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Abstract— The aging behavior of lithium cell has a profound
impact on its performance in terms of energy, power efficiency
and capacity fade, especially when it is considered in End of Life
(EOL) in automotive field. Lithium battery is considered in
EOL if at 85-80% of nominal capacity. Today, the reusing of
Electric and Hybrid Vehicles EOL batteries on less-demanding
grid connected energy storage applications, giving them a
second use/life, is an interesting solution to reduce high potential
cost of lithium batteries. Currently, there is a lack of
investigation of the performances of these second life batteries.
In this paper, authors show the results of the impedance
spectroscopy of 20 Ah lithium NMC batteries after EOL, exactly
at 100, 85, 80, 60 and 50% of rated capacity, in a wide range of
frequency: 450 mHz to 3.5 kHz. By results, there are many way
to correlate battery state of health and battery impedance
spectroscopy, especially when the battery is in second life.

Keywords— Lithium cell, Impedance spectroscopy, State of
health, Second life battery, grid connected energy storage
applications, Randles model.

I. INTRODUCTION

Nowadays, battery electric and hybrid vehicles (EVs and
HEVs) have a role central to play in Europe’s transition from
fossil fuels to renewable energy, reducing the greenhouse gas
emissions. Lithium batteries, due to high power and energy
capability, high efficiency long cycle and calendar life, are
established in the automotive market. There is a large scale
production and technical improvement for lithium batteries
[1][2]. Nevertheless, their high cost is one of the major
impediment to increase the market share of EVs and HEVs.
Among several solutions, e.g. recycling [3], development of
advanced electrode materials and electrolyte solutions [4], the
reuse of EV/HEV Li-lon batteries after their End-Of-Life
(EOL), giving them a second life, is one of the major
promising solution to decrease the high cost of these batteries
today. EV and HEV lithium batteries are considered in EOL
if at 85-80% of nominal capacity. Second-life batteries are
still expected to be capable of storing, delivering substantial
energy and to meet the requirements of a stationary
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applications. Today, car manufacturers are using the second
use option in an attempt to expand their portfolio and enter in
the stationary battery market. In cooperation with utility
companies, they are launching several battery second life
pilot projects. Summary of these projects is presented in [5].
Currently, several studies are focused on the analysis of the
economic, technical and environmental matters of battery
second life [6][7]. However, there is an increasing need to
investigate in depth the potential of using second life batteries
for stationary. One of the key challenge related to second life
batteries is that the battery behavior and in particular the
aging phenomena after first life are not clear known for the
different battery chemistries. Therefore, there is a lack of
reliable and accurate battery models to assess the
applicability of second life batteries into stationary
applications. Battery models can be divided in many groups.
Electrical models depending on a Thevenin equivalent
circuit, adding many R-C groups in series, are usually used,
because they solve the trade-off between model complexity
and accuracy [8][9]. In literature these models are so-called
Electrical Circuit Models (ECMs). However, ECM
accurately describes the electrical behavior of the battery
while presenting limited physical meaning in its parameters.
Instead, many chemical-physical properties of lithium
batteries can be observed by Electrochemical Impedance
Spectroscopy (EIS) technique [10]. EIS consists of measuring
battery impedance in a wide range of frequency. Analyzing
several electrochemical battery internal processes with
different frequencies, there is the possibility to assess battery
SOC [11] in low frequency, internal temperature [12] and
SOH [13][14] in high frequency. This paper is focused on the
analysis of battery SOH based on EIS measurement at
different states of battery ageing and battery SOC. In
particular, four different EOL Li-lon Nickel-Manganese-
Cobalt (NMC) batteries with different SOHs will be under
test, measuring impedance and analyzing their chemical-
physical properties in the following frequency range: 450
mHz to 3.5 kHz. The paper is structured as follows: Section



IT shows the battery EIS and battery modeling in frequency
domain, Section I1I shows laboratory test setup for EIS, tested
battery cells with their history, Section IV shows the obtained
EIS experimental results, arriving to the conclusions (Section
V).

II. ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY

A. Theory

The general principle of impedance spectroscopy is to
apply a frequency-controlled sinusoidal signal, in current i,
on the battery. Measuring its voltage response v, EIS is
performed evaluating the variation of amplitude (or
magnitude) and phase shift between battery voltage-current.
Considering the battery as a Linear and Time-Invariant (LTTI)
dynamic system and the exciting current as a stochastic
stationary process, battery impedance Z(w) should be

calculated in according to (1), considering w=2nf the angular
frequency [15]:

2wy = 2D (1)

Where @, (w)is the battery input current Power Spectral

Density (PSD) and @, (@) is the Cross-PSD (CPSD) between
output voltage PSD and input current PSD. Monitoring real
Re[Z(w)] and imaginary Im[Z(w)] part of the estimated

impedance, its magnitude and phase shift are evaluated for
each frequency w. In this paper, authors use broadband input
current excitation signal, in particular, Pseudo Random
Binary Sequence (PRBS) signals. The main advantage of this
signal is its flat PSD in at least one decade of frequency range.
Thus, exciting battery with PRBS current signal, it is possible
to estimate battery impedance in a wide frequency range with
less energy consumption and test time, finally validating the
previous assumption of battery system as LTI. More details
about theory and simulation results of this fast identification
method are shown in [16].

B. Battery modeling

Usually, EIS results are presented in Nyquist diagram,
comparing real impedance values with the negative of the
imaginary impedance values, because lithium batteries
showed ohmic-capacitive feature in the major part of
interested frequency range. Fig.1 shows the general shape of
battery impedance in Nyquist diagram. It presents five
different well identifiable dynamic internal processes which
occur simultaneously during battery operation. Concerning
battery EIS analysis, electrical Randles circuit models are
usually used to reproduce similar Nyquist diagrams [17].
There are many circuit configurations in [18]. Fig.1 shows the
Randles circuit model adopted in our study. This circuit
introduces Constant Phase Elements (CPE), which improve
the match between the fit and the experimental battery EIS
measurement in frequency. Its transfer function is described

by (2):
1

Z cpg P
W= Goro,

2)

CPE describes partially a capacitive behavior. It includes two
parameters: capacitance Q and a, where a € [0,1]. This last
parameter is called depression factor. Usually CPE is used in
parallel with a resistance R in order to present in Nyquist
diagram semi-ellipses arcs, which are common features for
impedance in the battery electrode/electrolyte [19]. In a
parallel R-CPE configuration, transfer function is described
in according to (3):

R

= 3
R/ICPE 1+T(ja))a 3)

Where t = QR. It’s noticeable that the impedance (3) for a
equal to 1, describes an ideal RC component, represented in
Nyquist diagram by a semi-circumference, while for =0 (3)
represents a static resistance. More details about CPE are
reported in [18]. As mentioned previously, CPE will be used
in the circuit configuration adopted for battery EIS
description, and the parameters are as follows presented in
relation to Fig.1.

¢ Ohmic and connectors impedance (R,,L): At the

highest frequency, an inductive behavior L is
observed due to reactance of battery connectors. At

zero-crossing frequency, Ohmic resistance R, is

evaluated. The current delivered/supplied by the
battery comes with voltage drop due to current
collectors, active material, electrolyte and separator

[10], represented by R, .

e SEI film (Ry;,CPE,): The first semi-ellipses is

associated with the growth of the so-called Solid-
Electrolyte-Interphase (SEI) film on the electrode
negative  surface. During cycling, partial
decomposition of the active material at the electrolyte
surface is observed, creating a solid layer between
anode and electrolyte [19], causing an increase of

battery internal resistance R, . Usually, a
R, ,CPE, branch is wused to model this
phenomenon.

e Charge transfer phenomena and double layer
capacitance (R.;,CPE,; ): The second semi-
ellipses is associated to the charge transfer resistance
R, and double layer capacity CPE,,. The first

parameter corresponds to the resistance in the charge
transfer between electrodes and is often attributed to
the Butler-Volmer kinetics of the reaction [11][17].
The double layer capacitance is the -electrical
representation of the electrode-electrolyte interface,
which is proportional to this area [19].

e Diffusion process (CPE, ): at lowest frequency, it is

noticeable the damping effect on the electroactive
species related to the mass transport [19] that
modifies the electrochemical potential. The most
common parameter for modeling diffusion behavior
is the Warburg impedance. In this work, we consider
the infinite Warburg element transfer function, which
is equal to (3), fixing the depression factor a to 0.5
(in Nyquist diagram it means a bisector):
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Fig. 1. Reference spectrum of Li-lon cell in a wide frequency range and
battery EIS modeling.

