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Abstract

One major aging phenomenon during the normal operation of a Li-ion battery is the thickening of its anode solid
electrolyte interphase (SEI), which affects the battery state of health. However, the diagnosis of this SEI is difficult
because its contribution to the battery voltage is mixed with those of other phenomena. In this article, a method is
proposed to separate the contributions of charge transfers and anode SEI. It is based on EIS and GITT measurements and
on a model of the charge transfers and SEI non-linearities regarding current and temperature, inspired by Butler-Volmer
and Arrhenius equations. The proposed method is applied to a commercial LiFePO,/graphite cell. The activation
energies of its SEI and charge transfers resistances are respectively 0.59 eV and 0.81 eV, which is in accordance with
literature data. By construction, the method should be applicable to other battery chemistries, unless their cathode SEI
has a significant resistive contribution. After an initial calibration, the proposed model can be embedded in a BMS. The
latter may then be able to recalibrate the model online thanks to currents pulses at low temperatures and thus track
the SEI growth of a battery during its entire operating life.
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1. Introduction

Lithium-ion batteries (LIB) aging is a major concern
because it impacts their lifetime and performance and one
major aging phenomenon during normal operation is the
thickening of the anode solid electrolyte interphase (SEI).
The SEI is a passivation layer on the anode surface that
is created at the end of a battery production and it is
mandatory for the battery to work properly. However,
this SEI grows endlessly during the battery life, because of
severe operating conditions and even during storage [1, 2].
Some positive electrodes may also have a SEI that have
a significant contribution such as Ni-rich cathodes [3, 4]
and high-voltage LiCoOg cathodes [5]. This study does
not apply to batteries using these cathodes and is focused
on batteries with SEI at their anodes.

Tracking the growth of the anode SEI of a LIB over
its lifetime would lead to a better follow-up of its state of
health, whether it is for scientific studies or for end-users
applications. The operating limits of the LIB could be ad-
justed accordingly as well as its management strategy by
its BMS (battery management system). To do this track-
ing of the SEI growth, advanced characterization methods,
non-invasive and suiting a BMS, have to be developed.

The BMS of a battery pack has generally a limited cal-
culation power and basic measuring instruments. It has
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access to cells voltages, to the battery pack total current
and sometimes to some cells surface temperatures. How-
ever, BMS sensors accuracy and resolution are often worse
than in a laboratory. Also, the major difficulty linked to
the SEI-growth tracking is its contribution to a cell volt-
age is mixed together with the contributions of numerous
other phenomena that occur inside an operating battery
[6].

Separating the contributions to a battery voltage can
be done thanks to an electrical model. To that end, elec-
trochemical models, based on the Newman approach, are
interesting because they are based on physical equations.
They are made of a set of differential and algebraic equa-
tions (DAEs) that brings a good description of electro-
chemical phenomena at the microscopic scale [7, 8]. The
resolution of these coupled DAEs may require a lot of
computer-power that would hardly suit a BMS capabili-
ties. Moreover, they contain up to tens of physical pa-
rameters that are determined by non-invasive and invasive
methods, which can make electrochemical models hard to
recalibrate for tracking the SEI-growth in a final-user ap-
plication.

An equivalent circuit model (ECM) only contains a few
parameters that can be determined in a non-invasive way,
making them suitable to model commercial batteries with
little knowledge of their internal compositions. Besides,
they can easily be used with low calculation capabilities
like in a BMS. However, the drawback of their simplicity
is that the physical phenomena are lumped and are often



mixed together inside “macroscopic” parameters, making
their interpretation uncertain.

Nevertheless, many studies have proved that it is pos-
sible to find a physical interpretation for ECM parame-
ters. Mauracher et al. [9] build a lead-acid battery model
with a strong physical background and obtained a good
correspondence with experimental data. Von Srbik et al.
[10], Raél and Hinaje [11] have successfully constructed
ECM based on equations that are used classically in elec-
trochemical models.

