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Abstract—Understanding Li-ion batteries’ dynamic and com-
plex electrochemical behavior presents significant challenges in
battery diagnostics and prognostics. To deal with these challenges,
researchers rely on electrochemical impedance spectroscopy
(EIS), which offers valuable insights into the electrochemical
phenomena within the battery. This paper investigates the sig-
nificance of resting or relaxation time in obtaining stable and
reproducible EIS measurements. This paper identifies the impact
of battery rest time by analyzing the voltage and temperature
behavior for different impulse discharge rates at various battery
states of charge (SOC) levels. In addition, the influence of test
current level and battery rest time on EIS measurements is
studied. Adequate rest time enables the battery to reach a
stable equilibrium, minimizing transient effects and ensuring
reproducibility. At the same time, optimal current amplitude
selection enhances the signal-to-noise ratio and facilitates accu-
rate impedance spectrum interpretation, minimizing the influence
on the battery state. The findings of our study improve the
accuracy and reliability of battery diagnostics and contribute
to the understanding of battery system dynamics.

Index Terms—Measurement, Electrochemical Impedance Spec-
troscopy (EIS), Li-ion batteries, Relaxation Time, State of Charge
(SOC0).

I. INTRODUCTION

The contribution of the European Union (EU) to reducing
greenhouse gas emissions is significant. The EU set a target
for 2030 to reduce its greenhouse gas emissions by 55% below
the level in 1990 [1]. Despite significant efforts to reach this
target, the EU is still one of the world’s largest emitters of
greenhouse gases, behind China, the United States, and India
[2].

The energy sector (oil, gas, coal, etc.), transportation, and
agriculture are the primary sources of emissions in the EU
[3]. Batteries are an essential technology in the shift towards
a more sustainable energy system with less emissions [4].
Electrification of the transportation systems is a great solution
to minimize the dependency on fossil fuels and decrease
greenhouse gas emissions. As illustrated in Fig. 1, the majority
(77.6%) of small and medium-sized enterprises (SMEs) in
North-West Europe (NWE) involved in the field of energy
storage systems (ESS) focused on batteries and specifically
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Fig. 1. Energy storage technologies provided by SMEs within the North-
West Europe (NWE) regions. Data adapted from [8]. It is apparent that
electrochemical storage systems are the most preferred energy storage solution
(77%) of the SME:s that are involved in the same. Chemical storage constitutes
the next majority (11.20%) followed by mechanical storage systems (6.2%).

on Li-ion batteries. The urgent need to use batteries on a
large scale also brings several challenges related to battery
performance, lifetime, measurement, safety, etc [5], [6]. One
of these challenges is associated with the battery’s complicated
electrochemical behavior [7].

Unfortunately, the methods that can provide information
on these electrochemical processes are rather limited. Elec-
trochemical impedance spectroscopy (EIS) is one of the
most promising techniques, which measures the electrical
impedance of the battery as a function of frequency [9].
The impedance spectra in the different frequency regions can
be modeled with electrical components that reflect different
internal processes.

The results from the EIS measurement are rich in informa-
tion that, by a proper interpretation, can be used to have an ac-
curate electrical equivalent circuit model (ECM) [10]. To have
this information, it is necessary to perform the measurement
under proper conditions [11]. One very important condition
is related to the battery equilibrium condition. A steady state
condition in batteries refers to a stable operating condition
in which the battery’s voltage, SOC, and temperature remain
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constant over time. Steady-state condition in batteries happen
when it is not under charge/discharge, and their dynamic
characteristics are not changing. During the charge/discharge
process, even a simple charge/discharge pattern constantly
changes the dynamics of the battery.

Achieving a steady state condition is vital for evaluating the
performance and state of a battery. For instance, a steady state
condition allows for accurate measurements of the battery’s
internal parameters, leading to an accurate equivalent circuit
model and estimation of the battery condition. This is critical
to ensure a safe and efficient battery operation. This paper
investigates the importance of adequate rest time in battery
EIS measurements to enhance the validity and reliability of
the resulting EIS data.

