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Abstract 

Lithium-ion battery degradation is a major problem, which hinders the further development of 

electric vehicles. The battery degradation depends largely on the electrode materials and 

electrolyte composition. Therefore, it is not possible to describe all the lithium-ion batteries 

with a universal aging model. Besides the macroscopic description of battery aging behavior, 

the internal aging mechanisms are also important for engineers to design functional battery 

systems.    

This thesis presents a lithium-ion battery aging study, in which pouch cells comprising a 

LiCoO2/LiNi0.8Co0.15Al0.05O2 blended cathode and a graphite anode are examined. The impacts 

of temperature, charge current and discharge current on the battery aging are investigated with 

experiments. Mathematical empirical aging models are established for the examined pouch cell 

based on knowledge from previous aging studies in literature.  

In addition to the empirical models, non-invasive aging detection methods are employed to shed 

light on the degradation mechanisms inside the batteries during different operations. The idea 

is to make full use of the measurable electrical and thermal signals from a lithium-ion battery 

to give a comprehensive overview of its internal aging phenomena without disassembly. The 

detection methods are classified into three types based on the signals used: current-voltage-

based aging detection, impedance-based aging detection and temperature-based aging 

detection. 

Regarding the current-voltage-based aging detection, differential voltage analysis and 

incremental capacity analysis are applied to determine the lithium inventory loss and active 

material loss inside the battery, which are origins of capacity fade. Incremental capacity 

analysis is particularly useful for the degradation tracking in the blended cathode. The 

impedance-based aging detection, i.e., electrochemical impedance spectroscopy, provides 

information on the evolution of ohmic and non-ohmic resistances, which are attributed to 

different processes in the lithium-ion battery. The temperature-based detection method is 

developed to estimate capacity fade without direct current measurements. However, some 

preconditions need to be fulfilled in order to use this method. A combination of all the detection 

methods gives a detailed description of the degradation processes inside the examined lithium-

ion battery without causing any additional damage to it.  

A highlight in this thesis is the separation of the aging mechanisms of both components in the 

blended cathode via non-invasive aging detection methods. Different degradation patterns in 

the cathode components limit the normal use of conventional current-voltage-based detection 

methods and thus should be treated separately. Another highlight of this thesis is the newly 

developed temperature-based detection method, which makes use of the entropy characteristics 
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of a blended electrode. It can predict the state of health of the battery via a simple temperature 

measurement, when the battery is charged with a constant current from a fully discharged state.      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 
 

V 

 

Table of Contents 

1 Introduction 1 

1.1 Motivation ................................................................................................................ 1 

1.2 Outline ...................................................................................................................... 2 

2 Fundamentals of Lithium-Ion Cells 5 

2.1 Functional Components of a Lithium-Ion Cell ........................................................ 5 

2.2 Blend Electrodes ...................................................................................................... 6 

         2.2.1 Blended Anode ............................................................................................... 6 

         2.2.2 Blended Cathode ............................................................................................. 7 

         2.2.3 Blended Electrode Working Potential ............................................................ 8 

2.3 Aging Mechanisms .................................................................................................. 9 

         2.3.1 Aging Mechanisms of the Anode ................................................................... 9 

         2.3.2 Aging Mechanisms of the Cathode .............................................................. 11 

         2.3.3 Aging Mechanisms of the Separator ............................................................ 12 

3 State-of-the-Art Test Methods of Lithium-Ion Cells 13 

3.1 State-of-the-Art Aging Test Methods .................................................................... 13 

         3.1.1 Overview of the Test Standards .................................................................... 13 

         3.1.2 Stress Factors for Calendar Aging and Cycle Life Aging ............................ 15 

         3.1.3 Design-of-Experiment .................................................................................. 16 

         3.1.4 Empirical Aging Model ................................................................................ 17 

                  3.1.4.1 Model for Calendar Aging ................................................................ 17 

                  3.1.4.2 Model for Cycle Life Aging ............................................................. 17 

3.2 State-of-the-Art Non-Invasive Aging Detection .................................................... 18 

         3.2.1 Capacity, State of Charge and State of Health ............................................. 18 

         3.2.2 Current-Voltage-based Aging Detection ...................................................... 20 

                  3.2.2.1 Open Circuit Voltage ........................................................................ 20 

                  3.2.2.2 Degradation Modes ........................................................................... 22 

                  3.2.2.3 Differential Voltage Analysis ........................................................... 24 

                  3.2.2.4 Incremental Capacity Analysis ......................................................... 26 

         3.2.3 Impedance-based Aging Detection ............................................................... 28 

                  3.2.3.1 Equivalent Circuit Model ................................................................. 28 

                  3.2.3.2 Electrochemical Impedance Spectroscopy ....................................... 29 



 
 

VI 
 

         3.2.4 Temperature-Based Aging Detection ........................................................... 32 

                  3.2.4.1 Intercalation Entropy ........................................................................ 32 

                  3.2.4.2 Heat Generation ................................................................................ 39 

                  3.2.4.3 Cell Resistance Evolution ................................................................. 40 

4 Experimental and Test Methods 43 

4.1 Investigated Cell .................................................................................................... 43 

         4.1.1 Cell Variation ............................................................................................... 44 

         4.1.2 Capacity Rate Test ........................................................................................ 45 

         4.1.3 Electrode Material Identification .................................................................. 46 

4.2 Performance Test Methods .................................................................................... 46 

4.3 Aging Test Methods ............................................................................................... 48 

4.4 Half Cell Measurements ......................................................................................... 50 

4.5 DC Pulse Resistance Test ...................................................................................... 51 

5 Aging Test Results and Discussion 53 

5.1 Aging Behavior of the Tested Lithium-Ion Cell .................................................... 53 

         5.1.1 Calendar Aging ............................................................................................. 53 

         5.1.2 Cycle Life Aging .......................................................................................... 57 

                  5.1.2.1 Effect of the Temperature ................................................................. 58 

                  5.1.2.2 Effect of the Discharge Rate ............................................................. 63 

                  5.1.2.3 Effect of the Charge Rate ................................................................. 68 

5.2 Current-Voltage-Based Aging Detection ............................................................... 73 

         5.2.1 C/10 Charge Voltage Degradation ............................................................... 73 

         5.2.2 DVA Method ................................................................................................ 74 

         5.2.3 ICA Method .................................................................................................. 78 

5.3 Impedance-Based Aging Detection ....................................................................... 81 

         5.3.1 Nyquist Plots................................................................................................. 81 

         5.3.2 Non-Ohmic Resistances ............................................................................... 83 

5.4 Temperature-Based Aging Detection ..................................................................... 86 

         5.4.1 Surface Temperature Distribution ................................................................ 86 

         5.4.2 Temperature Variation Analysis ................................................................... 87 

                  5.4.2.1 Temperature Increase during Charge/Discharge .............................. 87 

                  5.4.2.2 Temperature Variation Rate ............................................................. 88 

                  5.4.2.3 tmin vs. Aging Detection .................................................................... 89 



 
 

VII 
 

                  5.4.2.4 Current Optimization ........................................................................ 91 

6 Post-Mortem Analysis 95 

7 Conclusion and Outlook 97 

Appendix I 101 

Appendix II 107 

Bibliography 110 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

VIII 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

IX 

 

Abbreviations 

AC alternating current 

ANSI American National Standards Institute 

BEV battery-driven electric vehicle 

BoT begin of test 

CC constant current  

CE counter electrode 

CV constant voltage 

DC direct current 

DoD depth of discharge 

DoE department of energy 

DVA differential voltage analysis  

ECM equivalent circuit model 

EDX energy-dispersive X-ray 

EFC equivalent full cycle 

EIS electrochemical impedance spectroscopy 

EoL end of life 

EoT end of test 

EV electric vehicle 

GHG greenhouse gas 

GITT galvanostatic intermittent titration technique 

HEV hybrid electric vehicle 

HPPC hybrid pulse power characterization 

ICA incremental capacity analysis 

ICEV internal combustion engine vehicle 

IEC International Electrotechnical Commission 

IEEE Institute of Electrical and Electronics Engineers 

ISO International Standardization Organization 

JEVA Japan Electric Vehicle Association 

LAMdeAn loss of active material in the delithiated anode 

LAMdeCa loss of active material in the delithiated cathode 

LAMliAn loss of active material in the lithiated anode 

LAMliCa loss of active material in the lithiated cathode 

LCO lithium cobalt oxide 

LFP lithium iron phosphate 



 
 

X 

 

LIB lithium-ion battery  

LIC lithium-ion cell 

LLI loss of lithium inventory 

LMO lithium manganese oxide 

LTO lithium titanate 

NCA lithium nickel cobalt aluminum oxide 

NCO lithium nickel cobalt oxide 

NMC lithium nickel manganese cobalt oxide 

NMR nuclear magnetic resonance 

NTC negative temperature coefficient  

OCV open circuit voltage 

ORI ohmic resistance increase 

PHEV plug-in hybrid electric vehicle 

RC resistor-capacitor 

RE reference electrode 

RL resistor-inductor 

SAE Society of Automotive Engineers 

SEI solid electrolyte interphase 

SEM scanning electron microscopy 

SoC state of charge 

SoH state of health 

USABC United States Advanced Battery Consortium 

VDE Verband Deutscher Elektrotechniker 

WE working electrode 

XRD X-ray diffraction



 
 
 
 

1 
 

 

1. Introduction 

Conventional light-duty internal combustion engine vehicles (ICEV) cause roughly 10% of 

energy consumption and greenhouse gas (GHG) emissions worldwide [1, 2]. Moreover, they 

emit exhaust containing particulates, SO2 and NOx, which can trigger serious environmental 

problems such as acidification, eutrophication and photochemical air pollution [3]. The exhaust 

problem can be mitigated via catalytic converters and filters, but the fossil energy resource and 

GHG emission problems remain unattended. The recent boom in the development of electric 

vehicles (EV) globally comes with the expectations to solve the last two problems by replacing 

ICEVs with EVs [3].   

EVs encompass a variety of electrical propulsion systems for passenger cars, involving battery 

car, fuel cell car and serial hybrid car [3]. Recently, most of the automobile manufacturers are 

keenly interested in developing and promoting their own hybrid electric vehicles (HEV), plug-

in hybrid electric vehicles (PHEV) and purely battery-driven electric vehicles (BEV). Batteries 

adopted in these battery cars are traction batteries. Lithium-ion battery (LIB) is currently the 

most mature and promising battery technology for traction application thanks to its 

extraordinarily high energy density [4]. In the rest of this thesis, the term EV will present all 

types of battery cars including HEVs, PHEVs and BEVs, to avoid any possible ambiguity.             

1.1 Motivation 

In the last decades, LIBs have already been employed in various application fields from portable 

devices to EVs. Unlike in portable devices, where the battery life usually exceeds the device 

life, EVs usually have more stringent demands on the electrical performance of LIBs as well as 

their long-term stability in the dynamic environment. Therefore, the investigation of LIB 

degradation is of ultimate importance for ensuring the safe and reliable operation of EVs [5]. 

In spite of the fact that electrification is the focus of almost all the automobile manufacturers, 

the EV market shares of most countries in 2016 are below 1.5% except for Norway, the 

Netherlands and Sweden [6]. Consumers are still concerned about charging infrastructure, 

charging time, driving range and traction battery lifetime. Regarding the last point, Tab. 1 gives 

an overview of traction battery lifetime warranty and end of life (EoL) capacity of several EV 

models based on the US market [7]. If the life span of the traction batteries is extended, EVs 

will be more economical for the consumers and a wider EV adoption could be realized.  

A prerequisite for a longer battery life is a thorough understanding of the battery aging 

mechanisms. This thesis work is focused on the aging behavior of LIBs under various 

operational conditions and the non-invasive detection methods of the aging mechanisms. The 

investigation is carried out on single cell level, to exclude any influence from other components.        
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Table 1. Traction battery lifetime warranty of EV models [7]. 

Model Period Range EoL Capacity 

BMW i3s (94 Ah) 8 years/100,000 miles 124 miles 70% 

BYD e6 10 years 186 miles  

Chevrolet Bolt EV 8 years/100,000 miles 238 miles 60% 

Fiat 500e 8 years 84 miles  

Ford Focus Electric 8 years/100,000 miles 115 miles  

Kia Soul EV 10 years/100,000 miles 111 miles 70% 

Mercedes B250e 8 years/100,000 miles 143 miles 70% 

Nissan Leaf S 8 years/100,000 miles 151 miles 70% 

smart fortwo electric 8 years/62,000 miles 124 miles  

 Tesla Model S 8 years 304 miles  

Volkswagen e-Golf 8 years/100,000 miles 125 miles 70% 

*The table includes actual information from automobile manufacturers’ websites on May 22, 2018. 

A cell is a basic electrochemical unit, whereas a battery is a collection of cells ready for use [8]. 

Hence, a lithium-ion cell (LIC) is used in the following text to refer to such a basic lithium-ion 

electrochemical unit. 

1.2 Outline 

This thesis is composed of six chapters as shown in Fig. 1. The first chapter introduces the 

industrial background for the booming of LIC technology and the significance to investigate its                  

degradation behavior.  

The second chapter provides the theoretical basis of LICs and their aging mechanisms based on 

a vast amount of literature. The aging mechanisms depend greatly on the electrode materials, 

thus some common electrode materials are introduced and their typical aging phenomena are 

discussed.   

The third chapter focuses on the state-of-the-art aging test methods and non-invasive aging 

detection methods of LICs. For the state-of-the-art aging test, Section 3.1 gives an overview of 

some authoritative test standards for traction batteries. Based on these test standards and a 

literature review, the most important stress factors for calendar and cycle life aging tests are 
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extracted. The design of the experimental work depends on previous investigation results and 

the available testing resources. Empirical aging models from literature are introduced. As for 

the state-of-the-art non-invasive aging detection methods, Section 3.2 classifies them into three 

categories: current-voltage-based, impedance-based and temperature-based. The theoretical 

background of the aging detection methods is depicted in Subsection 3.2.2, Subsection 3.2.3 

and Subsection 3.2.4. 

The fourth chapter gives detailed information about the investigated LIC and describes the test 

procedures conducted within the framework of this thesis.  

The fifth chapter analyzes the aging behavior of the investigated LIC and the corresponding 

non-invasive aging detection. The test results of calendar and cycle life aging are presented in 

Section 5.1. The impacts of temperature, discharge rate and charge rate on the LIC aging are 

discussed. In Section 5.2, Section 5.3 and Section 5.4, the three categories of non-invasive aging 

detection are applied to the investigated LIC to disclose its aging mechanisms under different 

operational conditions.        

The sixth chapter shows the post-mortem analysis of one aged LIC. The last chapter 

summarizes the thesis work and provides some suggestions for future research.      

This thesis contains text and figures from my peer-reviewed journal contributions [5,9], 

especially in Chapters 3, 4 and 5.       

 

Figure 1. Structure of the thesis focused on aging test and detection of LICs. 

Chapter 1&2: Introduction & Fundamentals 

Chapter 3: State-of-the-Art Test Methods 

Chapter 4: Experimental Work 

Chapter 5: Aging Behavior & Detection 

Calendar & Cycle Life Aging Test Method

Current-Voltage-Based Detection Method

Impedance-Based Detection Method

Temperature-Based Detection Method

Calendar & Cycle Life Aging Behavior

Current-Voltage-Based Aging Detection

Impedance-Based Aging Detection

Temperature-Based Aging Detection

Chapter 7: Conclusion & Outlook 

Chapter 6: Post-Mortem Analysis 
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2. Fundamentals of Lithium-Ion Cells 

LICs are rechargeable batteries or secondary batteries, in which lithium ions move between the 

anode and the cathode during charge or discharge. 

With a good combination of high energy density, tiny memory effect and low self-discharge, 

LICs have been adopted in systems from consumer electronics, EVs to renewable energy 

storage systems. Whatever the application is, LICs suffer from inevitable degradation, which 

depends greatly on the electrode and electrolyte composition. This chapter gives an introduction 

to LICs, including their composite materials and the degradation phenomena on each of their 

components. 

2.1 Functional Components of a Lithium-Ion Cell 

A LIC is composed of an anode, a cathode, a separator, electrolyte, current collectors and 

packaging materials. The anode is commonly made of graphitizable carbon (soft carbon) or 

non-graphitizable carbon (hard carbon). The former has more ordered crystallites orientation 

than the latter. At the moment, graphite is the most important anode material in LICs and it has 

received the most research attention [10]. The cathode material derives mainly from three 

groups: olivine material, e.g., LiFePO4 (LFP), layered material, e.g., LiCoO2 (LCO) and spinel 

material, e.g., LiMn2O4 (LMO). Anode and cathode materials enable the reversible intercalation 

and deintercalation of lithium ions.  

The electrolyte is usually a mixture of alkyl organic carbonates containing lithium salts (e.g., 

LiPF6) and additives [11]. The separator can be polymer membranes, non-woven fabric mats 

or inorganic composite membranes. It prevents the electrical contact between the electrodes 

and allows the transport of lithium ions in the electrolyte through it [12]. The anode current 

collector is made of copper and the cathode current collector is made of aluminum. They 

connect the electrodes with the external circuit. The packaging materials can be soft coffee bag, 

hard aluminum case or hard stainless steel case according to the LIC geometry and application.  

Fig. 2 illustrates the interior structure of a LIC with a graphite anode and an LCO cathode [13]. 

During charge, electrons move from the cathode to the anode via the external circuit. Inside the 

LIC, lithium ions deintercalate out of the cathode, transport through the Li+-conductive 

electrolyte and intercalate into the anode. 

The discharge process is contrariwise. The operational potential of a LIC depends primarily on 

the anode and cathode materials. The capacity of a LIC depends on the type and amount of 

active anode and cathode materials. 
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Figure 2. Schematic of a LIC with a graphite anode and an LCO cathode during charge or discharge 

[13]. 

2.2 Blended Electrodes 

Different electrode materials possess different advantages and disadvantages regarding price, 

resource, thermal stability, chemical stability and energy density. A blended electrode is 

developed by physically mixing two or more lithium intercalation compounds to compensate 

the demerits of one compound with the merits of another [14].  

2.2.1 Blended Anode 

In addition to the aforementioned carbon-based anodes, Li4Ti5O12 (LTO) and silicon (Si) are 

excellent candidates for LIC anode material. Pure LTO anode has already been commercialized, 

whereas the development of pure Si anode encounters difficulties due to large volume change, 

typically up to 270% [15].  

The most common blended anode is graphite/Si anode, as a way to overcome the large 

volumetric expansion of pure Si. Graphite is well known for its good stability, cheap cost and 

low working potential, while Si has a ten times higher specific capacity than graphite and is the 

second most abundant element in the Earth’s crust. Their working potential curves vs. Li/Li+ 

are shown in Fig. 3 (a). In the blended anode, the specific capacity increases with Si content 

and the volumetric expansion is limited since Si particles are uniformly located within the space 

between graphite particles. However, besides volume change, lithium ions tend to remain in the 

Si particles as LiSix, which causes capacity fade during the operation [16]. 
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Figure 3. (a) Discharge profiles of graphite [17] and silicon [18] at C/10; (b) discharge profiles of LFP 

[19], LCO [20], NMC [21], NCA [22] and LMO [23] at C/10 or C/20.    

2.2.2 Blended Cathode 

As mentioned in Subsection 2.1, cathodes come from three groups: olivine, layered and spinel 

materials. Discharge potential profiles of various cathode materials from the three groups are 

shown in Fig. 3 (b).  

LFP is the most commercially successful material in the olivine group, also known as polyanion 

compounds. It has a lower potential as well as a lower specific capacity compared to materials 

from the other groups. However, LFP has a good thermal stability, high power capability and 

long cycle life.  

LCO was firstly introduced by Goodenough in 1980 and commercialized by SONY. It is still 

to be found in many commercial LICs. LCO has relatively high specific capacity, low self-

discharge, high working potential and long cycle life [24]. However, high cost for cobalt, low 

thermal stability and fast capacity fade at high currents or deep cycling are the main limits of 

LCO. LCO suffers from irreversible lattice distortion from hexagonal to monoclinic symmetry 

at over 50% lithium delithiation, which is the most important material degradation for LCO 

during cycling. In order to avoid this deterioration, different transition metals are used as 

dopants for cobalt. Some compositions have achieved success in stabilizing the layered 

structure. LiNi1/3Mn1/3Co1/3O2 (NMC) and LiNi0.8Co0.15Al0.05O2 (NCA) are the most successful 

representatives of them [15].    

Spinel LMO has the advantages of low cost, abundant supply and environmental friendliness. 

Its three-dimensional structure enables fast lithium ion diffusion through it, thus high rate 

capability. Nevertheless, its specific capacity is the lowest in Fig. 3 (b). Furthermore, LMO 

suffers from irreversible side reactions with electrolyte, oxygen loss and Mn2+ dissolution [15].  

Blended cathodes are often found in EV batteries, since automotive propulsion applications 

have higher requirements on LICs in terms of energy, power, safety and life span. For example, 

Ford Focus BEV and Chevrolet Volt use LICs with NMC/LMO blended cathodes [14].  
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There are generally four types of blended cathodes: blends of spinel and layered oxides, blends 

of olivines and layered oxides, blends of LCO with NMC, NCA or spinel and blends with 

xLi2MnO3-(1-x)LiMO2 (M=Mn, Ni, Co) systems [14, 25, 26].  

In the first type, spinel has lower cost, higher working potential, higher rate capability and better 

thermal stability [27], which perfectly compensate the shortcomings of layered oxides. 

Furthermore, several research groups [25, 28, 29] have reported about the suppression of Mn2+ 

dissolution of spinel by adding layered oxides. The most important blended cathodes of this 

type are NMC/LMO and NCA/LMO.  

In the second type, olivine-structured cathodes have the favorable attributes of good thermal 

stability and long cycle life [30]. However, their relatively flat potential profiles make them less 

attractive for EV applications. Blending with layered oxides overcomes the disadvantages of 

olivines. For example, blended cathode LFP/Li[Li0.17Mn0.58Ni0.25]O2 has been reported to 

present advantages in cost, safety and rate capability [31]. This blending system is particularly 

interesting for PHEV-related applications [32].  

In the third type, LCO is known as the most successful cathode material, but it suffers from 

poor thermal stability and irreversible lattice deterioration during overcharge. Lee et al. [33] 

improved the thermal stability of the LCO cathode by adding NMC.  

The last type of blending system is also known as “Li2MnO3-stabilized” oxides. Li2MnO3 helps 

to stabilize layered structure of LiMO2 (M=Mn, Ni, Co) and thus the blends achieve enhanced 

performance [34, 35]. The blended cathodes can reach relatively high specific capacity of 250-

280 mAh/g. The disadvantage is high irreversible capacity fade in the first cycles.  

As a summary, blended cathodes provide a more balanced performance than their composite 

materials due to the weighted averaging of the material properties. However, there are still some 

problems with blended cathodes. In spinel-containing blends, Mn2+ dissolution remains a 

challenge for LIC cycle life. Additionally, the usage of the composite materials depends on 

their working potentials. It is possible that the composite materials are not uniformly ultilized 

during the whole charge/discharge process [14].       

2.2.3 Blended Electrode Working Potential 

Anode and cathode can be regarded as serial-connected potential sources, whereas composite 

materials in the blended electrode are considered as parallel-connected potential sources. Fig. 