It is relatively easy to separate the contributions of dif-
fusion phenomena from of other phenomena contributions,
because their dynamics is significantly slower [9]. Concern-
ing the contributions of ohmic drops, charge transfers at
both electrodes and SEI, they are much harder to sepa-
rate. More particularly, the charge transfers, associated
with the corresponding double layer effects, have dynam-
ics that are very close to the SEI dynamic and they often
cannot be distinguished within an impedance spectrum
[6]. Tllig at al. [12] proposed an interesting approach to
separate the contributions of several phenomena measured
by EIS (electrochemical impedance spectroscopy) thanks
to the study of their activation energies (related to their
non-linearities regarding temperature), but they could not
separate the SEI and charge transfer contributions for the
anode.

In this article, we propose a method to separate the
contributions of charge transfers and anode SEI that are
mixed inside an ECM parameter: the so-called ”surface re-
sistance”. This method requires EIS and GITT (galvanos-
tatic intermittent titration technique) tests to measure the
surface resistance for different temperatures and currents
[13, 14]. Then, the non-linearities regarding current and
temperature of the charge transfers and SEI contributions
are modeled in order to separate them.

The proposed method is applied to a commercial
LiFePOy/graphite cell (40 Ah, maximum continuous dis-
charge is 2C), for which the separated contributions of
charge transfers and SEI are presented. The non-linearities
regarding state of charge (SoC) have been studied in a pre-
vious work for this cell [15]. More particularly, we found
that its surface resistance does not significantly change
with SoC. Consequently, the SoC influence on the pro-
posed method is not studied in this article. The interested
reader may refer to the study of Kremer et al. [16] which
is about SoC-dependency of the charge transfer process,
modeled by a SoC-dependency of the exchange current.

In the next section is presented the ECM construction,
along with the modeling of the non-linearities regarding
current and temperature for the parameter that represents
charge transfers and SEI contributions. The experimental
determination of this parameter, thanks to EIS and GITT
tests, is presented and applied to the studied cell in sec-
tion 3. In section 4, the separation of the charge transfers
and SEI contributions is done for the studied battery and
discussed. The eventual use of the proposed non-linearity
model with a BMS is also discussed.

Csurf L Cd

Figure 1: Electrical circuit model used for this study.

2. Battery and surface-resistance non-linearities mod-

els

2.1. Electrical circuit model presentation

The ECM used in this study, presented on Figure 1,
is composed of several elements that represent the main
dynamics and the associated phenomena occurring during
a cell operation [17]:

o a voltage source U, stands for the OCV (open cir-
cuit voltage), which is defined as the battery voltage
in open circuit and at equilibrium ;

e aresistance R represents all the purely resistive con-
tributions (electrolyte, current collectors, contact re-
sistances) ;

e a resistance Rg,,s which is related to the potential
drops between the surface of active materials and the
electrolyte (mainly due to charge transfers at both
electrodes and to the SEI) ;

* a time constant 74, accounts for the quick dynamic
(often inferior to 1 s) associated with charge trans-
fers, double layers and SEI [12, 2]. Tt is assumed
to be a first order dynamic that corresponds to the
product Rsurf X Csurf ;

e an equivalent diffusion impedance Z,; that reproduces
the apparent electrical behavior due to the charges
diffusion in the electrolyte and lithium atoms diffu-
sion in the active materials [9, 10, 18].

It has been demonstrated in a previous work that the
“slow polarization process” of the studied cell, which is
associated with Z;, behaves like a one-dimensional lim-
ited diffusion phenomenon [19]. This corresponds to a
Warburg-like behavior that evolves into a purely resistive
contribution after a few minutes. Three different diffu-
sion processes can be considered, namely the diffusion of
lithium atoms in the active materials of both electrodes
(18] and the diffusion of lithium ions in the electrolyte
[10, 11]. Nevertheless, grouping them into a single equiva-
lent “limited-diffusion impedance” Z; gives a satisfactory
representation of the studied cell behavior. In the Laplace
domain, this leads to a Nernst impedance (Equation (1))
in which Zj is a function of a “diffusion resistance” R4 and
a “diffusion time constant” 74 [20].
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VTd-$
Equation (1) can be rewritten thanks to Mittag-Leffler
theorem to bring Equation (2) [21]. It allows a decompo-
sition of Z4 into an infinite number of RC circuits in series
(Figure 1).

