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Internal Impedance in Determining Usability of Used
Lithium-Ion Batteries in Second-Life Applications

Minh Tran , Jussi Sihvo , and Tomi Roinila

Abstract—Li-ion batteries have become key energy storage de-
vices in powering various industrial processes and consumer prod-
ucts. Increased demand for Li-ion batteries has raised environmen-
tal issues because most of the batteries are landfilled upon reaching
end of life. However, studies have suggested that most of the used
Li-ion batteries can be reused in second-life applications. Battery
state parameters such as the state-of-health (SOH) and state-of-
charge (SOC) are typically used for assessing the performance. The
SOH is particularly useful in predicting the remaining life cycle
of the battery and selecting suitable second-life applications for
reuse. However, measuring the SOH can be difficult using existing
technology. Recent studies have shown that a battery’s internal
impedance can be used to determine the SOH of the battery. This
paper demonstrates the applicability of the internal impedance
in evaluating the SOH and suitability of used Li-ion batteries in
second-life applications. Experimental measurements from several
commercial Li-ion batteries are shown and analyzed. The work is
a revised and extended version of a presentation at ECCE2022 [1].

Index Terms—Ageing, correlation analysis, electrochemical
impedance spectroscopy, fourier methods, Li-ion batteries, second
life.

I. INTRODUCTION

L I-ION batteries have become key energy storage devices
in powering electric vehicles, consumer electronics, and

various industrial products. The wide applicability of Li-ion
batteries is attributed to the battery high-performance properties
such as high energy density and high power density [2]. The
global Li-ion battery market size is projected to reach approxi-
mately 100 billion euros by 2030 [3]. As a result, development
of the recycling processes for Li-ion batteries plays an important
role to the sustainable future of the technology. Efficient battery
recycling have significant effects to many areas including the
supply chain of raw manufacturing materials and reducing the
environmental impact of battery waste [4].

Despite the increasing production of Li-ion batteries, battery
recycling is currently limited [5]. Approximately 95 percent
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of all Li-ion batteries are landfilled instead of recycled upon
reaching end of life. Landfilled batteries may catch fire or pro-
duce hydrogen fluoride formation if the electrolyte is exposed to
water. Such environmental impacts prevent a sustainable future
for Li-ion batteries. However, studies suggest that almost 95
percent of the battery waste could be recycled as raw material
recycling or as battery reuse in second-life applications [6].
Second-life reuse of Li-ion batteries applies particularly to elec-
tric vehicle waste batteries. The performance of battery storage
in electric vehicles is usually considered unsuitable when the
storage capacity degrades to less than 80 percent of the original
capacity [7]. Second-life battery capacity produced by electric
vehicles is estimated to hit over 275 GWh per year, which
presents huge opportunities for different energy storages [8], [9],
[10]. One example would be to reuse the capacity as grid-level
storage devices. Although sophisticated technologies exist for
extracting and recycling usable minerals from used cells, there
are currently no feasible methods for determining cells that are
still usable.

In second-life applications, the remaining storage capacity
of a battery is an important performance indicator, which is
typically indicated by the battery state-of-health (SOH). The
SOH indicates the storage capacity of the battery in reference
to the nominal capacity and can be used to study the battery
suitability to a second-life application [11], [12]. In practice,
however, obtaining the SOH directly is challenging [13].

Studies have shown that useful information about the bat-
tery state-of-health (SOH) can be obtained using the battery’s
internal impedance [14], [15], [16], [17], [18], [19], [20]. A
conventional method for obtaining the impedance is to apply
electrochemical impedance spectroscopy (EIS) in which sinu-
soidal perturbations are injected on top of the battery nominal
output current to produce output voltage responses. The resulting
battery voltage and current are measured and analyzed using
Fourier methods to obtain the battery impedance at various
frequencies. While the EIS produces an accurate measurement of
the impedance, the method is limited to laboratory environment
due to impractical and costly implementation; this is due to the
construction of sinusoidal waves requiring many signal levels
and each single sinusoidal wave contains energy for only a single
frequency.