4 shows the equivalent circuit for a LIC with a blended cathode and a blended anode. The 

electrodes contain two composite materials respectively. On the cathode side, Zca,1 and Zca,2 are 

the impedances of the two cathode composite materials and Uca,1 and Uca,2 are their potentials. 

Uca is the potential of the blended cathode. On the anode side, Zan,1 and Zan,2 are the impedances 

of the two anode composite materials and Uan,1 and Uan,2 are their potentials. Uan is the potential 

of the blended anode. Z0 is the impedance of the rest components inside the LIC. UOCV is the 
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open circuit voltage (OCV) of the LIC, which is the potential difference between the cathode 

and the anode in a static state:  

𝑈OCV = 𝑈ca − 𝑈an (1) 

Zca,1 and Zca,2 are usually not identical, and neither are Zan,1 and Zan,2. However, if the current 

inside the LIC is low enough, the voltage drops over Zca,1, Zca,2, Zan,1 and Zan,2 are negligible. 

The following equations can be obtained under this precondition [36]. 

𝑈ca = 𝑈ca,1 = 𝑈ca,2 (2) 

𝑈an = 𝑈an,1 = 𝑈an,2 (3) 

Hence, the same working potential applies to the composite materials.  

 

Figure 4. An equivalent circuit for a LIC with a blended anode and a blended cathode. 

2.3 Aging Mechanisms 

The performance characteristics of LICs are mainly capacity and resistance. If a LIC’s capacity 

reduces or its resistance rises, the LIC is aged. However, various aging mechanisms are 

involved in these two kinds of performance degradation. In the following subsections, aging 

mechanisms are categorized into: aging mechanisms of the anode, aging mechanisms of the 

cathode and aging mechanisms of the separator. 

2.3.1 Aging Mechanisms of the Anode 

Since graphite is the most widely used anode material, the aging mechanisms discussed in this 

subsection is confined to graphite anode. During charge and discharge, i.e., intercalation and 

deintercalation of lithium ions in graphite, a volume change in the order of 10% or less takes 

place in the graphite anode, which may cause particle cracking or related structural change [15]. 

Moreover, graphite exfoliation and cracking due to solvent co-intercalation, electrolyte 

reduction and gas evolution inside graphite may also occur in the anode. However, the most 
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pronounced aging mechanisms on the anode side occur at the anode/electrolyte interface, i.e., 

the formation of a solid electrolyte interphase (SEI) and lithium plating [37–39].    

Solid Electrolyte Interphase 

The lithiated graphite operates at low potentials, causing electrochemical instability of the 

electrolyte. Hence, during the initial cycles of a LIC, the SEI is formed with electrolyte 

decomposition products covering the anode surface [39–42]. These decomposition products 

contain mainly Li2CO3, LiOH, LiF, Li2O, ROCO2Li, and RCOLi [43]. An ideal SEI should be 

electronically insulating and only allow lithium ion conduction, thus it inhibits further 

electrolyte reduction in the successive cycles. However, some charged species and solvents do 

pass through the SEI to some extent after the first few cycles. In fact, SEI formation occurs 

throughout the whole life of a LIC [39, 40]. In the meanwhile, lithium ions are irreversibly 

consumed, resulting in capacity fade. After a long period of cycling or storage, the SEI may 

grow thicker and insert into pores of the anode and even into pores of the separator, diminishing 

the accessible active surface area of the anode. It is a major cause for lithium plating under mild 

operational conditions [44].  

Moreover, changes of composition and morphology of the SEI with time and temperature have 

also been reported, e.g., the inorganic compositions increase and the organic compositions 

decrease with time [45–49]. Both the growth and the conversion of SEI layer cause impedance 

rise in the LIC. Furthermore, the SEI is highly dependent on the electrolyte formula and its 

growth can be influenced by dissolved cathode components in the electrolyte [50, 51].  

Lithium Plating 

The intercalation potential of graphite is approximately the potential of lithium metal [39]. 

When the potential at the graphite/electrolyte interface drops below 0 V vs. Li/Li+, lithium 

plating begins [52]. The factors that trigger lithium plating can be classified into thermodynamic 

factors and kinetic factors. Thermodynamic factors refer to the cell unbalance situation, where 

the anode is already fully lithiated before the end of charge. Cell unbalance could be due to 

poor cell design or aging-induced anode material loss. Kinetic factors are more common. They 

are harsh cell charging conditions (e.g., low temperature, high charge current), aging-induced 

anode/electrolyte interface degradation (e.g., SEI formation, surface porosity reduce) and 

inappropriate electrolyte formulation [53].  

Lithium plating occurs during the charge process and especially at the end of the constant 

current (CC) charge step, where the anode potential develops to its lowest point. Hence, the 

extent of the lithium plating reaction is at its maximum. If a subsequent constant voltage (CV) 

charge step begins, the charging current declines and the anode potential rises. The plated 

lithium begins to re-intercalate into the graphite anode. During this step, there is a coexistence 

of lithium plating, plated lithium re-intercalation and lithium ion intercalation [54]. If a 

relaxation period follows the CV charge step, more plated lithium re-intercalates into the 
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unsaturated graphite anode [55]. When a discharge current is applied to a LIC with plated 

lithium on the anode, it is possible that the plated lithium is partially recovered as active lithium, 

known as reversible lithium plating. It takes place because lithium oxidation (stripping) occurs 

at a lower potential than lithium deintercalation out of graphite. The reversible lithium plating 

does not contribute to capacity loss in the LIC [53]. However, there is still a part of the plated 

lithium, which is not oxidized during discharge. This is known as irreversible lithium plating 

[56]. The irreversible plated lithium accumulates on the anode with operation and reacts with 

the electrolyte to form new SEI [57–59]. It may lose contact with the anode to form dead lithium 

or build dendrites, which eventually penetrate the separator and cause short circuits in the LIC 

[56, 60, 61]. Irreversible lithium plating leads to capacity loss as well as safety issues. 

Lithium plating is one of the most detrimental degradation mechanisms in the LIC. It is a major 

limiting factor for the application of LICs and the development of fast charging for EVs. It also 

relates to the transition from linear to nonlinear aging of LICs during normal operation [44, 62], 

thus a great risk for second life application of LICs. Lithium plating could be eased through 

material improvement, cell design, thermal management and adapted charge protocols.   

2.3.2 Aging Mechanisms of the Cathode   

Lithium ion (de-)intercalation in the cathode induces mechanical strain to the cathode particles, 

further causing particle isolation and phase transition in the cathode [39]. The degradation of 

the cathode may result in active lithium ion isolation and cathode capacity decrease, both 

leading to LIC capacity loss. Besides the general degradation mechanisms brought by 

(de-)intercalation, cathode has specific aging mechanisms according to the active material. 

Layered oxide LixCoO2 is prone to a transition to a monoclinic structure at x=0.5 [63, 64], while 

spinel LMO suffers from structural changes due to Jahn-Teller distortion of Mn3+ [65]. 

Additionally, transition metal dissolution and electrolyte oxidation are aging mechanisms 

commonly observed in LIC cathodes.  

Transition Metal Dissolution 

The transition metals in the cathode are not always stable during the operation. High cell voltage 

can oxidize transition metals into dissoluble cations, especially in the cases of cobalt and 

manganese. The cations dissolve into the electrolyte and eventually deposit on the anode. The 

deposited transition metals accelerate the SEI formation, leading to capacity fade and 

impedance rise in the LIC. This aging phenomenon has been detected in LICs with LCO [66], 

LFP [67, 68], NMC [69–71] and LMO [72–74] cathodes.   

Electrolyte Oxidation and Passive Film Formation 

The organic carbonates in the electrolyte have an oxidation potential around 4.7 V vs Li/Li+ 

[75, 76]. This oxidation potential can be reduced via temperature elevation [65, 77, 78]. 

Furthermore, ethers, esters and some partially reduced lithium compounds from the anode can 

be oxidized at even lower potentials [79–81]. A passive film composed of organic and inorganic 
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compounds from electrolyte decomposition is formed on the cathode [58]. There is an 

investigation reporting about passive film formation at 4.3 V vs Li/Li+ on various cathode 

materials at 25°C [82]. Under the oxidized electrolyte compounds film, there exists an inorganic 

surface layer owing to cathode surface deterioration, such as surface reconstruction or phase 

change [21, 83]. When a LIC is charged or stored at high potentials, the passive films develop 

at the electrolyte/cathode interface. It gives rise to resistance increase of the cathode side, which 

can be more pronounced than that of SEI on the anode side [79, 84].      

2.3.3 Aging Mechanisms of the Separator  

Separators suffer from swelling and internal or external mechanical stress, leading to cracks or 

viscoelastic creep in them [85, 86]. Furthermore, electrolyte decomposition products [87] and 

even electrode active material particles [86] may clog the pores in the separator. All these 

degradation phenomena result in an increased ionic resistivity of the separator and in turn a 

higher LIC resistance. 

In addition to the aforementioned aging mechanisms, current collector corrosion, binder 

decomposition, gas evolution, etc. have also been reported in literature [39, 88–90]. 
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3. State-of-the-Art Test Methods of Lithium-Ion Cells  

3.1 State-of-the-Art Aging Test Methods 

LICs are tested to evaluate their performance under various operational conditions. 

Application-oriented LIC performance tests consist of at least three parts: characterization tests 

to obtain cell features, aging tests to simulate the working scenarios and safety tests to 

investigate extreme conditions. Safety tests are beyond the scope of this thesis, thus only 

characterization tests and aging tests are discussed in Section 3.1.    

3.1.1 Overview of the Test Standards 

Standards for products and services are usually created by public or private standardization 

organizations. In the area of battery standardization, International Electrotechnical Commission 

(IEC), International Standardization Organization (ISO) and Institute of Electrical and 

Electronics Engineers (IEEE) are the three most active entities. In Europe, the European 

Committee for Electrotechnical Standardization is involved in battery standardization. There 

are also standards from individual countries, especially United States of America (SAE and 

ANSI), Germany (VDE), Japan (JEVA) and China [91]. 

LIC-related standards cover different objectives, including design, performance tests, safety 

design, safety tests, environmental protection, classification, guidance and recommendation. 

Based on the interest of this thesis, LIC-related standards with focus on performance tests for 

automotive application are selected as follows [92]: 

- ISO 12405-1: Electrically propelled road vehicles – Test specification for lithium-ion 

traction battery packs and systems – Part 1: High-power applications  

- ISO 12405-2: Electrically propelled road vehicles – Test specification for lithium-ion 

traction battery packs and systems – Part 2: High-energy applications 

- Battery test manual for plug-in hybrid electric vehicles (INL/EXL-07-12536): The 

development of this test standard for PHEV is supported by the Department of Energy 

(DOE)-United States Advanced Battery Consortium (USABC).   

The performance tests consist of a characterization part describing the energy and power 

features of the battery and an aging part evaluating the battery degradation over time (calendar 

aging) or usage cycles (cycle life aging). Tab. 2 and Tab. 3 describe the main characterization 

tests and aging tests according to the selected standards.    
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Table 2. Battery characterization tests according to selected standards [91–95]. 

Application ISO 12405-1 

(2009) 

ISO 12405-2 

(2009) 

INL/EXT-07-12536 

(2014) 

Capacity 

Test 

-18°C, -10°C, 0°C, 25°C 

and 40°C discharge at 

1C, 10C and Imax 

-25°C, -10°C, 0°C, 25°C 

and 40°C discharge at 

1/3C, 1C, 2C and Imax 

According to the 

manufacturer 

Power   

Test 

pulse at SoCs (20%, 35%, 

50%, 65% and 80%) and 

temperatures 

(-18°C, -10°C, 0°C, 25°C 

and 40°C) with charge/ 

discharge current of Imax 

for 18 s and -0.75Imax for 

10 s 

pulse at SoCs (20%, 35%, 

50%, 70% and 90%) and 

temperatures 

(-25°C, -18°C, -10°C, 

0°C, 25°C and 40°C) 

with charge/ discharge 

current of Imax for 18 s, 

0.75Imax for 102 s 

and -0.75Imax for 20 s 

Hybrid Pulse Power 

Characterization (HPPC):          

10 s discharge pulse at 

Imax and 10 s charge pulse 

at 0.75Imax at each 10% 

SoC interval from 10% to 

90% SoC with 1 hour rest 

Energy 

Efficiency 

Test 

pulse at SoCs (65%, 50% 

and 35%) and 

temperatures (0°C, 25°C 

and 40°C) with charge 

current of Imax or 20C for 

12 s and discharge 

current of 0.75Imax or 15C 

for 16 s; a 40 s rest 

between charge and 

discharge                                

Fast charging at 25°C and 

0°C:                            

Fast charge at 1C, 2C or 

Imax and rest 1 hour, 

followed by standard 

discharge   

Charge-sustaining test 

profiles are used for the 

efficiency tests and are  

90 s in duration. 
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Table 3. Battery aging tests according to selected standards [91–95]. 

Application ISO 12405-1 

(2009) 

ISO 12405-2 

(2009) 

INL/EXT-07-12536 

 (2014) 

Calendar 

Aging Test 

Storage at 45°C and 50% 

SoC for 30 days;         

The remaining capacity is 

measured by a 1C 

discharge test. 

Storage at 45°C and 50% 

SoC for 30 days;         

The remaining capacity is 

measured by a 1/3C 

discharge test. 

Storage at 100% or a 

target SoC at three 

different temperatures;   

A 10 kW constant power 

discharge test and a 

HPPC test are repeated 

every 32 days. 

Cycle Life 

Aging Test 

Cycling with charge and 

discharge rich profiles 

between 30%-80% SoC 

at 25°C;                          

A pulse test is repeated 

every 7 days;                  

A 1C capacity test is 

repeated every 14 days. 

 

Cycling with dynamic 

discharge profiles A and 

B from 100% to 20% 

SoC at 25°C;                  

A 1/3C capacity test and 

a pulse power test at 

25°C are repeated every 

28 days;                               

A  1/3C capacity test and 

a pulse power test 

at -10°C are repeated 

every 2 months. 

Charge-sustaining cycle 

life test;                  

Charge-depleting cycle 

life test 

 

3.1.2 Stress Factors for Calendar Aging and Cycle Life Aging 

According to Tab. 3, LICs undergo two kinds of aging tests in the application, i.e., calendar 

aging test and cycle life aging test. Calendar aging corresponds to the standby mode, whereas 

cycle life aging represents the working load condition. The selected test standards adopt 

different testing conditions for calendar aging and cycle life aging tests in Tab. 3. They differ 

in temperature, state of charge (SoC), cycling profiles, etc., which are referred to as stress 

factors by some researchers [96–98]. “1C”, “1/3C” and “2C” are mentioned in Tab. 2 and Tab. 

3. C-rate is a unit of charge/discharge current for batteries. 1C means the constant current, with 

which the full cell capacity is theoretically discharged in 1 h, e.g., 1C is 5 A for a LIC with 5 

Ah. By introducing C-rate, the charge/discharge current can be better compared between LICs 

with different capacities.  

A classification of basic stress factors for calendar aging and cycle life aging is illustrated in 

Fig. 5. Charge and discharge currents are listed as stress factors instead of dynamic cycling 

profiles in Tab. 3, since it is difficult to compare dynamic cycling profiles directly. There are 
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also researchers [99], who have put forward new stress factors, e.g., cut-off voltage and CV 

time. However, they are merely different expressions of depth of discharge (DoD) and average 

SoC. A superposition assumption between calendar aging and cycle life aging is generally 

accepted [98, 100–102]. That means, during LIC operation, its total aging is the addition of its 

calendar aging and its cycle life aging.         

 

Figure 5. Stress factors of calendar aging and cycle life aging. 

3.1.3 Design-of-Experiment 

Large-scale aging experiments have been carried out by many research groups [97, 98, 103, 

104] to obtain semi-empirical aging models for LICs. In spite of their lower predictability 

compared to physicochemical aging models, semi-empirical aging models require lower 

computation time and are thus more suitable for integration into battery management systems 

[105].  

As illustrated in Fig. 5, there are three basic stress factors for calendar aging and six basic stress 

factors for cycle life aging. For each stress factor, at least three test points should be chosen to 

obtain a reliable aging-dependence. Furthermore, under each test point, at least two LICs should 

be tested to ensure the reproducibility of the measurement. As a result, if a detailed investigation 

covering all the stress factors is to be carried out, hundreds of LICs are involved. In order to 

reduce the test expenditure, for calendar aging only two stress factors are chosen, temperature 

and storage time. The cycle-life-aging dependence on DoD has been clarified by a few groups 

[106, 107] with Wöhler-curve or Stress-cycle-curve, where the LIC life span decreases 

exponentially with increasing DoD. The cycle-life-aging dependence on average SoC could 

hardly be investigated without the known calendar-aging dependence on SoC. Hence, for cycle 

life aging, ambient temperature, charge current, discharge current and Ah-throughput are 

selected as stress factors.  

Orthogonal test design is employed to further reduce test points [98, 99]. Two LICs are 

measured under the same condition. The test range for the stress factors considers the safe 
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operation range according to the battery technical data sheet. In my experiment, six cells are 

tested for calendar aging and sixteen cells are tested for cycle life aging.  

The test profiles for cycle life aging could be specific profiles related to the application, e.g., 

charge depleting and charge sustaining profiles in INL/EXT-07-12536 and dynamic discharge 

profiles in ISO 12405. Nonetheless, in order to investigate the current intensity influence on 

aging, simplified protocols with CC-CV charge and CC discharge regimes are more 

appropriate.   

3.1.4 Empirical Aging Model 

Macroscopic LIC aging phenomena, i.e., capacity loss and resistance increase, can be described 

with empirical aging models. The stress factors serve as variants in the model. The models 

require test data for parameterization.  

3.1.4.1 Model for Calendar Aging 

For calendar aging, SEI growth is considered to be the most pronounced aging mechanism. 

Capacity fade is mainly due to SEI growth. An exponential aging model with stress factors, i.e., 

storage time, temperature and SoC, is proposed by researchers [104, 108–110] as follows: 

𝑄loss
cal = 𝐵calexp (−

𝐸𝑎cal

𝑅𝑇
) 𝑡𝑧cal (4) 

Where 𝑄loss
cal  is the relative capacity loss, 𝐵cal is a pre-exponential factor depending on SoC, 

𝐸𝑎cal is the activation energy in J/mol, R is the gas constant 8.314 J/mol/K, T is the absolute 

temperature in K, t is the storage time and 𝑧cal is a dimensionless constant.   

Resistance increase has a similar model but with different parameters: 

𝑅inc
cal = 𝐵′

calexp (−
𝐸𝑎′

cal

𝑅𝑇
) 𝑡𝑧′

cal (5) 

Where 𝑅inc
cal is the relative resistance increase, 𝐵′cal is a pre-exponential factor depending on 

SoC, 𝐸𝑎′cal is the activation energy in J/mol and 𝑧′cal is a dimensionless constant.   

3.1.4.2 Model for Cycle Life Aging 

The cycle life aging model develops with Ah-throughput instead of time. Some research groups 

[104, 108] adopt an analogous model to the calendar model:  

𝑄loss
cyc

= 𝐵cycexp (
−𝐸𝑎cyc + 𝑎|𝐼|

𝑅𝑇
) 𝑞𝑧cyc (6) 

Here, 𝑄loss
cyc

 is the relative capacity loss, 𝐵cyc is a pre-exponential factor, 𝐸𝑎cyc is the activation 

energy in J/mol, 𝛼 is a coefficient for aging acceleration due to charge/discharge current in 

J∙h/mol, I is the charge/discharge C-rate in h-1, q is the Ah-throughput and 𝑧cyc  is a 

dimensionless constant.    
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Similarly, the resistance increase model is expressed as follows: 

𝑅inc
cyc

= 𝐵′
cycexp (

−𝐸𝑎′
cyc + 𝑎′|𝐼|

𝑅𝑇
) 𝑞𝑧′

cyc (7) 

Where 𝑅inc
cyc

 is the relative resistance increase, 𝐵′cyc is a pre-exponential factor, 𝐸𝑎′cyc is the 

activation energy in J/mol, 𝛼′ is a coefficient for aging acceleration due to charge/discharge 

current in J∙h/mol and 𝑧′
cyc is a dimensionless constant. 

DoD is proven to show negligible influence on cycle life aging by Wang et al. [104], when the 

total Ah-throughput is applied. For degradation due to cycling operation, the calendar aging 

(Eq. 4-5) should be added to the cycle life aging (Eq. 6-7). 

3.2 State-of-the-Art Non-Invasive Aging Detection  

In order to detect aging mechanisms, an enormous number of investigations have been 

undertaken in the last decades. The most straightforward method is to disassemble an aged LIC 

and examine its components with physicochemical analysis techniques such as nuclear 

magnetic resonance spectroscopy (NMR), scanning electron microscopy (SEM) and X-ray 

diffraction technique (XRD) [111]. These detection methods are referred to as post-mortem 

analysis, which requires pricey analysis equipment as well as cell disassembly. In the hope of 

tracking aging mechanisms in a LIC without damaging it and in a more economical way, non-

invasive aging detection methods have become research highlights of many groups globally. 

Without destroying a LIC, the measurable parameters are mainly current, voltage, impedance 

and temperature. In the following part of Section 3.2, a literature survey and the non-invasive 

measurements are presented to show how these parameters reveal the aging mechanisms in the 

LIC.    

3.2.1 Capacity, State of Charge and State of Health 

Before having a deep look into the non-invasive aging detection methods, there are three 

technical terms, which should be understood thoroughly. One of them is capacity. There are 

different definitions of LIC capacity in literature, which should be clarified before defining the 

concepts SoC and state of health (SoH).  

There are three main capacity definitions, i.e., nominal capacity, initial capacity and actual 

capacity. The nominal capacity is the capacity defined by the manufacturer for operation under 

nominal conditions (nominal temperature, nominal charge/discharge current, etc.). It is the 

guaranteed minimal capacity by the manufacturer at the time of delivery. The initial capacity is 

the charge amount that can be withdrawn from a LIC in a new state starting from a fully charged 

condition. The initial capacity under nominal conditions is usually slightly higher than its 

nominal capacity. The actual capacity is the charge amount that can be withdrawn from a LIC 

in its actual state starting from a fully charged condition. If a LIC is aged, its actual capacity is 

lower than its initial capacity. The initial and actual capacities can be defined at either nominal 
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or non-nominal conditions. The influence of conditions on capacity is prominent. Higher 

temperature and lower discharge current increase capacity [112].         

The concept SoC has been ultilized to describe lead-acid batteries and nickel-cadmium batteries 

[113]. In LIC research literature, SoC has two different definitions. There is a true SoC (t-SoC), 

which is defined under thermodynamic equilibrium and corresponds to a certain lithiation state 

of both electrodes. The other one is an empirical SoC (e-SoC), which is defined empirically via 

engineering methods. The measurement of t-SoC requires techniques such as galvanostatic 

intermittent titration technique (GITT) or very low currents (typically C/25), which makes t-

SoC infeasible in most applications [114–116]. Therefore, in the rest part of this thesis, only e-

SoC is discussed and used. For convenience, e-SoC will be replaced with SoC from now on.    

SoC describes the availability of usable capacity that can be deployed from a LIC or a battery 

module/pack. From engineering perspective, SoC acts as a fuel gauge for battery-powered 

systems and provides a basis for the comparison of LIC performance characteristics [116]. 