d 2\/74.8
VTd-$ pz::l 74.5 + (pm — 7/2)* ®

This relation can now be rewritten to find the values
of the RC circuits parameters : Ry, and Cq, (T4p =

Z(s) =

Rd_’p X Cd’p).
B i 8 Ry
o= Aas + 2 ( (2p —1)°
(3)
— 1 + Td,p-S
Which finally yields:
R 8Rd 4Td
= ¢ o= —'d
21 22p - 1)?
(4)
C,. =C dp _ _Td_
dp = d = de 2 Ry

Please note that Equation (3) requires an infinite num-
ber of RC cells to perfectly match Equation (1). However,
because of calculation constraints, the number of RC cells
n has to be reduced [21]. The removed RC cells are the
ones with a high p value, that is with a short time constant
Ta,p (Equation (4)). Consequently, the precision of the dif-
fusion model is reduced for high frequencies (for very fast
current changes), which is acceptable for this study. The
number of RC cells n has been set to 10 in this study.

The focus of this study is on the R,y parameter and
on the physical information that can be extracted from it,
but the determination of the other parameters is important
because their contributions are combined together within
a battery behavior and all of them have to be considered
in order to isolate the one from Ry, f.

2.2. Modeling the surface resistance Rgyr; non-linearities
regarding current

The surface resistance is related to three main con-
tributions, namely the charge transfer processes for both
electrodes and the SEI (see section 2.1). The charge trans-
fer processes behaviors are assumed to be indistinguishable
from each other. They can be modeled by Equation (5)
which is inspired by the Butler-Volmer equation, with I
the current flowing through the active materials surfaces
(this current is the cell current here), I, the exchange

current, 8 the charge-transfer coefficient, V. the charge
transfers overpotential, F' the Faraday’s constant, R the
gas constant and 7' the absolute temperature [22, 23]. It
should be noted that the Butler-Volmer equation is orig-
inally defined as the description of a local phenomenon.
It is here applied to the whole electrode surface, which
implies that the current density and the charge transfers
overpotential are assumed to be uniform.

I=1, [exp (“;?F‘/ﬁ) — exp (_]ff t)] (5)

The contribution of the SEI can be related to the V;
expression with respect to Equation (6) [22]. Viyrs is thus
the potential difference between the solid phase (active
materials) and the liquid phase (electrolyte) and Rs; is
the resistive contribution of the SEI.

Vct = ‘/;urf —Ix Rsei (6)

The charge transfer coefficient § is here assumed to be
equal to 0.5 [22, 23], leading to a more compact form of
Equation (5).

I =21,sinh ( (Vaurg — I % Rsei)) (7)

2 RT

Equation (7) is inverted and divided by the current I
to compute the surface resistance Ry, which is the sum
of the SEI resistance R,.; and an expression correspond-
ing to the charge transfers. For the sake of simplicity,
the expression corresponding to charge transfers is called
“charge transfers resistance” R.. The latter is thus non-
linear with respect to the current.

Vur ORT (I
Rsur I)=—""= Rsei —_ h| —
7(I) Vi + - asin (210) ®)
Rsu’r‘f (I) = Rgei + Rt (I)

Equation (8) is the foundation of the model proposed
in this study. In the next subsections, the temperature
dependencies of R,.; and R.; are detailed and justified.

2.83. Modeling R,y non-linearities regarding temperature
2.8.1. Presentation of the Arrhenius law

As it is explained in the next subsections, the thermal
dependencies within Equation (8) are related to thermally
activated processes. Consequently, the Arrhenius law can
be used (Equation (9)). k corresponds to a reaction rate
at the absolute temperature T' (expressed in Kelvin), A
is a pre-exponential factor, E, is the activation energy of
the considered reaction (expressed in eV') and kp is the
Boltzmann constant (expressed in eV/K). The universal
gas constant R can be used instead of kp, thus changing
the unit of the activation energy F.,.

k=Axe Ba/knT (9)



Equation (9) has been originally created to describe the
temperature dependence of a reaction rate, but it has been
found that a lot of thermally activated processes evolves
with respect to this formula [12, 24].

