1.7
otherwise) while Rct0(25◦C) is multiplied by 15 (with vari-
able activation energies, 5.8 otherwise). Both aging con-
ditions appear to trigger mechanisms that contribute in a
similar way to the thickening of the SEI layer and to a
decrease of the charge transfers efficiency across the elec-
trodes surfaces. The interpretation of these equivalent re-
sistances evolution has to be done carefully, because sev-
eral causes may lead to their increase. More information
would be required to provide a solid explanation to this
macroscopic degradation.

In references [13, 14, 15, 16] that concern studies in dif-
ferent calendar and cycling conditions, the SEI resistance
increases at most by a factor 3.5 and the charge transfers
resistance increases at most by a factor 10. These strong
variations are consistent with our results. The increase in

SEI resistance for the cell that aged during characteriza-
tion tests might be justified by long periods at 50 °C during
these tests, which seem to have a calendar contribution.

The results we obtained, specially using the method
where the activation energies vary, opens doors for further
study about the separation of the charge transfers resis-
tances of each electrode. It would be necessary to have
a good knowledge of the activation energies at each elec-
trode so that the two resistances could then be decoupled
using equations (14) and (16).

5. Conclusions

The presented method, originally proposed and applied
to an LFP / graphite cell, was successfully transposed to
an NCA+NMC / graphite+Si cell. EIS and pulses tests
are combined to bring a good representation of the non-
linear behavior of charge transfer and SEI resistances re-
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garding current and temperature. This allows for the sep-
aration of SEI and charge transfers resistances, plus their
activation energies, even if these phenomena contributions
are not clearly distinguishable in the EIS spectrum.

The evolution of SEI and charge transfers resistances
(respectivelyRSEI andRct) was characterized for degraded
cells and we showed that their variations are consistent
with literature. We found that charge transfers resistance
had increased with both cycling and calendar degrada-
tions. SEI resistance increased in both conditions as well,
probably due to the high temperatures to which the cells
were subjected in both cases. This suggest that this ap-
proach is well-adapted for the diagnosis of SEI and charge
transfer equivalent resistance, making it a promising tool
for future aging studies.

We observed that at 25 °C, the two resistances are bal-
anced. At low temperatures, Rct increases significantly as
current tends towards zero, becoming much higher than
RSEI . Besides, this effect is accentuated with degraded
cells. As the current increases, Rct tends to zero, while
RSEI does not change, making it a major contribution at
high power. Please note that these relations may vary for
different chemistries.

We showed two possibilities to recalibrate the proposed
model with degraded cells. The first method consists in
updating all the parameters. More specifically, we con-
sidered a variable equivalent activation energy for charge
transfers, which appears to be more rigorous from a diag-
nosis point of view. For a simulation purpose, this first
method would already allow the number of characteriza-
tion tests to be reduced compared to the use of lookup
tables. Concerning highly non-linear behaviors such as
the surface resistance, lookup tables require a high reso-
lution in order to give precise results (that is many values
for different current and temperature conditions). Using
a non-linearity model like the one proposed in this work
requires to test fewer operating points of the battery since
the non-linear behavior can be reproduced by the analyt-
ical equation.

The second recalibration method, in which we consid-
ered a constant equivalent activation energy for charge
transfers, only have two parameters to be determined (RSEI(25◦C)
and I0(25◦C)). It is more practical from an engineering
point of view, because it would be possible to reduce the
number of characterization tests even further, since only
two parameters need to be updated.

We also proposed an explanation for the evolution of
the charge transfers activation energy when a battery ages.
We suggest that it should be considered as an apparent ac-
tivation energy, that depends on the relative contributions
of both charge transfer resistances at the positive and neg-
ative electrodes. For instance, in this study, our results
suggest that the charge transfer resistance of the positive
electrode has increased faster than the one of the negative
electrode during aging.

6. Perspectives

It may be possible to embed the proposed modeling
method into a BMS (Battery Management System) in or-
der to do an on-line recalibration of the surface resistance
as the battery ages. It could be done by using current
pulses at different temperatures during operation. In this
case, the EIS test could be replaced by a very low cur-
rent pulse. However, this possibility should be investigated
based on system limitations, such as sampling rate, sensors
accuracy, among other factors.

Furthermore, our results are potentially a starting point
for a study about the separation of the charge transfers re-
sistances of the two electrodes through the equivalent acti-
vation energy. This could allow for even finer diagnostics,
perhaps uncovering operating limits of the cell.

We also propose that our method be tested on a larger
volume of data to assess its capabilities. In particular,
it would be interesting to test cells at different states of
health, but aged in the same way, and compare the results
obtained when the aging mode changes.
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