According to USABC Battery Test Procedure Manual [117], SoC is defined as the ratio of the 

remaining capacity under a given testing condition and the actual capacity under the same 

specific condition as follows: 

𝑆𝑜𝐶 =
𝑄res

𝑄act

(8) 

Where 𝑄res is the remaining capacity and 𝑄act is the actual capacity under the same testing 

condition.  

Besides, SoC is commonly determined with coulomb counting method, which counts electrical 

charges into or out of the LIC [116]. 

𝑆𝑜𝐶(𝑡) = 𝑆𝑜𝐶0 +
∫ 𝜂𝑖𝑑𝑡

𝑡

0

𝑄act

(9) 

Here, SoC0 is the initial SoC, 𝜂 is the coulombic efficiency, 𝑖 is the current (positive for charge; 

negative for discharge), t is the time and 𝑄act is the actual capacity. 

SoH describes the performance difference between the present condition and the initial 

condition of a LIC due to aging. Nevertheless, there is actually no consensus in the industry 

regarding SoH definition and determination. Different performance features can be used to 

quantify SoH and they result in different SoH values. Considering energy and power as the 

most important features of a battery system, capacity and resistance are usually applied to define 

SoH [112, 118]: 

𝑆𝑜𝐻Q =
𝑄act

𝑄ini

(10) 

𝑆𝑜𝐻R =
𝑅act

𝑅ini

(11) 
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Where 𝑄act is the actual capacity, 𝑄ini is the initial capacity, 𝑅act is the actual resistance and 

𝑅ini is the initial resistance. Some researchers [112, 118, 119] replace the initial capacity with 

the nominal capacity, which may cause SoH values larger than 100%. In order to keep SoHQ 

within the range 0-100%, the definition with initial capacity is employed in this thesis. 

For applications where battery energy plays a more important role, e.g., EVs or plug-in EVs, 

EoL criteria of a battery system is set as 70% or 80% SoHQ. As for situations where battery 

power is more crucial, e.g., HEVs, EoL criteria is defined as 200% SoHR [103, 120, 121]. In 

most cases, the health evaluation of a LIC should consider both SoHs. Due to different 

operational conditions and battery materials, there could be different extent of resistance 

increase for the same degree of capacity decrease [118, 122]. 

Additional concepts such as state of energy, state of function [112] and state of safety [123] 

exist, but are not discussed in this thesis. 

3.2.2 Current-Voltage-Based Aging Detection 

The most fundamental current-voltage description of a LIC is its OCV curve. Detection 

methods like incremental capacity analysis (ICA) and differential voltage analysis (DVA) 

amplify the characteristics along the OCV curve or the pseudo-OCV curve to unravel the 

involved aging mechanisms. 

3.2.2.1 Open Circuit Voltage 

The OCV of a LIC is the potential difference between the cathode and the anode, when no 

external electric current flows between the electrodes and all the internal chemical and physical 

processes are finished or in equilibrium. The OCV excludes all the dynamic influences and 

depends only on the temperature and the lithiation degree of both electrodes (or SoC) for the 

same LIC system. It has already been defined with Eq. 1 in Subsection 2.2.3. 

The relationship between UOCV(Q), Uca(Q) and Uan(Q) is illustrated in Fig. 6. The potential 

curves are obtained from half cell measurements of a fresh LIC. The x-axis shows the absolute 

capacities of the half cells and the full cell. The cathode has an initial capacity of Qini,ca and the 

anode Qini,an. The anode is designed to be over-sized (Qini,ca < Qini,an), so that at the end of charge 

the anode is not yet saturated and thus thermodynamic lithium plating can be avoided. During 

the long-term operation, both electrodes may lose some active materials, which can be 

described with scaling factors αca and αan, respectively. The actual capacities of the cathode and 

the anode are then expressed as follows: 

𝑄ca = 𝑄ini,ca ∙ 𝛼ca,         0 < 𝛼ca ≤ 1 (12) 

𝑄an = 𝑄ini,an ∙ 𝛼an,        0 < 𝛼an ≤ 1 (13) 

In a LIC, its fully delithiated anode does not correspond to its fully lithiated cathode. This is 

due to the loss of a certain amount of cyclable lithium during the SEI formation in the formation 
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cycles. An offset (OFS) thus exists between both electrodes in Fig. 6. The OFS expands with 

aging as more cyclable lithium are consumed by side reactions. 

 

Figure 6. Schematic of OCV and electrode potentials based on half cell measurements of a fresh Kokam 

cell. 

The OCV curve covering the full SoC range of a LIC can be attained via GITT or by averaging 

charge and discharge voltage curves at the same current [124]. Fig. 7 illustrates the OCV curve 

of a fresh LIC used in the experimental part of this thesis via the averaging method. At a 

charge/discharge current of C/10, the averaged OCV curve is approximately identical with the 

charge curve as shown in Fig. 7. For convenience, the C/10 charge curve replaces the OCV 

curve in the current-voltage-based aging detection analysis.    

 

Figure 7. The OCV curve of a fresh Kokam cell as the average of its charge and discharge curves at 

C/10. Due to large diffusion overpotentials at low SoC range during the discharge process, the OCV 

curve is determined with a constant voltage difference to the charge curve between 0% and 50% SoC. 

The charge curve in Fig. 7 possesses several voltage plateaus, corresponding to two-phase areas 

of co-existing intercalation phases in either anode or cathode [125–128]. These voltage plateaus 

can be amplified with differentiation methods displayed in Fig. 8. The differential capacity 

curve in Fig. 8 (b) and the differential voltage curve in Fig. 8 (c) are referred to as ICA and 

DVA respectively by researchers [73, 129, 130].  
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Figure 8. (a) The charge curve of a fresh Kokam cell at C/10; (b) the differential capacity curve vs. 

voltage derived from the charge curve in (a); (c) the differential voltage curve vs. capacity derived from 

the charge curve in (a). 

3.2.2.2 Degradation Modes 

Section 2.3 gives a comprehensive description of all the common aging mechanisms in LICs. 

According to their influences on the LIC, six basic degradation modes can be defined: loss of 

lithium inventory (LLI), loss of active material in the lithiated cathode (LAMliCa), loss of active 

material in the dethiated cathode (LAMdeCa), loss of active material in the lithiated anode 

(LAMliAn), loss of active material in the delithiated anode (LAMdeAn) and ohmic resistance 

increase (ORI). LLI is induced by lithium-ion-consuming aging mechanisms e.g., SEI 

formation and lithium plating. It exists almost in every operation case and dominates in the 

early stage of aging [131–133]. All four types of LAM are due to contact loss between the 

material  particles [134], transition metal dissolution, electrode composition variation [69], or 

structural change in the active material [135]. ORI is due to electric contact loss in the electrode, 

electrolyte degradation or passive layer formation [135, 136].  

The aforementioned six degradation modes are then synthesized based on Fig. 6, according to 

Ref. [137]. In Fig. 9 (a)-(e), the results show the loss of active material or lithium inventory 

from 0% to 25% at an interval of 5%. ORI has no influence on the OCV, thus a discharge 

current of C/25 is assumed in Fig. 9 (f). The ohmic resistances of both electrodes increase from 

0% to 500% at an interval of 100%. Fig. 9 (a) stands for the case of LAMliCa, causing fewer 

lithium ions can be released from the cathode at the end of charge. It leads immediately to full 

cell capacity fade. Fig. 9 (b) represents LAMdeCa, where the cathode can take in fewer lithium 

ions at the end of discharge. It influences the full cell capacity under the condition that the 
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cathode  material decrease exceeds the initial offset. Fig. 9 (c) illustrates LAMdeAn, where the 

anode arrives at a more lithiated state at the end of charge due to its active material loss. The 

full cell capacity stays the same unless the anode is already fully lithiated at the end of charge. 

LAMdeAn introduces only slight deformation in the full cell OCV if no full cell capacity fade is 

observed.      

 

Figure 9. The six synthesized degradation modes: (a) LAMliCa; (b) LAMdeCa; (c) LAMdeAn; (d) LAMliAn; 

(e) LLI; (f) ORI. The OCV curves are shown for (a)-(e) and the C/25 discharge curve is shown for (f). 

Solid lines: start and end positions of the electrode or full cell; Dashed lines: 5% intervals of LAM for 

(a)-(d), 5% intervals of LLI for (e) and 100% intervals of ORI for (f). 

Fig. 9 (d) describes LAMliAn, where the anode sets fewer lithium ions free at the end of 

discharge. It influences the cell capacity immediately. Fig. 9 (e) depicts LLI, which is basically 

an expansion of the initial offset. LAMliCa, LAMdeAn and LLI are more common in the charge 

regime, while LAMdeCa and LAMliAn occur more often in the discharge regime [137]. Fig. 9 (f) 

shows ORI, where the cell capacity is not affected but the discharge curve at C/25 decreases in 
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its potential due to increased resistances on both electrodes. In the following subsections, the 

six degradation modes will be analyzed with ICA and DVA. 

3.2.2.3 Differential Voltage Analysis   

DVA has been employed by Bloom et al. [138–141] and Dahn et al. [142] for non-invasive 

aging analysis. As explained in Subsection 2.2.3, the anode and the cathode are considered as 

serial-connected voltage sources, thus the superposition principle works for DVA [138, 143], 

as shown in Eq. 14. 

𝑑𝑈OCV

𝑑𝑄
=

𝑑𝑈ca

𝑑𝑄
−

𝑑𝑈an

𝑑𝑄
(14) 

The superposition principle can be validated with the voltage curves of the half cells during de-

/intercalation. A fresh Kokam cell was disassembled and half cells were built out of its 

electrodes versus lithium metal. Details about the half cell assembly and measurement are 

revealed in Section 4.4. Figs. 10 (a) and 10 (b) present the half cell voltage curves and DVA 

curves that correspond to the charging of the full cell. The full cell DVA curve in Fig. 10 (c) 

was calculated from the charge voltage curve of the full cell with a current of C/10 from 2.7 V 

to 4.2 V. As illustrated in Fig. 10 (c), the peaks in the charge DVA curve of a full cell can be 

attributed to both electrodes according to the DVA superposition principle in Eq. 14. These 

distinguishable peaks, valleys or ends are marked conforming to their electrode origins as A1, 

A2, A3, C1, C2 and C3. The x-axis distances between peaks, valleys or ends from the same 

electrode can be used to determine changes in the active material amount of this electrode [5]. 

 

Figure 10. Half cell voltage curves and the resulting DVA curves of (a) anode and (b) cathode, which 

correspond to the full cell; (c) superposition of both half cell DVA curves and comparison with the full 

cell DVA curve [5].  

As the OCV deforms due to the degradation modes in Fig. 9, the DVA curve of the full cell in 

Fig. 11 deforms accordingly. The red thick line stands for the initial state and the other thin 

lines are intervals of LAM, LLI or ORI. The SoC scale is based on the initial state. In Fig. 11 

(a), i.e., LAMliCa, the decrease of cyclable lithium is obvious with the decrease of the x-axis 

distance between A1 and C3. The decrease of the cathode active material is observed with the 

decrease of the x-axis distance between C1 and C2. In Fig. 11 (b), the amount of cyclable 

lithium is firstly not affected from 0% to 10% LAMdeCa. With more LAMdeCa, the cyclable 
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lithium begins to decrease and the starting point A1 (SoC=0%) is limited by the cathode in the 

meantime. The loss of the cathode active material can be detected via the x-axis distance 

between C2 and C3. In Fig. 11 (c), the amount of cyclable lithium stays constant until 15% 

LAMdeAn and decreases subsequently. The decline of the anode active material can be 

recognized through the decrease of the x-axis distance between A1 and A3.  

 

Figure 11. The C/25 charge DVA evolution of six synthesized degradation modes: (a) LAMliCa; (b) 

LAMdeCa; (c) LAMdeAn; (d) LAMliAn; (e) LLI; (f) ORI.  

In Fig. 11 (d), i.e., LAMliAn, the decrease of cyclable lithium and anode active material can be 

easily monitored by the shift of A3 and C3. In the case of LLI in Fig. 11 (e), the gradual left-

shift of the C3 end leads eventually to the disappearance of the A3 peak. Only the loss of 

cyclable lithium is observed here. Finally, no DVA change is visible for ORI in Fig. 11 (f), 

since ORI does not affect the total amount of cyclable lithium or the form of OCV. It is regarded 

as a limitation of DVA for degradation detection.       



__________________________________________________________________________ 

26 

 

3.State-of-the-Art Test Methods of Lithium-Ion Cells 

3.2.2.4 Incremental Capacity Analysis 

The Clauss group [144] firstly introduced the method ICA in 1976 on a Leclanché-type dry 

cell. In the last decade, Dubarry et al. [115, 132, 133] have performed a series of aging 

characterization work by means of ICA on a wide range of LIC chemistries. According to 

Dubarry et al., although ICA and DVA share similar information due to their reciprocal nature, 

ICA has the advantage that it relates with the cell voltage, which is a direct and primary 

indicator of the battery state. In contrast, DVA refers to the cell capacity, which is an 

accumulative and secondary indicator of the battery state. 

However, ICA is at a disadvantage compared to DVA when it comes to peak separation. The 

superposition principle between cathode, anode and full cell does not apply to ICA, which can 

be depicted by the inverse of Eq. 14 in the following equation:   

𝑑𝑄

𝑑𝑈OCV
=

1

𝑑𝑈ca

𝑑𝑄
−

𝑑𝑈an

𝑑𝑄

=
𝑑𝑄

𝑑𝑈ca − 𝑑𝑈an
≠

𝑑𝑄

𝑑𝑈ca
−

𝑑𝑄

𝑑𝑈an

(15)
 

The ICA peaks cannot be directly attributed to each electrode, but they can be distinguished 

with the help of DVA. It is known that ICA is the reciprocal of DVA, thus an ICA peak 

corresponds to a DVA valley in Fig. 8.  The origins of the ICA peaks are marked with a1, a2 (a 

for anode) and c1 (c for cathode) in Fig. 12 (a). Peak a1 is the first potential plateau when 

lithiating the graphite anode, corresponding to the valley between A1 and A2 in Fig. 10 (c). 

Peak a2 is the potential plateau shortly after the LiC12 to LiC6 transition staging during the 

anode lithiation process, which is peak A3 in Fig. 10 (c). Peak c1 refers to the large potential 

plateau in the middle of the cathode potential curve and valley C2 in Fig. 10 (c). 

Fig. 12 presents the same degradation modes as Fig. 9 and Fig. 11. In Fig. 12 (a), a1 and a2 

move to higher voltages, since the cathode potential rises when it goes through LAMliCa. 

LAMliCa also leads to the shrinkage of c1, as less cyclable lithium is involved in this cathode 

transition reaction. In Fig. 12 (b), a1 and a2 move to lower voltages because the cathode 

potential declines in the case of LAMdeCa. The area under peak c1 decreases only after the 

cathode becomes the limiting electrode at the end of discharge. The most noticeable change in 

Fig. 12 (c) is the shift of a1 and a2. Peak a1 moves to a slightly lower voltage due to the decline 

of the anode potential through LAMdeAn. The shift of a2 is more pronounced, since the 

LiC12/LiC6 transition staging moves much closer to the end of discharge than in the initial state. 

It is also noticeable that the end-of-charge voltage decreases in the final aging state owing to 

an excess of the cathode material.  
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Figure 12. The C/25 charge ICA evolution of six synthesized degradation modes: (a) LAMliCa; (b) 

LAMdeCa; (c) LAMdeAn; (d) LAMliAn; (e) LLI; (f) ORI. 

In the case of LAMliAn in Fig. 12 (d), the first anode potential plateau (a1) moves to a higher 

voltage. Peak a2 moves to a higher voltage as well but to a less extent. The shifted a1 interferes 

gradually with c1 until it disappears in the final state. LLI has a similar influence on ICA when 

comparing Fig. 12 (e) with Fig. 12 (d). The major difference is that peak a2 moves faster to the 

end of charge in the case of LLI. In Fig. 12 (f), ICA keeps exactly the same form and all peaks 

move to higher voltages during charging (contrariwise during discharging). ICA shows an 

advantage over DVA in the detection of ORI.                 

Furthermore, ICA method can be used to investigate blended electrode. As explained in 

Subsection 2.2.3, composite materials of the blended electrode are parallel-connected voltage 

sources, thus the electrode capacity is the capacity addition of both composite materials. A 

similar superposition principle can be established for ICA [5, 36, 145]. The percentages of 

composite materials are α and (1- α). In the case of a two-component cathode, the following 

equations are obtained:  
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𝑄ca(𝑈) = 𝛼 ∙ 𝑄ca,1(𝑈) + (1 − 𝛼) ∙ 𝑄ca,2(𝑈) (16) 

𝑑𝑄ca

𝑑𝑈
= 𝛼 ∙

𝑑𝑄ca,1

𝑑𝑈
+ (1 − 𝛼) ∙

𝑑𝑄ca,2

𝑑𝑈
(17) 

The precondition for the ICA superposition principle is that the applied current should be low 

enough to eliminate the influence from the resistance difference of both composite materials. 

The principle also works for more-component electrode systems. 

3.2.3 Impedance-Based Aging Detection 

The electrical impedance describes the relationship between alternating current and alternating 

voltage on a conductor. According to the reaction of the circuit element to the voltage, the 

impedance can be classified into three types, i.e., ohmic resistance, capacitance and inductance. 

The three impedance types correspond to different components or processes in the LIC. Hence, 

the change of the impedance with aging can be used to detect aging mechanisms.  

3.2.3.1 Equivalent Circuit Model 

When a constant discharge current is applied to a LIC, its voltage response is shown in Fig. 13. 

The voltage drop process is comprised of three parts: the voltage drop due to ohmic resistance, 

which takes effect immediately; the voltage drop caused by charge transfer resistance, which 

begins after a time delayed determined by the double layer capacity; the voltage drop owing to 

diffusion resistance, which is the result of lithium ion diffusion into and out of active materials 

and within the electrolyte [146, 147]. 

It is apparent that the LIC contains resistance and capacitance. Furthermore, the LIC also has 

an inductive part, which can only be observed at high frequencies. A LIC can be described with 

an equivalent circuit model (ECM) comprised of ohmic resistance, capacitance and inductance 

elements as shown in Fig. 14.  

 

Figure 13. Schematic of LIC voltage response to a constant discharge current. 
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Figure 14. A LIC ECM with two RC elements. 

The resistor-inductor (RL) element represents the inductive part of the LIC. The resistor R0 

stands for the ohmic resistance contributions inside the LIC, including electrolyte, electrodes, 

separator, current collectors, etc. The two resistor-capacitor (RC) elements describe the charge 

transfer process and the diffusion process. The accuracy of the ECM can be improved with 

more RC elements in series or by adding Warburg elements to describe the diffusion process. 

3.2.3.2 Electrochemical Impedance Spectroscopy 

In addition to the aforementioned direct current voltage response test, electrochemical 

impedance spectroscopy (EIS) is often used to characterize the cell impedance. It has the 

advantages that the cell impedance can be measured at different frequencies in a relatively short 

period and the cell SoC will not be altered.  

In the measurement, a sinusoidal current signal is brought to a LIC and the characteristic voltage 

response is recorded, which is named as the galvanostatic EIS. The input signal can also be 

voltage and thus current as output, which is named as the potentiostatic EIS. The impedance 

𝑍(𝑓) is expressed as follows: 

𝑍(𝑓) =
𝑢(𝑓)

𝑖(𝑓)
=

𝑈̂ ∙ 𝑒𝑗(2𝜋𝑓𝑡+𝜑𝑢)

𝐼 ∙ 𝑒𝑗(2𝜋𝑓𝑡+𝜑𝑖)
= |𝑍(𝑓)| ∙ 𝑒𝑗𝜑 (18) 

|𝑍(𝑓)| =
𝑈̂

𝐼
(19) 

𝜑 = 𝜑𝑢 − 𝜑𝑖 (20) 

𝑢(𝑓) is the voltage signal, 𝑖(𝑓) is the current signal, t is the time, 𝑈̂  is the voltage signal 

amplitude, 𝐼 is the current signal amplitude, f is the frequency and 𝜑 is the phase shift.  

The impedance can be divided into a real part 𝑅𝑒{𝑍} and an imaginary part 𝐼𝑚{𝑍}. The real 

and imaginary parts can be plotted in one graph with the change of the frequency, namely the 

Nyquist plot. Fig. 15 presents the Nyquist plot of a fresh Kokam cell of 50% SoC at 25°C. The 

measurement details are depicted in Chapter 4. The plot can be separated into five parts 

according to the frequency range. These five parts correspond to different components or 

processes inside a LIC. Furthermore, the ohmic resistance Rohm and the sum of the SEI layer 

U

L

RL R1 R2

R0
C1 C2
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resistance RSEI and the charge transfer resistance Rct can be obtained. The separation of RSEI and 

Rct is troublesome, since the boundary frequency changes or blurs with aging. 

 

Figure 15. The Nyquist plot of a fresh Kokam cell of 50% SoC at 25°C. 

Inductive Section 

The inductive section of the Nyquist plot, where −𝐼𝑚{𝑍} is negative, has once been mistakenly 

attributed to the formation of SEI [148, 149]. However, a recent study [150] have 

experimentally disproven the interrelationship between the inductive section and the SEI. 

Instead, the inductances in LICs originate from the metallic elements between the electrode 

paste and the measuring equipment, including the wiring and the current collectors [146, 147, 

150, 151]. Consequently, active material changes during the LIC aging process have little 

influence on this part. An RL element in the ECM (Fig. 14) is applied to characterize this part.  

Ohmic Resistance 

The ohmic resistance is approximately the real part of the impedance where 𝐼𝑚{𝑍} equals zero, 

i.e., at the intersection of the Nyquist plot with the real axis in Fig. 15. At this point, the 

inductive behavior of partial LIC elements is wholly compensated by the capacitive behavior 

of other LIC elements [152]. The ohmic resistance stands for the resistance sum of the current 

collectors, the active materials, the electrolyte and the separator [146, 147]. The Kokam cell in 

Fig. 15 shows pure ohmic behavior at a frequency of approximately 1199 Hz. Nonetheless, this 

pure ohmic frequency varies from 1060 Hz to 1500 Hz among all the fresh Kokam cells from 

the same charge under the same test conditions. 

SEI Layer & Charge Transfer 

In the middle part of the Nyquist plot, from 1199 Hz to 1.17 Hz, two superimposed semi-circles 

are observed. According to the literature, the semi-circle at higher frequencies originates largely 

from the anode and is ascribed to the SEI layer [146, 152–157], while the semi-circle at medium 

frequencies represents mainly the double layer capacity and the charge transfer resistance of 

the cathode [147, 154, 158, 159]. One or more RC-elements in the ECM are employed to 

interpret this frequency range. 
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Diffusion 

Below 1.17 Hz the impedance is characterized by a 45° slope, representing the diffusion 

hindrance of lithium ions into/out the active material and within the electrolyte. The slope is 

primarily attributed to solid state diffusion [148, 160]. This process is commonly described with 

a Warburg element [153, 160–162]. Conventional aging processes have little influence on the 

diffusion tail. 

Influence Factors of EIS Measurement 

In order to use EIS as a reliable aging detection tool for LICs, it should firstly be clarified, 

which factors can influence the EIS results besides aging. In an electrochemical system such as 

the LIC, SoC and temperature have major influences on the impedance.  

Fig. 16 shows the influence of SoC and temperature on the Nyquist plot of a fresh Kokam cell.  