2.3.2. Thermal dependency of the charge transfers resis-
tance Rt

The charge transfers resistance depends on the exchange
current Iy (see Equation (8)), which is considered as con-
stant in many works [9, 22, 23]. However, its detailed
expression exhibits a dependence to a reaction rate, which
is known to evolve with respect to the Arrhenius law (see
section 2.3.1) [25]. This was confirmed by measurements
made by Takahashi et al. [26] on a LiFePO, electrode.
Therefore, Iy can be replaced by the following expression,
with I5(25°C) the exchange current value at 25 °C and
E,. 1, its activation energy. Equation (10) is derived from
Equation (9), but it has been normalized so the exponen-
tial term equals one at 25 °C.

To(T) = I5(25°C) x exp <_fo (; _ 2918)) (10)

2.8.3. Thermal dependency of the SEI resistance Rge;
The SEI resistance Ry.; is also temperature dependent.
The diffusivity in a SEI layer depends on temperature in
accordance with the Arrhenius law [27], making its con-
ductivity temperature dependent [28, 29]. In this study,
the SEI resistance is thus modeled by Equation (11) with
R.:(25°C') being the resistance value at 25 °C and Ey s

its activation energy.
Ea set 1 1
: == — (11)
kp T 298

2.8.4. Complete non-linearities model for Ry, ¢

As a result, we propose Equation (12) to model the
current and temperature non-linearities of the surface re-
sistance Rgyurp. The latter is considered as the sum of
two contributions, namely the SEI resistance R,.; and the
charge transfers resistance R.:. It uses four parameters:
two for the SEI contribution and two for the charge trans-
fers (which are related to the exchange current I).

Rsei(T) = Rsei(25oC) X exp <

Rsurf (I7 T) = Rsei (T) + Rct (I, T)

kg

oo (% (7-39)))

Eqsei (1 1
Rsu7‘f(I7T) = Rsei(2500) X exp ( a,5¢ (T — ))

—l— asmh (21_0 25°0)

3. Characterization of the surface-resistance non-
linearities

3.1. Ezperimental conditions

A prismatic commercial LiFePOy/graphite cell (40 Ah,
maximum 2C for continuous discharge and 1C for con-
tinuous charge) was put into a climatic chamber to con-
trol its equilibrium temperature. A Bio-Logic system was
used for tests (VSP-300), with a 20 A booster for cur-
rent values of 20 A and below. For higher currents, we
used a 100 A booster. The precision of these devices is
0.1% of their full scales. The presented model parameters
have been extracted from EIS (Electrochemical Impedance
Spectroscopy) and GITT (Galvanostatic Intermittent Titra-
tion Technique) tests for different operating conditions.

During an EIS test, a sine wave is applied to the battery
and the variation of the voltage is divided by the variation
of the current in order to compute the impedance of the
battery. This process is repeated for different frequencies
in order to get the impedance spectrum of the battery. For
this study, EIS tests have been performed at -5 °C, 5 °C,
15 °C, 25 °C and 45 °C, with a C/10 current, at 50% SoC
and from 1 kHz to 10 mHz, with 6 frequencies measured
per decades.

A GITT test is a repetition of constant-current pulses
separated by rest periods (1 h was used or this study). The
electrical parameters can be extracted from each pulse, al-
lowing their determination as a function of the SoC. By
repeating this process for different currents and tempera-
tures, a characterization of the cell on its whole operating
range can be achieved.

GITT tests have been performed at the same temper-
atures and for the following currents : -100 A (2,5C dis-
charge), -80 A, -60 A, -40 A, -20 A,-10 A, -4 A, -2 A -1 A,
1A,/2A,4A, 10 A, 20 A and 40 A (1C charge). They
were made between SoC 62,5% and 87,5%, because the
OCYV curve is flat there, that is on a plateau that allows a
better separation of OCV and overvoltage.

It is reminded that the SoC dependency has been al-
ready studied for this LiFePO,/graphite cell (40 Ah) and
is not considered here [15].

3.2. Rsury determination based on EIS for near-zero cur-
rents

The Nyquist plots of the obtained impedance spectra
are represented on Figure 2a and there is a zoom on the
high frequencies values area on Figure 2b.