Recent studies have proposed broadband methods, such as the
pseudo-random binary sequence (PRBS), to measure batteries’
internal impedance [21], [22], [23]. The PRBS is a broadband
signal that contains energy at several frequencies in a single
period. Therefore, applying PRBS excitation to measure the
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Fig. 1. SOH curve of a Li-ion cell life cycle.

impedance can be done in a fraction of the time required in
traditional EIS applications. In addition, as the PRBS is in a
binary form, the excitation is very easy to generate in practice
using a low-cost signal generator, the output of which can only
deal with a small number of signal levels [24].

This paper demonstrates the applicability of using the internal
impedance in evaluating used Li-ion batteries performance for
second-life applications. Several commercial Li-ion batteries
were tested in the experiments. Simple statistical analysis was
applied to examine the relationship between the impedance and
second-life performance of the batteries.

The remainder of the paper is organized as follows. Section II
provides theoretical basis for the ageing mechanisms of the
battery and how they are related to the lifecycle. Section III
presents the methods for battery impedance measurement and
analysis. Section IV presents experimental measurements based
on several commercial Li-ion battery cells. Finally, Section V
draws conclusions.

II. THEORY

The life cycle of a Li-ion battery can be divided into several
stages: mining of raw materials, battery manufacturing, first-life
application, second-life application and the raw-material extrac-
tion at the recycling factory. Raw-material extraction can then be
succeeded by battery manufacturing to form a circular economy.
Fig. 1 conceptually demonstrates a part of the full life cycle of a
Li-ion battery cell, during which the cell operates as an electrical
energy storage device, in terms of cycle number and the SOH.
The SOH is typically expressed as a percentage of the maximum
storage capacity at the time of the measurement out of the rated
capacity [25]. Typical examples of first-life applications can be
found in electric vehicles. The first life of a battery spans from the
first cycle until the capacity loss reaches more than the 20 percent
limit that is conventionally used by the automotive industry [7].
After the first life, the cell is disposed of for recycling or reused in
second life. Second-life applications can include energy storages
for grid-connected photovoltaic power systems. As the SOH
reaches the aging knee point, charge capacity drops rapidly
and the cell is considered unusable [12], [26]. The second-life
viability of a Li-ion battery cell can be evaluated based on the
amount of charge the cell can supply before reaching the aging
kneepoint.

Li-ion battery degradation is characterized by the loss of en-
ergy storage capacity and power capability over time. The level
of degradation is typically described by measurable parameters
such as charge-capacity fading and increase of the battery cell
internal resistance [25], [27], [28], [29]. Loss of capacity and
increased internal resistance are caused by various naturally-
occuring aging processes such as corrosions of electrode mate-
rials, increasing thickness of the solid-electrolyte interface (SEI)
layer, electrolyte depletion [29], [30], [31]. External factors such
as high load current, high temperature, overvoltage and over-
discharge accelerate the speed of the aging processes, which
leads to a shorter lifetime.

The most dominant aging mechanism in a Li-ion battery cell is
the growth of the solid-electrolyte interface (SEI) layer, which
takes place at the surface of the negative electrode [29], [32],
[33]. As the cell charges and discharges many cycles over time,
the thickness and coverage of the SEI layer increase by consum-
ing both the negative electrode and the electrolyte material as a
result of various reduction processes [34], [35]. Although the SEI
layer serves as a stabilizing substance for the cell which ensures a
long-term performance by reducing electrolyte decomposition,
it consumes the lithium ions inventory as it grows, resulting in
a loss of charge capacity of the cell. Increased SEI thickness
also results in higher inhibition of ionic flow, and thus higher
internal resistance over time. Besides the composition of the
negative-electrode and the electrolyte material, the formation of
SEI layers also depends on external factors such as temperature
and concentration of electrolyte salt [35].