At 0% and 20% SoCs, the cell has a much higher resistance in the area of SEI layer and charge 

transfer. For SoC higher than 40%, there is only a slight difference in their Nyquist plots. 

Besides, SoC has little influence on the ohmic resistance. Temperature plays a crucial role in 

the development of the Nyquist plots. The two superimposed semi-circles increase largely with 

temperatures below 25°C. The ohmic resistance almost doubles from 40°C to 0°C. Temperature 

has a great influence on the electrolyte conductivity.   

 

Figure 16. The Nyquist plot evolution of a fresh 5 Ah Kokam cell with the same test plan (a) of different 

SoCs; (b) at different temperatures. 

 

Figure 17. The Nyquist plot evolution of a fresh 5 Ah Kokam cell with (a) different current amplitudes; 

(b) different combinations of points per decade. 
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During the measurement, parameters like current amplitude and points per decade may also 

cause difference in the EIS results. Fig. 17 presents the influence of the two parameters on the 

Nyquist plot. Details of the parameters are introduced in Section 4.2. In Fig. 17 (a), only the 

current amplitudes of Stage I and II are changed. From an amplitude of 50 mA to 250 mA, only 

minor increase in the semi-circle at medium frequencies is observed. In Fig. 17 (b), points per 

decade of Stage I and II are adjusted to “4 points – 2 points”, “8 points – 6 points”, “12 points 

– 10 points” and “16 points – 14 points” (see Appendix I A.2). The adjustment of points per 

decade makes little difference to the Nyquist plot.  

3.2.4 Temperature-Based Aging Detection 

LIC generates heat during charge and discharge. The heat generation consists mainly of 

reversible heat and irreversible heat. The former relies on the LIC entropy change and the 

current. The latter depends on the LIC resistance and the current. Both entropy change and 

resistance vary with LIC degradation, which is the basis of all the temperature-based aging 

detection methods in literature. 

Maher and Yazami [163–165] developed electrochemical thermodynamics measurements to 

determine the evolution of entropy change in a LCO/graphite LIC during storage and cycling 

tests. It has been found that cycle life aging leads to severe crystal structure degradation in the 

LCO cathode by analyzing the entropy change profiles. Calorimeters were employed by 

researchers [166–168] to quantify the heat flow difference between aged and unaged LICs 

during the same operation. Differential thermal voltammetry was introduced by the Offer group 

[169–171] as a diagnostic technique for LICs. It presents equivalent information to slow rate 

cyclic voltammetry measurements and provides additional temperature information. There are 

major limitations of these detection methods. A complete entropy change measurement 

covering the whole SoC range takes normally several weeks. Furthermore, an excellent climate 

chamber is required to keep the temperature accurate and stable. A calorimeter is an expensive 

piece of laboratory equipment. Based on thermodynamics and literature survey, a novel aging 

detection method based on temperature measurement is put forward in this thesis. It correlates 

the LIC SoH with a temperature variation minimum during charge. The theoretical background 

is clarified in the following subsections and the validation is in Section 5.4.        

3.2.4.1 Intercalation Entropy 

Anode and cathode materials of LICs are capable of storing and extracting lithium ions, causing 

few crystalline structure changes in them. In these two processes, i.e., intercalation and 

deintercalation, heat is generated or absorbed [172]. Entropy change is employed to describe 

this thermal effect. If the chemical reaction is 100% reversible, the entropy changes by 

intercalation and deintercalation have the same value but the opposite sign.  
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Entropy Change of the Full Cell 

As explained in Eq. 1, the OCV of a full cell is the potential difference of its electrodes. The 

potential of the electrode depends on its lithiation degree or its own SoC, which distinguishes 

from the full cell SoC due to anode over dimension and electrode offset, as explained in 

Subsection 3.2.2.1. Eq. 1 can be thus rewritten into the following equation with respective 

SoCs: 

𝑈OCV(𝑆𝑜𝐶) = 𝑈ca(𝑆𝑜𝐶ca) − 𝑈an(𝑆𝑜𝐶an) (21) 

The electrical work, which equals the change in Gibbs free energy ΔG, can be expressed as 

follows. 

∆𝐺𝑇,𝑝 = −𝑛𝐹𝑈OCV (22) 

Here, n is the number of exchanged electrons and F is the Faraday constant (96484.6 C/mol). 

The subscripts T and p means that the equation is true for constant temperature and pressure. 

The change of Gibbs free energy of a system is a function of enthalpy change ΔH, entropy 

change ΔS and temperature T in Eq. 23. By differentiation, the entropy change can be expressed 

in Eq. 24 [173]. 

∆𝐺𝑇,𝑝 = ∆𝐻 − 𝑇∆𝑆 (23) 

∆𝑆 = − (
𝜕∆𝐺

𝜕𝑇
)

𝑝
= 𝑛𝐹 (

𝜕𝑈OCV

𝜕𝑇
)

𝑝

(24) 

Combining Eq. 21 and Eq. 24, the entropy change of the full cell is the difference of the entropy 

changes of both electrodes [174]. 

∆𝑆(𝑆𝑜𝐶) = ∆𝑆ca(𝑆𝑜𝐶ca) − ∆𝑆an(𝑆𝑜𝐶an) (25) 

Entropy Change of the Anode 

The entropy change of graphite during lithium intercalation has been measured in literature 

[125, 175–178] and one of the measurement results is displayed in Fig. 18. The lithiation of 

graphite can be expressed with the following reaction: 

6𝐶 + 𝑥𝐿𝑖+ + 𝑥𝑒− ↔ 𝐿𝑖𝑥𝐶6 (26) 

The entropy change of this reaction is described as follows [124]: 

∆𝑆(𝑥) = 𝑛𝐹 (
𝜕𝑈an

𝜕𝑇
)

𝑥

(27) 

∆𝑆(𝑥) is the reaction entropy change at a lithiation degree of LixC6. 
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Figure 18. Entropy change of graphite during lithium intercalation [175]. 

According to literature [128, 179, 180], lithium intercalation into graphite occurs in an ordered 

way, which is referred to as staging. The following intercalation stages are known from graphite 

to LiC6: dilute stage-1, stage-4, stage-3, liquid-like stage-2 (2L), ordered stage-2 and ordered 

stage-1 [125]. The entropy change also follows the staging process. The graphite has an ordered 

structure. Initial lithium intercalation brings disorder into the graphite structure and thus 

positive entropy change in the lithiation range of graphite to Li0.15C6. Due to numerous 

equivalent sites for lithium atoms at the beginning, the configurational entropy is large. When 

the lithium concentration rises to x>0.2, the compounds experience the transition from more 

disordered stage-2L to ordered stage 2 (Li0.5C6), which improves the ordering of the structure. 

Hence, the entropy change is negative between Li0.13C6 and Li0.5C6. At Li0.5C6, there is a sharp 

peak in the entropy change reaching almost 0 J/mol/K. It is believed to be caused by a change 

in the vibrational entropy [125, 175]. Afterwards, the entropy change stays below zero during 

the transition from stage-2 (Li0.5C6) to more ordered stage-1 (LiC6). The transitions stage-2L 

→ stage-2 and stage-2 → stage-1 are first-order phase transitions [77], therefore, the entropy 

change forms two plateaus accordingly [125, 181].  

Entropy Change of the Cathode 

In Ref. [178], the entropy change profiles of several conventional LIC cathodes are presented. 

Compared to other cathodes, LCO has the most pronounced entropy change as shown in Fig. 

19. The delithiation of LCO follows the reaction in Eq. 28, where 0.5<x<1. 

𝐿𝑖𝐶𝑜𝑂2 ↔ 𝐿𝑖𝑥𝐶𝑜𝑂2 + (1 − 𝑥)𝐿𝑖+ + (1 − 𝑥)𝑒− (28) 

According to literature [165], from LiCoO2 to Li0.5CoO2, the cathode goes through the 

following phase transitions: (1) single phase hexagonal (O3I) → two-phase (O3I+O3II) at 

~Li0.95CoO2; (2) two-phase (O3I+O3II) → single phase (O3II) at ~Li0.875CoO2; (3) single phase 

(O3II) → single monoclinic phase at ~Li0.65CoO2; (4) single monoclinic phase → hexagonal 

phase (O3II’) at ~Li0.6CoO2; (5) hexagonal phase (O3II’) → hexagonal phase (O3) at 

~Li0.55CoO2. 
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Figure 19. (a) Entropy change of LCO [176]; (b) comparison of entropy changes of various cathodes 

[178] during lithium deintercalation. 

The examined Kokam cell has a graphite anode and a LCO/NCA blended cathode. Since no 

entropy change data of pure NCA has been found in literature, the entropy changes of 

LiNi0.7Co0.3O2 (NCO) and LiNixCoyMnzO2 (NMC) are displayed in Fig. 19 (b) instead. Due to 

similar crystal structure and composition between NCA, NCO and NMC, it is assumed that the 

entropy change of NCA should be comparable with the entropy changes of NCO and NMC. 

The entropy change curves of NCO and NMC from Fig. 19 (b) are both relatively flat compared 

to that of LCO and vary between -20~15 J/mol/K. The entropy change curve of NCA is believed 

to be quite flat and varies within the same range.      

 

Figure 20. Entropy change curves of a Kokam cell with an LCO/NCA cathode and an A123 cell with 

an LFP cathode [182]. 

The entropy change of a LIC from the same manufacturer (Kokam) is found in Ref. [182] and 

shown in Fig. 20. It consists of a graphite anode and a LCO/NCA blended cathode, which is 

believed to be the same as the experimental cell in this thesis work. Fig. 20 shows the entropy 

change curves of the literature Kokam cell and an A123 cell with a graphite anode and a LFP 

cathode. In spite of different cathode materials, both curves in Fig. 20 are almost identical in 

the beginning 10% SoC, which implies the dominant influence from the graphite anode in this 

area [164]. As shown in Fig. 18, there is indeed a pronounced entropy change in graphite at the 

beginning of lithiation. The Kokam entropy change curve has a minimum at around 38% SoC 

of the full cell. This entropy change minimum does not occur in the A123 cell, indicating that 
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it is a characteristic of the LCO/NCA blended cathode. However, compared to Fig. 19 (b), there 

is no such entropy change minimum in LCO, NCO or NMC at 38% SoC. 

The entropy change calculation of a blended cathode from its composite materials has not been 

found in literature. In Subsection 2.2.3, it is known that the potentials for both composite 

materials are approximately identical when the current is low. With the potential curves of pure 

LCO and pure NCA from literature [142], the potential curve and the deintercalation behavior 

of the blended cathode can be calculated. The blended cathode consists of 44% LCO and 56% 

NCA (percentage based on the capacity). Hence, the potential curve of the blended cathode 

versus its SoC can be calculated discretely as follows: 

∆𝑆𝑜𝐶ca(∆𝑈ca) = 44% ∗ ∆𝑆𝑜𝐶LCO(∆𝑈ca) + 56% ∗ ∆𝑆𝑜𝐶NCA(∆𝑈ca) (29) 

Fig. 21 (a) shows the potential curves of LCO, NCA, the calculated blended cathode 

(LCO+NCA) and the measured blended cathode. The dot-dash line stands for the measured 

potential curve of the blended cathode, which is attained from half cell measurements. The 

calculated cathode potential curve agrees well with the measured one. In Fig. 21 (b), SoCLCO 

and SoCNCA are plotted against SoCca. It suggests that, in the beginning 30% SoCca during 

charge, all lithium ions are extracted out of NCA due to its low working potential and LCO is 

unused. At around 30% SoCca or a cathode potential of 3.8 V, lithium ions start to be drawn out 

of LCO at a considerably rapid speed owing to the LCO potential plateau, which also forms the 

potential plateau of the blended cathode. Above 3.8 V, lithium ions deintercalate from both 

cathode components simultaneously.        

 

Figure 21. (a) Potential curves of LCO, NCA [142], the calculated blended cathode LCO+NCA and the 

measured blended cathode; (b) SoC evolution of LCO and NCA versus the SoC of the blended cathode 

[9]. 

In order to determine the current distribution in both cathode components, a Matlab Simscape 

model is designed in Fig. 22. The parameters applied in the model are listed in Tab. 4. Besides 

the assumed constants, potential-DoD values of LCO and NCA from Fig. 21 (a) are imported 

separately into the Lookup Tables in the model (with DoD=1-SoC).   
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Figure 22. A Matlab Simscape model used to determine the current distribution in both cathode 

components. 

Table 4. Parameters for the Matlab Simscape model. 

Parameter Definition Value 

RLCO LCO Resistance 1.5 mΩ 

RNCA NCA Resistance 1.5 mΩ 

Rext External Resistance 0.66 Ω 

QLCO LCO Capacity 2.508 Ah 

QNCA NCA Capacity 3.192 Ah 

DoDLCO LCO DoD Calculated by QLCO and integrated Current ILCO 

DoDNCA NCA DoD Calculated by QNCA and integrated Current INCA 

ULCO LCO Potential Calculated by DoDLCO via Lookup Table 

UNCA NCA Potential Calculated by DoDNCA via Lookup Table 

*Parameter values are comparable to a Kokam cell with a capacity of 5.7 Ah and an ohmic resistance of 3 mΩ. 
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The current distribution can be expressed in the following equation. 

𝐼 = 𝐼LCO + 𝐼NCA = 𝛼 ∗ 𝐼 + (1 − 𝛼) ∗ 𝐼 (30) 

The current distribution in both components according to the Matlab Simscape model is shown 

in Fig. 23 (a) and the current distribution coefficient 𝛼 in Fig. 23 (b). 

 

Figure 23. (a) The simulated current distribution ILCO and INCA in both cathode components with 

discharge time; (b) the simulated current distribution coefficient 𝛼 with discharge time. 

The entropy change of the blended cathode can be expressed with the current distribution 

coefficient 𝛼 as well. 

∆𝑆ca = 𝛼 ∗ ∆𝑆LCO + (1 − 𝛼) ∗ ∆𝑆NCA (31) 

Based on Eq. 30 and Eq. 31, the entropy change of the blended cathode is calculated and 

presented in Fig. 24 (a), where NCA entropy change is replaced with NCO entropy change. 

Since the current distribution coefficient decreases to zero near the end of discharge and LCO 

has a much lower entropy change than NCO, an entropy change minimum appears at about 

40% SoCca in the calculated LCO+NCO entropy change curve. In the area where 𝛼 drops to 

zero, there is an abrupt jump of the entropy change of LCO+NCO. 

 

Figure 24. (a) Entropy change curves of LCO, NCO and the calculated blended cathode; (b) entropy 

change curves of graphite, the calculated blended cathode and the calculated full cell [9, 178]. 

Comparing to Fig. 21 (b), since no de-/intercalation reaction takes place in LCO in the 

beginning 30% SoCca, there is no reaction entropy change contribution from LCO. The entropy 

change of the blended cathode in this SoCca range depends merely on the entropy change of the 
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NCA. In the SoCca range of 30% to 100%, there are de-/intercalation reactions in both cathode 

components. Thus, the entropy change of the blended cathode is a mixture of the entropy 

changes of LCO and NCA [183].  

In Fig. 24 (b), the inverse of the graphite entropy change from Fig. 18 is employed to determine 

the full cell entropy change. The graphite anode is 1.133 times oversized compared to the 

blended cathode and has an initial offset of 9.2% SoCca [5]. The entropy change minimum of 

the full cell explains the origin of the entropy change minimum for the Kokam cell in Fig. 20. 

The calculated entropy change of the full cell in Fig. 24 (b) does not agree perfectly with the 

entropy change curve in Fig. 20, but it shows a similar tendency.  

This entropy change minimum may appear in other lithium ion cells with blended electrode, 

where the electrode components show prominent difference in their operation potentials. 

3.2.4.2 Heat Generation 

The charge and discharge processes of a LIC are accompanied with heat generation, including 

the Joule heat 𝑄̇jou, the reversible reaction heat 𝑄̇re, the side reaction heat 𝑄̇sr and the mixing 

heat 𝑄̇mix [184]. These four heat generation terms can be expressed in the following equation 

[185]: 

𝑄̇ = 𝑄̇jou + 𝑄̇re + 𝑄̇sr + 𝑄̇mix (32) 

During one charge/discharge process, the degradation rate of a commercial LIC is considerably 

low [186]. Consequently, the side reaction heat can be neglected. The mixing heat due to 

concentration gradients inside the LIC is prominent under dynamic cycling conditions. By 

constant current charging/discharging with 1C, which is the case in my experimental work, the 

mixing heat can be also ignored [181, 185].  Accordingly, Eq. 32 can be simplified as follows: 

𝑄̇ = 𝑄̇jou + 𝑄̇re =  𝐼(𝑈OCV − 𝑈t) − 𝐼𝑇
𝜕𝑈OCV

𝜕𝑇
(33) 

𝑄̇ is the total heat generation rate (+ for heat generation; - for heat consumption), I is the current 

(+ for discharge; - for charge), 𝑈OCV  is the OCV, 𝑈t  is the terminal voltage, T is the cell 

temperature. 

Under constant current operation circumstances, the Joule heat can be approximately given by: 

𝑄̇jou = 𝐼2𝑅 (34) 

where 𝑅 is the battery internal resistance during charge/discharge. 

The reversible reaction heat can be expressed with entropy change as follows [125, 176, 178]: 

𝑄̇re =  −
𝐼𝑇

𝑛𝐹
∆𝑆 (35) 
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Where n is the number of electrons per reaction, F is the Faraday constant and ∆𝑆 is the entropy 

change of the LIC. 

The total heat generation in Eq. 32 is then transformed into Eq. 36: 

𝑄̇ = 𝐼2𝑅 −
𝐼𝑇

𝑛𝐹
∆𝑆 (36) 

The Biot number is an index of the ratio of the heat transfer resistance inside of and at the 

surface of a body. It is defined as [187]: 

𝐵𝑖 =
ℎ𝐿C

𝑘b

(37) 

where ℎ is the surface heat transfer coefficient; 𝐿C is the characteristic length, which equals the 

quotient of the body volume and the body surface area; 𝑘b is the thermal conductivity of the 

body. 

If the Biot number is smaller than 0.1, the temperature inside the body can be considered as 

uniform [187]. In our case, the cell is a pouch cell with a LC of 0.0057 m. The cross-plane 

thermal conductivity kb=3.4 Wm-1K-1 is obtained from literature [188]. A forced convection is 

applied to the cell in a climate chamber at 25°C. The heat convection coefficient h=24.927 

Wm-2K-1 is extracted from literature [185]. With all the conditions, a Biot number of 0.042 is 

calculated for the cell, which is smaller than 0.1. Therefore, the pouch cell can be considered 

to have a homogenous internal temperature distribution during the operation.  

The temperature variation rate dT/dt of a cell can be expressed in Eq. 38. The temperature is 

influenced by the Joule heat, the reaction heat and the heat dissipation to the environment. 

𝑑𝑇

𝑑𝑡
=

𝑄̇

𝑚𝑐𝑝
−

ℎ𝐴

𝑚𝑐𝑝

(𝑇 − 𝑇env) (38) 

Combining Eq. 36 and Eq. 38, the temperature variation rate can be calculated with Eq. 39: 

𝑑𝑇

𝑑𝑡
=

1

𝑚𝑐𝑝
(𝐼2𝑅 −

𝐼𝑇

𝑛𝐹
∆𝑆) −

ℎ𝐴

𝑚𝑐𝑝

(𝑇 − 𝑇𝑒𝑛𝑣) (39) 

where m is the cell mass, cp is the cell heat capacity, h is the heat convection coefficient, A is 

the cell surface area, Tenv is the environmental temperature. When the cell temperature change 

is limited (<5°C), cp and h could be assumed as constant [185, 189]. 

3.2.4.3 Cell Resistance Evolution 

In Eq. 39, entropy change ∆𝑆 varies with SoC. Resistance R may also vary with SoC. In order 

to exclude the SoC influence on R, the following resistance aging results of the experimental 

cell are shown in advance.  
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Figure 25. 10s-charge/discharge pulse resistance of a new cell and an aged cell (a) stored at 55°C; (b) 

1C cycled at 25°C; (c) 3C cycled at 25°C; (d) 5C cycled at 25°C. RCH: 10s-charge pulse resistance at 

1C; RDCH: 10s-discharge pulse resistance at 1C [9]. 

The employed resistance R is a 10s-charge/discharge resistance from the pulse test. Fig. 25 

shows the 10s-pulse resistances of a new cell and an aged cell under four different aging 

conditions. The SoH of the aged cell in Fig. 25 (a) is 85%. The other aged cells in Fig. 25 (b)-

(d) have SoHs below 80%.  

In the new cell, the charge and discharge resistances are almost identical. They are considerably 

higher in the range of 0-20% SoC. Above 20% SoC, both resistances stay almost constant. In 

Fig. 25 (a) and (c), the charge and discharge resistances of the aged cells have increased to the 

same extent. Both resistances keep nearly constant over the SoC range of 20-100%. As for the 

aged cells in Fig. 25 (b) and (d), the discharge resistance has increased more than the charge 

resistance. However, the charge resistance can still be considered as constant above 20% SoC. 

Therefore, in the SoC range of 20-100% during charge, temperature variation rate dT/dt is an 

indicator for entropy change ∆𝑆. The entropy change minimum shown in Fig. 20 should be 

visible on the dT/dt curve during CC charge. The dT/dt curve evolution can be thus used to 

detect LIC aging. This assumption will be proven in Section 5.4.  
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4. Experimental and Test Methods  

To investigate the impact of various stress factors on aging and the corresponding aging 

detection, lithium-ion pouch cells of the type Kokam SLPB50106100 with a nominal capacity 

of 5 Ah were examined. In this chapter, the basic cell information is introduced and the test 

profiles are presented in detail. 

4.1 Investigated Cell 

The examined cells were purchased from the manufacturer Kokam with Technical Specification 

in Ref. [190]. Fig. 26 shows one cell and its geometry. Tab. 5 shows the cell specifications 

provided by the manufacturer. According to Tab. 5, 5 A is recommended as 1C. The cell should 

be operated between 2.7 V and 4.2 V. 

Table 5. Basic information of Kokam SLPB50106100 from the manufacturer [190]. 

Parameter Value Comment 

Rated Capacity Typ. 5.5 Ah 

Min. 5.0 Ah 

Charge at 0.2C (1.0 A) 

Discharge at 0.5C (2.5 A) 

Nominal Voltage 3.7 V  

Lower Limit Voltage 2.7 V  

Upper Limit Voltage 4.2 V ± 0.03 V  

Maximal Continuous Charge Current 10 A  

Maximal Continuous Discharge Current 25 A  

Operation Temperature Range 

Charge: 0~45°C  

Discharge: -20~60°C  

Storage Temperature Range 

≤ 1 year: -20~25°C SoC 50 ± 5% 

 
≤ 3 months: 25~40°C 
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Figure 26. (a) A Kokam SLPB50106100 pouch cell; (b) cell geometry in mm [190]. 

4.1.1 Cell Variation 

After receiving the 90 Kokam cells, weight tests, capacity tests and resistance tests were 

immediately carried out to check the quality of the cells. The capacity measurement and the 30 

min direct current (DC) relaxation resistance (RDC_30min_Relax) measurement are described in 

Subsection 4.2. The ohmic resistance, i.e., 1 kHz alternating current (AC) resistance (RAC_1kHz), 

is obtained with a Hioki BT3562 Battery HiTester at room temperature. The cell variation 

histograms regarding weight, capacity, AC resistance and DC resistance are presented in Fig. 

