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Abstract

Battery health assessment is essential for safe and reliable operation of lithium-ion bat-
tery systems. This thesis investigates battery degradation characterization through electro-
chemical impedance spectroscopy (EIS) and equivalent circuit modeling across multiple
operating conditions.

Multiple battery cells spanning 22 battery models from various manufacturers were
analyzed, including different chemistries, size (18650 and 21700), and ageing states ranging
from new cells to aged cells. EIS measurements were conducted at multiple state-of-charge
levels and temperatures under different application profiles.

The 3RC-Warburg-RL equivalent circuit model was created for parameter extraction
based on comprehensive model comparison. This model demonstrates good fitting perfor-
mance with R2 values exceeding 0.99 across all test conditions. Ten model parameters were
extracted to quantify impedance variations.

Results show systematic parameter evolution with ageing. The largest time constant
t1 exhibits the most dramatic increases (656-7760%). Ohmic resistance R0 increases con-
sistently as battery cell ages, though the magnitude varies between cell models. The War-
burg coefficient s increases for all cell types, indicating progressive deterioration of dif-
fusion processes. Temperature analysis reveals strong parameter sensitivity to operating
conditions. Impedance increases 3-10 times at -20°C compared to 25°C for most parame-
ters. Silicon anode cells show exceptional temperature sensitivity, with impedance values
significantly exceeding other cell types at low temperatures. SOC analysis demonstrates
cell-dependent parameter variations, with aged cells showing more pronounced SOC de-
pendencies than new cells.

The thesis establishes that EIS-based parameter extraction effectively quantifies battery
degradation across multiple dimensions. The 3RC-Warburg-RL model provides a good
framework for characterizing impedance variations due to ageing, temperature, and SOC
changes. These findings enable development of improved battery health assessment frame-
works that account for operating condition dependencies.
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1 Introduction

1.1 Motivation

Batteries are widely used in various applications, including electric vehicles, portable devices,
and power products. The transition from fossil fuels to battery-powered solutions is essen-
tial for clean energy and sustainable development. Among battery technologies, lithium-
ion batteries offer a viable solution for the ef�cient utilization of renewable energy sources.
However, the degradation and properties of lithium-ion batteries signi�cantly impact per-
formance, user experience, and safety. In extreme cases, improper management can lead to
hazardous conditions, making it crucial to evaluate battery status, particularly ageing effects,
for safe and optimal operation [32].

Physicochemical post-mortem analyses, such as X-ray-based techniques, electron and
scanning probe microscopy, and spectroscopic techniques, provide detailed information on
the chemical structure and surface morphology of electrodes [32]. These methods help esti-
mate the State of Health (SOH) of battery cells but require destructive testing, making them
impractical for real-time monitoring [31]. Additionally, the need for expensive and highly
specialized instruments limits their feasibility for large-scale applications [72].

Conversely, non-destructive algorithms and measurement techniques can be employed to
assess the SOH of battery cells. Commonly used methods include coulomb counting, open
circuit voltage (OCV) analysis, electrochemical impedance spectroscopy (EIS), and Kalman
�ltering. EIS, in particular, offers a fast, non-invasive, and reliable method for estimating a
battery cell's state of charge (SOC) and SOH by characterizing its impedance response across
a range of frequencies [32, 72].

Three primary modeling approaches are used to interpret EIS data: Equivalent Circuit
Models (ECM), Distribution of Relaxation Times (DRT), and physics-based impedance mod-
els [31]. ECM is the most widely used technique, as it translates a battery cell's response into
electrical circuit elements representing its physical and chemical processes [50]. This provides
valuable insights into cell performance and degradation mechanisms.

Despite extensive research on battery degradation using EIS data, there remains a gap in
using EIS data for practical, real-time evaluation of battery status. Developing a method to
estimate battery cell properties based on EIS measurements would be bene�cial for applica-
tions such as Battery Management Systems (BMS).
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1.2. EIS Introduction

1.2 EIS Introduction

Electrochemical Impedance Spectroscopy is a diagnostic technique that applies a small-
amplitude sinusoidal voltage or current signal across a wide range of frequencies to an elec-
trochemical system, such as a lithium-ion battery cell. The resulting current or voltage re-
sponse is then measured to determine the system's impedance at each frequency [39]. This
frequency-dependent impedance provides valuable insights into various internal physical
and chemical processes inside a battery cell. Due to its non-invasive nature, EIS is widely
used in estimating both the state of charge and state of health of lithium-ion batteries.

1.3 Objectives

The thesis aims to characterize the behavior and monitor the health of lithium-ion cells or
batteries based on EIS measurement data. Through EIS data analysis, the study seeks to
understand cell properties and status better, correlations between cell conditions and EIS
data using Equivalent Circuit Models.

1.4 Research Questions

The research will investigate the following questions:

1. How does the EIS spectrum vary for cells with different characteristics?

2. How can variations in the EIS data be quanti�ed for different cells using ECM?

1.5 Methodology and Approach

The methodology consists of the following steps:

• Experimental Setup: Lithium-ion battery cells will be tested under different conditions
using frequency response analysis to collect EIS measurement data. The experiments
will be designed to ensure reproducibility and minimize external in�uences.

• Data Analysis: The collected EIS data will be analyzed to identify trends and correla-
tions between cell status and impedance characteristics.

• Modeling: Equivalent Circuit Model will be selected using Least Squares (LSQ) param-
eter identi�cation to represent the observed impedance behavior.

• Trend analysis: The identi�ed parameters will be analyzed with respect to their connec-
tions to ageing and other properties.

1.6 Thesis Outline

The outline of the thesis is the following. Next is Chapter 2 Theory in which some usually
occurring terms and principles when discussing lithium-ion batteries and their degradation
mechanisms, as well as equivalent circuit modeling are explained. In Chapter 3 Method, the
method used to obtain impedance data of battery cells is explained as well as the equivalent
circuit models. The protocols used for the EIS measurement, EIS data analysis and modeling
are also presented. In Chapter 4 Results and Discussion, the results obtained from the EIS
measurement and ECM modeling are presented, as well as the analysis and observations
from the results. Lastly, in Chapter 5 Conclusion, the key �ndings from the EIS analysis and
ECM are summarized, along with recommendations for future research directions.

2



2 Theory

This chapter provides the theoretical background necessary for understanding the analysis
of battery impedance data.

Speci�cally, Section 2.1 introduces the fundamental concepts of batteries with a particular
focus on lithium-ion cells. It describes their electrochemical principles, key components and
operating mechanisms during charge and discharge. Section 2.2 explains the degradation
mechanisms that lead to lithium-ion battery cells' performance loss and ageing, including
loss of lithium inventory (LLI) and loss of active material (LAM), along with electrochemical,
mechanical, material, chemical, and thermal degradation processes. It also highlights age-
ing pathways such as cycling and calendar ageing. Section 2.3 presents EIS as a diagnostic
method for batteries, covering its measurement principles, interpretation through Nyquist
plots, and the in�uence of factors such as ageing, temperature, and state of charge. Finally,
Section 2.4 introduces ECMs as an effective method for analyzing and interpreting EIS data,
showing how different electrochemical processes can be characterized by electrical compo-
nents.