Thus the complete battery impedance transfer function
presented in this work is in according to (2)-(4):
R

SEI +
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C. Electrical Randles circuit model identification
From experimental EIS data Z,  obtained in a defined

frequency range f € [ f,,,, f}., ] - authors define the parameter

identification by the battery impedance model in according to
(5). This model is Non Linear in the Parameters (NLIP). In
this paper, the parameters B=[L,R,,R-,Q,, .0, Ry,
Qgpr> %y, Q] are identified so that battery impedance

model (5) best fit the experimental data, minimizing the
following sum of square prediction error:

Shigh

Y, Re[Z,,, 7 f)]=Re[Z,,, 27 )]’

.| =S iow
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The solution of the identification of the NLIP model, that
minimizes (6), should be solved using the Levenberg-
Marquardt algorithm (LMA). The LMA finds only local
minimum, so it requires an accurate choice of the initial

parameter vector £ (Table I).

TABLE L INITIAL MODEL PARAMETER VALUES USED FOR
BATTERY IMPEDANCE IDENTIFICATION
Parameters Numeric Values Unit

L 10°® H
Rq 102 Q
Rer 102 Q
Oser 1 F

asgl 0.5 /
Rer 102 Q
[ 10 F
Opr 0.5 /
On 1000 KF
aw 0.5 (fixed) /

III. EXPERIMENT DESCRIPTION

A. Battery cell under test

The battery under test is a Li-lon NMC Cathode pouch cell
type, having a nominal capacity of 20 Ah. The EIS test is
performed on five cells of the same manufacturer [20], but at
different State of Health (SOH). In this paper, battery SOH is
considered by the variation of battery capacity compared to
its ideal condition, in this case, 20 Ah. Current battery SOH
is defined in Table II. It’s noticeable that battery n. #3-#8
should be considered in automotive field as in EOL,
therefore, ready for possible second life use.

TABLE II. BATTERY CELL SOH
Battery Capacity State of Health

no. evaluated

#0 20Ah 100%
#3 16Ah 80%
#4 17Ah 85%
#5 12Ah 60%
#8 10Ah 50%

The EOL cells (#3-#8) were subjected to 4 different cycle life
test, composed by constant-current (CC) and, finally,
constant-voltage (CV) charging (0.5C, where C is nominal
capacity); followed by discharging phases, interspersed with
pauses, at a room temperature of 35°C [21]. A summary of
these cycle life test is presented in Table III. Cycle life tests
were carried out in ENEA research center [21] from 2015 to
2017. More details about these tests are given in [21][22].
Afterwards, the cells have not been used for about 2 years,
and have been storage in the same conditions (in a not
thermally controlled environment). Finally, after few
preconditioning cycles, cell capacity are evaluated and shown
in Table II.

TABLE IIL CYCLE LIFE TEST

. Last

Battery | Discharge | Depth of Performed .
. capacity

no. C-Rate Discharge | cycle number kK

estimated
#3 3 80-20% 2550 15.14 Ah
#4 5 80-20% 2000 15.09 Ah
#5 1 90-10% 2400 12.91 Ah
#8 3 90-10% 1600 15.48 Ah

B. Laboratory Test setup

All the EIS measurement are performed with the lab test setup
shown in Fig.2. Firstly, battery is excited in current using the
PRBS signal, generated by the low-cost programmable
hardware presented in [23], in the frequency range from 450
mHz to 3.5 kHz. Current amplitude of excited PRBS signal
is selected in relation to the capacity of the cell under test:
this value was assessed in order to maintain the battery SOC



variation and the internal temperature excursion very low
[10], but maintaining the SNR between measured signal and
noise high [16], thus ensuring good accuracy and that the
battery system could be considered as LTI system. In this
work, current amplitude value is equivalent to 0.3C, where C
is the current battery capacity. The DSpace MicroLabBox
DS1202 has been used as battery voltage, current and
temperature data measurement and acquisition, with a sample
time of 20 kHz.

EIS laboratory test setup

UNIFI Battery Tester
{Excitation PRBS in current)

Dspace MicroLabBox
(Battery Voltage, Current and

|
|
I
|
I
Temperature measurement) |
|
|
|
|

Battery Impedance

L(w)= -

D(w
( ) Matlab

(Data Post-Processing)

Fig. 2. Laboratory test & measurement setup.
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Fig. 3. Measured battery impedance results on cell #5 (SOH 60%) at different
SOC.
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Fig. 5. Dependence of battery double layer capacitance at different SOC
(cell #5, SOH=60%).