27. They show slight normal distribution, but the sample size (90) is not large enough to assess 

any statistical distribution. The cells have a good quality and the arithmetic means and 

deviations are listed in Tab. 6. 

Table 6. Overview of the cell parameter variation. 

Parameter Arithmetic Mean Deviation 

Cell Weight 119.548 g +0.34% / -0.29% 

Cell Capacity 5.759 Ah +0.57% / -0.44% 

AC Resistance at 1 kHz 2.646 mΩ +7.07% / -4.63% 

DC Resistance of 30 min Relaxation 17.17 mΩ +3.73% / -10.02% 
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Figure 27. Overview of histograms of (a) cell weight; (b) cell capacity; (c) AC resistance at 1 kHz; (d) 

DC resistance of 30 min relaxation.  

4.1.2 Capacity Rate Test 

Three cells were tested with several C-rates to determine their charge and discharge rate 

capability. The three cells show comparable behavior and thus only the results of one cell is 

representative and displayed in Fig. 28. With a CV step, the same capacity can be charged into 

or discharged out of the cell with different C-rates. However, for the CC step, the discharge 

capacity decreases with the C-rate, which can be described with Peukert’s law. 

𝑡 ∙ 𝐼𝑘 = 𝑐 (40) 

Here t is the time to CC discharge the cell, I is the CC discharge current in A, c is a constant 

and k ≥ 1 is the dimensionless Peukert constant.  

Eq. 40 can be reformulated as follows: 

𝑄 = 𝐼 ∙ 𝑡 =
𝑐

𝐼𝑘−1
(41) 

Here Q is the discharge capacity of a cell at the current I.  

If the discharge capacity of a cell is known as Q1 at the current I1, then the discharge capacity 

Q2 of the cell at a different current I2 can be calculated as follows: 

𝑄2 = 𝐼2 ∙ 𝑡2 =
𝑐

𝐼2
𝑘−1 =

𝐼1
𝑘 ∙ 𝑡1

𝐼2
𝑘−1 = (

𝐼1

𝐼2
)

𝑘−1

∙ 𝑄1 (42) 
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According to the measurement in Fig. 28 (b), a Peukert constant of 1.0184 is obtained for the 

tested cell discharged with 1C, 3C and 5C at 25°C. It is a relatively low Peukert constant for 

LICs, which means the experimental cell has a good discharge rate capability. 

 

Figure 28. (a) Charge rate test at 0.5C, 1C and 2C with CV phases; (b) discharge rate test at 1C, 3C and 

5C with CV phases. 

4.1.3 Electrode Material Identification 

In order to identify the electrode material, a fresh cell was disassembled and its electrodes were 

investigated with SEM. Fig. 29 shows the SEM images of both electrodes. The cathode SEM 

image shows that it consists of two types of particles. With the help of energy-dispersive X-ray 

(EDX), the multi-domain particle is identified as NCA and the single-domain particle is LCO.  

Since EDX only measures the element composition of one spot on the electrode surface, it is 

not able to give information on the LCO/NCA ratio in the bulk cathode material. The anode 

SEM image shows typical graphite layer structure. It is further confirmed by the anode half cell 

potential curve in Fig. 34 (b), which shows graphite staging plateaus. The details of the half cell 

measurements are presented in Subsection 4.4.     

  

Figure 29. SEM images of the (a) cathode and (b) anode surface of a fresh Kokam cell.  

4.2 Performance Test Methods 

In our aging experiment, performance tests were carried out periodically to check the aging 

condition of the cells. At the beginning of each performance test, there is a 2 h pause for 
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stabilization. The performance tests were divided into basic performance tests and extended 

performance tests as shown in Fig. 30. The basic performance test, i.e., the capacity test, was 

carried out every two weeks and took 8 h each time. At the end of each basic performance test, 

RDC_30min_Relax can be calculated in the 30 min relaxation. 

𝑅DC =
∆𝑈30min

∆𝐼30min

(43) 

The extended performance test, including a capacity test and an OCV test, was conducted every 

four weeks and at the very beginning/end of the aging test. Six hours after each extended 

performance test, an EIS test was performed to check the impedance change of the cell. The 

extended performance test along with the successive EIS test took almost 48 h. 

 

Figure 30. (a) The basic performance test and (b) the extended performance test. 

Cycling tests, basic performance tests and extended performance tests were all conducted with 

a Cell Test System by BaSyTec. EIS tests were done on a potentiostat VMP3 by Biologic 

Science Instruments. All the tests were performed in climate chambers at 25°C. A negative 

temperature coefficient (NTC) thermistor from EPCOS AG was attached to the surface center 

of each cell to record the real surface temperature during the performance tests (see Fig. 31). 

The NTC thermistor has a resistance tolerance within ±1% between 0°C to 60°C. The 

measurement was intended for temperature analysis as well as protection against cell 

overheating during the test. The cells were tested under regular atmospheric pressure. 

 

Figure 31.  Schematic of a tested pouch cell and the position of the NTC thermistor [9]. 
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In the laboratory, two kinds of capacity values are usually compared. One is measured by a 

constant current (CC) discharge, which is dependent on the current intensity and the internal 

resistance of the LIC. The other is measured by a CC discharge and a consecutive constant 

voltage (CV) discharge cut off by a very low current. This CC-CV capacity is approximately 

unaffected by the CC current intensity or the LIC internal resistance . It stands for the amount 

of the total cyclable lithium inventory in a LIC. 

In the capacity test, the remaining capacity was measured as follows. Cells were charged with 

1C CC to 4.2 V and then switched to a CV phase at 4.2 V. When the current dropped below 

0.05C in the CV phase, cells were considered as 100% charged. After a pause of 10 min, a CC 

of 1C was applied to discharge the cells to 2.7 V, followed by a CV phase to further discharge 

the cell until the current fell below 0.05C. The purpose of this CV phase was to minimize the 

influence of impedance rise in the cells on the measured capacity.  

Table 7. EIS test plan in three stages. 

 Stage I Stage II Stage III 

Frequency Range 100 kHz ~ 2.1 Hz 1.93 Hz ~ 100 mHz 90 mHz ~ 10 mHz 

Points per Decade 

(logarithmic spacing) 
12 10 3 

Current Amplitude 200 mA 200 mA 100 mA 

The OCV tests were always started 10 h after the preceding capacity test to exclude an influence 

of relaxation on the OCV curves. A CC of 0.1C was implemented to charge the cells to 4.2 V 

and then the same CV charge phase as above was employed. After a pause of 1 h, the cells were 

discharged with a 0.1C CC to 2.7 V and with the same CV discharge phase as above.  

The impedance spectrum was measured 6 h after the OCV test in galvanostatic mode from 100 

kHz to 10 mHz with an AC amplitude of max. 200 mA at 50% SoC. The real part of the 

impedance at the zero crossing in the Nyquist plot was taken as the ohmic resistance of the cell. 

A three-stage EIS test plan is adopted to minimize the test duration by reducing the sample 

points at lower frequencies. The details about the EIS test plan are listed in Tab. 7. 

4.3 Aging Test Methods 

Tab. 8 and Tab. 9 provide an overview of the calendar aging and cycle life aging test matrix, 

respectively. For the calendar aging, 25°C, 40°C and 55°C were chosen to verify the Arrhenius 

behavior of LIC aging. 50% storage SoC was selected, since it corresponds to the average SoC 

of full cycling in the cycle life test. 
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Table 8. Calendar aging test matrix for investigating the stress factor temperature. 

 25 °C 40 °C 55 °C 

50% SoC × × × 

Table 9. Cycle life aging test matrix for investigating the stress factors temperature, charge C-rates and 

discharge C-rates. 

 10 °C 25 °C 40 °C 

3C Charge + 1C Discharge  ×  

2C Charge + 1C Discharge  ×  

C/2 Charge + 1C Discharge  ×  

1C Charge + 1C Discharge × × × 

1C Charge + 3C Discharge  ×  

1C Charge + 5C Discharge  ×  

For the cycle life aging, temperatures 10°C, 25°C and 40°C were chosen to investigate both the 

low temperature aging behavior and the high temperature aging behavior of the cell. In the 

cycling profile in Fig. 32, cells were charged with a 1C CC-CV procedure and discharged with 

a 1C CC procedure at each temperature. After discharge and before charge, there is a 5 min 

pause. The charging process was switched from CC to CV at 4.2 V and the CV process was 

stopped when the current dropped below 0.05C. The discharging process was stopped at 2.7 V.  

 

Figure 32. 1C CC-CV charge and 1C CC discharge cycling profile (3 cycles). 

For the discharge rate test series, all cells were tested at 25°C. The discharge procedure was 

changed to 3C and 5C CC discharge respectively, whereas the charge procedure was kept the 

same. For the charge rate test series, all cells were tested at 25°C. The charge procedure in Fig. 

32 was changed to C/2, 2C and 3C CC charge respectively, whereas the CV charge and CC 
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discharge were kept the same. At least two cells were tested under each aging condition. The 

same NTC thermistors were adopted during the cycle life test to monitor the cell temperature. 

4.4 Half Cell Measurements 

A fresh cell was firstly CCCV discharged to 0% SoC and then disassembled in an argon-filled 

glove box (H2O and O2 < 0.1 ppm, MBraun, Germany). The cell had a Z-folding structure with 

16 double-side coated anodes and 15 double-side coated cathodes plus 2 single-side coated 

cathodes on both ends.  

Small round slices were punched out of a single-side coated cathode. For the anode, the coating 

on one side was scratched off with great caution and then small round slices were punched out 

of its single-side coated part. These slices were then rinsed with dimethyl carbonate to remove 

residual electrolyte and dried overnight in the glove box. Small round slices were also punched 

out of a lithium metal foil for the construction of Swagelok T-cells.  

As illustrated in Fig. 33, a Swagelok T-cell consists of a working electrode (WE), a counter 

electrode (CE) and a reference electrode (RE) [191]. Herein, the lithium slice was the RE and 

the anode and cathode slices were the WE and the CE. Glass fiber separators and LP572 

electrolyte from BASF were used in the Swagelok T-cells. The sizes and the voltage ranges of 

the electrodes were listed in Tab. 10.  

 

Figure 33. Schematic of the Swagelok T-cell set-up [191]. 

Table 10. Sizes and test voltage ranges of the electrodes in a Swagelok T-cell. 

 Diameter  Voltage Range vs. Li/Li+  

Lithium Slice 11 mm 0 V 

Anode Slice 10 mm 0.1-1.5 V 

Cathode Slice 10 mm 2.7-4.3 V 
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Three identical Swagelok T-cells were constructed and tested, but only the best test results were 

presented. Fig. 34 shows the potential profiles of the anode vs. lithium metal and the cathode 

vs. lithium metal. The cycling tests were performed with a current of 0.046 mA, approximately 

C/50 for both electrodes. The potential profiles are stable during the two cycles and the data 

from the second cycle is utilized for further analysis. 

 

Figure 34. Potential profiles of the (a) cathode and (b) anode vs. lithium metal. 

4.5 DC Pulse Resistance Test 

The charge/discharge DC pulse resistances are measured with the following method. In the 

charge direction, a 30 s 1C charge pulse is applied to the cell at SoCs from 0% to 95%. Between 

the pulses, 1C CC charge is utilized to charge the cell to the next required SoC level. After the 

30 s charge pulse at 95% SoC, the cell is 1C CCCV charged to 100% SoC. The first 30 s 1C 

discharge pulse is applied at 100% SoC. Afterwards, the cell is discharged with 1C CC to lower 

SoCs from 95% to 5%. At each SoC level, a 30 s 1C discharge pulse is carried out. After each 

pulse, a 10 min pause is added before charging/discharging to the next SoC. After 

charging/discharging to the next SoC, a 30 min pause is applied before the next pulse. Fig. 35 

shows the complete charge/discharge pulse test for one cell. The DC pulse resistance test is 

applied to several experimental cells at their begin of test (BoT) and end of test (EoT). 

 

Figure 35. 30s-charge/discharge DC pulse resistance test.  
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5. Aging Test Results and Discussion 

The results of the aging experiment are analyzed and discussed in this chapter. In Section 5.1, 

the aging behavior of the tested cells is presented, including calendar aging and cycle life aging 

with different stress factors. In Section 5.2, the current-voltage-based aging detection methods, 

i.e., ICA and DVA, are applied to the aged cells. The impedance-based aging detection method 

is adopted to clarify the aging processes in Section 5.3. Finally, the temperature-based aging 

detection method is utilized in Section 5.4.  

5.1 Aging Behavior of the Tested Lithium-Ion Cell 

Calendar aging and cycle life aging tests were carried out according to Tab. 8 and Tab. 9. Their 

aging behavior is elucidated in the following text. Furthermore, empirical aging models from 

Subsection 3.1.4 are chosen to describe the degradation of the tested cells.   

5.1.1 Calendar Aging  

The aging behavior of the cells stored at different temperatures is presented in this subsection. 

Fig. 36 (a) shows the normalized discharge capacity (CC+CV) versus storage time at 25°C, 

40°C and 55°C. One of the two cells tested at 25°C storage was accidentally damaged after 

several months. Considering the mild aging condition and the good cell quality, only one cell 

is kept for testing since then. The results of two cells are shown for 40°C and 55°C. At the test 

beginning, the cells had an average discharge capacity of 5.709 Ah, with a deviation of ±0.26%. 

All three cases show a root-function-like capacity fade and the fade rate increases with 

temperature. The capacity deviation of the cells tested under identical conditions is generally 

negligible. Only after 450 days of storage at 55°C, the two cells split into two aging curves. 

One of them continues its root-function-like capacity fade, while the other experiences a roll-

over effect in capacity. 

Fig. 36 (b) shows the normalized ohmic resistance versus storage time. The data were taken 

from the EIS measurements. At the beginning, the average ohmic resistance was 2.7 mΩ, with 

a deviation of ±5%. The ohmic resistance increases also in a root-function-like way in all cases. 

The increase of the ohmic resistance correlates with the increasing temperature. There are two 

abrupt ohmic resistance increases at 40°C and 55°C, which are marked with a circle and an 

ellipse. These two areas are due to malfunction in the climate chamber, which heated the cells 

up to 70°C for 1-2 days. There are also correspondingly rapid capacity fade in these two periods, 

which are also marked in Fig. 36 (a). However, the capacity fade is not as remarkable as the 

resistance increase. After 450 days, the resistance evolution of the cells stored at 55°C also 
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divides into two directions, with one root-function-like increase and the other accelerated 

increase.        

The same root-function-like behavior and the same roll-over point for capacity fade and ohmic 

resistance increase indicate the identical aging mechanism behind the two degradation 

phenomena. SEI growth is known as the most crucial aging mechanism for calendar aging [68, 

109, 111]. Additionally, a short period of high temperature (e.g., 70°C) has a stronger influence 

on the ohmic resistance than on the capacity.  

 

Figure 36. Results from the performance tests at 25°C: (a) normalized capacity plotted as a function of 

storage time in days; (b) normalized ohmic resistance plotted as a function of storage time in days. Data 

are shown for the cells stored at 25°C, 40°C and 55°C of 50% SoC. The curve represents the average 

value of two cells stored at the same temperature and the error bar shows the values of individual cells. 

Empirical Aging Model & Arrhenius Behavior 

The influences of the climate chamber malfunction are removed before the data are used for the 

empirical model study. For cells stored at 40°C and 55°C, the one with less aging is chosen for 

the following analysis, so that the roll-over effect is excluded in the following aging model. 

The empirical aging model Eq. 4 from Subsection 3.1.4 is utilized to fit the capacity fade data 

in Fig. 36 (a). Eqs. 44-46 are obtained as the best fit for all three temperatures as shown in Fig. 

37 (a). The mean square error is 4.3×10-3. The storage time t is in d (day).  

25°𝐶:                  
𝑄act

𝑄ini
= 1 − 0.002355 ∗ (

𝑡

d
)0.4393 (44) 

40°𝐶:                  
𝑄act

𝑄ini
= 1 − 0.004552 ∗ (

𝑡

d
)0.4393 (45)         

55°𝐶:                  
𝑄act

𝑄ini
= 1 − 0.008563 ∗ (

𝑡

d
)0.4393 (46)         
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Figure 37. (a) Fitting results of capacity fade due to calendar aging at different temperatures; (b) the 

influence of the temperature on the capacity fade reaction rate: a plot of 𝑙𝑛(𝛼) vs. T-1. 

The factors before the time exponent in Eqs. 44-46 are extracted to verify the Arrhenius 

behavior of capacity fade. The Arrhenius behavior describes the temperature dependence of the 

reaction rate α as follows (according to Eq. 4): 

𝛼 = 𝐵cal𝑒𝑥𝑝 (−
𝐸𝑎cal

𝑅𝑇
) (47) 

After a logarithmic transformation, the following equation is obtained: 

𝑙𝑛(𝛼) = 𝑙𝑛(𝐵cal) −
𝐸𝑎cal

𝑅
 ∙

1

𝑇
(48) 

A linear correlation between 𝑙𝑛(𝛼) and T-1 should be observed, if the reaction rate of capacity 

fade agrees with the Arrhenius law.  In Fig. 37 (b), 𝑙𝑛(𝛼) is plotted versus the reciprocal 

temperature. A linear dependency is clearly presented. The linear regression has a norm of 

residuals of 0.014. The activation energy is calculated to be 35 kJ/mol. Hence, the final 

empirical model of capacity fade for calendar aging can be expressed as follows: 

𝑄act

𝑄ini
= 1 − 3149 ∗ exp (−

34985 J/mol

𝑅𝑇
) (

𝑡

d
)0.4393 (49) 

Similarly, Eq. 5 from Subsection 3.1.4 is applied to fit the ohmic resistance increase in Fig. 36 

(b). The following equations are obtained as the best fit for all three temperatures as shown in 

Fig. 38 (a). The mean square error is 4.9×10-5. The storage time t is in d.  

25°𝐶:                  
𝑅act

𝑅ini
= 1 + 0.0036 ∗ (

𝑡

d
)0.5139 (50) 

40°𝐶:                  
𝑅act

𝑅ini
= 1 + 0.0170 ∗ (

𝑡

d
)0.5139 (51) 

55°𝐶:                  
𝑅act

𝑅ini
= 1 + 0.0361 ∗ (

𝑡

d
)0.5139 (52) 
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Figure 38. (a) Fitting results of ohmic resistance increase due to calendar aging at different temperatures; 

(b) the influence of the temperature on the ohmic resistance increase reaction rate: a plot of 𝑙𝑛(𝛽) vs.  

T-1. 

The factors before the time exponent in Eqs. 50-52 are extracted to verify the Arrhenius 

behavior of the ohmic resistance increase. The Arrhenius behavior describes the temperature 

dependence of the reaction rate β as follows (according to Eq. 5): 

𝛽 = 𝐵′
cal𝑒𝑥𝑝 (−

𝐸𝑎′
cal

𝑅𝑇
) (53) 

After a logarithmic transformation, the following equation is obtained: 

𝑙𝑛(𝛽) = 𝑙𝑛(𝐵′
cal) −

𝐸𝑎′
cal

𝑅
 ∙

1

𝑇
(54) 

Therefore, a linear correlation between 𝑙𝑛(𝛽) and T-1 should be observed, if the reaction rate of 

ohmic resistance increase agrees with Arrhenius law.  In Fig. 38 (b), 𝑙𝑛(𝛽) is plotted versus the 

reciprocal temperature. The linear regression has a norm of residuals of 0.28. The activation 

energy is calculated to be 63 kJ/mol, which almost doubles that of capacity fade. The final 

empirical model of ohmic resistance increase for calendar aging can be expressed as follows: 

𝑅act

𝑅ini
= 1 + 4.052 × 108 ∗ exp (−

62804 J/mol

𝑅𝑇
) (

𝑡

d
)0.5139 (55) 

Round-Trip Energy Efficiency 

The round-trip energy efficiency, with the definition in Eq. 56, is determined with Wh-step 

values recorded by BaSyTec during the second cycle of regular capacity tests.  

𝜂round−trip =
𝐸𝑛𝑒𝑟𝑔𝑦 𝑂𝑢𝑡𝑝𝑢𝑡 𝑏𝑦 𝑎 𝑓𝑢𝑙𝑙 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡 𝑏𝑦 𝑎 𝑓𝑢𝑙𝑙 𝐶ℎ𝑎𝑟𝑔𝑒
(56)     
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Figure 39. The evolution of the round-trip energy efficiency measured at 25°C and 1C with (a) storage 

time and (b) capacity retention. All the cells come from the calendar aging tests at 25°C, 40°C and 55°C.  

The round-trip energy efficiency considers the coulombic efficiency as well as the energy loss 

due to overpotentials inside the cell. The evolution of the energy efficiency versus storage time 

and capacity retention is separately displayed in Fig. 39.  

In Fig. 39 (a), the energy efficiency decreases with temperature after the same storage period. 

This is due to the high ohmic resistance increase caused by high temperature storage, thus more 

overpotential-induced energy loss. The extremely low energy efficiency of one cell stored at 

55°C is also evoked by high overpotential, since the cell shows a roll-over effect in its ohmic 

resistance in Fig. 36 (b). In Fig. 39 (b), there is a quasi-linear trend between the round-trip 

energy efficiency and the capacity retention. All three temperatures show almost the same 

decrease in energy efficiency at the same capacity retention. Commercial cells possess good 

coloumbic efficiency, thus energy efficiency decrease is often a result of ohmic and non-ohmic 

resistance increase.  

5.1.2 Cycle Life Aging  

The aging behavior of cells cycled at different temperatures and with different charge/discharge 

rates is presented in this subsection. Climate chambers are employed to keep the ambient 

temperature constant during the cycling tests. Nonetheless, the surface temperature of the cells 

varies and fluctuates due to heat generation inside the cell.  

Tab. 11 presents the minimum, maximum and average cell surface temperatures for different 

cycling conditions. The temperature is measured at the surface center point of each cell as 

shown in Fig. 31. The temperature data in Tab. 11 are taken from the last cycling tests before 

EoT. These values can be considered as worst-case values, as the cells have lower internal 

resistances in their earlier cycles.        
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Table 11. Cell surface temperature during the last cycling tests. 

Charge Discharge 
Ambient 

Temperature 

Minimum 

Temperature 

Average 

Temperature 

Maximum 

Temperature 

1C  1C 10°C 8.4°C 10.1°C 15.4°C 

1C 1C 25°C 25.3°C 27.5°C 33.1°C 

1C 1C 40°C 39.6°C 41.5°C 44.2°C 

1C  3C 25°C 26.4°C 30.2°C 40.2°C 

1C  5C 25°C 26.4°C 31.1°C 49.3°C 

C/2 1C 25°C 25.0°C 25.8°C 27.7°C 

2C 1C 25°C 26.8°C 28.2°C 30.3°C 

3C 1C 25°C 27.9°C 29.8°C 33.5°C 

 

5.1.2.1 Effect of the Temperature 

The aging behavior of cells tested at different temperatures is presented here. Fig. 40 shows the 

evolution of normalized discharge capacity and normalized ohmic resistance versus equivalent 

full cycle (EFC) at the three ambient temperatures. In Subsection 3.1.2, Ah-throughput is 

introduced as a stress factor for cycle life aging. EFC is equivalent to Ah-throughput, since a 

constant amount of Ah-throughput is assumed for each cycle during the cycle life tests. 