2.1 Battery Basics

Through electrochemical oxidation-reduction (redox) reactions between two or more "ingre-
dients", chemical energy in materials in batteries is converted into electric energy, and in
some cases vice versa [45]. And batteries are capable of having higher energy conversion
ef�ciencies than steam, internal combustion, and gas turbines [45].

A battery consists of one or more connected cells. Cells may be connected in series or
parallel, or both, depending on the desired output voltage and capacity. Generally, a cell
consists of three major components [44]:

• Anode or negative electrode: the reducing or fuel electrode, which gives up electrons
to the external circuit and is oxidized during the electrochemical reaction.

• Cathode or positive electrode: the oxidizing electrode, which accepts electrons from
the external circuit and is reduced during the electrochemical reaction.

• Electrolyte: the ionic conductor, which provides the medium for transferring charged
species (ions) inside the cell between electrodes.
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2.1. Battery Basics

2.1.1 Basic operations of a Cell

A typical discharge reaction is illustrated schematically in Figure 2.1. During the discharge
process, when an electrical load is applied, electrons move from the anode, where oxidation
occurs, through the external circuit to the cathode, which undergoes reduction. To maintain
electrical neutrality, anions (negatively charged ions) migrate toward the anode, while cations
(positively charged ions) travel to the cathode within the electrolyte.

Figure 2.1: Discharge operation of a battery cell, inspired by [47].

Referring to Figure 2.2, during the charge process, the current �ow is reversed and oxida-
tion takes place at the positive electrode and reduction at the negative electrode. The cathode
gives out the electrons, which are received by the anode.

There are two types of battery cells: primary cells and secondary cells [45]. Primary cells
are designed to be used and then discarded, while secondary cells are rechargeable, which
means the electrochemical reaction during cell usage is reversible. Thus, compared to pri-
mary cells, secondary cells are more sustainable. In addition, secondary batteries are com-
monly known for high-power density/discharge rate, stable voltage levels, and good low-
temperature performance, which makes them widely used in portable consumer electronics,
power tools/hand-held equipment, Electric vehicles (EVs), plug-in hybrid electric vehicles
(PHEVs), and light EVs [46]. Examples of secondary cells include lead–acid, nickel–cadmium,
and lithium-ion cells. In this thesis, it is the lithium-ion cells that are investigated and dis-
cussed.

2.1.2 Lithium-ion battery cell

This section introduces lithium-ion battery technology, covering basic characteristics, struc-
tural components, and operating principles. Cell impedance properties are discussed due
to their importance in performance evaluation. Battery management systems are also intro-
duced brie�y.

2.1.2.1 Basic characteristics

Lithium-based electrochemical systems possess several distinctive features [9]:
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2.1. Battery Basics

Figure 2.2: Charge operation of a battery cell, inspired by [47].

• Utilization of the most electropositive element, which has the highest reducing poten-
tial.

• Presence of the smallest positive ion apart from the hydrogen proton (H +), facilitating
rapid ionic transport within the electrolyte and electrode materials, improving power
performance and rate capability.

• Composition of one of the lowest-density metals, enhancing the gravimetric energy
density of the battery.

These properties enable lithium metals, alloys, and compounds to be incorporated into a
diverse array of battery technologies [9]. As a result, lithium-ion cells exhibit high speci�c
energy [54], exceptional power capability, extended cycle life, low self-discharge rate, a broad
temperature range of operation, and adequate environmental resilience [10]. These advan-
tages have positioned lithium-ion batteries as a leading choice for portable and consumer
electronics, electric vehicles (EVs, HEVs, PHEVs), space applications, and electrical energy
storage among all secondary battery types [63, 64].

Single lithium-ion cells typically operate within a voltage range of 2.5V to 4.3V, which is
approximately three times higher than that of NiCd or NiMH cells. This higher voltage allows
fewer cells to be used in a battery pack for a given system voltage compared to aqueous
electrolyte-based cells.

Lithium-ion batteries also support high-rate capability. The C-rate (current rate) is a mea-
sure of the rate at which a battery is charged or discharged relative to its nominal capacity.
For instance, a 1C rate means the battery is fully charged or discharged in one hour, while a
10C rate corresponds to a full charge or discharge in 6 minutes (i.e., ten times the capacity per
hour). For example, commercially available power tool cells can deliver 88% of their capacity
at a 10C discharge rate, and 73% of their 0.5C capacity when charged at 10C [10]. Manu-
facturers commonly offer two main types of lithium-ion cells: a) energy cells, optimized for
speci�c energy and energy density; b) power cells, optimized for speci�c power and power
density, while still maintaining competitive energy density.

5



2.1. Battery Basics

2.1.2.2 Structure and operations

Referring to Figure 2.3, Lithium-ion (Li-ion) cells typically consist of four main components:
cathode, anode, electrolyte and separator.

Figure 2.3: Schematic structure of a lithium-ion cell, inspired by [65].

As shown in Figure 2.3, during charge, the lithium ions move from the cathode, through
the electrolyte, to the anode, and move back during discharge. In other words, the cath-
ode side donates the lithium ions, which is the main determinant of cell properties. Several
lithium metal oxides, such as lithium cobalt oxide (LCO), lithium manganese oxide (LMO),
lithium iron phosphate (LFP), lithium nickel cobalt aluminum oxide (NCA), lithium nickel
manganese cobalt oxide (NMC) and Nickel manganese cobalt aluminum oxide (NMCA)
are used as cathode materials to achieve this [88]. The current dominant anode material
is graphite(Gr), although some battery manufacturers have opted for non-graphite anodes
such as lithium titanate (LTO, Li4Ti5O12) [88]. A silicon-containing material combined with
graphite can also be used in Lithium-ion cells to obtain a high energy density, such as a com-
bination of graphite and silicon-oxide(SiO), pure silicon(Si) and so on [10].

Generally, the electrolyte consists of a mixture of lithium salt and organic solvents. Com-
mon lithium salts include lithium-hexa�uorophosphate ( LiPF6), lithium-perchlorate ( LiClO4)
and lithium-hexa�uoroarsenate ( LiAsF6). The organic solvent is vital for increasing the mo-
bility of lithium ions, and hence a key factor in the battery performance. Common organic
solvents include ethyl-methyl-carbonate, dimethyl-carbonate, diethyl-carbonate, propylene-
carbonate and ethylene-carbonate [88].

The separator electrically isolates the cathode and the anode, preventing them from direct
contact, while allowing Lithium-ions to transport between them. Micro-porous polyole�n
materials such as polyethylene and polypropylene are the most commonly used materials
due to their excellent mechanical properties and chemical stability at an acceptable cost [10,
48, 88]. These materials will also melt when the cell heats excessively due to the degrada-
tion of micro-porous properties, thus the ion �ow between the electrodes will be blocked,
preventing major negative consequences [88].