The sum R; + Rgyry is determined in the middle fre-
quencies range (around 1 Hz and 10 HZ), where the arc of
a circle returns toward the real axis and the imaginary part
of the impedance reaches a local minimal value. There, the
real part of the impedance value is considered to be equal
to Rs + Rgyr¢. This process is used for each temperature.

In order to isolate R,y for a given temperature, the
R parameter value is required. It is assumed to corre-
spond to the minimal real value of the impedance spec-
trum as represented on Figure 2b [30]. This method has
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Figure 2: Examples of parameters Rs and Rgy,f extraction from
EIS results at different temperatures, from 10 kHz to 10 mHz with
6 points per decade. (a) All impedance spectra and (b) zoom on
the high frequencies values area.

been satisfactory for the temperatures between 5 °C and
45 °C. By considering the shapes of the spectra for posi-
tive temperatures as references, we chose to consider three
EIS values as outliers for the highest frequencies at -5 °C.
Consequently, we used the fourth EIS value at -5 °C to
determine R, as represented on Figure 2b.

3.8. Rgyry determination based on GITT

Extracting Rgyry from a GITT test requires to sep-
arate different contributions to the battery voltage, as
stated in the introduction. A typical voltage response of a
LiFePQy/graphite cell to a GITT current-pulse has been
reproduced on Figure 3 as a function of the time. The
OCV and all of the five parameters, including R, can
be extracted from this curve by fitting the ECM of Figure
1 to the voltage response [19].

e U, is the voltage value before the current pulse, as-
suming the cell is at equilibrium (measured) ;

3,39 r
ST a7
A3,36 - + }
> Tsurf(l' T)
()
g
S Rsurf(lﬁ T)
> 333 Ros(1,T) [~
= RS + RSqu + Rd
R(T)
a0 | | > Up(S00)
0 1 2 3 4
Time (min)

Figure 3: Example of parameters extraction from a GITT result for
the studied cell. Their determination is made for several current
and temperature values.

e R, is the instantaneous voltage change at the very
beginning of the pulse (this value is extracted from
EIS measurements, see section 3.2) ;

o R,y is the overvoltage related to the fast dynamic
that occurs during the first tenths of second of the
pulse (obtained by fitting);

e Tsurf corresponds to the same fast dynamic at the
beginning of the pulse (obtained by fitting) ;

e R, is measured indirectly from the quasi-steady state
resistance Rgg (Equation (13)), the latter being cal-
culated using the overvoltage value at the end of
the pulse (assuming it was long enough for a quasi-
steady state to be reached) [19]. This result is used
as an initial value for the model fitting.

e T4 is determined from the voltage response dynamic
(obtained by fitting) ;

RQs(SOC, T) = RS(SOC, T)

+ Rourf(SoC, T) + Rq(SoC,T) (13)
For this study, the focus is to determine Rgy.¢ in the
most accurate way. It has to be noted that a long GITT
pulse voltage-response may not correspond exactly to the
diffusion dynamic of the ECM and, thus, that the determi-
nation of the diffusion part may be biased. This can lead
to a biased determination of Rgyrs and 7eurr. To avoid
this potential issue, we chose to fit the ECM only on the
first 20 seconds of the pulse voltage-response (Figure 4).
We used this time frame for the diffusion process to be
sufficiently long for it to be fitted easily, but short enough
for the voltage response not to be “deformed”. Consider-
ing that the fit is done only on the first 20 s of the pulse,
it is assumed that the cell temperature remains constant
and is equal to the climatic chamber temperature.
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Figure 4: Example of parameters extraction from the beginning of
a GITT result for the studied cell (discharging pulse at C/20, 5 °C,
between SoC 62.5% and 87.5%).

The example of the Figure 4 represents the surface
resistance determination for a discharging pulse at C/20
(2 A), 5°C. The resistance R, that has been extracted from
EIS is reported on the curve, along with the value Ry, ¢
determined by fitting the ECM to the measurements. Un-
surprisingly, the latter is close to the value obtained thanks
to EIS, that is 9.65 m€Q). The 7y, value of 27 ms corre-
sponds to a characteristic frequency of 6 Hz that is in
accordance with the corresponding frequency range in the
EIS data. The fast dynamic of diffusion at the beginning
of the pulse is in accordance with theory (see the end of
subsection 2.1).