𝐸𝐹𝐶 =
𝑄Ah

2 ∗ 𝑄ini

(57) 

Here QAh is the total Ah-throughput including charge and discharge processes and Qini is the 

initial cell capacity. 

The three ambient temperatures, i.e., 10°C, 25°C and 40°C, correspond to the average surface 

temperatures of 10.1°C, 27.5°C and 41.5°C in Tab. 10. All tested cells had an initial average 

discharge capacity (CC+CV) of 5.709 Ah, with a deviation of ±0.26%. In the first 300 cycles, 

there is a root-function-like capacity fade for all tested cells in Fig. 40 (a). Afterwards, the 

capacity decreases linearly in all cases yet at different rates. Cycling at 25°C is the mildest 

operational condition with the lowest capacity degradation rate over EFC. Cycling at 10°C and 

40°C both accelerate the capacity fade. The capacity deviation of the cells tested under identical 

conditions is generally negligible. An exception occurs for cells cycled at 40°C after more than 

15% capacity loss. Here, a split of two aging curves is observed. One cell continues to lose its 

capacity linearly over EFC. The other cell shows a roll-over effect in its capacity fade.     
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Fig. 40 (b) shows the normalized ohmic resistance versus EFC. The data were taken from the 

EIS measurements. At the beginning, the average ohmic resistance was 2.7 mΩ, with a 

deviation of ±5%. The ohmic resistance increases linearly from the beginning in all cases. In 

contrast to the capacity fade in Fig. 40 (a), 25°C induces a faster ohmic resistance increase than 

10°C. The resistance deviation is larger than the capacity deviation and expands gradually over 

EFC. In the case of the cells cycled at 40°C, the resistance evolution also divides into two 

degradation modes, with one continuous linear increase and the other accelerated increase. This 

coincides with their capacity evolution.    

 

Figure 40. Results from the performance tests at 25°C: (a) normalized capacity plotted as a function of 

EFC; (b) normalized ohmic resistance plotted as a function of EFC. Data are shown for the cells cycled 

with 1C charge/discharge at 10°C, 25°C and 40°C. The curve represents the average value of two cells 

tested under the same condition and the error bar shows the values of individual cells [5].     

A linear dependency of cell capacity on EFC has been reported in several studies [98, 192, 193]. 

The aging mechanisms in this linear part could be categorized into cycle-induced capacity loss 

and calendar-aging-induced capacity loss. The cycle-induced capacity loss refers to the lithium 

consumption caused by the cycle-triggered cracks on the anode particles and the additional SEI 

formation. The calendar-aging-induced capacity loss is related to temperature-accelerated 

parasitic reactions, which consume cyclable lithium, e.g., formation and reconstruction of SEI 

[193]. A higher capacity fade rate at 10°C than at 25°C is possibly a result of lithium plating 

[194, 195], since internal electrode resistances increase with lower temperature and the anode 

potential may eventually drop to potentials negative to reversible Li/Li+ potential [196]. 

The ohmic resistance originates from the bulk chemistry of a cell, including resistance of the 

electrolyte, active materials and current collectors [62, 146, 152, 156, 157]. The ohmic 

resistance increase mainly originates from the decomposition of electrolyte, including both 

conductive salt and solvent, which in turn changes the electrolyte conductivity [39, 197–199]. 

The cell cycled at 40 °C with a higher aging rate and a new cell were disassembled. This 

revealed that the aged cell had dried out, as no traces of electrolyte wetting the electrodes and 

the separator were visible. The absence of visible liquid electrolyte leads to the assumption that 

electrolyte decomposition is the reason for the marked capacity fade and resistance increase. 

Furthermore, plated lithium was also observed on the aged anode layers, which is usually not 
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expected at a temperature of 40 °C. This hints a relationship between the roll-over effect of cell 

capacity fade and lithium plating as has already been investigated in [44, 62]. Details of the 

dissembled cell are to be found in Chapter 6. 

Empirical Aging Model & Arrhenius Behavior 

In order to separate the aging influences from calendar aging and cycle life aging, capacity loss 

due to calendar aging is calculated with Eq. 49 and subtracted from the total capacity loss in 

Fig. 40 (a). For cells cycled at 40°C, the one with less aging is chosen. For 10°C and 25°C, the 

average aging data are adopted. For the calculation of calendar aging, the average cell 

temperatures 10.1°C, 27.5°C and 41.5°C from Tab. 11 are utilized.  

The empirical aging model from Subsection 3.1.4 is employed to fit the capacity fade data 

without the calendar aging. The influences of temperature and Ah-throughput are addressed 

here. The influences of discharge rate and charge rate are introduced in the next two 

subsections. Eqs. 58-60 are obtained as the best fit for all three temperatures as shown in Fig. 

41 (a). The mean square error is 0.0055. 

10°𝐶:                  
𝑄act

𝑄ini
= 1 − 2.0 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (58)         

25°𝐶:                  
𝑄act

𝑄ini
= 1 − 1.5 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (59)         

40°𝐶:                  
𝑄act

𝑄ini
= 1 − 1.9 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (60) 

Eqs. 58-60 show that temperature influences pure cycle life aging, but to a minor extent 

compared to calendar aging. 25°C is the optimal temperature for 1C cycling. 10°C and 40°C 

accelerate the cycle life aging to a similar extent. In literature [98, 104, 200, 201], a linear aging 

and a square root aging over Ah-throughput have both been proposed. The capacity fade of the 

tested cells in Fig. 41 (a) is closer to the linear aging behavior.     

 

Figure 41. (a) Fitting results of capacity fade due to pure cycle life aging at different temperatures; (b) 

the influence of the temperature on the capacity fade reaction rate: a plot of 𝑙𝑛(𝛼) vs. T-1. 



__________________________________________________________________________ 

61 

 

5.Aging Test Results and Discussion 

The factors before the Ah-throughput exponent in Eqs. 58-60 are extracted to analyze the 

temperature influence on the degradation rate owing to cycle life aging. In Fig. 41 (b), 𝑙𝑛(𝛼) is 

plotted versus the reciprocal temperature. Unlike in Fig. 37 (b), there is no linear dependency 

between 𝑙𝑛(𝛼)  and T-1. According to literature [195], a quadratic fitting is considered as 

appropriate for this situation.  

The best cycle life can be obtained for moderate temperatures, because low temperatures 

decrease cycle life due to intensified lithium plating and high temperatures reduce battery life 

due to Arrhenius-driven aging reactions [202]. Waldmann et al. [195] conducted a 

comprehensive experiment covering a temperature range from −20°C to 70°C and discovered 

25°C as the optimal temperature regarding the cycle life aging behavior of 18650-type cells 

with a NMC/LMO blended cathode and a graphite anode. As shown by other research works, 

the optimal cycling temperature can differ from 25°C. It varies with the cell type. Schuster et 

al. [62] reported the optimum to be at 35°C, whereas Bauer et al. [194] detected it to be around 

17°C. Searching for the optimal temperature should consider both the temperature-dependency 

of calendar aging and the temperature-dependency of pure cycle life aging.   

The final empirical model of capacity fade for pure cycle life aging can be expressed as follows: 

𝑄act

𝑄ini
= 1 − 0.01 ∗ 𝑒𝑥𝑝 (

8530000 K2

𝑇2
−

57080 K

𝑇
+ 89) (

𝑄Ah

Ah
)0.8441 (61) 

The total capacity loss during cycling is the addition of calendar aging and pure cycle life aging: 

𝑄loss

𝑄ini
= 3149 ∗ exp (−

34985 J/mol

𝑅𝑇
) (

𝑡

d
)

0.4393

                                           +0.01 ∗ 𝑒𝑥𝑝 (
8530000 K2

𝑇2
−

57080 K

𝑇
+ 89) (

𝑄Ah

Ah
)0.8441 (62)

 

Similarly, the ohmic resistance increase due to calendar aging is also subtracted from the data 

in Fig. 40 (b). For cells cycled at 40°C, the one with less aging is chosen. For 10°C and 25°C, 

the average aging data are applied. For the calculation of calendar aging, the average cell 

temperatures 10.1°C, 27.5°C and 41.5°C from Tab. 11 are utilized.  

Eqs. 63-65 are obtained as the best fit for all three temperatures as shown in Fig. 42 (a), with a 

mean square error of 4.7×10-5. 

10°𝐶:                  
𝑅act

𝑅ini
= 1 + 1.543 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (63) 

25°𝐶:                  
𝑅act

𝑅ini
= 1 + 2.102 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (64) 

40°𝐶:                  
𝑅act

𝑅ini
= 1 + 6.018 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (65) 
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The factors before the Ah-throughput exponent in Eqs. 63-65 are extracted to verify the 

Arrhenius behavior of ohmic resistance increase. The factors here are much lower than those in 

Eqs. 50-52 for calendar aging.  

 

Figure 42. (a) Fitting results of ohmic resistance increase due to pure cycle life aging at different 

temperatures; (b) the influence of the temperature on the ohmic resistance increase reaction rate: a plot 

of 𝑙𝑛(𝛽) vs. T-1.  

In Fig. 42 (b), 𝑙𝑛(𝛽) is plotted versus the reciprocal temperature. The linear tendency is less 

prominent than that of calendar aging in Fig. 38 (b). The linear regression has a norm of 

residuals of 0.39. The activation energy is calculated to be around 31 kJ/mol, which is the half 

of the calendar aging activation energy regarding ohmic resistance.  

The final empirical model of the ohmic resistance increase for pure cycle life aging can be 

expressed as follows: 

𝑅act

𝑅ini
= 1 + 6.8 ∗ exp (−

30911 J/mol

𝑅𝑇
) (

𝑄Ah

Ah
)0.9271 (66) 

The total ohmic resistance increase during cycling is the addition of calendar aging and pure 

cycle life aging: 

𝑅inc

𝑅ini
= 4.052 × 108 ∗ exp (−

62804 J/mol

𝑅𝑇
) (

𝑡

d
)

0.5139

   +6.787 ∗ exp (−
30911 J/mol

𝑅𝑇
) (

𝑄Ah

Ah
)0.9271 (67)

 

Temperature also influences the ohmic resistance increase for pure cycle life aging, but to a 

minor extent than that for calendar aging. The dependency of ohmic resistance increase on the 

Ah-throughput is close to linear. 

Round-Trip Energy Efficiency 

The evolution of the round-trip energy efficiency with Ah-throughput and capacity retention is 

displayed in Fig. 43. The results of the cells cycled with 1C charge/discharge at 10°C, 25°C and 

40°C are presented. The round-trip energy efficiency has a parabolic development over Ah-

throughput. In Fig. 43 (a), the cells cycled at 25°C have higher energy efficiencies than those 
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cycled at 10°C and 40°C at the same Ah-throughput. In Fig. 43 (b), the cells cycled at 25°C and 

40°C show better energy efficiencies than those cycled at 10°C at the same capacity retention.  

 

Figure 43. The evolution of the round-trip energy efficiency measured at 25°C and 1C with (a) Ah-

throughput and (b) capacity retention. All the cells come from the cycle life aging tests at 10°C, 25°C 

and 40°C with 1C charge/discharge. 

The energy efficiency development versus capacity retention at 25°C and 40°C cycling is 

almost identical within 20% capacity loss. There is a correlation between energy efficiency and 

capacity retention similar to calendar aging in Fig. 39 (b). As for cells cycled at 10°C, their 

energy efficiencies decrease faster than their capacities compared to those of cells cycled at 

25°C and 40°C. Considering that 10°C cycling brings the lowest ohmic resistance in Fig. 40 

(b), it may induce much higher resistance at medium or low frequencies, causing lower energy 

efficiencies at 10°C. It is proven with the EIS measurements in Section 5.3 that, cells cycled at 

10°C have extremely high charge transfer resistance after more than 10% capacity loss. In the 

case of 40°C cycling, the cell with 60% rest capacity and 3.5 times higher ohmic resistance has 

a round-trip energy efficiency of 90%. Meanwhile, in the case of 55°C storage in Fig. 39, the 

cell with 69% rest capacity and 4 times higher ohmic resistance has an energy efficiency of 

84%. The resistance increase has a more direct influence on the decrease of the round-trip 

energy efficiency.   

5.1.2.2 Effect of the Discharge Rate 

The effect of discharge rates on the aging behavior of the tested cells is discussed in this 

subsection. Fig. 44 (a) shows the normalized discharge capacity versus EFC at 25°C ambient 

temperature with the three discharge rates 1C, 3C and 5C. Their charge rates are kept at 1C. As 

shown in Tab. 11, average surface temperatures of 27.5°C, 30.2°C and 31.1°C are obtained for 

1C, 3C and 5C discharge cycling, respectively. The tested cells had an initial average discharge 

capacity (CC+CV) of 5.709 Ah, with a deviation of ±0.26%. 

Similar to Fig. 40 (a), capacity decreases notably in the first 300 cycles and afterwards quasi 

linearly in all cases. All the capacity fade curves run almost parallel after 300 cycles until 80% 

normalized capacity. The influences of the elevated average surface temperature and the higher 

discharge rate on the aging rate cannot be separated from each other. 1C cycling has a cycling 
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life of about 4800 EFC, while 5C cycling achieves around 3500 EFC. The capacity deviation 

remains imperceptible, except for the cells cycled at 5C near EoT.  

 

Figure 44. Results from the performance tests at 25°C: (a) normalized capacity plotted as a function of 

EFC; (b) normalized ohmic resistance plotted as a function of EFC. Data are shown for the cells cycled 

with 1C charge and 1C/3C/5C discharge at 25°C. The curve represents the average value of two cells 

tested under the same condition and the error bar shows the values of individual cells [5].    

Fig. 44 (b) shows the evolution of ohmic resistance versus EFC at 25°C ambient temperature 

for the three cycling discharge rates. The cells had an initial average ohmic resistance of 2.7 

mΩ, with a deviation of ±5%. The ohmic resistances of 3C and 5C, unlike that of 1C, increase 

rapidly at the beginning, moderately afterwards and again strikingly near EoT. It’s noteworthy 

that the cells cycled with 5C discharge rate double their ohmic resistances very quickly. The 

resistance deviation of 3C and 5C cycling is much larger than that of 1C cycling and grows 

with aging. Lithium-ion pouch cells have generally low ohmic resistances compared to 18650-

type LICs. The cells cycled at 5C show a maximum ohmic resistance of 11.3 mΩ at EoT, which 

corresponds to more than three times the initial ohmic resistance. 

A similar linear capacity fade rate is observed for the different discharge rates, implying similar 

aging mechanisms for all three cases. High discharge rates cause rapid volume changes, which 

break the SEI layer and induce more electrolyte decomposition, thus more capacity is lost in 

the first 300 cycles at 3C and 5C. Afterwards, the capacity aging rates of 1C, 3C and 5C are 

approximately identical, which hints a stabilization of the SEI layer and a constant SEI growth 

rate [203–205]. The higher cell temperatures at 3C and 5C may have also helped the 

stabilization of the SEI in the first few hundred cycles [5].  

Empirical Aging Model & Arrhenius Behavior 

In order to separate the aging influence from calendar aging and cycle life aging, the capacity 

loss due to calendar aging is calculated with Eq. 49 and subtracted from the total capacity loss 

in Fig. 44 (a). Instead of the ambient temperature 25°C, the average cell temperatures 27.5°C, 

30.2°C and 31.1°C from Tab. 11 are used for the calculation of calendar aging. The average 

capacity fade data from Fig. 44 (a) are applied.   



__________________________________________________________________________ 

65 

 

5.Aging Test Results and Discussion 

The empirical aging model from Subsection 3.1.4 is utilized to fit the capacity fade due to pure 

cycle life aging. The exponent of Ah-throughput is kept the same as in Eq. 63, i.e., 0.8441. Eqs. 

68-70 are obtained as the best fit for all three discharge rates as shown in Fig. 45 (a). The mean 

square error is 0.0173. 

1𝐶:                  
𝑄act

𝑄ini
= 1 − 1.5 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (68)         

3𝐶:                  
𝑄act

𝑄ini
= 1 − 1.8 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (69) 

5𝐶:                  
𝑄act

𝑄ini
= 1 − 2.2 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (70) 

The factors before the Ah-throughput exponent in Eqs. 68-70 and Eq. 60 (1C cycling at 40°C) 

are extracted to fit the capacity fade dependence on temperature (above 25°C) and discharge 

rate due to pure cycle life aging. According to Fig. 41 (b), the capacity fade due to pure cycle 

life aging has a quadratic dependence on temperature in the range of 10°C to 40°C. It is assumed 

that the Arrhenius law works for pure cycle life aging in the range between 25°C and 40°C. The 

reaction rate α is defined as follows (according to Eq. 6): 

𝛼 = 𝐵cyc𝑒𝑥𝑝 (
−𝐸𝑎cyc + 𝑎|𝐼dis|

𝑅𝑇
) (71) 

Here Idis is a C-rate in h-1. After a logarithmic transformation, the following equation is 

obtained: 

ln(𝛼) = ln(𝐵cyc) +
(−𝐸𝑎cyc + 𝑎|𝐼dis|)

𝑅
∙

1

𝑇
(72) 

 

Figure 45. (a) Fitting results of capacity fade due to pure cycle life aging at different discharge rates; (b) 

the influence of the temperature on the capacity fade reaction rate: a plot of 𝑙𝑛(𝛼) vs. T-1. 

The fitting result via the Curve Fitting Tool in Matlab is presented in Fig. 46 with a coefficient 

of determination (R2) of 0.994 and a mean square error of 4.5×10-4. The reaction rate according 

to the fitting result is described as follows: 
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𝑙𝑛(𝛼) = −1.052 +
(−13840 J/mol + 201 J ∙ h/mol ∗ |𝐼dis|)

𝑅
 ∙

1

𝑇
(73) 

 

Figure 46. Parameter fitting of the pure cyclic capacity fade reaction rate with the reciprocal temperature 

and the discharge rate. 

Hence, the final empirical model of the capacity fade for pure cycle life aging with dependence 

on temperature (above 25°C) and discharge rate (Idis) can be expressed as follows: 

𝑄act

𝑄ini
= 1 − 0.0035 ∗ 𝑒𝑥𝑝 (

−13840 J/mol + 201 J ∙ h/mol ∗ |𝐼dis|

𝑅𝑇
) (

𝑄Ah

Ah
)0.8441 (74) 

The total capacity loss during cycling above 25°C can be described as the addition of calendar 

aging and pure cycle life aging: 

𝑄loss

𝑄ini
= 3149 ∗ exp (−

34985 J/mol

𝑅𝑇
) (

𝑡

d
)

0.4393

                                  +0.0035 ∗ 𝑒𝑥𝑝 (
−13840 J/mol + 201 J ∙ h/mol ∗ |𝐼dis|

𝑅𝑇
) (

𝑄Ah

Ah
)0.8441(75)

 

 

Figure 47. (a) Fitting results of ohmic resistance increase due to pure cycle life aging at different 

discharge rates; (b) the influence of the temperature on the ohmic resistance increase reaction rate: a 

plot of 𝑙𝑛(𝛽) vs. T-1.   

Similarly, the ohmic resistance increase due to calendar aging is also subtracted from the data 

in Fig. 44 (b). The empirical aging model Eq. 7 from Subsection 3.1.4 is utilized to fit the ohmic 
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resistance data without the calendar part. The exponent of Ah-throughput is kept the same as in 

Eq. 66, i.e., 0.9271. Eqs. 76-78 are obtained as the best fit for all three discharge rates as shown 

in Fig. 47 (a). The mean square error is 0.0015. The variable 𝑄Ah is the total charge throughput 

in Ah.  

1𝐶:                  
𝑅act

𝑅ini
= 1 + 2.103 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (76) 

3𝐶:                  
𝑅act

𝑅ini
= 1 + 6.148 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (77) 

5𝐶:                  
𝑅act

𝑅ini
= 1 + 9.334 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (78) 

The factors before the Ah-throughput exponent in Eqs. 76-78, Eq. 63 and Eq. 65 (1C cycling at 

10°C and 40°C) are extracted to analyze the ohmic resistance increase dependence on 

temperature (between 10°C and 40°C) and discharge rate due to pure cycle life aging. The 

reaction rate β is defined as follows: 

𝛽 = 𝐵′
cyc𝑒𝑥𝑝 (

−𝐸𝑎′
cyc + 𝑎′|𝐼dis|

𝑅𝑇
) (79) 

Here Idis is a C-rate. After a logarithmic transformation, the following equation is obtained: 

𝑙𝑛(𝛽) = 𝑙𝑛(𝐵′
cyc) +

−𝐸𝑎′
cyc + 𝑎′|𝐼dis|

𝑅
∙

1

𝑇
(80) 

The fitting result via the Curve Fitting Tool in Matlab is presented in Fig. 48 with a coefficient 

of determination (R2) of 0.931 and a mean square error of 0.082. The final empirical model of 

the ohmic resistance increase for pure cycle life aging with dependence on temperature 

(between 10°C and 40°C) and discharge rate (Idis) can be expressed as follows: 

𝑅act

𝑅ini
= 1 + 7.6 ∗ 𝑒𝑥𝑝 (

−31830 J/mol + 669 J ∙ h/mol ∗ |𝐼dis|

𝑅𝑇
) (

𝑄Ah

Ah
)0.9271 (81) 

The total ohmic resistance increase during cycling between 10°C and 40°C is the addition of 

calendar aging and pure cycle life aging: 

𝑅inc

𝑅ini
= 4.052 × 108 ∗ 𝑒𝑥𝑝 (−

62804 J/mol

𝑅𝑇
) (

𝑡

d
)

0.5139

                                     +7.6 ∗ 𝑒𝑥𝑝 (
−31830 J/mol + 669 J ∙ h/mol ∗ |𝐼dis|

𝑅𝑇
) (

𝑄Ah

Ah
)0.9271 (82)

𝑅𝑖𝑛𝑐 = 4.052 × 108 ∗ exp (−
62804

𝑅𝑇
) 𝑡0.5139

+7.6 ∗ exp (
−31830 + 669 ∗ |𝐼|

𝑅𝑇
) 𝑄𝐴ℎ

0.9271
 

 



__________________________________________________________________________ 

68 

 

5.Aging Test Results and Discussion 

 

Figure 48. Parameter fitting of the pure cyclic ohmic resistance increase reaction rate with the reciprocal 

temperature and the discharge rate. 

Round-Trip Energy Efficiency 

The evolution of the round-trip energy efficiency with Ah-throughput and capacity retention is 

shown in Fig. 49. The results of the cells cycled with 1C charge and 1C, 3C or 5C discharge at 

25°C are displayed. 

The cells cycled with 1C have higher and more stable energy efficiencies than those cycled 

with 3C and 5C. The difference in their energy efficiencies originates most probably from their 

internal overpotentials. 3C and 5C discharge cycling generate higher resistances than 1C 

discharge cycling. For example, in Fig. 44 (b), the cells cycled with 3C and 5C discharge show 

much higher and more scattered ohmic resistances. 

 

Figure 49. The evolution of the round-trip energy efficiency measured at 25°C and 1C with (a) Ah-

throughput and (b) capacity retention. All the cells come from the cycle life aging tests at 25°C with 1C 

charge and 1C/3C/5C discharge. 