[88] presents two most commonly used con�gurations for Lithium-ion battery cells: cylin-
drical or stacked battery cells, as shown in Figure 2.4. Both of them are made for different
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2.2. Battery Degradation

sizes. The cathode, anode and separator are rolled and sealed in a shape of metal can in the
cylindrical con�guration, while they are incorporated in a laminate �lm in the stack con�gu-
ration [88]. Other con�gurations such as prismatic and coin cells also exist but are not covered
in this thesis. In this thesis, only the Lithium-ion battery cells with cylindrical con�guration
are discussed and investigated.

Figure 2.4: Lithium-ion battery cell con�gurations. Reproduced from Zubi et al. (2018), Re-
newable and Sustainable Energy Reviews, 89, 292–308, © Elsevier

.

2.1.2.3 Cell impedance

Cell impedance plays a critical role in de�ning a battery's performance, which encompasses
key attributes such as power output, energy ef�ciency, response time, heat generation, and
overall lifespan. High impedance can lead to signi�cant voltage drops under load, reduced
power delivery, increased internal heating, and diminished energy ef�ciency, all of which
negatively impact the battery's effectiveness and performance in real-world applications.
Therefore, understanding and managing impedance is essential for selecting the appropri-
ate cell quantity and type for speci�c applications.

2.1.2.4 Battery management systems

To ensure safe and reliable operation, Lithium-ion batteries require a Battery Management
System (BMS). The BMS monitors and controls key parameters such as voltage, current, tem-
perature, State of Charge (SOC), and State of Health (SOH), and provides protection against
overcharge, overdischarge, and overtemperature conditions [32, 61, 88].

2.2 Battery Degradation

Battery degradation is an inevitable process that occurs across all battery technologies, par-
ticularly affecting the long-term durability and performance of lithium-ion batteries (LiBs).
Although degradation takes place under all operating conditions, it is accelerated by harsh
factors such as extreme temperatures, overcharging, deep discharging, and high current loads
[88].

The underlying mechanisms of LiB degradation are complex and involve coupled physi-
cal and chemical processes that develop over time due to usage and environmental exposure
[34]. These mechanisms contribute to a gradual decline in capacity and an increase in internal
resistance, impacting the battery's ability to store and deliver energy [12]. As these changes
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2.2. Battery Degradation

progress, they impair the performance and reliability of the battery, ultimately leading to its
end of life.

Accurate estimation of the battery cells' state of charge and state of health becomes more
challenging as degradation alters key parameters such as the open circuit voltage (OCV),
capacity, and internal resistance [11]. SoH is commonly de�ned based on the remaining ca-
pacity or internal resistance relative to the battery's nominal values. A battery reaches end-
of-life when it no longer meets the required energy or power speci�cations. In some cases,
degradation may result in sudden and catastrophic failure, particularly when driven by mis-
management or internal phenomena like lithium plating or excessive anode material loss
[11].

Thus, understanding the nature and extent of degradation is critical for ensuring safe
operation, enabling reliable SOC and SoH estimation, and predicting the battery's end-of-
life.

2.2.1 The effect of degradation mechanisms

The complex interactions among different degradation mechanisms make it dif�cult to isolate
their individual effects. To account for their combined impact on the thermodynamic and
kinetic properties of commercial cells, these mechanisms are usually categorized into �ve
groups: electrochemical, mechanical, material, chemical, and thermal degradation [11, 12, 28,
34, 36, 51].

Each degradation group exhibits distinct characteristic effects that serve as measurable
indicators of battery health and performance decline. Electrochemical degradation primarily
manifests as capacity loss, loss of lithium inventory and impedance rise. Mechanical degra-
dation leads to loss of active material and structural damage, resulting in increased internal
resistance. Material degradation involves structural and phase changes in electrode materi-
als, which contribute to active material loss, impedance rise, and both capacity and power
fade. Chemical degradation is characterized by electrolyte decomposition, transition metal
dissolution and re-deposition, and gas evolution that alter electrode-electrolyte interfaces,
primarily causing capacity fade and increased impedance. Thermal degradation accelerates
various side reactions and, in severe cases, induces thermal runaway risks.

These measurable effects provide critical diagnostic indicators for monitoring battery cell
degradation and predicting battery lifetime. Building upon this classi�cation, the follow-
ing sections provide detailed descriptions of each degradation mechanism and their speci�c
impacts on battery performance.

2.2.1.1 Electrochemical degradation

SEI layer formation and growth SEI (solid electrolyte interphase) is widely recognized as
a key factor contributing to battery degradation, causing capacity loss. During the �rst elec-
trochemical reaction of lithium with graphite, some of the lithium that is transferred to the
graphite reacts with the electrolyte to form a passivation layer at the electrode-electrolyte in-
terface. The SEI contains lithium that is no longer electrochemically active, resulting in the
loss of lithium inventory and capacity loss, which occurs largely on the �rst cycle. Further-
more, the SEI layer can also protect the graphite surface from continued electrolyte reactions
while selectively allowing Lithium-ion transport but blocking electron transfer, thereby pre-
venting further electrolyte consumption [10, 15, 34, 70].

The continuous growth of SEI increases the electronic resistance, breaking down the elec-
trolyte and thickening the SEI �lm that would lead to LLI [34]. Several factors can lead to
SEI growth: diffusion of solvent molecules through existing SEI, newly uncovered electrode
surfaces due to cracking, and the accumulation of byproducts from side reactions, such as
plated lithium and transition metal (TM) ions leached from the cathode and current collec-
tors, which interact with the electrolyte to facilitate SEI formation [34].
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Cathode electrolyte interface Other than the SEI formation and growth on the anode, a de-
composition reaction may also occur at the cathode, forming a protective layer called cathode
electrolyte interphase (CEI). This chemical reaction with the electrolyte leads to the forma-
tion of a surface �lm on the active materials, impeding Li+ diffusion from the bulk to the
electrolyte and electrically insulating with high ionic conductivity [34, 28, 51].

This process typically occurs during the �rst cycle, whereas an unstable and fractured de-
posited layer can lead to additional CEI formation, similar to the SEI layer on the anode. The
chemical composition of the CEI largely depends on the electrolyte composition, as the for-
mation reaction consumes the proton from the electrolyte along with other solvent oxidation
products. Consequently, CEI formation and growth contribute to electrolyte decomposition
and loss.

The resistive layer and further oxidation consume electrolyte components and lithium,
thereby leading to a higher internal resistance and capacity fade [34, 51].

Lithium plating Lithium plating occurs when lithium deposits as metallic lithium on the
anode surface rather than intercalating into it. This can happen thermodynamically, when
the anode is fully lithiated and the potential drops below 0V vs. Li/Li +, or kinetically, during
fast charging when lithium intercalation is outpaced by surface deposition, especially under
low temperatures, high SOC, and high charge rates [34, 3, 15, 11].