Some operating points of the GITT tests lead to an
overvoltage inferior to 10 mV for first few seconds of the
pulse and the ECM could not be fitted properly to these
measurements. This corresponds to the following operat-
ing conditions: 1 A at 5 °C, 2 A and below at 15 °C, 4 A
and below at 25 °C, 4 A and below at 45 °C. These points
from GITT cannot be used, but this is compensated by
the EIS data that provide a good characterization at low
current.

4. Separating charge transfers an SEI contribu-
tions of a LiFePOQ,/graphite cell

4.1. Fitting the proposed non-linearities model to the ex-
perimental data

The results of the R,,,s determination (by EIS and
GITT) are presented on Figure 5 for different tempera-
tures and as functions of the current (positive current val-
ues are for charging conditions). The experimental values
extracted from GITT are represented by circles and the
ones from EIS are represented by triangles. There is a
good correspondence between EIS and GITT results for
near-zero currents. These data have been fitted to the

model proposed in this study (Equation (12)) and the op-
timized model predictions have been represented as solid
lines on Figure 5.

There is a good agreement between the data and the
proposed model (root mean squared error is 0.33 mf2).
The fitting parameters have been reported in Table 1. The
values of the parameters at 25 °C are 0.47 m$) for Rge;
and 32.5 A for the exchange current Iy. The correspond-
ing “charge transfers resistance” Rq o at 25 °C, as it is
defined for EIS analysis for a near-zero currents (see Equa-
tion (14)), is 0.79 mS? [29]. Considering that the studied
battery is already several years old, it is not surprising to
find a SEI resistance that is significant compared to the
charge transfers resistance. Finally, the sum of Rg.; and
Ret0 is 1.26 mS2, which is close to the measured value by
EIS (5% lower than 1.33 mf2).

Value at 25 °C | Activation energy
Rgei 0.47 mQ 0.59 eV
Iy 325 A 0.81 eV
(Ret0) (0.79 mf)

Table 1: Fit parameters for the surface resistance Rgys model of
the Figure 5a, corresponding to Equation (12). The calculus of
Rct,0, corresponding to Equation 14, is included.

RT
Rct,O (T) = FIO (T)

The activation energy E, s¢; related to Rge; is 0.59 eV,
which is close to the value found in literature (0.52 eV
according to Pinson et al. [27]). The activation energy
Eq 1, related to Iy is 0.81 eV, which is higher than the
values reported in the literature (between 0.52 to 0.73 eV
[29, 31, 32, 33]). This could be explained by the way the
values found in the literature have been measured and we
discuss this in the section 4.2. Based on the results, we
consider that the model proposed in this study is experi-
mentally validated.

The contributions of the charge transfers and the SEI
to the battery voltage have been represented on Figure 6
by the corresponding non-linear resistances, respectively
R.: and Rg.; (see Equation (12)). According to the pro-
posed model, the charge transfers contribution R is the
largest for near-zero currents. For the studied battery,
R¢; does not significantly depends on current at 25 °C
and 45 °C. However, at 15 °C and for lower temperatures,
it decreases quickly when the current increases. Conse-
quently, the SEI contribution Rse; becomes the largest at
low temperatures (5 °C and below) and high currents (1C
and above). These operating points are thus interesting
for the SEI growth tracking.

(14)

4.2. Discussions

The authors would like to emphasize that the acti-
vation energies that are measured for the graphite-anode
charge-transfer (same as E, j, in this study) in the cited
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Figure 6: Separated contributions of the charge transfers and the
SEI to the battery voltage, represented by the corresponding
non-linear resistances R.; and Rge;, as functions of the current and
for different temperatures.

references embed both charge transfer and SEI contribu-
tions to the anode impedance. In order to truly com-
pare our results with the literature, we determined the
activation energy related to the Rg.,; values determined
by EIS from -5 °C to 45 °C. By fitting these values to
an Arrhenius law, we found a so-called surface-resistance
activation-energy of 0.71 eV. This value lies in between
E, 1, (0.81 V) and E, ;i (0.59 eV') and is more in ac-
cordance with the literature data (between 0.52 to 0.73 eV
[29, 31, 32, 33]). A proper separation of charge transfer
and SEI activation energies might lead to higher values for
the charge transfer of graphite anodes, like in this study.

