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Abstract—Lithium-ion (Li-ion) batteries have become key
factors in powering various consumer products and industrial
loads. However, the increase in battery production has raised
environmental issues as approximately 95 percent of Li-ion
batteries are landfilled upon reaching end of life. Studies suggest,
however, that almost 95 percent of Li-ion batteries could be
recycled, for example, in second-life applications. A conventional
method to characterize a battery is to use the battery state-of-
charge (SOC) and state-of-health (SOH). These quantities can
be used for predicting the remaining battery life cycle and for
selecting reusable batteries. However, measuring the SOC and
SOH is difficult using existing technology. Recent studies have
shown that the SOC and SOH can be evaluated using the battery
internal impedance. This paper demonstrates the applicability of
the internal impedance in evaluating the suitability of used Li-ion
batteries in second-life applications. Experimental measurements
are shown from several commercial Li-ion batteries.

Index Terms—batteries, energy storage, impedance measure-
ment, second-life applications

I. INTRODUCTION

The number of applications involving Li-ion batteries has

rapidly increased in recent years. The global Li-ion battery

market size is projected to reach approximately 100 billion

euros by 2030. However, this number only applies mainly to

the technology based on automotive and renewable energy pro-

duction. For example, mining equipment industry is expected

to reach 115 billion euros in 2025, and half of the equipment

sold in 2025 will have on-board Li-ion battery packs [1].

Approximately 95 percent of all Li-ion batteries (1M tons’

worth per year) are landfilled instead of recycled upon reach-

ing end of life. The main reason is behind the fact that most

industrialized recycling processes are limited and only capable

of recovering raw materials. Li-ion batteries in landfills may

catch fire or, if the electrolyte is exposed to water, hydrogen

fluoride formation can occur. All of these are non-options for

a sustainable future. However, studies suggest that almost 95

percent of the battery waste could be recycled [2]. This number

includes the material recycling as well as the battery recovery

for second-life applications. The latter one applies particularly

on Li-ion batteries used in electric vehicle applications in

which the battery is considered no longer suitable for the

vehicle when it degrades less than 80 percent of its original

capacity [3]. It is estimated that second-life battery capacity

produced by electric vehicles will soon hit over 275 GWh per

year which presents huge opportunities for different energy

storages [4]–[6]. One option would be using this capacity in

grid-level storage devices. There are sophisticated technologies

to extract and recycle usable minerals from used cells, but

there currently exists no feasible method to determine cells

that are still usable.

Li-ion batteries can be dynamically characterized by using

the battery state-of-charge (SOC) and state-of-health (SOH)

[7], [8]. However, obtaining these quantities directly is dif-

ficult. For example, the battery capacity, which is required

for the SOH estimation, is challenging to measure when the

battery is operating due to relatively long measurement time.

Usually, the capacity must be estimated using the voltage,

current and temperature measurements after which an aging

model is applied [9].

Studies have shown that the battery SOH strongly depends

on the battery internal impedance [7]. The impedance is

shown to be affected by the battery aging mechanisms at

different frequencies, and therefore, the impedance provides

a highly potential method to analyze the battery capacity

and power capability. As the impedance can be measured

without breaking the battery, the method can be conveniently

performed in real time.

This paper demonstrates how the battery internal impedance

can be used to provide predictive information about the battery

viability for second-life applications. Several experimental

measurements are shown by using used commercial Li-ion

batteries. The main goal is to provide a method which can

be utilized for a battery SOH estimation based on impedance

measurement. The results can be applied both in on-board



applications where the battery is analyzed in real time or in

analysis of used batteries in defining their capability to operate

in a second-life application.

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.

Section IV presents experimental measurements based on

several commercial Li-ion battery cells. Finally, Section V

draws conclusions.

II. THEORY

Cycle number

SOH

1st-life0 2nd-life

80%

100%
Stabilization point

Ageing kneepoint

Raw-material
recycling

Fig. 1: SOH curve of a Li-ion cell life cycle.

Fig. 1 demonstrates a conceptual life cycle of a Li-ion

battery cell in terms of cycle number and SOH, typically

expressed as a percentage of the current maximum storage

capacity out of the rated capacity [10]. The life cycle can

be divided into three parts: first-life application, second-life

application and the final raw-material extraction at the recy-

cling factory. First-life applications typically include electric

vehicles and consumer electronics. First life spans from the

first cycle until the capacity loss reaches more than the typical

20% limit. After that, the cell is disposed of for recycling or

switched to second-life use. Second-life applications can be,

for example, energy storages for grid-connected photovoltaic

power systems. Once the SOH reaches the ageing kneepoint,

upon which the positive feedback of degradation causes a rapid

drop in charge capacity, the cell is considered unusable [11],

[12]. Second-life viability of a Li-ion battery cell can then

be characterized by the amount of charge the cell can supply

before reaching the ageing kneepoint.