The plating is often non-uniform and can form dendritic structures, which risk causing
internal short circuits and safety hazards. As a result, lithium plating leads to capacity loss
by forming "dead lithium" (metallic lithium isolated by the SEI layer) and power fade due to
increased resistance and pore blockage. Plated lithium also reacts with the electrolyte to form
secondary SEI layers, further consuming lithium and electrolyte [34].

Li-stripping The plated lithium formed during Lithium plating can be dissolved into re-
cyclable Lithium-ions during the discharging process, also referred to as Li-stripping. The
lithium deposits will either be stripped or inserted back into the graphite if their electronic
connectivity with the graphite is maintained during discharging. However, some plated
lithium can be electrically isolated from the graphite electrode, resulting in capacity loss [34,
62, 69, 40].

Current collector corrosion Current collector degradation can lead to mechanical or elec-
trical contact loss, reduced conductivity, and ultimately, power fade. The anode current col-
lector (copper) is prone to corrosion during over-discharge, which may cause copper dis-
solution and dendrite growth, risking internal short circuits. The cathode current collector
(aluminum), on the other hand, suffers from pitting corrosion under overcharge, increas-
ing impedance without catastrophic failure. Environmental factors also affect these mate-
rials—copper is vulnerable to stress cracking, while aluminum undergoes localized corro-
sion, particularly under high oxidizing potentials. These degradation mechanisms are further
complicated by the non-aqueous electrolyte and cycling conditions [34, 37, 15].

2.2.1.2 Mechanical degradation

Particle fracture Electrode materials undergo signi�cant volume changes during charge
and discharge cyclings of battery cells, generating internal stresses that can lead to cracking,
pulverization, and formation of new surfaces for SEI growth [34].

Binder crack Fluorine-containing binders used in composite electrodes, such as PVDF, can
degrade at elevated temperatures or voltages, reacting with the charged anode to form prod-
ucts like LiF and inducing mechanical stress, leading to microcracks. Demirocak et al. found
that the main factor behind the reduction in elasticity and hardness in LFP cathodes is PVDF
binder degradation, not the active material [16].
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2.2.1.3 Material degradation

Structural change and decomposition of positive electrodes Structural degradation in
Lithium-ion batteries arises from several interrelated phenomena, including phase transi-
tions, lattice distortions and cation mixing. All of these mechanisms lead to impedance rise
of battery cells and cause a loss of active lithium, ultimately contributing to capacity and
power fade [32, 34, 36, 88].

Structural disorder of the negative electrodes The anode, typically made of high-surface-
area materials like graphite, experiences volume changes of around 10% during lithium inter-
calation and deintercalation. While this induces mechanical strain and can cause �ssures or
splits in graphite particles, the resulting damage is generally minor and has minimal impact
on overall cell ageing [34].

2.2.1.4 Chemical degradation

Transition Metal Dissolution. Transition metal dissolution, such as cathode dissolution,
Acid-Induced Metal Dissolution and NMC dissolution, is a critical chemical degradation
pathway in Lithium-ion batteries and arises from multiple mechanisms [34, 36, 84]. Structural
defects in the cathode, such as oxygen vacancies in LMO and LNO, weaken TM–O bonds and
promote Mn and Ni dissolution, particularly under high charging potentials. Electrolyte de-
composition also accelerates this process: LiPF6 can generate HF at elevated temperatures,
which aggressively attacks the cathode surface, dissolving TMs and destabilizing the elec-
trode–electrolyte interface. In NMC materials, cracking increases surface area and further
enhances the dissolution of Mn, Ni, and Co, reducing Li + insertion sites and triggering side
reactions such as electrolyte decomposition, MFx layer formation, and TM electrodeposition.
Although TM concentrations are typically low (ppm level), their dissolution signi�cantly con-
tributes to capacity fade, increased impedance, and lithium plating on the anode.

Transition Metal Re-deposition. Following dissolution from the cathode, dissolved transi-
tion metals undergo migration through the electrolyte and subsequently deposit throughout
various components of the battery cell [34, 84]. Most dissolved TMs preferentially migrate
toward and deposit on the anode surface, where they interact with the SEI layer and alter
its composition and properties [84], leading to blocking Li + diffusion pathways, an increase
of SEI thickness, and catalyzing further electrolyte decomposition reactions. Some TMs also
redeposit on the cathode surface, initially forming metal-oxygen compounds such as Mn–O
phases, which can subsequently react with �uoride species in the electrolyte to form more
stable metal �uoride compounds like MnF 2, resulting in impeded Li + insertion/extraction
and reducing the number of available active sites [34, 84]. This re-deposition will increase the
impedance of electrodes, and the overall impact on cathode ageing is limited due to predom-
inant anode deposition [34, 84].

Parasitic Oxidation and Gas Evolution. Due to incomplete passivation, cathode surfaces
remain reactive, leading to continuous parasitic oxidation, oxygen release, and structural
degradation. These reactions consume active lithium, generate resistive byproducts, and can
result in thermal runaway [34]. Gas evolution (e.g., CO 2, CO, O2, C2H4, H2) from solvent
decomposition increases cell pressure and impedes Li+ transport [34].

Electrolyte Oxidation and Shuttle Mechanisms. Electrolyte shuttle mechanisms involve:
1) Oxidation at the cathode followed by reduction at the anode; 2) Reversible reduction of
speci�c species; and 3) Electrolyte shuttling of Li + between electrodes under open-circuit,
without altering overall Li content [34]. These mechanisms degrade electrolytes and reduce
active lithium inventory.
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2.2.1.5 Thermal degradation

As lithium-ion cells scale up and are con�gured in series/parallel packs, thermal manage-
ment becomes critical for safety and cycle life. While small-scale cells effectively dissipate
heat with minimal temperature gradients, multi-cell packs experience non-uniform tempera-
ture distribution that can accelerate cell degradation and trigger thermal runaway. Thermal
degradation is primarily driven by factors such as temperature, current rates, state of charge,
and depth of discharge (DoD) [34, 1, 21, 51, 68].

Ambient Temperature While LiBs operate over a broad temperature range of –20 to 60 � C,
a narrower range of 15 to 35 � C is generally recommended for commercial applications. Ele-
vated temperatures can cause rapid failure, while their long-term effects on degradation may
be less apparent. Kabir et al. found that cycle life decreases when operating below 10 � C or
above 60� C [36]. At low temperatures, degradation arises from reduced ionic conductivity
and increased charge-transfer resistance, which elevate polarization at the graphite anode
and lead to lithium plating [1, 85]. When ambient temperature drops below 0 � C, lithium
precipitates onto the electrode surface as the anode potential nears the lithium deposition
potential.