5.1.2.3 Effect of the Charge Rate 

The aging behavior of cells cycled with C/2, 1C, 2C or 3C charge and 1C discharge at 25°C is 

presented in this subsection. The investigation of charge rate was started later, so that the cells 

in this subsection have experienced much fewer cycles than the above ones. However, a clear 

aging tendency can still be observed. 
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Fig. 50 (a) shows the normalized discharge capacity versus EFC at 25°C with charge rates C/2, 

1C, 2C and 3C. The discharge rate is kept at 1C. As shown in Tab. 11, average surface 

temperatures of 25.8°C, 27.5°C, 28.2°C and 29.8°C are recorded for C/2, 1C, 2C and 3C, 

respectively. The influence of charge rate on the cell heating is less prominent than that of 

discharge rate, since the reaction heat is positive (heat extraction from the environment) for the 

most time during the charge process. The tested cell in this subsection had an initial average 

discharge capacity (CC+CV) of 5.657 Ah, with a deviation of ±0.45%. 

 

Figure 50. Results from the performance tests at 25°C: (a) normalized capacity plotted as a function of 

EFC; (b) normalized ohmic resistance plotted as a function of EFC. Data are shown for the cells cycled 

with 0.5C/1C/2C/3C charge and 1C discharge at 25°C. The curve represents the average value of two 

cells tested under the same condition and the error bar shows the values of individual cells.   

The influence of charge rate on the capacity fade is similar to that of discharge rate in Fig. 44 

(a). The capacity fade in the first 300 cycles is faster at a higher charge rate. Afterwards, 

however, the capacity fade curves of all charge rates are almost parallel. The capacity deviation 

is negligible. At 1404 EFCs, the average capacity loss at 3C charge and 1C discharge is 8.85%, 

while the average capacity loss at 1C charge and 3C discharge in Fig. 44 (a) is 8.69%. High 

charge rate causes slightly more capacity loss than high discharge rate.   

Fig. 50 (b) shows the evolution of ohmic resistance versus EFC at 25°C for the four charge 

rates. The tested cell in this subsection had an initial average ohmic resistance of 2.9 mΩ, with 

a deviation of ±6%. Compared to Fig. 44 (b), the discharge rate has a more pronounced 

influence on the ohmic resistance than the charge rate. Meanwhile, the ohmic resistance 

deviation has increased little at higher charge rates. C/2 has even a slightly higher ohmic 

resistance increase than 1C. 

The rapid capacity fade in the first 300 cycles can be explained by the SEI break and repair 

mechanism. The linear aging area afterwards indicates a stabilization of the SEI layer. Although 

high charge rate increases the risk of lithium plating, the CV phase provides a chance for some 

plated lithium to reintercalate into the graphite and thus lithium plating is not yet noticeable in 

cases of 2C and 3C charge. 
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Empirical Aging Model & Arrhenius Behavior 

In order to separate the aging influence from calendar aging and cycle life aging, the capacity 

loss due to calendar aging is calculated with Eq. 49 and subtracted from the total capacity loss. 

Instead of the ambient temperature 25°C, the average cell temperatures 25.8°C, 27.5°C, 28.2°C 

and 29.8°C from Tab. 11 are used for the calculation of calendar aging, in order to separate the 

influence from temperature and charge rate. The average capacity fade data from Fig. 50 (a) is 

applied.   

 

Figure 51. (a) Fitting results of capacity fade due to pure cycle life aging at different charge rates; (b) 

the influence of the temperature on the capacity fade reaction rate: a plot of 𝑙𝑛(𝛼) vs. T-1. 

The empirical aging model from Subsection 3.1.4 is utilized to fit the capacity fade data without 

the calendar part. The exponent of Ah-throughput is kept at 0.8441. The following equations 

are obtained as the best fit for all charge rates as shown in Fig. 51 (a). The mean square error is 

0.0094. 

𝐶

2
:                    

𝑄act

𝑄ini
= 1 − 1.1 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (83) 

1𝐶:                  
𝑄act

𝑄ini
= 1 − 1.5 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (84)         

2𝐶:                  
𝑄act

𝑄ini
= 1 − 1.6 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (85)         

3𝐶:                  
𝑄act

𝑄ini
= 1 − 2.0 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (86) 

The factors before the Ah-throughput exponent in Eqs. 83-86 and Eq. 60 (1C cycling at 40°C) 

are extracted to fit the capacity fade dependence on temperature (above 25°C) and charge rate 

due to pure cycle life aging. The reaction rate α is defined in Eq. 71 and its logarithmic form in 

Eq. 72. 
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Figure 52. Parameter fitting of the pure cyclic capacity fade reaction rate with the reciprocal temperature 

and the charge rate. 

𝑙𝑛(𝛼) versus T-1 of Eqs. 83-86 is plotted in Fig. 51 (b). 𝑙𝑛(𝛼) versus the charge rate and the 

reciprocal temperature of Eqs. 83-86 and Eq. 60 is plotted in Fig. 52 with the fitting result of 

Curve Fitting Tool in Matlab. The following equation presents the fitting result with a 

coefficient of determination (R2) of 0.924 and a mean square error of 8.5×10-3: 

𝑙𝑛(𝛼) = 1.252 +
(−20080 J/mol + 432 J ∙ h/mol ∗ |𝐼ch|)

𝑅
 ∙

1

𝑇
(87) 

Hence, the final empirical model of the capacity fade for pure cycle life aging with dependence 

on temperature (above 25°C) and charge rate (Ich) can be expressed as follows: 

𝑄act

𝑄ini
= 1 − 0.035 ∗ 𝑒𝑥𝑝 (

−20080 J/mol + 432 J ∙ h/mol ∗ |𝐼ch|

𝑅𝑇
) (

𝑄Ah

Ah
)0.8441 (88) 

The total capacity fade during cycling above 25°C can be described as follows: 

𝑄loss

𝑄ini
= 3149 ∗ exp (−

34985 J/mol

𝑅𝑇
) (

𝑡

d
)

0.4393

                                         +0.035 ∗ 𝑒𝑥𝑝 (
−20080 J/mol + 432 J ∙ h/mol ∗ |𝐼ch|

𝑅𝑇
) (

𝑄Ah

Ah
)0.8441(89)

 

Figure 53. (a) Fitting results of ohmic resistance increase due to pure cycle life aging at different charge 

rates; (b) the influence of the temperature on the ohmic resistance increase reaction rate: a plot of 𝑙𝑛(𝛽) 

vs. T-1.   
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The ohmic resistance increase due to calendar aging is also subtracted from the data in Fig. 50 

(b). The exponent of Ah-throughput is kept at 0.9271. The following equations are obtained as 

the best fit for all charge rates as shown in Fig. 53 (a). The mean square error is 2.6×10-5. 

𝐶

2
:                    

𝑅act

𝑅ini
= 1 + 2.668 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (90) 

1𝐶:                  
𝑅act

𝑅ini
= 1 + 2.122 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (91)         

2𝐶:                  
𝑅act

𝑅ini
= 1 + 2.534 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (92)         

3𝐶:                  
𝑅act

𝑅ini
= 1 + 3.891 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (93) 

The factors before the charge throughput exponent in Eqs. 90-93, Eq. 63 and Eq. 65 (1C cycling 

at 10°C and 40°C) are extracted to fit the ohmic resistance increase dependence on temperature 

(between 10°C and 40°C) and charge rate due to pure cycle life aging. The reaction rate β is 

defined in Eq. 79 and its logarithmic form in Eq. 80. 

The fitting result via Curve Fitting Tool in Matlab is presented in Fig. 54 with a coefficient of 

determination (R2) of 0.824 and a mean square error of 0.067. The final empirical model of the 

ohmic resistance increase for pure cycle life aging with dependence on temperature (between 

10°C and 40°C) and charge rate (Ich) can be expressed as follows: 

𝑅act

𝑅ini
= 1 + 6.6 ∗ 𝑒𝑥𝑝 (

−31010 J/mol + 140 J ∙ h/mol ∗ |𝐼ch|

𝑅𝑇
) (

𝑄Ah

Ah
)0.9271 (94) 

 

Figure 54. Parameter fitting of the pure cyclic ohmic resistance increase reaction rate with the reciprocal 

temperature and the charge rate. 

The total ohmic resistance increase during cycling between 10°C and 40°C is expressed as 

follows: 
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𝑅inc

𝑅ini
= 4.052 × 108 ∗ exp (−

62804 J/mol

𝑅𝑇
) (

𝑡

d
)0.5139

+6.6 ∗ exp (
−31010 J/mol + 140 J ∙ h/mol ∗ |𝐼ch|

𝑅𝑇
) (

𝑄Ah

Ah
)0.9271 (95)

 

Round-Trip Energy Efficiency 

The evolution of the round-trip energy efficiency with Ah-throughput and capacity retention is 

displayed in Fig. 55. The results of the cells cycled with 1C discharge and C/2, 1C, 2C or 3C 

charge at 25°C are presented.   

In Fig. 55 (a), the cells cycled with 1C charge have higher energy efficiencies than the others, 

especially after 10000 Ah-throughput. It agrees with the ohmic resistance increase in Fig. 53. 

The higher ohmic resistances of the cells cycled with C/2, 2C and 3C charge lead to lower 

energy efficiencies. However, compared to Fig. 49, charge rate increase has less influence on 

the cell energy efficiency than discharge rate increase.  

 

Figure 55. The evolution of the round-trip energy efficiency measured at 25°C and 1C with (a) Ah- 

throughput and (b) capacity retention. All the cells come from the cycle life aging tests at 25°C with 1C 

discharge and 0.5C/1C/2C/3C charge. 

5.2 Current-Voltage-Based Aging Detection 

In this section, current-voltage-based aging detection involves only DVA and ICA methods. 

The former is useful for the determination of cyclable lithium amount and active material 

amount on each electrode. The latter is more suitable for the detection of electrode health state 

and internal resistance increase. The aging data of the cells from Tab. 8 and Tab. 9 are analyzed, 

except for those cells cycled with C/2, 2C or 3C charge due to their minor capacity loss. 

5.2.1 C/10 Charge Voltage Degradation 

The fundamental of the current-voltage-based detection methods is the deforming shape of 

OCV due to aging. As depicted in Subsection 3.2.2.1, the C/10 charge curve from the extended 

performance test is accurate enough to replace OCV for DVA and ICA transformation. Before 

applying DVA and ICA detection methods, the deformation of the C/10 charge curves of the 
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tested cells is presented in Fig. 56. If more than one cell is tested under the same condition, the 

one with less capacity loss is shown. 

 

Figure 56. C/10 charge curve evolution of a cell stored at (a) 25°C; (b) 40°C; (c) 55°C; or cycled at (d) 

10°C, 1C; (e) 25°C, 1C; (f) 40°C, 1C; (g) 25°C, 1C; (h) 25°C, 3C; (i) 25°C, 5C. 

The most obvious trends are the shrinkage of the charge curve (capacity fade) and the blur of 

the voltage plateaus with aging. The deformation is less prominent for cells in storage than 

those in cycling. It is difficult to get any more information from the C/10 charge curves without 

the help of DVA and ICA. 

5.2.2 DVA Method 

Fig. 57 shows the DVA transformation of C/10 charge curves from Fig. 56. Figs. 57 (a), 57 (b) 

and 57 (c) show the charge DVA curves of cells stored at 25°C, 40°C and 55°C. The three 

subplots show mainly the same evolution: the shift of all the curves towards the A1 end, as 

explained in Fig. 10. This trend slows down after 328 days storage, which corresponds to the 

root-function-like capacity loss in Fig. 36 (a). High temperature expedites the shift process. The 

A3 peak, attributed to graphite, becomes less visible after 328 days storage at 55°C, which 

indicates anode degradation. 
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Figure 57. C/10 Charge DVA curve evolution of a cell stored at (a) 25°C; (b) 40°C; (c) 55°C; or cycled 

at (d) 10°C, 1C; (e) 25°C, 1C; (f) 40°C, 1C; (g) 25°C, 1C; (h) 25°C, 3C; (i) 25°C, 5C. 

Figs. 57 (d), 57 (e) and 57 (f) show those cells cycled with 1C charge/discharge at 10°C, 25°C 

and 40°C. Figs. 57 (g), 57 (h) and 57 (i) show those cells cycled at 25°C with 1C charge and 

1C, 3C or 5C discharge. Figs. 57 (e) and 57 (g) are identical. It is displayed twice to keep the 

appropriate comparison sequence. Except for Fig. 57 (d), all other cases show a continuous 

parallel shift of the cathode contributions to the A1 end. The shift even leads to the 

disappearance of A2 and C1 peaks after 5000 cycles. In Fig. 57 (d), the slope between 40% and 

100% SoC, which is characteristic of the cathode according to Fig. 10, flattens with cycles, 

suggesting cathode material degradation. This degradation is further clarified in Subsection 

5.2.3 with ICA. 
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Figure 58. Capacity decrease and loss of electrode active material of a cell stored at (a) 25°C; (b) 40°C; 

(c) 55°C; or cycled at (d) 10°C, 1C; (e) 25°C, 1C; (f) 40°C, 1C; (g) 25°C, 1C; (h) 25°C, 3C; (i) 25°C, 

5C. 

LLI and LAM in the tested cells can be quantitatively analyzed with the help of DVA. As 

described in Fig. 10 (c), A1, A2, A3, C1, C2 and C3 are attributes of the anode and the cathode, 

respectively. QAnode, defined as the x-axis distance between A1 and A3, reveals changes in the 

anode active material capacity. QCathode, defined as the x-axis distance between C1 and C3, 

reveals changes in the cathode active material capacity. QCell, defined as the x-axis distance 

between A1 and C3, is the full cell capacity or cyclable lithium amount.  

The DVA curves from Fig. 57 are firstly smoothed to remove noise using Moving Average 

Filtering. Then, the positions of A3 and C1 are detected by the Findpeaks function in Matlab. 

Finally, QAnode, QCathode and QCell are plotted versus storage time or cycle number in Fig. 58. It 

is not intended to measure the precise and absolute capacity amount of electrodes, but to identify 

the tendency of active material change.  

For calendar aging, QCell and QAnode have both root-function-like development in Figs. 58 (a)-

(c). The anode loss is within 8% and should have no influence on the full cell capacity owing 

to 20% anode oversizing in Fig. 10 (c). The cathode loss appears only at 55°C and is within 

6%. The majority of the full cell capacity loss comes from LLI. 
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For cycle life aging, QCell has quasi-linear development in Figs. 58 (d)-(i). In Fig. 58 (d), there 

is extremely high cathode capacity loss, which is due to the aforementioned cathode material 

degradation at 10°C cycling. 40°C cycling causes higher anode loss and cathode loss than 25°C 

cycling. However, the anode loss is within 10%, which should not be a reason for cell capacity 

fade. After 20% cell capacity loss, QCathode cannot be detected anymore in Figs. 58 (e) and 58 

(f) due to the disappearance of cathode peak C1. At higher discharge rates in Figs. 58 (h) and 

58 (i), both anode and cathode loss increase. At 5C discharge cycling in Fig. 58 (i), the anode 

loss begins to accelerate after 20% cell capacity loss. Generally, the most pronounced aging 

mechanism for capacity fade is still LLI, which is possibly combined with anode loss around 

20% cell capacity loss.  

During the calendar aging test as well as the cycle life test, cells with the identical test condition 

show splitted aging behavior after a certain point of time. DVA method is applied to unveil the 

reason for the splitted aging.  

 

Figure 59. Charge DVA curve evolution of two cells stored at 55°C with the reference number (a) K86 

and (b) K87; the active material loss according to the DVA of (c) K86 and (d) K87. 

In Fig. 36, two cells (K86 and K87) begin to exhibit different aging behavior regarding capacity 

fade and ohmic resistance increase after 450 days storage at 55°C. Both cells had 87% 

normalized capacity at the point of split. The capacity fade of cell K86 in Figs. 59 (a) and 59 

(c) obeys the root-function-like behavior, while the capacity fade of cell K87 in Figs. 59 (b) and 

59 (d) accelerates slightly after 450 days and drastically after 500 days. In Fig. 59 (b), the last 

DVA curve at 608 days has no obvious A3 peak, thus there is no corresponding QAnode in Fig. 

59 (d). QCathode has a much faster loss in cell K87 than in cell K86 after 450 days. The cathode 
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is the limiting electrode in this cell type. The abrupt capacity decrease of cell K87 after 450 

days originates most probably from the cathode side. 

Additionally, a slight swelling is observed for cell K87 after 608 days storage. According to 

literature [206, 207], gas evolution during storage is a result of chemical reactions between 

surface free lithium compounds (e.g., Li2CO3 or LiOH) and electrolyte on the 

cathode/electrolyte interface. NCA cathode generates mainly CO2, while LCO cathode tends 

generate a combination of CO and CO2. 

 

Figure 60. Charge DVA curve evolution of two cells cycled at 40°C with 1C charge/discharge with the 

reference number (a) K37 and (b) K38; the active material loss according to the DVA of (c) K37 and 

(d) K38. 

In Fig. 40, the degradation plot of two cells (K37 and K38) cycled at 40°C begins to split after 

2000 EFC in capacity. The DVA curves of both cells are presented in Fig. 60. Comparing Fig. 

60 (c) to Fig. 60 (d), the major difference is the accelerate anode loss in cell K38. Although 

anode loss is not the direct reason for capacity loss due to 20% anode overdimension, it is 

probably a combination of anode degradation and LLI. Lithium plating due to anode surface 

degradation is considered as the reason for the roll-over effect in cell capacity fade by some 

researchers [44, 62]. The existence of plated lithium is proven by post-mortem analysis in 

Chapter 6.  

5.2.3 ICA Method 

Fig. 61 shows the ICA transformation of C/10 charge curves from Fig. 56. Figs. 61 (a)-(c) show 

the charge ICA curves of cells stored at 25°C, 40°C and 55°C. The three subplots show mainly 

the same evolution: the right-shift of the peak at 3.5 V and the decrease of the peaks at 3.8 V 
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and 3.95 V. High temperature expedites the evolution but the speed slows down with the storage 

time. According to Ref. [208], the combination of the offset in the region 3.4-3.6 V and the 

peak shrinkage at 3.8 V is a result of LLI.    

Figs. 61 (d)-(f) show those cells cycled with 1C charge/discharge at 10°C, 25°C and 40°C 

ambient temperatures. Figs. 61 (g)-(i) show those cells cycled at 25°C ambient temperature 

with 1C charge and 1C, 3C or 5C discharge. The chosen aging states are BoT, 850 cycles, 3300 

cycles and 5000 cycles. The ICA curve evolution in Figs. 61 (d)-(i) also shows the LLI aging 

pattern. The existence of anode and cathode loss is not excluded here, but it is more difficult to 

detect material loss with ICA than with DVA. 

Comparing Fig. 57 (d) with Fig. 61 (d), the flattening slope of the DVA curve after 3300 cycles 

results in an accelerated decrease of the ICA peak at 3.8 V. At 5000 cycles, the cell in Fig. 61 

(d) has a normalized capacity of 80.80%, while the cell in Fig. 61 (e) has a normalized capacity 

of 80.86%. They have similar capacity loss, but their ICA curves differ a lot at around 3.8 V. 

According to Ref. [208], in the case of pure LLI aging, the peak deformation at 3.5 V correlates 

with the peak deformation at 3.8 V. In Fig. 61 (d), the extra decrease of peak 3.8 V should be a 

result of electrode material degradation.   

 

Figure 61. C/10 charge ICA curve evolution of a cell stored at (a) 25°C; (b) 40°C; (c) 55°C; or cycled 

at (d) 10°C, 1C; (e) 25°C, 1C; (f) 40°C, 1C; (g) 25°C, 1C; (h) 25°C, 3C; (i) 25°C, 5C. 
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Accoding to Fig. 12 (a), the ICA peak at 3.8 V is characteristic of the cathode. Since the cathode 

consists of LCO and NCA, C/20 CC charge voltage data of the cathode materials are obtained 

from literature [142] for further analysis. The ICA curves of LCO and NCA and their 

superposition result are shown in Fig. 62 (a). The ICA curve of the blended cathode in Fig. 62 

(a) is calculated from the cathode half cell charge voltage curve from Fig. 10 (b). The fitting 

result suggests a capacity ratio of 44:56 (LCO:NCA).  

According to Fig. 62 (a), the ICA peak at around 3.9 V can be attributed to LCO. The voltage 

curve around 3.9 V correspondingly receives dominant influence from LCO. Fig. 62 (b) shows 

the DVA curves of the blended cathode and the LCO+NCA fitting. The curve from fitted 

literature data is in good agreement with the half cell measurement of the actual blended 

cathode. The flat voltage plateau, which leads to the valley in the DVA curve, corresponds to 

the dominant LCO peak in the ICA curve. Hence, in the case of 1C cycling at 10°C, there is 

LCO degradation in addition to LLI. It is not simply loss of LCO active material, but some 

irreversible material change of LCO, which alters its intercalation behavior. 

 

Figure 62. (a) ICA curves of both cathode components and their superposition fitting result compared 

with the actual blended cathode measurement; (b) the fitting result from (a) is transferred into DVA 

curves [5]. 

Fig. 11 and Fig. 12 in Subsection 3.2.2 have shown DVA and ICA evolution of six degradation 

modes. However, real aging condition is usually a combination of more than two degradation 

modes, which makes exhaustive aging interpretation with DVA and ICA difficult.  

DVA is more suitable for the quantitative determination of LLI and LAM, if the characteristic 

peaks from both electrodes are clear to identify in the DVA curve. Nevertheless, the 

deformation of the DVA curve due to irreversible material change should be taken into 

consideration. Additionally, the precise determination of the distance between the characteristic 

DVA peaks is challenging. It is influenced not only by the measurement but also by the post-

processing methods such as smooth algorithm and peak selection algorithm. The LLI and LAM 

calculated with DVA should thus be used more carefully. It is a useful tool to prove the 

existence of LLI/LAM and their relative amounts. However, if the accurate amount is crucial, 
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it is necessary to conduct half cell measurements on the aged cells. The values from the DVA 

interpretation can act as references.  

Compared to DVA, the interpretation of ICA is not straightforward. However, the ICA method 

works well for the aging analysis of blended electrodes. A combination of DVA and ICA can 

compensate each other and make the aging analysis results more plausible.    

5.3 Impedance-Based Aging Detection 

The impedance-based aging detection is a comprehensive analysis of the EIS results, which 

have been regularly collected during the calendar and cycle life aging tests. The inductive part 

of the cell impedance is not discussed in this section, since it receives little influence from 

aging. The ohmic resistance part is already presented in Figs. 36 (b), 40 (b) and 44 (b). The 

focus of this section is on the cell impedance from medium to low frequencies.    

5.3.1 Nyquist Plots 

In order to get a profound understanding of the aging mechanisms of the tested cells, Nyquist 

plots acquired from the EIS measurements are presented in Fig. 63. Since the ohmic resistance 

is the real part of the impedance at zero crossing in a Nyquist plot and its evolution has already 

been shown in Section 5.1, the Nyquist plots are all normalized to the beginning zero crossing 

point in each case to give a better comparison of the resistances from medium to low 

frequencies. 

In these Nyquist plots, two superimposed semi-circles and a sloping line can be observed. 

According to literature, the semi-circle at higher frequencies originates largely from the anode 

and is ascribed to the SEI layer [146, 152–157, 209], the semi-circle at medium frequencies 

represents mainly the double layer capacity and the charge transfer resistance of the cathode 

[147, 154, 158, 159, 210] and the slope at lower frequencies can be attributed to diffusion-

limited processes [153, 158, 211, 212]. 