This paper is structured as follows: Section II discusses the
principal methodology from the theoretical background of EIS
measurement and the test set-up based on the paper’s main
objectives. Section III shows the results based on different
measurement scenarios and discusses the achieved results.
Finally, Section IV draws some conclusions based on the
results obtained and indicates further steps to improve this
research.

II. METHODOLOGY

This study focuses on the investigation of the battery
steady state behavior using EIS for different load profiles
on two different battery types: Lithium-Nickel-Manganese-
Cobalt-Oxide (NMC) and Lithium-Manganese-Oxide (LMO)
cells. An Arbin LBT battery test system is utilized to define
and perform the cycling process. The measurement setup and
the data acquisition system are shown in Fig. 2. Multiple
measurable parameters were collected during the charge and
discharge processes in order to gather a comprehensive high-
resolution dataset. These parameters included terminal voltage,
charge/discharge current, surface temperature, ambient temper-
ature, dc internal resistance, and ac impedance. Data collection
occurred at one-second intervals to ensure a high-resolution
dataset.

The collected data enabled a thorough investigation of bat-
tery measurement under different cycling conditions to ensure
accurate and detailed measurements, contributing to a robust
assessment of battery behavior and operating performance.

A. Electrochemical Impedance Spectroscopy (EIS)

EIS becomes a vital technique in the characterization and
analysis of Li-ion batteries. This technique involves applying
a small amplitude ac current signal to the battery electrodes
over a range of frequencies, typically from mHz to kHz, while
monitoring the resulting voltage response, which is called
galvanostatic EIS.

Generally, the EIS spectra can be divided into three fre-
quency regions, as shown in Fig 3. Each region corresponds to
a specific phenomenon occurring inside the battery, such as the
diffusion process, solid-electrolyte interphase (SEI) formation,
and electrode reactions. Analyzing the impedance spectra in
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Fig. 2. Test setup for cycling, monitoring, and measuring the cells under test.
The setup includes an Arbin LBT battery cycler, a PicoLog TC-08 temperature
sensor, and a GAMRY 5000e potentiostat battery tester, which performs EIS
measurements during the cycling.

the frequency domain provides a comprehensive view of the
electrochemical processes inside the battery [12].

Even though the EIS technique is rich in information about
the electrochemistry in action inside the battery, it requires
precise measurement. One of the main criteria for a proper EIS
measurement is the causality of the system. This means the
measured signal should result solely from the injected signal
without being influenced by environmental and operational
conditions. Thus, performing measurements while the battery
is in equilibrium is crucial to achieve this. One key factor
in achieving this objective is defining a proper rest time
before the measurement. Regarding this matter, it is worth
emphasizing the critical significance of achieving both voltage
and thermal equilibrium.
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Fig. 3. Nyquist Plot of an ideal EIS measurement adopted from [10]. The
color map shows different frequency regions in which different electrochem-
ical phenomena are happening inside the battery.
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B. Voltage Relaxation Time

The time it takes for the battery’s voltage to settle after
disconnecting from the load, which is needed to perform
proper measurements on the battery, is called battery voltage
relaxation time. Measuring and understanding relaxation time
is crucial for the battery measurements in an acceptable range
of reliability and, secondly, to develop an accurate battery
model based on the measurements.

Voltage relaxation time (related to diffusion and charge
transfer electrochemical dynamics) is an important metric
to evaluate the battery’s performance since it can affect its
capability to deliver power and energy to an application using
the battery.

This study uses impulse currents with different C,ge to
discharge the battery at different SOC levels. Then, 1 hour
rest time is considered to monitor the voltage rise after
disconnecting the load from the battery, as shown in Fig. 4
and 5.

Proper determination of the relaxation time is an essential
part of the experimental methodology since any voltage fluctu-
ations during the EIS measurements can lead to inaccuracy and
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misleading interpretation of the results. In [13], the experiment
results on a specific Li-ion cell show a voltage deviation in the
mV range even after 20 hours of rest time for the battery. This
phenomenon occurs due to the continuous redistribution of
lithium ions within the cell following the charging/discharging.