High temperatures initially enhance performance by increasing reaction rates (Arrhenius
effect) but also accelerate side reactions, leading to long-term ef�ciency loss and structural
instability. For example, Li + mobility improves, increasing capacity, but the decomposition
of LiPF6 salt produces hydro�uoric acid (HF), which dissolves transition metals and thickens
the SEI layer on the anode [71]. Furthermore, binder migration toward the cathode surface at
elevated temperatures can form a layer that hinders lithium re-intercalation.

Thermal Gradient In large-scale applications, especially electric vehicles (EVs), thermal
gradients signi�cantly in�uence ageing mechanisms. Non-uniform temperature distribution
in commercial cells within a battery pack leads to heterogeneous current �ow, which intensi-
�es degradation processes sensitive to temperature and current [34, 42].

Thermal Stress Thermal stress is an important factor contributing to particle fracture in
electrodes. At elevated temperatures (e.g., around 45� C), enhanced thermal gradients induce
signi�cant stress, thereby accelerating mechanical degradation. Conversely, at low temper-
atures (e.g., ¤ 0 � C), the reduced ductility of graphite increases its susceptibility to fracture
[34].

Thermal Management in Battery Packs Large LiB packs consist of many cells arranged in
series and/or parallel, where manufacturing variations and thermal gradients cause uneven
ageing. Such imbalance makes certain cells more prone to overcharge, overdischarge, or over-
heating, so pack capacity usually declines faster than that of individual cells and is limited
by the weakest one [34].

2.2.2 Ageing pathways

Battery ageing arises from both usage-related wear (cycling ageing) and time-dependent
degradation (calendar ageing), and is in�uenced by factors such as battery chemistry, en-
vironmental conditions, and usage patterns.

2.2.2.1 Cycling ageing

Cycling ageing refers to battery degradation that occurs during the charge and discharge
cycles, with all the previously discussed degradation mechanisms being signi�cantly accel-
erated under elevated current rates (C-rate) [49, 82, 76]. The progression of cycling-induced
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degradation is in�uenced by multiple stress factors, among which temperature, C-rate, and
state of charge play fundamental roles. Additionally, the range of SOC variation ( DSOC)
within a single cycle constitutes another critical parameter governing degradation behavior
[82, 76]. This DSOC parameter quanti�es the magnitude of SOC �uctuation during each cy-
cling operation.

2.2.2.2 Calendar ageing

While all the degradation mechanisms discussed above are primarily associated with cycling
ageing, batteries also degrade during periods of inactivity, which is a process known as cal-
endar ageing. This occurs even when a battery is stored without being cycled and can lead
to various degradation phenomena such as SEI growth on the anode, side reactions at the
cathode–electrolyte interface, electrolyte thermal decomposition, and loss of active material
[88, 34, 82].

Several studies have identi�ed temperature and SOC as the most in�uential factors in
calendar ageing. Han et al. emphasized that these two parameters are critical in determining
battery calendar life [28]. Safari et al. further highlighted that calendar ageing is particularly
accelerated at high SOC, with temperature effects being especially signi�cant [66].

2.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) offers a fast, non-invasive, and reliable
method for estimating a battery cell's state of charge and state of health by characterizing
its impedance response across a range of frequencies [72, 32]. Since battery cells do not need
to be opened, EIS is both non-destructive and convenient, making it feasible for integration
into battery management systems (BMS). In this thesis, an available EIS measurement instru-
ment provides the basis for employing this method to estimate battery cell states.

Other non-destructive algorithms and measurement techniques, such as coulomb count-
ing, open-circuit voltage analysis, and Kalman �ltering, can also be applied to assess battery
SOH [32]. By contrast, physicochemical post-mortem analyses (including X-ray-based meth-
ods, electron and scanning probe microscopy, and spectroscopy) yield detailed structural and
chemical insights but require destructive testing [32, 31]. These approaches are beyond the
scope of this thesis.

Given these advantages, this section introduces the working principles of EIS, its common
data representation (e.g., Nyquist plots), and the effects of ageing and operational factors on
the impedance spectrum, highlighting its role as an effective diagnostic tool for battery health
assessment.

2.3.1 How is EIS performed?

As introduced in Section 1.2 and illustrated in Figure 2.5, an electrochemical impedance spec-
troscopy measurement involves applying a small-amplitude alternating (AC) signal (current
or voltage) over a wide range of frequencies to an electrochemical system, such as a lithium-
ion battery cell. The system's response (i.e., the voltage or current) to this excitation is mea-
sured as an output signal, allowing the impedance using Ohm's law to be determined at each
frequency, as illustrated by Equation 2.1 [59]. When the AC excitation is applied as a voltage,
the measurement is referred to as a potentiostatic method, whereas when a current is applied,
it is referred to as a galvanostatic method.

Z(w) =
Ṽ (w)
Ĩ (w)

. (2.1)

Various physical and electrochemical phenomena occur within a battery cell during op-
eration. These include the formation and relaxation of the electric double layer at elec-
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Figure 2.5: Schematic introduction of how EIS works. When the input signal is applied as
an AC voltage, the measurement is referred to as a potentiostatic method, whereas when a
current is applied, it is referred to as a galvanostatic method.

trode/electrolyte interfaces, the kinetics of faradaic reactions (such as charge transfer pro-
cesses), and the diffusion of redox-active species from the bulk electrolyte to the electrode
surface [39]. EIS is capable of characterizing these processes due to their distinct time con-
stants, which manifest in different frequency regions of the impedance spectrum. For in-
stance, slow processes like diffusion are typically observed at low frequencies (down to µHz
or mHz), while faster processes (such as charge transfer and double-layer capacitive effects)
are captured at higher frequencies (up to several kHz) [39]. As a result, EIS allows for the
separate analysis of individual mechanisms, making it a powerful diagnostic and modeling
tool for linking impedance responses to underlying electrochemical behaviors in battery cells.

2.3.2 Nyquist plot

The complex impedance data obtained from EIS measurements is usually visualized using
Nyquist or Bode plots. Among these, Nyquist plots are most commonly used for analyzing
battery impedance. As shown in Figure 2.6 (a), in a Nyquist plot, the negative imaginary part
of the impedance (� Z2) is plotted against the real part ( Z1) at each frequency.

Referring to Figure 2.6 (a), the Nyquist plot of a lithium-ion battery typically consists of
three frequency regions, each corresponding to different electrochemical processes: a) high-
frequency region (e.g., frequency higher than 1kHz),(b) mid-frequency region (e.g., frequency
interval between 1kHz and 1Hz), and c) low-frequency region (e.g., frequency lower than
1Hz) [10, 13, 32, 50, 77, 78]. As also illustrated in Figure 2.6 (a), the lower-left end of the
curve corresponds to the highest frequency, and the frequency decreases along the direction
indicated by the dashed arrow.

2.3.2.1 High-frequency region

The high-frequency intercept on the real axis represents the ohmic resistance (Rohm ) (or so-
called internal resistance), associated with ionic/electronic conduction in the electrolyte and
electrodes.