IV. RESULTS

A. Analysis of battery EIS results at various SOC

In this subsection, the relationship between battery
impedance spectra with battery SOC is discussed. EIS test are
performed on NMC cells with lab-test setup shown in Fig.2
(more details in [23]), using PRBS excitation signal [16].
Every EIS test is performed with a SOC variation less than
2% and without temperature variation, thus working in the
fixed operating condition. In Fig.3 the evaluated impedance
spectra for the cell with SOH 60% are shown for 6 different
battery SOC. The shape of the impedance is similar for all the
SOC values. In particular, many considerations should be
highlighted at low frequency: it’s noticeable that the
amplitude of the semi-ellipses becomes very high at the
extreme part of the battery SOC window (2%, 100%). In
particular, the amplitude of the second semi-ellipse (defined
by the R.,,CPE,, ) increases, revealing an increase of

charge-transfer resistance, as shown in Fig.4, similar to other
cell chemistries [12][24]. Moreover, in Fig.4, the increase of

the R, is observed, whose value was smaller than R,
when the cell was in the begin of life [25]. Finally, the double

layer capacitance increases, when battery SOC is decreasing,
as shown in Fig.5.

B. Dependence of battery EIS results at various SOH

As mentioned in the introduction, EIS analysis allows us to
extrapolate much information about current battery chemical-
physical properties and battery SOH. Fig.6 shows the results
of evaluated battery impedance spectra on the cells under test
at fixed SOC=60%. It’s noticeable that a decrease of battery
SOH, so a battery degradation, implies a shift to the right of
the impedance spectra in the Nyquist diagram with respect to
the real impedance axes. This behavior corresponds to an
increase of the ohmic resistance R, proportional to the
battery capacity degradation, as it happens in its first life
[13][14][25]. Moreover, an increase of the two semi-ellipses
arcs are noticeable, in according to [11][12], more noticeable
as SOH decreases. In particular, the length of the two ellipses
semi-axes approximately corresponds to the sum of the SEI
and charge-transfer resistance (R, R,) [18], so an increase
of ellipses semi-axes corresponds to the increase of
(R, R ,) over battery lifetime. This phenomenon is present
also in the first life of the battery [25], but becomes more
evident in the second life, especially for the increasing of
R, . Since the aging effects are difficult to evaluate directly



from impedance spectra, further investigations of the
behavior of model parameters (5) are necessary. Given
impedance spectra and using Levenberg-Marquardt
algorithm, battery impedance model parameters are estimated
in according to (6) and are presented in the Fig.7,8 for second
life batteries.

Fig.7 shows that the ohmic, SEI and charge-transfer
resistance linearly increase during battery aging process
[25][26], especially Ra, Rser during battery second life. As
already mentioned, Rszr and Rer increase at the two extreme
windows of battery SOC, while ohmic resistance Rq remain
constant. Concerning second life, one of the more efficient
indicator of the battery SOH is the increase of the sum Rgz; +
Rcr, which value is approximately obtained as the sum of the
two semi-ellipses semi-axes length. In order to obtain a
complete representation of these semi-ellipses, authors
suggest to measure impedance spectra at least in two decades
of frequency range: from 1Hz to 1kHz. This frequency range
is only indicative for this kind of cell. Finally, Fig.8 shows a
decrease of battery double layer capacitance represented by
the CPE (Qpr, apr), which shows also a linear trend respect
to battery SOC. This result does not agree with [26] and
partially agrees with [14]. This is probably because it is
difficult to evaluate the Op; parameter directly by impedance
spectra without using a non-linear parameter identification
method with experimentally measured impedance data in a
wide frequency range (at least from 2 mHz to 5 kHz [26]).
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Fig. 6. Measured battery impedance results on NMC cells with different
SOH, at fixed battery SOC=60%.
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V. CONCLUSIONS

This paper has investigated on the lithium battery performance
in EOL, for second life application, through EIS, validating
the suitability of this technique to diagnose battery
degradation.

To this scope, five 20 Ah NMC cells, one considered as new,
and other four in EOL, were tested, measuring EIS for
frequency range 450 mHz to 3.5 kHz at different SOCs.

The influence of aging on the batteries has been investigated
with the parametrization of battery impedance circuit model
based on Randles circuit, by experimental impedance data.

Results indicate that the parameters Op;, Rse, Rer vary with
battery SOC. However, Qp; is difficult to directly evaluate,
and, although Rsg, Rer are simply to identify by impedance
spectra, their value change majorly only at the extreme of SOC
window. Thus battery EIS should be not considered as a
valuable method to identify battery SOC.

Instead, resistance parameters Ro, Rsz, Rer increase with the
battery degradation. In particular, battery SOH is well
identifiable, especially in second life, by the length of the
ellipses semi-axes (Rser + Rer), which value should be simple
to evaluate.
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