The duration of the relaxation time depends on various
factors such as the current polarity (i.e., whether the battery
was discharged or charged), current rate ((Ciatc)), battery
state of health (SOH), and operating temperature. Notably,
low temperatures can reduce the ionic conductivity of the
cell, thereby slowing down the anode dynamics and increasing
the charge transfer resistance [14], thus leading to very long
relaxation times.

C. Thermal Equilibrium

Thermal equilibrium, apart from the voltage steady-state, is
also crucial for a proper EIS measurement since the battery
temperature significantly affects the battery parameters. The
lack of research on the influence of thermal instability on Li-
ion batteries during EIS measurements makes it challenging
to accurately quantify the impact of temperature variations
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Fig. 4. Voltage and temperature as a function of time during impulse current discharge at 1C, 2C, 3C, and 4C and subsequent relaxation for NMC cell at
50% SOC and at room temperature. The period of turn ON is kept consistent between the impulse discharges of 14 minutes for a fair comparison and the
temperature peaks attained are 24°C (1C), 25.5°C (2C), 27.5°C (3C) and 28.25°C (4C). This temperature peak difference also leads to the asymmetric

cooling rates observed in the four cases.
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and the associated inaccuracies and errors. Therefore, next
to the voltage measurement, the effect of temperature has
been investigated by monitoring the temperature behavior
of the cells after applying the impulse current at different
SOCs. The temperature variation in this study refers to the
battery surface temperature variation during the battery usage
(charge/discharge) in a stable environmental temperature.

In this paper, the approach to dealing with voltage and
thermal relaxation time and finding the optimal time is based
on empiric measurements. Measurements are performed on
two fresh NMC and LMO cells with different chemistry to
investigate the variation in equilibrium condition based on a
predefined charge and discharge profile at different C, .

III. RESULTS AND DISCUSSION

A. Voltage and Thermal Equilibrium

To investigate the battery’s voltage and temperature re-
sponse behavior, an impulse current discharge test has been
conducted at different C,4 and SOC levels. These tests
involved subjecting the battery to impulse currents of different
magnitudes while monitoring its voltage response and surface
temperature. Fig. 4 and Fig. 5 show the impulse current test
profile for the NMC and LMO cells and insights into the
respective battery’s behavior.
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As demonstrated, the higher C,t. results in a rapid initial
voltage drop and a slower relaxation toward a stabilized
voltage level. This means at a higher discharge current level:
the battery requires a significant amount of time to return
to a stable voltage state. This behavior also happens while
monitoring the surface temperature of the cells: the higher
C'ate results in a faster temperature increase within the battery,
leading to a longer relaxation time to reach the thermal
equilibrium. Moreover, the battery SOC also influences voltage
relaxation: at higher SOC, the battery’s voltage recovers faster
and vice versa. This also gives insights into considering SOC
while defining the battery rest time for proper and repeatable
measurement, especially EIS. Notably, the pulsed current’s
duration directly impacts the battery’s surface temperature
(increase) and its SOC (decrease), which in both scenarios
increases the duration of the rest time. Higher SOC is prefer-
able for conducting the EIS measurement to have precise
impedance spectra with a lower rest period.

This study defines the voltage recovery based on the vari-
ation rate, meaning the voltage variation should be smaller
than a specific value. In this regard, the voltage equilibrium
has been defined when the voltage variation remains below
0.01 mV. Similarly, the thermal equilibrium of the battery
is determined when the temperature variation remains below
0.01 °C and is either lower or equal to the ambient room
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Fig. 5. Voltage and temperature as a function of time during impulse current discharge at 1C, 2C, 3C, and 4C and subsequent relaxation for LMO cell at
room temperature and starting at 100% SOC. Analyzing the battery behavior shows the significance of the discharge current rate and SOC on the steady state

of the battery and the recovery time.
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temperature. Analyzing the results shows that this number for
NMC cells is 01:04 hours at 4C impulse from 75% till 50%
SOC in terms of temperature variation and 01:19 hours for the
LMO cells.