Speci�cally, ohmic resistance is the sum of several contributions, including electrolyte,
separator, current collector and electric conductivity of the active material [56]. It is domi-
nated by the conductivity of the electrolyte and thus constitutes a resistance for the lithium-
ion transport. The ohmic resistance does not change signi�cantly with the state of charge, but
increases due to the depletion of the electrolyte and microcrack formation in the particles as
cycling continues, which helps indicate the state of health of aged cells [77, 78].

In addition, an inductive behavior is measured in addition to the real part of the
impedance in very high frequency range (e.g., >20 kHz), which is mainly caused by the mea-
surement setup, such as the connecting lines and the type of cable wiring [77].

2.3.2.2 Mid-frequency region

The diameter of mid-frequency semicircles is related to the charge transfer resistance (Rct) and
double-layer capacitance (Cdl ) at the electrode/electrolyte interfaces. Speci�cally, the charge-
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Figure 2.6: (a): Schematic Nyquist plot of a lithium-ion battery, (b): Example of an ECM
model of a Lithium-ion cell.

transfer process is de�ned as the process of turning a solvated Li+ in the electrolyte into Li in
the electrode by accepting an electron from the electrode, which indicates the electrochemical
reaction at the electrode–electrolyte interface, where electrons and ions are exchanged [35]. It
is associated with the kinetics of the redox reaction, and a higher Rct, which exhibits a larger
semi-circle, implies slower reaction rates, which can be due to surface degradation, such as
SEI growth. Conversely, when charge transfer becomes more ef�cient due to high ionic con-
ductivity, large electrode surface area, or thin SEI layers, the Rct decreases, resulting in a
smaller semicircle. Therefore, the charge transfer resistance can directly affect the battery's
ability to convert chemical energy into electrical energy ef�ciently.

2.3.2.3 Low-frequency region

The low-frequency tail re�ects the diffusion process of the solid-state lithium ion in the ac-
tive material of the cell electrodes, representing mass transport limitations [50, 56, 31]. This
usually appears as a line inclined at approximately 45° to the real axis in the Nyquist plot.

In summary, understanding these frequency-speci�c features is essential for diagnosing
battery health and identifying dominant ageing mechanisms.
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Figure 2.7: Schematic example of Nyquist plots showing ageing effect.

2.3.3 Ageing Effects on EIS Spectrum

As battery cells age, internal degradation mechanisms (such as increased internal resistance,
growth of interfacial layers (SEI/CEI), electrode material degradation, and loss of active
lithium) cause measurable changes in the impedance spectrum. As illustrated in Figure 2.7,
which compares Nyquist plots of cells at different ageing stages, these changes are typically
observed as follows [32, 77]:

• Increased ohmic resistance at high frequencies, often related to electrolyte decomposi-
tion or loss of contact between components. In Figure 2.7, this appears as a rightward
shift of the spectrum, indicated by the solid arrow near the real axis.

• Larger semicircles in the mid-frequency region, re�ecting higher charge-transfer resis-
tance due to interfacial layer growth or cathode degradation. As shown in Figure 2.7,
the semicircle of aged cell B expands signi�cantly compared to cell A, as indicated by
the dashed arrow.

• Altered low-frequency behavior, arising from slowed diffusion processes, lithium plat-
ing, or structural changes in electrode materials. In Figure 2.7, this is evident from the
change in the slope of the diffusion tail for the more aged cell B.

2.3.4 Operational factors effects on EIS Spectrum

In addition to ageing, other operational variables such as temperature and SOC also have
measurable impacts on the EIS spectrum. For example, [77] found that decreasing tempera-
ture increases the overall internal resistance, slightly enlarges the �rst semicircle, and signif-
icantly spreads the second semicircle, indicating slower charge-transfer kinetics. Addition-
ally, the same study reported that a decrease in SOC leads to expansion of the impedance
spectrum in the mid-frequency region and a slight rise in overall resistance, due to hindered
lithium-ion intercalation and higher voltage drops under load.

2.4 Equivalent Circuit Model

This section introduces the fundamental principles of equivalent circuit modeling and exam-
ines how different circuit elements manifest in Nyquist plots, establishing the foundation for
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selecting appropriate ECM architectures to represent lithium-ion battery impedance behav-
ior.

2.4.1 ECM introduction

Equivalent circuit models (ECM) are commonly applied to interpret EIS data due to their
simplicity and effectiveness. They translate a battery cell's electrochemical response into an
arrangement of electrical components that represent its underlying physical and chemical
processes.

An ECM typically consists of common passive components such as resistors, capacitors,
and inductors, as well as more complex distributed elements. These components are intercon-
nected in various con�gurations to simulate the impedance behavior of the electrochemical
system across different frequencies [39].

Figure 2.6 (b) illustrates an example of an ECM representation for a Lithium-ion battery
cell. The high-frequency region includes a resistor representing Ohmic resistance (Rohm ), and
in some cases, an inductor or a parallel inductor-resistor branch to capture inductive effects.
The mid- and low-frequency regions are modeled using more complex impedance elements
and their combinations, such as RC circuits, Constant Phase Elements (CPEs), Zarc elements,
or Warburg elements, depending on the speci�c processes being modeled.

By associating these elements with electrochemical phenomena, model parameters can be
related to battery performance and degradation mechanisms, which helps provide valuable
insights into battery behavior and enables the quanti�cation of ageing-related changes over
time.

2.4.2 Different circuit components' in�uence on Nyquist plot

As described in Section 2.3.2, the y axis (� Z2) represents the negative imaginary part of the
impedance Z, plotted against the real part ( Z1) at each frequency. This section examines how
basic elements and their combinations manifest in Nyquist plots, followed by more complex
non-ideal elements commonly used in battery modeling.

2.4.2.1 Basic circuit components

Figure 2.8 illustrated the Nyquist plots of simple electrical circuits containing basic passive
elements (resistor, capacitor, and inductor), as well as simple combinations of them.

(a) Pure Resistor (R) As shown in Figure 2.8 (a), when the circuit contains only a resistor,
the Nyquist plot is a single point on the real axis. The impedance is purely real, as given in
Equation 2.2, indicating that the real part equals the resistance value of the resistor, while the
imaginary part is zero.

Z = R + j0. (2.2)

(b) Pure Capacitor (C) For a circuit containing only a capacitor, the impedance is given by
Equation 2.3. The Nyquist plot forms a vertical line along the negative imaginary axis, as
shown in Figure 2.8 (b). In the Nyquist plot of this circuit, the real part is zero. At high
frequencies (w Ñ 8 ), the impedance approaches zero; at low frequencies (w Ñ 0), the
impedance increases signi�cantly.