The main degradation mechanism at the end of the usable
lifetime of a Li-ion battery is the formation of lithium dendrite, or
lithium plating [36]. Lithium dendrites are formed on the surface
of the SEI layers due to the uneven distribution of ionic flow and
ionic concentration in the electrolyte and in the electrodes. The
lithium plating process is magnified at high charge/discharge
current and at low temperature [29]. When the dendrite is long
enough, it reaches through the separator and short-circuits the
two electrodes with electronic flow. The short circuit results
in a thermal runaway, which is highly dangerous as the fire is
self-sustainable.

As Fig. 1 demonstrates, the cell SOH experiences an initial
rapid drop in the beginning due to the increasing consumption
of lithium ions by the SEI layer [27]. The speed of capacity
fading then reduces and stabilizes as the cycle life continues. The
decreased speed of capacity fading is related to the stabilization
of the SEI layer, which inhibits further decomposition of the
electrolyte material, resulting in a fairly linear drop of capacity as
the cycle number progresses [32], [33]. Other factors including
corrosion of the electrodes and electrolyte decomposition also
takes part in the capacity fading during the usable lifecycle of
the battery. As the lifecycle progresses, the SOH reaches the
aging kneepoint, where the maximum charge capacity suffers a
sudden rapid drop [37], [38]. At this point, the rate of capacity
fading changes from linear to nonlinear and the aging knee is
typically associated with excessive formation of lithium dendrite
beyond a stable limit. Identification of the aging knee provides
a termination condition for second-life operations of a Li-ion
battery cell.
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Fig. 2. Nyquist plot of a Li-ion battery impedance.

Fig. 3. Conceptual battery impedance measurement setup.

III. METHODS

Studies have shown the use of the battery cell internal
impedance as a convenient SOH indicator [14], [15], [16], [17],
[18], [19], [20]. The internal impedance gives direct information
of the dynamic states inside a battery cell, based on which
useful state parameters can be derived. Fig. 2 shows a typical
impedance spectrum of a Li-ion battery in a Nyquist plot.
The imaginary axis is usually inverted so that the capacitive
characteristic of the impedance is shown in the first quadrant
of the complex plane. Several regions of the impedance curve
can be defined based on the frequency ranges, where each
describes a different set of physical phenomena in the battery.
Starting from the right-hand side of the diagram, low-frequency
diffusion processes in the electrodes, typically less than a few
hundred mHz, are represented by a 45◦ rising line. In the middle
range of frequency, which ranges from a few hundred mHz to
a few kHz, semicircular arches are formed by the dynamics of
the SEI layer and the charge transfering in the electrolyte. At
higher frequencies, ohmic and inductive behavior dominates and
describes the overall dynamics of the battery.

A. Measuring the Impedance

The basic principle for measuring the battery cell internal
impedance is demonstrated in Fig. 3. An external current distur-
bance is applied to charge and discharge the battery based on an
excitation waveform to produce a voltage response at the battery

Fig. 4. Randles battery impedance equivalent circuit model.

terminals. The excitation can be designed to excite the battery
at a range of frequencies. The resulting battery current and
output voltage are measured, and Fourier transform is applied
to the measured signals to obtain the spectral information of the
impedance.

The battery’s internal impedance is conventionally mea-
sured by applying electrochemical impedance spectroscopy
(EIS) [39]. In the method, the battery is perturbed by sinusoidal
waves of current at various frequencies as demonstrated in Fig. 3,
and the impedance is obtained in the frequency domain using
Fourier methods. However, the EIS is difficult to implement
in practice due to the signal construction of sinusoidal waves
requiring many signal levels. Another limitation is that single-
frequency injection based on sinusoidal waves takes a long time
to measure for the whole impedance bandwidth.

Recent studies have demonstrated broadband methods based
on pseudo-random binary sequence (PRBS) perturbations to
measure the battery impedance in real-time [21], [22], [23],
[40]. In the methods, the battery under test is charged and
discharged according to the PRBS excitation as demonstrated
in Fig. 3. The voltage and current responses are measured and
Fourier transform is applied to obtain the impedance in the
frequency domain. Measuring the impedance using the PRBS
significantly reduces the measurement time compared to the
conventional EIS as the signal carries spectral energy at several
frequencies in a single period. In addition, because the PRBS is
in binary form, the excitation can be easily injected to the battery
current [24].