The battery’s aging also significantly affects voltage and
temperature equilibrium. As the battery ages, its internal
impedance gradually rises due to chemical changes in the elec-
trode/electrolyte interface in the anode, formation of passive
films in the cathode, loss of active materials, etc [15]. Increas-
ing the battery’s internal impedance will lead to the loss of its
capacity and potentially affect the voltage stability. Moreover,
a higher impedance results in increased heat generation during
battery operation, affecting thermal stability.

B. Significance of Rest Time in EIS Measurement

To perform the Galvanostatic EIS measurement, the inject-
ing current’s amplitude is a crucial parameter that affects the
quality of the measured impedance spectra, especially at low
frequencies. Fig. 6 illustrates Nyquist plots from the different
ac injected currents in different C\.¢o levels.

The injecting current should be small enough not to make
any change in the battery state or to cause non-linear effects.
A small amplitude ensures that the electrochemical system
remains linear and simplifies data analysis and interpretation.
It also minimizes any potential perturbation of the system,
making it closer to its actual operating conditions. At the
same time, a small current amplitude may result in weaker
signals [16], making it more challenging to distinguish from
noise. So, the injected current should be high enough to be
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measurable for low-impedance applications like Li-ion cells.
The current amplitude should be balanced between being low
enough to preserve linearity and system stability and high
enough to offer adequate sensitivity for precise impedance
analysis. Depending on the battery, the lowest current signal
with an acceptable accuracy range in the EIS spectra should
be selected.

The results obtained from our study clearly demonstrate the
significance of allowing adequate rest time before performing
EIS measurements to achieve proper impedance spectra. Fig.
7 shows the EIS measurement results for different rest times.
The cell reaches a steady-state condition for an adequate
rest period, allowing any transient effects to dissipate and
ensuring that the measured impedance accurately represents
the electrochemical behavior.

IV. CONCLUSION

Allowing sufficient rest or relaxation time is crucial in
achieving stable and reproducible data from Li-ion battery
measurements, especially for proper EIS spectra. This paper
first analyzes the voltage and temperature behavior of two Li-
ion battery chemistries under different discharging conditions.
A clear influence of the battery’s steady state on the cycling
condition is found, which shows the application dependency
of the optimal battery rest time and provides valuable insights
into the dynamics of Li-ion battery systems.

Secondly, the significance of rest time in obtaining stable
and reproducible EIS measurements is investigated. Proper
rest time allows the battery to achieve equilibrium, which
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Fig. 6. Impact of EIS ac measurement current amplitudes on EIS spectra on NMC cell. Lower current amplitudes result in a very low voltage in response
to the low-impedance cell, which suffers from noise and inaccuracy, especially at low frequencies.
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Fig. 7. Impact of rest (relaxation) time before performing EIS measurement
on NMC cell. Longer rest times clearly lead to higher reliability, especially
in the low-frequency region.

is critical to ensure reproducibility by minimizing transient
effects at low frequencies. Also, the selection of the optimal
current amplitude enhances the signal-to-noise ratio, enabling
precise interpretation of impedance spectra, whereas at the
same time minimizes changes in the battery state and prevents
nonlinear effects to occur. For thermal equilibrium experiments
performed at 4C discharge, the relaxation times observed for
NMC and LMO cells are measured as 01:04 hours and 01:19
hours respectively with SOC changing from 75% to 50%.

These findings substantially improve the precision and
reliability of battery characterization and interpretation of
the electrochemical process inside the battery. Consequently,
it advances battery diagnostics and prognostics, which will
enhance the overall safety function of the battery management
system. A decrease in the battery SOH is expected to lead
to longer rest times to achieve both voltage and thermal
equilibrium. Future work will include an investigation of the
impact of aging on battery rest time based on different battery
aging patterns and cycling conditions.
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