Z = 0 +
1

jwC
= 0 � j

1
wC

. (2.3)
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Figure 2.8: Nyquist plots for (a) Pure Resistor, (b) Pure Capacitor, (c)Pure Inductor, (d) RC
Series Circuit, (e) RC Parallel Circuit, (f) R0 in Series with RC Parallel and (g) Multiple RC
Parallel Elements Connected in Series, adapted from [31, 78].
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(c) Pure Inductor (L) When the circuit includes only an inductor, the impedance is given by
Equation 2.4. The Nyquist plot is a vertical line in the positive imaginary direction, as shown
in Figure 2.8 (c). Similar to the circuit with only one capacitor, the real part is zero. However,
in contrast to the capacitor, the impedance increases with frequency.

Z = 0 + jwL. (2.4)

(d) RC Series Circuit Figure 2.8 (d) shows a resistor in series with a capacitor. The total
impedance is given by Equation 2.5. The Nyquist plot appears as a vertical line similar to
that of a pure capacitor but shifted to the right by R1, representing the resistive component.

Z(w) = R1 +
1

jwC1
= R1 � j

1
wC1

. (2.5)

(e) RC Parallel Circuit In this case, the resistor and capacitor are connected in parallel as
illustrated in Figure 2.8 (e). The total impedance is de�ned as Equation 2.6.

Z(w) =
1

1
R1 + jwC1

=
R1

1 + jwR1C1
=

R1
1 + ( wR1C1)2 � j

wR12C1
1 + ( wR1C1)2 . (2.6)

The corresponding Nyquist plot is a semicircle centered along the real axis. At high frequen-
cies (w Ñ 8 ), the capacitive reactance tends to zero, and the circuit acts as a short circuit:
Z � 0. At low frequencies ( w Ñ 0), the current �ows entirely through the resistor: Z = R1.

At intermediate frequencies, both branches contribute, and the impedance traces out a
semicircle. The maximum imaginary part of the impedance occurs when the capacitive reac-
tance equals the resistance, i.e., [39, 78]

Xc =
1

wC1
= R1 ñ wZ2

max
=

1
R1C1

.

This gives the characteristic time constant:

wZ2
max

=
1
t

=
1

R1C1
. (2.7)

At this frequency, the impedance of this circuit becomes:

Z(w) =
R1
2

� j
R1
2

. (2.8)

(f) R0 in Series with RC Parallel (R0-(R1C1)) Referring to Figure 2.8 (f), adding a resistor
R0 in series with the RC parallel circuit results in the impedance expression as shown in
Equation 2.9:

Z(w) = R0 +
R1

1 + ( wR1C1)2 � j
wR12C1

1 + ( wR1C1)2 . (2.9)

This con�guration shifts the semicircle along the real axis by R0. At high frequencies, Z Ñ R0;
at low frequencies, Z Ñ R0 + R1. Therefore, the semicircle starts atR0 and ends at R0 + R1.
This circuit has two time constants. The high-frequency time constant t 1 is as shown in Equa-
tion 2.10, while the dominant low-frequency time constant t 2 and the maximum imaginary
part of the impedance are the same as in the simple RC parallel circuit, as shown in Equation
2.11.

t 1 =
R0 � R1

R0 + R1
C1. (2.10)

t 2 = R1C1 ñ wZ2
max

=
1
t 2

, Xc =
1

wC1
= R1. (2.11)
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(g) Multiple RC Parallel Elements Connected in Series As shown in Figure 2.8 (g), when a
second RC parallel branch (R2C2) is added in series to the previous con�guration, the circuit
exhibits two time constants, t 1 and t 2, corresponding to the characteristic frequencies of each
semicircle. The impedance is given by Equation 2.12.

Z(w) =
�

R0 +
R1

(wR1C2)2 + 1
+

R2
(wR2C1)2 + 1

�
� j

�
wR12C2

(wR1C2)2 + 1
+

wR22C1
(wR2C1)2 + 1

�
.

(2.12)
For each RC branch, the maximum imaginary part appears at its corresponding characteristic
frequency. As shown in Figure 2.8 (g), the peak of the �rst semicircle corresponds to R1,
while the peak of the second semicircle corresponds to R2. The resolution of the semicircles
in the Nyquist plot depends on the ratio between t 1 and t 2: when t 1 " 100t 2, two distinct
semicircles are observed; when t 1   100t 2, they overlap and appear poorly resolved; and
when t 1 = t 2, they merge into a single semicircle [39].

Further additions of RC branches follow the same principle, producing multiple arcs in
the Nyquist plot, each associated with an additional RC time constant.

2.4.2.2 Non-ideal circuit elements

Constant Phase Elements Constant Phase Elements (CPEs) are developed to rectify the de-
viation of realistic capacitance and supplement the ideal capacitors, which is also called ca-
pacitance dispersion [39, 31, 78, 55]. Between the electrode and the electrolyte, there is an
electrical double layer that has capacitive characteristics. However, its characteristics are far
from those of an ideal capacitor. Surface roughness, leakage capacitance, and nonuniform
distribution have been reported to account for such non-ideal behavior, which can be com-
pensated by using the concept of CPE in the modeling of an electrical double layer [39, 31,
78]. The impedance of a CPE is given by Equation 2.13. whereY0 in Ohm �1 sn or more cor-
rectly in F sn�1, is the parameter containing the capacitance information, and n is a depression
constant ranging from 0 to 1. The exponent n de�nes the deviation from the ideal behavior
and is related to the angle q as Equation 2.14.

As shown in Figure 2.9 (a), the Nyquist plot of a CPE is a ray with the phase angle q
ranging from 0 to 90° from the origin, which indicates the phase deviation from the ideal case
(90°). And the case of n=1,q = 0 indicates an ideal capacitor. While for n = 0.5, Equation 2.13
can be written as Z(w) = 1

Y0

a
jw, which is equivalent to the Warburg impedance ( ZW).

ZCPE =
1

Y0( jw)n . (2.13)

q = 90� (1 � n). (2.14)

Warburg elements The Warburg element is used to represent the impedance associated
with the diffusion process. Its impedance is de�ned in Equation 2.15, where b is the War-
burg coef�cient ranging between 0 and 1. Due to the complexity of diffusion phenomena,
different forms of Warburg impedance have been developed, such as semi-in�nite diffusion,
�nite diffusion, and spherical diffusion. Since a real cell behaves most similarly to the semi-
in�nite Warburg impedance, i.e., diffusion in one dimension bounded only by the planar
electrode surface, the Nyquist plot of a Warburg element exhibits a 45° straight line in the
low-frequency region, as shown in Figure 2.9 (b). As a rough approximation, the Warburg
coef�cient is typically taken as 0.5, whereas in practical applications it can be treated as a
variable within the range of 0 to 1 [39, 31, 78, 55, 67, 38].

ZW =
1

QW � ( jw)b . (2.15)
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Figure 2.9: Nyquist plots for (a) Constant Phase Element (CPE), (b) Warburg Element, and (c)
Zarc Element, adapted from [38, 31, 67].