B. Equivalent Circuit Modeling

Equivalent circuit modeling is a popular and practical ap-
proach in the dynamical analysis and control of Li-ion bat-
teries [19], [41], [42]. An equivalent circuit model (ECM)
can accurately approximate the dynamics of a battery while
requiring inexpensive computational resources [16], [43]. The
experimental method applied in this paper utilizes a circuit
model as shown in Fig. 4, based on the Randles ECM popularly
used for modeling chemical batteries [44].

The circuit in Fig. 4 consists of an equivalent series induc-
tor (L0), an equivalent series DC resistor (R0), and a paral-
lel resistor-nonlinear-capacitor group (R1 and (C1, α1)) which
represents the mid-frequency range charge-transfer processes.
The capacitor component (C1, α1) in the circuit is a non-linear
component called the constant-phase element (CPE) that ap-
proximates the double-layer capacitance of the solid-electrolyte
layers [45]. The impedance of the CPE as a function of frequency
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Fig. 5. Impedance measurements of a Li-ion battery cell using EIS and PRBS.

Fig. 6. Impedance measurement setup.

ω is given as

ZCPE(ω) =
1

(jω)α1C1
(1)

where α1 (0 < α1 ≤ 1) is called the suppression factor of the
semi-circular arch formed by the parallelR1 and CPE. The ECM
parameters are often empirically estimated by fitting the non-
parametric impedance measurement of the battery to the circuit
model using nonlinear complex least-square method [46].

IV. EXPERIMENTS

A. Verification of PRBS-Measurement Method

The first experiment was conducted to verify the applied
PRBS-measurement technique. Fig. 6 depicts the measurement

setup used to obtain the battery cell impedance. In the mea-
surement, a current excitation is injected into a battery cell
(LG-HE2-18650) by the bi-directional power supply according
to the designed waveform. Both the PRBS and the conventional
EIS-method were applied to measure the impedance. The PRBS
excitation amplitude was selected as 0.5 A and the generation
frequency was selected as 6 kHz. The measurement using PRBS
was done in two separate sub-measurements. The first mea-
surement covered the bandwidth from 0.5 Hz to 100 Hz and
the second measurement covered the bandwidth from 100 Hz
to 2 kHz. The cell voltage and input current were measured by
the measurement card. The Fourier transform was then applied
to the measured voltage and current to obtain the spectral data
of the internal impedance.

Fig. 5 shows the impedance measurement using both the
PRBS and the EIS (reference). As the figure shows, the
impedance obtained by the PRBS accurately follows the ref-
erence in a wide range of frequencies.

B. Second-Life Emulation Experiment

Several experimental measurements were carried out to
demonstrate the effectiveness of the battery internal impedance
in evaluating the battery SOH. A set of 12 used battery cells were
collected at a recycling plant that has been used in a first-life
application. The model of the cells is LG ICR18650 MF1
which is a rechargeable cylindrical Li-ion battery cell type with
lithium-cobalt-oxide (LCO) as the positive-electrode material
and graphite as the negative-electrode material, a polymer-based
porous membrane as the electronic separator and a composi-
tion of lithium salts dissolved in organic solvents as the elec-
trolyte [47]. The cells are designed for light-weight electric
vehicle applications, presumably retrieved from a battery pack
of an electric scooter or bicycle. The cells have 2150 mAh
nominal charge capacity and 1.075 A standard charge current.
The previous history in the first-life application of the cells is
unknown.

1) Impedance Measurement: The internal impedance of
each battery cell was measured in the beginning of the exper-
iment at room temperature (22 ◦C). The PRBS excitation was
used in the experiment using the same parameters as in the first
experiment. Fig. 7 shows the measured impedance of the cells
in a Nyquist plot.