Li-ion battery degradation is characterized by the loss of

energy storage capacity and power capability over time. The

degradation is typically described by measurable variables

such as charge-capacity fading and increase of the battery

cell internal resistance [10], [13], [14]. Loss of capacity and

increased internal resistance are caused by various naturally-

occured ageing processes such as corrosions of electrode

materials, increasing thickness of the solid-electrolyte interface

(SEI) layer and lithium plating. External factors such as high

load current, high temperature, overvoltage and overdischarge

accelerate the speed of the ageing processes and consequently

lead to shorter lifetime.

The most dominant ageing mechanism in a Li-ion battery

cell is the growth of the solid-electrolyte interface (SEI) layer

that exists between carbonaceous negative-electrode materials

such as graphite and the electrolyte solution inside the cell.

As the cell charges and discharges many cycles over time, the

thickness and coverage of the SEI layer increase by consuming

both the negative electrode and the electrolyte material. The

SEI layer, although serves as a stabilizing substance for

the cell, consumes the lithium ions inventory as it grows,

resulting in more loss of charge capacity of the cell. Increased

SEI thickness also results in higher inhibition of ionic flow,

hence higher internal resistance overtime. Increased internal

resistance leads to decreased efficiency, lower power output

limit and decreased safety margin.

The main degradation mechanism at the end of the usuable

lifetime of a Li-ion battery is the formation of lithium den-

drite, or lithium plating. 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 or high temperature. 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 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 inside the cell structure

[13]. The speed of capacity fading then reduces as the SEI

layer thickens and stabilizes. SEI stabilization inhibits further

decomposition of electrode materials, resulting in a fairly

linear drop of capacity as the cycle number progresses. As

the lifecycle continues, the SOH reaches the ageing kneepoint

where the maximum charge capacity suffers a sudden rapid

drop. At this point, the rate of capacity fading changes from

linear to nonlinear. The ageing knee is typically associated

with excessive formation of lithium dendrite beyond a stable

limit [15]. Identification of the ageing knee based on internal

resistance gives a termination condition for second-life oper-

ations of a Li-ion battery cell.

III. METHODS
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Fig. 2: Conceptual battery internal impedance measurement

setup.



Studies have shown the use of the battery cell internal

impedance as a convenient SOH indicator [16]–[20]. The

internal impedance provides direct information of the dynamic

processes inside a battery cell which gives useful information

about the battery states. The impedance can be easily found

by measuring the cell current and voltage signals. The basic

principle for measuring the battery cell internal impedance

is demonstrated in Fig. 2. An external current disturbance is

applied to charge and discharge the battery. This produces a

voltage response at the battery terminals. The resulting current

and output voltage are measured, and Fourier transform is

applied to obtain the spectral information of the impedance.

Fig. 3: Nyquist plot of a Li-ion battery impedance.

Fig. 3 shows a typical impedance spectra of a Li-ion

battery as a Nyquist plot. The imaginary axis is most often

inverted so that the capacitive characteristic of the impedance

is shown in the first quadrant of the complex plane. The curve

can be divided into different regions that signify different

electrochemical processes in the battery. At low frequencies,

typically less than a few hundreds mHz, diffusion processes

dominate the electrodes and are represented by a 45◦ rising

line in the Nyquist plot. In the mid-frequency region, ranging

between several mHz to a few KHz, semicircular arches rep-

resenting the charge-transfer (CT) region and the SEI region

characterize the movement of ions between the electrodes,

the SEI layers and the electrolyte. At higher frequencies, the

impedance values enter the ohmic and inductive region where

the inductive behavior describes the overall dynamics for the

conduction parts of the battery.
The battery internal impedance is conventionally obtained

by applying electrochemical spectroscopy (EIS) [21]. In the

method, the battery is perturbed by sinusoidal waves at various

frequencies. The conventional EIS, however, is difficult to

implement in practical applications due to many signal levels

and long measurement time. Another method to estimate the

battery internal impedance is by applying hybrid pulse power

characterization (HPPC) current test profile to collect the time-

domain voltage response, the values of which can be used to

deduce internal resistance and equivalent capacitance value of

the cell [22]. The method is simple in practice but can be

inaccurate and cannot be used at extreme cell SOC conditions

due to high disturbance current amplitude.

Recent studies have presented impedance-measurement

methods based on broadband perturbations [23]–[26]. In the

methods the battery under test is perturbed by periodic binary

signals such as the pseudorandom binary sequence (PRBS).

Measuring the impedance using the PRBS significantly short-

ens the measurement time compared to the traditional EIS

as the signal carries energy at several frequencies in a single

injection period. In addition, as the PRBS is in binary form,

the signal can be generated using low-cost signal generators

the output of which can only cope with a small number of

signal levels [27].

IV. EXPERIMENTS

Several experimental measurements were carried out to

demonstrate the effectiveness of the battery internal impedance

in defining the battery SOH. The batteries under test were

obtained from a recycling plant making them ready for second-

life application testing. The cells have 2050 mAh nominal

charge-capacity and 1.075 A standard charge current.