As the balance between charge transfers and SEI contri-
butions is likely to change during this battery lifetime be-
cause of SEI growth, an evolution of the “surface-resistance
activation-energy” may occur.

It is noteworthy that the bell-shape of the surface resis-
tance is narrower for lower temperature (Figure 5). At -5
°C, it is so narrow that even values at C/10 (4 A) are signif-
icantly smaller than the near-zero currents value of Ry, .
This makes the EIS measurements questionable, because it
has been made with a current amplitude of C/10. Hence,
the “small perturbation” hypothesis that is required for
EIS measurements could be affected. This could be solved
with an EIS test using a sufficiently reduced current for the
lowest temperatures. Unfortunately, this could not have
been done with the studied cell because his SEI resistance
value had already significantly increased by the time we
realized this issue. We consider that the possible underes-
timation of the EIS value at -5°C does not challenge this
study conclusions.

From the results of Figures 5 and 6, we can infer that
GITT measurements are sufficient to fit the proposed non-
linearities model and, thus, to separate charge transfers
and SEI. Assuming that an initial calibration of the model
is done for a pristine cell and that it is embedded into a
BMS, it seems achievable to do an online recalibration of
the model parameters based on current pulses at different
temperatures during operation (the lowest temperatures
being the best). Nevertheless, several factors may impact
the extraction quality of R,y from the BMS measure-
ments and would have to be carefully studied, namely:
potentially low sampling frequency, sensors accuracy, mea-
surement noise, inaccurate separation of R,y and the
diffusion part (see Figure 4).



5. Conclusion

The contributions of both electrodes charge transfers
and of the anode SEI have been associated with one of the
parameters of a simple equivalent circuit model (ECM),
the so-called surface resistance Rgyrs. The experimental
determination of this parameter has been presented. It
is based on GITT tests made from C/40 to 2.5C) and
on EIS tests for near-zero currents. This experimental
characterization has been carried out on a commercial
LiFePQy/graphite prismatic cell. The determination of its
surface resistance has been done over most of its operating
range, from -5 °C to 45 °C and from 2.5C in discharge to
1C in charge.

A method has been proposed to separate the contribu-
tions of charge transfers and SEI that are mixed inside the
surface resistance parameter. This method is based on an
analytical model of the surface-resistance non-linearities
regarding current and temperature. It is inspired by the
Butler-Volmer relation in which the SEI contribution has
been included in accordance with the literature. The ther-
mal dependencies of the current exchange and the SEI
equivalent resistance, using the Arrhenius law, have been
justified and included into the non-linearities model.

Using the proposed model, the charge transfers and
SEI contributions to the studied cell voltage have been
separated with a satisfactory accuracy. They are charac-
terized by their respective values at 25 °C and activation
energies, that is four parameters. The activation energies
of the SETI and charge transfers resistances are respectively
0.59 eV and 0.81 eV, which is in accordance with literature
data. We showed that the contribution of the charge trans-
fers to the surface resistance is major for low currents and
low temperatures. Concerning the SEI contribution to the
surface resistance, we demonstrated that it is dominant at
high current and low temperature for the studied cell.

By construction, the proposed method is not specific
to LiFePO,/graphite batteries and should be applicable
to other battery electrodes inside of which the same elec-
trochemical phenomena occur. In particular, the proposed

approach is based on the assumptions of a negligible cathode-

SEI contribution and of charge transfers that do not de-
pend on SoC. By allowing the separation of charge trans-
fers and anode SEI contributions, it allows to track the SEI
growth of a battery during its lifetime in a non-invasive
way. It would be expected for the activation energies to
remain the same but for the SEI resistance, at least, to
increase when battery is aging. This article approach may
thus be interesting for a finer analysis of a battery state of
health during aging studies.

After an initial calibration, the proposed model could
be embedded in a BMS and, based on high current pulses
at low temperature during the normal operation of a bat-
tery, it may be possible to recalibrate the model and thus
estimate the SEI or charge transfer resistance evolution.
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