2) Accelerated Aging: Accelerated aging process was ap-
plied to all the battery cells at room temperature (22 ◦C) using re-
peated full charge/discharge cycling. For each charge/discharge
cycle, constant-voltage-constant-current (CV-CC) charging
method at the full-charge voltage of 4.2 V, charge current of
1.75 A (0.8 C) and the termination current of 50 mA was applied
to charge the cell from 0 percent SOC to 100 percent SOC.
During the discharge, constant-current (CC) discharge method
at the discharge current of 1.75 A (0.8 C) and the cut-off voltage
of 2.75 V was applied to discharge the cell from 100 percent SOC
to 0 percent SOC. Before each charge-cycle, the cells rested at
zero percent SOC for 30 minutes in order to stabilize their tem-
perature and thermodynamic states. Maximum charge-capacity
value was recorded for each cell at every cycle which is then used
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Fig. 7. Impedance measurements of used Li-ion battery cells.

for computing the state-of-health (SOH) by calculating the ratio
of the measured capacity and the nominal capacity (2150 mAh).
The cells were cycled up to 800 cycles. Fig. 8 shows the SOH
for each cell as a function of cycle number. The cycling of cells
M1 to M4 stopped as early as 40 cycles due to exceptionally
rapid loss of capacity and were categorized as low-quality cells.
For the other cells in the experiment, the SOH values remained
above 70 percent up to 600 cycles. Cells M7 and M8 started
to reach the aging kneepoint, as reflected by a suddenly rapid
loss of SOH as early as 600 cycles, while the other cells showed
relatively linear capacity fading, indicating longer usable life.

C. Correlation Analysis

The experimental results from Figs. 7 and 8 can be combined
to draw conclusions about the relationship between the cell inter-
nal impedance values and the cells aging behavior. An equivalent
circuit model (ECM) as depicted in Fig. 4 was applied to model
the battery dynamics. A non-linear least-squared fitting method
for complex number was applied using MATLAB Optimization
Toolbox to fit the measured impedance data to the circuit model
parameters:L0,R0,R1,C1 andα1. The fit is then plotted against
the impedance measurement data for verification. Fig. 9 shows
the plot of the measured impedance and the ECM fit for cells
M2 and M10 as an example.

A correlation analysis was applied to give insights into the
relationships between the internal impedance and the aging of
the batteries. The correlation coefficient is a parameter that
indicates the level of a linear association between two random
variables expressed as

r =
cov(X,Y )

σXσY
(2)

where r is the coefficient, cov(X,Y ) is the covariance of the ran-
dom variables X and Y , and σX , σY are the standard deviations
of X and Y , respectively. The correlation coefficient value is
always between -1 and 1, in which the closer absolute value of the

Fig. 8. State-of-health (capacity fading) of the cells during the cycling.

coefficient is to 1 the higher chance that the variables are linearly
associated to each other. Similarly, the closer the coefficient
value is to zero the more likely it is that the variables are
independent and unrelated to each other. A positive correlation
coefficient indicates that, when mapped together, the variables
tends to simultaneously increase or decrease with each other and
a negative coefficient indicates that the variables tends to move
in opposite directions with each other.

The certainty of a correlation coefficient is typically evaluated
using the standard error of correlation coefficient given as

σr =

√
1 − r2

n− 2
(3)

where σr is the standard error andn is the sample size. A smaller
standard error indicates a more confident linear correlation as
described by the coefficient.

Three parameters obtained from the capacity measurement
result were used to characterize the aging effect of the battery:
the SOH at the end of the cycling (SOHfinal), the overall loss of
SOH over the whole cycling period (ΔSOH), and the average
speed of loss of SOH (ΔSOH

Δcycle ) defined as the average SOH loss
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Fig. 9. Impedance curves of the impedance measurement data and the equiv-
alent circuit models of cells M2 and M10 at selected frequency harmonics.

per cycle

ΔSOH
Δcycle

=
SOHinitial − SOHfinal

Total number of cycles
(4)

The final SOH values for each cell were taken from the capacity
measurement of the last cycle, except for cells M7 and M8 where
the last SOH values were taken at the 600th cycle.