Bi-directional power supply

Measurement card

Li-ion battery cell

Current sensor

Computer

Voltage sensor

Fig. 4: Impedance measurement setup

The internal impedance of each cell was measured in the

beginning of the experiment. Fig. 4 demonstrates the exper-

imental setup used to obtain the battery cell impedance. As

the experiment starts, an excitation voltage signal is generated

by the measurement card (NiDAQ USB-6363). The generated

signal is transformed into current injection (idisturbance) by

the bi-directional power supply (KEPCO BOP 50-20MG)

acting as a controlled current source. In order to obtain

rapid impedance measurement, PRBS excitation was used.

The PRBS amplitude was selected as 0.5 amperes and the

generation frequency was selected as 6 kHz. The injection was

done in two separate injections. The first injection covered

the measurement bandwidth from 1 mHz to 10 Hz and the



second injection from 10 Hz to 2 kHz. The cell voltage and

input current were measured by a voltage sensor (coaxial cable

connected directly to the cell terminals) and a current sensor

(Tektronix TCPA300). The measured signals were collected by

the measurement card at 480 kHz sampling rate. Finally, the

measurement card sent the collected signals to the computer

for signal processing. The Fourier transform was applied to

the measured voltage and current to obtain the spectral data

of the internal impedance.

Fig. 5: Impedance measurements

Fig. 5 shows the measured impedance curves of the cells

shown in a Nyquist plot. The cell internal resistance, typically

found around 1 kHz, is marked as black crosses on the real

axis. Ageing acceleration process then starts for all the cells

at standard charge/discharge current level (0.5C) and at room

temperature (25◦C). One charge/discharge cycle is equivalent

to fully discharging a cell from 100% SOC to 0% SOC, and

then charging the cell back to 100% SOC. Maximum charge-

capacity value was recorded for each cell at every cycle. The

cells were cycled up to 800 cycles.

Figs. 6a - 6b show the maximum charge-capacities for each

cell as a function of cycle number. Cells M1 to M4 have

shorter cycling due to rapid loss of capacity during the cycling.

Otherwise, the capacity values of the other cells remain above

70 percent of the initial value up to 500 cycles. Some of the

cells start to reach the ageing kneepoint as reflected by a more

rapid loss of capacity as early as 500 cycles, while the other

cells showed relatively linear capacity fading, indicating longer

usable life.

Fig. 5 clearly shows the relation between the impedances

and capacity values of the cells shown in Figs. 6a - 6b. For

example, cells M3 and M4 lose their capacity faster than any

other cell. At the same time their impedances have the largest

real parts, that is, they are located more on the right side of

the complex plane. Cells M1 and M2 have slightly smaller

real parts and they also lose capacity slower than M3 and M4.

Cells M5 to M8 on the other hand have the smallest real parts

and their capacity remains higher compared to other cells. The

impedances of cells M9 to M12 are located in between on the

(a)

(b)

Fig. 6: Capacity drops of a) poor cells and b) other cells.

complex plane and their capacity fade is also in between the

values of other cells.

Fig. 7: Relation between the cell internal resistance and SOH.

Fig. 7 shows the measured initial internal resistance values

against the remaining charge capacities of the cells at the

end of the second-life application. A quadratic-polynomial



curve was also fitted to the data to map the relation between

internal resistance and the remaining charge capacities up to

500 cycles, where the ageing kneepoints of cell M7 and M8 are

reached. The remaining capacities of the cells are comparable

as the cells have the same nominal capacity (2050 mAh).

Based on the result, it can be concluded that the higher the

initial internal resistance value at the time of the measurement,

the faster a cell loses its charge-capacity at the end of the

second life. In addition, the quantities follow a quadratic

relationship.

V. CONCLUSION

The internal impedance of a li-ion battery has been shown

to provide a key information of the battery SOH. This paper

has demonstrated the use of the battery internal impedance

measurement in evaluating the battery SOH in a second-

life application. Experimental results have shown a clear

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 batteries and to define their applicability for

second-life applications. The future work on the topic will

include more experimental studies for different types of battery

cells, at different charge/discharge currents and temperatures.

Experimental data will also be collected and analyzed to

explore different mapping models between battery degradation

and the internal impedance.
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“Experimental assessment of cycling ageing of lithium-ion second-life
batteries from electric vehicles,” Journal of Energy Storage, vol. 32, p.
101695, 2020.

[16] A. Eddahech, O. Briat, N. Bertrand, J.-Y. Delétage, and J.-M. Vinassa,
“Behavior and state-of-health monitoring of li-ion batteries using
impedance spectroscopy and recurrent neural networks,” International
Journal of Electrical Power & Energy Systems, vol. 42, no. 1, pp. 487–
494, 2012.

[17] M. Kassem, J. Bernard, R. Revel, S. Pelissier, F. Duclaud, and C. Dela-
court, “Calendar aging of a graphite/lifepo4 cell,” Journal of Power
Sources, vol. 208, pp. 296–305, 2012.

[18] H.-F. Yuan and L.-R. Dung, “Offline state-of-health estimation for
high-power lithium-ion batteries using three-point impedance extraction
method,” IEEE Transactions on Vehicular Technology, vol. 66, no. 3,
pp. 2019–2032, 2016.
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