Zarc elements As shown in Figure 2.9 (c), a Zarc element consists of a parallel connection
between a constant phase element (CPE) and a resistance (R1). It is commonly used to de-
scribe the semicircle observed in the mid-frequency region of a Nyquist plot, which re�ects
the formation of the SEI layer on the anode surface and the charge-transfer process at the
electrode–electrolyte interface. The impedance of a Zarc element is expressed in Equation
2.16. By using a CPE instead of an ideal capacitor in parallel with a resistor, Zarc elements
enable the modeling of semicircles with non-constant radii, thereby improving curve-�tting
accuracy. Speci�cally, for n   1, the arc generated by a Zarc element has its center located
below the x-axis in the Nyquist diagram, as illustrated in Figure 2.9 (c) [38, 31, 55, 32].

ZARC =
1

1
R1 + 1

ZCPE

=
1

1
R1 + Y0( jw)n

. (2.16)

In summary, different circuit components and their combinations in�uence the shape and
features of the Nyquist plot in characteristic ways. These responses provide a basis for in-
terpreting the electrochemical behavior of batteries through ECMs. By analyzing how each
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element contributes to the impedance spectrum, speci�c features with underlying physical
and chemical processes can be associated, enabling accurate modeling and diagnosis of bat-
tery performance and ageing.
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3 Method

This chapter presents the methodology used for conducting EIS measurements on a variety
of different types of lithium-ion battery cells and the techniques used to analyze and model
the data.

3.1 Preparation of Battery Cells

Prior to the EIS measurements, all battery cells were categorized, documented, and precon-
ditioned to ensure consistency across tests. This section introduces the speci�cations of the
cells, the dataset composition, and the classi�cation of ageing conditions.

3.1.1 Cell Speci�cations

All tested cells were commercial lithium-ion cylindrical cells of two common formats: 18650
(18 mm diameter, 65 mm length) and 21700 (21 mm diameter, 70 mm length). The dataset
covers a wide range of manufacturers, models, cathode/anode chemistries, ageing states
and application types, thereby ensuring diversity in electrochemical characteristics. Table 3.1
summarizes the speci�cations of the 22 distinct models included in this thesis.

Table 3.1: Battery Cell Information.

Brand Model Cathode
Chemistry

Anode
Chemistry

Brand A 21700-ModA NMC Gr/SiO
Brand B 18650-ModE NMC Si
Brand C 18650-ModA NMC Gr
Brand C 18650-ModC NMC Gr
Brand C 21700-ModB NMC Gr
Brand D 21700-ModC NMC Gr/SiO
Brand D 21700-ModI NMC Gr/SiO
Brand E 18650-ModF NMCA Gr/SiO

Continued on next page
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Brand Model Cathode
Chemistry

Anode
Chemistry

Brand F 18650-ModG NMC Gr/SiO
Brand F 18650-ModH NMC Gr/SiO
Brand F 21700-ModF NMC Gr/SiO
Brand F 21700-ModG NMC Gr/SiO
Brand G 18650-ModI NCA Gr
Brand G 21700-ModL NMC Gr/SiO
Brand H 18650-ModJ NMC Gr/SiO
Brand I 21700-ModD NCA Gr/SiO
Brand I 21700-ModH NCA Gr/SiO
Brand I 21700-ModI NMC Gr/SiO
Brand I 21700-ModK NMC Gr/SiO
Brand J 18650-ModB NCA Gr/SiO
Brand J 18650-ModD NCA Gr/SiO
Brand J 21700-ModE NCA Gr/SiO
Brand J 21700-ModJ NCA Gr/SiO

3.1.2 Dataset Composition

The complete dataset comprises 50 individual cells, spanning 22 distinct battery models. To
capture performance across different stages of the battery lifecycle, cells were tested in differ-
ent ageing states. The distribution is as follows:

• 23 new cells — fresh cells without cycling history, serving as reference baseline,

• 2 mid-aged cells — cells with medium cycle counts, representing intermediate degra-
dation, and

• 25 aged cells — cells with high cycle counts or observable degradation, representing
signi�cant degradation.

Aged and mid-aged cells were cycled under various application pro�les to re�ect realistic
usage conditions. The exact cycle numbers and detailed application assignments for all cells
are listed in Appendix A.1.

It should be noted that not every model is represented by multiple ageing states. For
instance, models 18650-ModGand 21700-ModBare only available as new cells, while model
18650-ModIis only available as an aged cell due to limited sample availability.

3.2 Measurement Equipment and Setup

Referring to Section 2.3, an EIS measurement is generally performed by monitoring the bat-
tery cell's response to an input signal applied across a wide frequency range. From this, the
impedance at each frequency can be determined. In this section, the measurement instrument
and the experimental setup used in this thesis are introduced.

3.2.1 EIS measurement instrument

The EIS measurements in this thesis were performed using the Clarity impedance analyzer
from Batixt, shown in Figure 3.1. Clarity is speci�cally designed for lithium-ion battery cells
operating within the voltage range of 2.5–5V, capacity range of 1-10 Ah, and is equipped
with Batixt's proprietary EIS Sensing Technology for high-resolution, high-speed impedance
measurements [7, 8].
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Clarity uses a galvanostatic measurement method, applying a current signal that contains
a large number of sinusoidal components (multi-sine) overlaid on a DC step. This signal, in-
ternally named as the Lix signal, enables the simultaneous measurement of a broad frequency
spectrum (10 mHz–10 kHz). This approach signi�cantly reduces the test time and eliminates
the need for long relaxation periods between measurements [7, 8].

The instrument supports 4-wire battery connections, which improve accuracy by separat-
ing current-carrying and voltage-sensing paths. In addition, parameters such as input signal
duration, signal power level, and signal separation can be customized via the Clarity dash-
board interface (Figure 3.2).

The impedance data from each measurement by Clarity was automatically collected and
stored in MATLAB .mat format for further analysis. This data format allows direct import
into MATLAB for post-processing and visualization. Nyquist plots were generated from the
stored impedance data to visualize the frequency response characteristics. Additionally, the
raw data includes both real and imaginary components of the impedance across the entire
frequency range, enabling comprehensive analysis of the electrochemical properties.

3.2.2 Test environment setup

Each battery cell was placed in a holder and connected to the Clarity impedance analyzer
using a standard 4-wire con�guration. This setup minimizes the in�uence of lead and contact
resistance, thereby ensuring accurate voltage measurements across the cell. A photo of the
experimental setup is shown in Figure 3.3.

All measurements were performed under controlled environmental conditions, either at
ambient temperature (approximately 20°C, without climate chamber control) or in a climate
chamber with regulated temperature, depending on each test. The State of Charge of the cells
was adjusted according to the requirements of each speci�c test.

Due to the diversity of the measurement campaigns, test parameter con�gurations such as
signal duration, signal power level, and signal separation were adapted for different cases. A
detailed description of the parameters for each dataset is presented in the following section.
The �exibility of Clarity in adjusting these settings was essential for ef�cient data collection
across the wide range of battery cell conditions investigated.

Figure 3.1: EIS Scanner: Clarity from Batixt.
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