The ECM parameters were correlated against the SOH-related
parameters by computing the correlation coefficients to examine
the linear relationships between the impedance parameters and
the SOH. The open-source Julia computing environment and
its libraries were used in the calculation of the correlation
coefficients. The standard errors of the coefficients were also
obtained using the same platform. In addition to computing the
coefficients for all the cells, the analysis was applied to smaller
subsets of the whole dataset based on the observation that some
cells have very similar DC resistance values (crossing points on
the horizontal axis in the Nyquist diagram located closely to
each other). In particular, subset S1 consists of cells M1 to M4,
subset S2 consists of cells M5 to M8 and subset S3 contains
cells M9 to M12. The following subsets were also defined to
increase the confidence of the correlation analysis result: S12,
which contains cells M1 to M8; S23, which contains cells M5 to
M12; and S13, which contains cells M1 to M4 and M8 to M12.
The whole dataset is denoted as S.

Table I shows the correlation coefficients of the ECM param-
eters against the SOH-based parameters (with standard errors
shown in the parentheses) where only the relationships with
all-positive or all-negative coefficients across the subsets S, S12,
S23, and S13 are shown. The table indicates that the internal
DC resistance R0 shows very high correlation to both the final
storage capacity (SOH) and the average speed of capacity fading
(speed of SOH loss). Fig. 10 visualizes the relationships between
the internal DC resistance and the SOH with a linear regression
for each plot.

TABLE I
CORRELATION COEFFICIENTS OF EQUIVALENT CIRCUIT PARAMETERS AND

AGING PARAMETERS FROM MULTIPLE SUB-DATASETS

Fig. 10. Linear regressions of mappings between DC resistance R0 and aging
parameters.

TABLE II
CORRELATION COEFFICIENTS OF EQUIVALENT CIRCUIT PARAMETERS AND

AGING PARAMETERS FROM SUB-DATASETS WITH SIMILAR DC RESISTANCE

VALUES

Table II shows the correlation coefficients of the ECM param-
eters against the SOH-based parameters where only all-positive
or all-negative correlations across the subsets S1, S2, and S3 are
shown (with standard errors shown in the parentheses). It can be
seen from the table that, for cells of similar DC resistance values,
the charge-transfer capacitance C1 may potentially be used to
indicate the speed of capacity fading due to the consistently high
correlations across the datasets.
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TABLE III
INTERNAL RESISTANCE AND CHARGE-TRANSFER CAPACITANCE ECM

PARAMETERS OF CELLS M5 → M12

D. Analysis of Degradation Processes

The degradation processes can be analyzed by using the
experimental results. As shown in Fig. 8, cells M1 to M4
(low-quality cells) showed very rapid loss of charge capacity and
were discarded early on in the cycling experiment. However, the
SOH of these cells dropped linearly with the cycle number. A
similar observation was made for cells M9 to M12. The capacity
fading curves of these cells were linear, which indicates that
the dominant degradation process has been the consumption of
lithium-ions due to the growth of the SEI layer [32], [33]. On
the other hand, the capacity loss of cells M5 to M8 showed
as nonlinear and less predictable curves, which implied less
dominant effects by the (thinner) SEI layers. As a result, other
degradation processes including electrode corrosions and elec-
trolyte depletion had more significant effects to the aging of such
cells. Nevertheless, the thinner SEI layers resulted in cells M5 to
M8 retaining more charge capacity (higher cycling efficiency)
than the other cells during the cycling process. By the end of the
experiment, the SOH curves of cells M5, M6 and M9 to M12
have the potential to extend by several hundreds of additional
cycles into the future. Cells M7 and M8, however, experienced
the aging knees around the 600th cycle. The aging knees of
these cells indicate that lithium plating became the dominant
aging process after the occurrences of the kneepoints.

The results of the correlation analysis has provided informa-
tion from which the initial cell impedance spectra can be linked
to the occurred aging processes. Table III shows the relevant
ECM parameters of cells M5 to M12 (high-quality cells) based
on the results of the correlation analysis. The charge-transfer
resistance (R1) was also included to show the relations between
the SEI layer thickness and the aging of the cells. It can be seen
that group S2 (cells M5 to M8) have lower values for all the
parameters compared to group S3 (cells M9 to M12). The thinner
SEI layers of group S2 are reflected in smaller charge-transfer
capacitance (C1) and smaller charge-transfer resistance (R1).
Within group S2, cells M7 and M8 have smaller charge-transfer
capacitance (C1) but higher charge-transfer resistance (R1) than
M5 and M6 which indicates a thicker but a lower level of
porosity in the SEI particles. A relatively high-thickness with
low-porosity SEI layer indicates a low-kinetic charge-transfer
process, which is a precondition to lithium plating. It was also
observed that cells M7 and M8 has the lowest values of charge-
transfer capacitance (C1) compared to all other cells in the whole
dataset. The differences in SEI layer degradation of cells within a
battery pack might be due to uneven thermal distribution, which
led to different SEI formation temperatures [34].

Considering group S1 (cells M1 to M4), it is clear from Fig. 7
that they have the highest internal resistance (located farther
into the right-hand side of the complex plane) and performed

TABLE IV
INTERNAL RESISTANCE AND CHARGE-TRANSFER CAPACITANCE ECM

PARAMETERS OF CELLS M1 → M4

the worst. However, the charge-transfer capacitance (C1) and
resistance (R1) of these cells have similar magnitude to group
S2 but with slightly less resistance as shown in Table IV. This
could imply that while the speed of degradation for group S1
is fast, their SEI layer remains sufficiently stable and could be
utilized in a low-power second-life application.

E. Cell Sorting Procedure

Battery energy storage applications are typically classified
based on the energy and power capability requirements. Based
on the analysis and experimental results, a systematic method
for sorting of used cells based on their impedance characteristics
for suitable second-life applications is proposed as follows.

1) Measure the battery cell impedance
2) Formulate the ECM and obtain the ECM parameters from

the impedance measurement
3) Classify potential applications based on the impedance

characteristics:
� Low internal resistance → High-power applications
� High internal resistance → Low-power applications
� Low charge-transfer resistance and capacitance → High-

energy long-term storage applications
� High charge-transfer capacitance → Long-term storage

applications
� High charge-transfer resistance and low charge-transfer

capacitance → High-energy applications
The proposed procedure is a qualitative method based on

the experimental results using the given dataset. However, in
practice, the sorting protocol applied should use well-defined
threshold values to sort the cells into the suitable applications
with more complex requirements. The practical sorting proto-
col should be developed based on a much larger experimental
dataset.

F. Discussion and Future Work

The experiment has shown that some parameters of the
impedance ECM such as the DC resistance R0 and charge-
transfer capacitance C1 can be used to give predictive infor-
mation of the battery cells capability to operate in a second-life
application. However, the experimental work has certain limi-
tations as follows. The information of first-life operation of the
test cells were unknown when the experimental work was carried
out. Such information could provide useful information about
the cell performance. While the initial impedance measurement
was measured and used in the analysis, the evolution of battery
impedance as the battery cycling proceeds may also play a
critical role in determining the future SOH. For example, it
was not straight-forward based only on the initial impedance
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measurements to apply predictive analysis to determine the
approaching knees of cells M7 and M8. The size of the dataset
(12 battery cells) is very small which affects the confidence of
the statistical inference analysis. Finally, while the opinionated
selection of ECM parameters in the analysis has given satis-
factory results, it may not be suitable in practice and is still
subjected to fitting optimization errors. Such limitations from
the experimental work will be addressed in the future work on
the topic.

V. CONCLUSION

This paper has demonstrated the use of the battery internal
impedance measurement in efficiently evaluating the battery
SOH in a second-life application. Experimental measurements
of commercial battery cells impedance were applied using
broadband methods and accelerated aging. Experimental re-
sults and analysis have shown correlation between the internal
impedance and second-life storage capabilities of Li-ion battery
cells. The applied method can be used, for example, to rapidly
measure a large number of end-of-life battery cells and to define
their applicability for second-life applications. The future work
will include more experimental studies for a larger number and
different types of battery cells.
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