Figs. 63 (a)-(c) show the Nyquist plots of cells stored at 25°C, 40°C and 55°C. Four aging states 

are chosen: BoT, 86 days, 328 days and 496 days of storage. Both semi-circles increase with 

high temperature. It shows that both SEI growth and charge transfer resistance increase are 

temperature-dependent. At 40°C and 55°C storage, the boundary between the two semi-circles 

blurs and it seems to be one semi-circle. The increase of the semi-circle slows down after 86 

days storage at 55°C in Fig. 63 (c), which coincides with the root-function-like degradation 

behavior in cell capacity and ohmic resistance.     

Figs. 63 (d)-(f) show the Nyquist plots of cells cycled with 1C charge/discharge at 10°C, 25°C 

and 40°C. Four representative aging states are chosen: BoT, 850 cycles, 3300 cycles and 5000 

cycles. The semi-circle at higher frequencies stays unchanged at 10°C and 25°C and increases 

gradually at 40°C. This confirms an intensified SEI growth at higher temperature, which has 

also been reported by other research groups [194, 213–216]. The temperature dependence of 
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the SEI growth is comprehensible, since the SEI growth comprises chemical reactions, like 

electrolyte decomposition and organic/inorganic compounds formation, which can be 

accelerated by high temperature [217, 218]. 

 

Figure 63. Normalized Nyquist plots of a cell stored at (a) 25°C; (b) 40°C; (c) 55°C; or cycled at (d) 

10°C, 1C; (e) 25°C, 1C; (f) 40°C, 1C; (g) 25°C, 1C; (h) 25°C, 3C; (i) 25°C, 5C. All spectra of cycled 

cells have been left-shifted to the same zero-crossing of the x-axis as the spectrum at BoT. 

The semi-circle at medium frequencies increases enormously after 850 cycles at 10°C. In the 

cases of 25°C and 40°C, the semi-circles at medium frequencies both increase steadily and 

40°C show a faster increase. Due to a damage to the cell connection, Fig. 63 (f) shows only the 

aging states until 3300 cycles. The charge transfer resistance originates from the interface of 

electrolyte and electrodes, particularly the cathode side [219–224]. Passive layer growth and 

phase transitions on the cathode surface lead to a continuous increase of the charge transfer 

resistance. The massive charge transfer resistance increase at 10°C is probably owing to a 

crucial cathode material degradation, which has already been verified by means of DVA and 

ICA in the previous section. 

Figs. 63 (g)-(i) show the influence of the discharge rate on the impedance spectra. Figs. 63 (e) 

and 63 (g) are identical. The semi-circle at higher frequencies keeps almost unchanged for all 

three discharge rates. The growth of the semi-circles at medium frequencies is suppressed by 

higher discharge rates at first. Only after 3300 cycles, i.e., shortly before 20% capacity loss, 
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they experience an abrupt increase (see Fig. 63 (h) and (i)). The suppression effect could be 

possibly explained by earlier cutoff of the CC discharge process at 3C and 5C, thus the cathode 

is less stressed by a high degree of lithiation. After 3300 cycles, severe cathode degradation 

takes place and hinders the charge transfer process. 

5.3.2 Non-Ohmic Resistances 

Non-ohmic resistances are directly related to the electrode surface characteristics of the cells. 

Different frequency ranges on the Nyquist plot are attributed to different chemical and physical 

processes inside the cell. 

As shown in Fig. 64, between the two semi-circles at medium frequencies, there is a transition 

frequency of 66.7 Hz. Between the semi-circles and the sloping line, the minimum of the 

imaginary impedance Immin is recorded as a boundary. Hence, the non-ohmic resistances of the 

cell can be separated into SEI resistance RSEI (1 kHz~ 67 Hz), charge transfer resistance RCT 

(67 Hz~Immin) and diffusion resistance RDiff (Immin~10 mHz). Fig. 64 is adapted from Fig. 15 

in Subsection 3.2.3.  

 

Figure 64. The definition of RSEI, RCT and RDiff shown in a Nyquist plot of a fresh cell. 

The non-ohmic resistances are extracted from all the Nyquist plots measured during the aging 

tests. The evolution of these non-ohmic resistances is displayed in Fig. 65.   

For calendar aging, all three non-ohmic resistances increase at 40°C and 55°C in Figs. 65 (b) 

and 65 (c). They develop with root-function-like behavior. The change of the charge transfer 

resistance exceeds both SEI and diffusion resistances at 55°C storage in Fig. 65 (c). It relates 

with the cathode loss detected in Fig. 58 (c), since cathode degradation has a greater 

contribution to the charge transfer resistance.   
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Figure 65. The evolution of the SEI resistance, charge transfer resistance and diffusion resistance of a  

cell stored at (a) 25°C; (b) 40°C; (c) 55°C; or cycled at (d) 10°C, 1C; (e) 25°C, 1C; (f) 40°C, 1C; (g) 

25°C, 1C; (h) 25°C, 3C; (i) 25°C, 5C.  

For cycle life aging, diffusion resistance stays almost unchanged in all cases in Figs. 65 (d)-(i). 

SEI resistance increases obviously in Fig. 65 (f) and only slightly in Figs. 65 (e), 65 (g) and 65 

(i). SEI resistance is temperature-dependent. The charge transfer resistance has increased a lot 

in all cycling cases, especially for 1C cycling at 10°C and 25°C in Figs. 65 (d) and 65 (e). Under 

3C and 5C discharge cycling in Figs. 65 (h) and 65 (i), charge transfer resistance has an abrupt 

increase shortly after 4000 cycles. Generally, the charge transfer resistance has the most 

pronounced increase among all the non-ohmic resistances for cycle life aging.     

Nyquist plots and non-ohmic resistances are adopted to depict the aging split of the cell pairs: 

K86 versus K87 and K37 versus K38, which have already been analyzed with DVA in the 

previous subsection.  
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Figure 66. Normalized Nyquist plots of two cells stored at 55°C with the reference number (a) K86 and 

(b) K87; the evolution of the SEI resistance, charge transfer resistance and diffusion resistance of (c) 

K86 and (d) K87. 

 

Figure 67. Normalized Nyquist plots of two cells cycled at 40°C with 1C charge/discharge with the 

reference number (a) K37 and (b) K38; the evolution of the SEI resistance, charge transfer resistance 

and diffusion resistance of (c) K37 and (d) K38. 
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The Nyquist plots and non-ohmic resistances of two cells (K86 and K87) stored at 55°C are 

shown in Fig. 66. The non-ohmic resistances of both cells increase in a similar root-function-

like way before 450 days in Figs. 66 (c) and 66 (d). Afterwards, all non-ohmic resistances of 

cell K87 accelerate drastically. This phenomenon may relate with cathode loss and gas 

evolution inside the cell K87, as discussed in Subsection 5.2.2. 

The Nyquist plots and non-ohmic resistances of two cells (K37 and K38) cycled with 1C at 

40°C are shown in Fig. 67. The split of aging between both cells occurs after about 2000 cycles. 

In Figs. 67 (c) and 67 (d), their major difference after 2000 cycles is the evolution of SEI 

resistance. RSEI grows much faster in cell K38 than in cell K37. In Fig. 60, there is also more 

anode loss in cell K38.  

A possible explanation is that, the continuous growth of the SEI layer leads to an anode porosity 

drop and a large resistance increase at the anode/electrolyte interface. After a certain point, 

lithium plating begins and more parasitic reactions are triggered at the anode/electrolyte 

interface [44]. The SEI layer grows further due to more electrolyte decomposition compounds 

and both capacity and resistance degradation accelerates.  

5.4 Temperature-Based Aging Detection 

Temperature-based aging detection utilizes the evolution of cell entropy change in its value or 

its position. A change in its value means degradation in the electrode material. A change in its 

position unravels alignment change of both electrodes or a different degradation of the blended 

materials in one electrode.  

The measurement of the absolute entropy change values usually takes several weeks, since 

different temperatures, different SoCs and long relaxation time should be included. Section 5.4 

is mainly focused on the position shift of entropy change, which requests less expenditure and 

can be achieved during a dynamic process. It is believed to be more promising for on-line 

diagnosis application.  

5.4.1 Surface Temperature Distribution 

In Subsection 3.2.4.2, the Biot number of the examined cell is lower than 0.1 and thus the cell 

can be treated as an object with homogeneous temperature distribution. Nonetheless, 

temperature distribution test was carried out on the cell surface to ensure that the surface center 

temperature is representative for the whole cell.  
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Figure 68. (a) Positions of five temperature sensors on the cell surface; (b) temperature evolution of the 

temperature sensors during a 1.5C CCCV charge process at room temperature. 

Fig. 68 (a) shows the positions of five temperature sensors on the cell surface and Fig. 68 (b) 

shows the evolution of their temperatures during a 1.5C CCCV charge process. The ambient 

temperature during the test is 22°C. The original temperature values are all adjusted to 22°C at 

the beginning. The temperature difference between the five sensors is within 0.2°C. The top 

left point shows the highest temperature at the end of the CC phase, while the positive and 

negative tabs show the lowest temperatures. The temperature of the center point is in the middle 

range, which is appropriate for the following temperature analysis.  

5.4.2 Temperature Variation Analysis 

The temperature variation rate dT/dt, defined in Eq. 40, includes irreversible Joule heat, 

reversible reaction heat and heat exchange with the environment. It can be easily collected 

during the cell operation. If the absolute temperature change is low, the thermal parameters can 

be considered as constant and the heat exchange with the environment is negligible. The charge 

resistance is proven to be constant in the SoC range of 20% to 100% in Subsection 3.2.4.3. 

Hence, the temperature variation rate can be adopted to detect the change of reversible reaction 

heat or entropy change under CC operational condition. 

5.4.2.1 Temperature Increase during Charge/Discharge 

As depicted in Subsection 3.2.4.2, the heat generation of a cell during CC charge or discharge 

consists primarily of Joule heat and reaction heat. The Joule heat increases approximately 

quadratically with the current and linearly with the cell resistance. The reversible reaction heat 

varies linearly with the current, the temperature and the entropy change.  
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Figure 69. Temperature evolution at the surface center point of a fresh cell during 0.5C, 1C and 2C (a) 

charge; (b) discharge in a climate chamber at 25°C. 

Fig. 69 shows the surface center temperature of a fresh cell charged and discharged with various 

C-rates. The temperature develops in a similar way and rises with higher C-rates. The 

temperature rise during discharge is higher than that during charge at the same C-rate. 

Additionally, there is an obvious temperature minimum in the middle of the charge process, 

which is not in the case of discharge. This temperature minimum is owing to the reversible 

reaction heat or more specifically the entropy change. Hence, for the investigated cell, the 

charge process is more appropriate for entropy change detection than the discharge process.  

Furthermore, the lower temperature rise during charge has less influence on the thermal 

parameters of the cell. Since the regular capacity tests are conducted with 1C, the following 

temperature variation analysis is based on 1C charge. 

5.4.2.2 Temperature Variation Rate 

As discussed in Subsection 3.2.4.3, the 10s-charge resistance of the examined cell stays almost 

constant above 20% SoC under various aging conditions. Thus, in the range of 20-100% SoC, 

the temperature variation rate varies only with the entropy change ΔS during 1C CC charge. 

 Fig. 70 illustrates the temperature evolution and the temperature variation rate of one cell 

during 1C CC charge from 2.7 V to 4.2 V. This cell is cycled with 1C charge and discharge at 

25°C. Fig. 70 (a) and Fig. 70 (b) show the temperature evolution of the same cell at the fresh 

state and after 6000 cycles, respectively.  

As shown in Fig. 70 (a), there are two remarkable cooling areas (dT/dt < 0) in the charge 

process, i.e., the one in the first 0.05 h and the other at around 0.42 h (38% SoC). According to 

Subsection 3.2.4.3, the Joule heat for CC charging should be higher in the range of 0-20% SoC 

and nearly constant from 20% to 100% SoC. The heat dissipation changes only slightly, since 

the cell temperature change stays within 0.8°C. Hence, both cooling areas should be attributed 

to the reaction heat and the entropy change.  
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Figure 70. Evolution of the temperature and its variation rate of a cell cycled with 1C charge/discharge 

during a 1C CC charge process in a climate chamber at 25°C: (a) at BoT (100% SoH); (b) after 6000 

cycles (75% SoH) [9].  

In Fig. 70 (b), the two cooling areas are still observable after 6000 cycles. However, the one at 

around 0.42 h in Fig. 70 (a) has left-shifted to around 0.25 h, which corresponds to 30% SoC 

for the aged cell. The temperature change has increased to 1.2°C. The period from the charge 

begin to the dT/dt minimum in the second cooling area is defined as tmin, which is proven as a 

useful SoH indicator in the following subsection. 

5.4.2.3 tmin vs. Aging Detection 

As depicted in Subsection 3.2.4.1 and Fig. 20, the first cooling area of the entropy change curve 

of a Kokam cell originates from the graphite anode in its initial lithium intercalation phase. The 

second cooling area relates to the blended cathode. Therefore, the two cooling areas can be 

regarded as characteristics of the anode and the cathode, respectively. 

According to Subsection 3.2.2.2, capacity fade of a LIC has three origins, loss of anode active 

material, loss of cathode active material and loss of lithium inventory (LLI) [137]. The last is 

the predominant degradation mechanism in the normal operation range of commercial LICs, 

especially in the initial aging phase [73, 129, 199, 225, 226]. As LLI increases, the anode gets 

more lithiated at the end of discharge, resulting in a shift between the anode and cathode voltage 

profiles towards each other [137] as shown in Fig. 71. If LLI is the only existing degradation 

mechanism for capacity fade, the offset between both electrodes should correlate with capacity 

fade. In Fig. 70, the time from the begin of charge to the dT/dt minimum represents the offset 

between both electrodes, since they originate from the anode and the cathode, respectively. This 

assumption is validated later with the experimental data of the examined cells.  
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Figure 71. Schematic of the degradation mechanism of LLI [9, 137]. 

Firstly, tmin is extracted from the 1C CC charge process in the regular performance tests. Moving 

Average Filtering and Findpeaks functions in Matlab are applied to the data post-processing. 

SoH is then determined with discharge capacity (CC+CV) at the corresponding aging state 

according to Eq. 10.  

 

Figure 72. Scatter plot of tmin and SoH of 287 calendar aging states and 257 cycle life aging states with 

a trend line [9]. 

Fig. 72 shows a scatter plot of tmin and SoH with a trend line. It includes 20 cells and their 544 

aging states, among which there are 287 calendar aging states and 257 cycle life aging states. 

The cells cycled with 1C at 10°C are not included here, since they show obvious cathode 

degradation in their DVA curves. The product-moment correlation coefficient or Pearson’s r is 

employed to measure the association between tmin and SoH: 

𝑟 =
∑ (𝑥𝑖 − 𝑥̅)(𝑦𝑖 − 𝑦̅)𝑛

𝑖=1

√∑ (𝑥𝑖 − 𝑥̅)2 ∙ ∑ (𝑦𝑖 − 𝑦̅)2𝑛
𝑖=1

𝑛
𝑖=1

(96) 

Where (xi,yi), i=1,…,n are pairs of quantities, 𝑥̅ is the mean of all the xi and 𝑦̅ is the mean of all 

the yi. Pearson’s r varies between -1 and 1. When (xi,yi) lie on a perfect straight line with positive 

slope, also known as “complete positive correlation”, r equals 1. If r equals zero, xi and yi are 

uncorrelated. If r equals -1, they have “complete negative correlation” [227]. The calculated 

Pearson’s r for 544 pairs of tmin and SoH is 0.954, which suggests a strong positive correlation. 

The results show a strong linear dependence between tmin and SoH of our tested cells under all 
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the experimental conditions. Based on the linear least squares regression analysis, the cell SoH 

can be expressed with the following equation: 

𝑆𝑜𝐻 = 1.07𝑡min + 0.543 (97) 

In Fig. 72, the scatter points at lower SoH are further away from the trend line than those at 

higher SoH. It could be explained with the fact that, near EoL there is not only LLI but also 

more or less loss of cathode material in the cells. Since the 544 aging states include 7 different 

operational conditions, it is important to ensure that the trend line works for each condition 

separately. Fig. 73 presents the aging states from 6 operational conditions and their positions 

along the same correlation line (Eq. 97). The seventh operational condition that is not shown in 

Fig. 73 is 25°C storage, since the SoH change under this condition is not evident. 

 

Figure 73. Scatter plots of tmin and SoH under different operational conditions: (a) storage at 40°C; (b) 

storage at 55°C; (c) 1C charge/discharge cycling at 25°C; (d) 1C charge/discharge cycling at 40°C; (e) 

3C discharge cycling at 25°C; (f) 5C discharge cycling at 25°C.  The same correlation line is used to 

compare with the (tmin, SoH)-pairs in different groups. 

In Figs. 73 (a)-(c), the correlation line is almost in the middle of the aging states, while in Figs. 

73 (d)-(f) the correlation line is below the majority of the aging states. As explained in 

Subsection 5.2.2, severe operational conditions in Figs. 73 (d)-(f) lead to more anode and 

cathode material loss besides LLI. Additionally, 3C and 5C cycling conditions have more 

scattered aging states similar to their capacity fade and ohmic resistance rise behavior.  

5.4.2.4 Current Optimization 

Until now, all the tmin values are extracted from the 1C CC charge process, since it is part of the 

regular capacity test. In reality, different charge currents could be used. It is already known that 

the irreversible heat increases quadratically with the current and the reversible heat increases 
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linearly with the current. A change in the current alters the proportion of irreversible heat to 

reversible heat during the CC charge process.  

 

Figure 74. Evolution of the temperature and its variation rate of a fresh cell CC charged at 25°C with 

(a) 0.25C; (b) 0.33C; (c) 0.5C; (d) 0.75C; (e) 1C; (f) 1.25C; (g) 1.5C; (h) 2C; (i) 3C. The tests were 

conducted in the same temperature chamber at 25°C and the same charge current was repeated at least 

twice to ensure reproducibility. 

Fig. 74 provides an overview of the temperature evolution and the temperature variation rate 

during CC charge processes with 0.25C to 3C. For 0.25C, 0.33C and 0.5C, the temperature 

variation is quite low and tmin is not clear to identify. For higher currents, the dT/dt minimum is 

obvious. However, the temperature change rises with the current, e.g., the temperature during 

3C charge has increased almost 4°C. High temperature increase may cause noticeable change 

in the heat dissipation term in Eq. 40, which is assumed to be constant during the CC charge 

process. Hence, the recommended current for the examined cell for tmin analysis is between 

0.75C and 2C. 

The temperature-based aging detection introduced in this section is different from the current-

voltage-based aging detection in Section 5.2 and the impedance-based aging detection in 

Section 5.3. It is not focused on the detailed interpretation of aging mechanisms. Based on the 

analysis results from Section 5.2 and Section 5.3, LLI is known as the most pronounced aging 

mechanism for capacity fade of the examined cells under various operational conditions. LLI 
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represents a shift between the electrodes. The shift can be measured with the relative position 

change of voltage plateaus, which are characteristics of both electrodes, as illustrated in Section 

5.2. The electrodes also have their own entropy change curves, which can provide similar 

features of the electrodes in the cell temperature variation. The assumption is validated with the 

experimental data and thus temperature measurement can be used to predict capacity loss for 

the examined cell.     
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6. Post-Mortem Analysis 

Although the focus of this thesis work is non-invasive aging detection, some post-mortem 

analysis is carried out to validate the aging prediction. A fresh cell and an aged cell cycled with 

1C charge/discharge at 40°C were disassembled to reveal the aging mechanisms. The aged cell 

is the one with roll-over effect in Fig. 40. 

Both cells were CCCV discharged to 0% SoC and taken apart in an Argon-filled glovebox. The 

examined cell has 17 double-side-coated copper foils with anode, 16 double-side-coated 

aluminum foils with cathode and 2 single-side-coated aluminum foils with cathode. Fig. 74 

shows the condition of the electrodes inside the fresh cell. The electrodes wrapped in separator 

were soaked with electrolyte and in good conditions at first view.  

    

Figure 74. Photos of the fresh cell after disassembly: (a) electrodes wrapped in separator; (b) an anode 

sheet. 

 

Figure 75. Photos of the aged cell after disassembly: (a) electrodes wrapped in separator; (b) an anode 

sheet. 

Fig. 75 shows the condition of the electrodes inside the aged cell. After opening the pouch foil, 

the cell was not visibly wet and there was little electrolyte in the cell. It was almost dry-out, 

which explained the extremely high ohmic resistance of the cell. Each anode sheet had silver 
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shimmering particles on it as shown in Fig. 75 (b). They were believed to contain lithium metal, 

since they turned into bubbles and flames when soaked into water. Lithium plating occurred in 

the aged cell, thus its capacity fade had a roll-over effect after 2000 EFCs. The plated lithium 

reacted with the electrolyte and ultimately led to dry-out of the cell.        

Slices were stamped out of the electrodes of both cells. They were washed with dimethyl 

carbonate. After drying overnight, SEM analysis was conducted on the electrode slices. The 

results are presented in Fig. 76. Compared to the fresh anode, the graphite layered structure in 

the aged anode is less obvious. It could be a result of SEI growth covering the graphite surface. 

In Figs. 76 (c) and 76 (d), there is no significant difference between the fresh and the aged 

cathode. 

 

  

Figure 76. SEM images of the surface structure of the (a) fresh anode; (b) aged anode; (c) fresh cathode; 

(d) aged cathode.   
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7. Conclusion and Outlook 

Calendar aging tests and cycle life aging tests were carried out on 5 Ah pouch LICs with an 

LCO/NCA blended cathode and a graphite anode. Temperature and storage time are 

investigated as stress factors for calendar aging, while temperature, discharge current, charge 

current and Ah-throughput are investigated for cycle life aging. Empirical aging models are 

established based on these stress factors to describe the degradation behavior of the tested LICs 

regarding capacity and ohmic resistance.   

Both capacity fade and ohmic resistance increase due to calendar aging develop in a root-

function-like way with storage time. The dependence of their degradation rates on temperature 

agrees with the Arrhenius law. The activation energy of ohmic resistance increase (63 kJ/mol) 

almost doubles that of capacity fade (35 kJ/mol). 

As for pure cycle life aging, capacity fade and ohmic resistance increase develop both in a 

quasi-linear way with Ah-throughput. The dependence of capacity fade rate on temperature is 

quadratic, with 25°C for the lowest capacity fade rate. The dependence of ohmic resistance 

increase rate on temperature also follows the Arrhenius law. Both high discharge current and 

high charge current accelerate the degradation rates of capacity and ohmic resistance. The 

increase of discharge current has a more pronounced impact on ohmic resistance increase than 

capacity fade. By contrast, the increase of charge current has a greater influence on capacity 

fade than ohmic resistance increase.    

In addition to capacity and ohmic resistance analysis, non-invasive aging detection methods are 

adopted to reveal internal aging mechanisms of the tested LICs under various operational 

conditions. The involved aging detection methods are categorized into current-voltage-based 

methods, impedance-based methods and temperature-based methods.  

The employed current-voltage-based methods are DVA and ICA. The former can track the 

changes in cyclable lithium amount and electrode active material amount quantitatively, if the 

electrodes have visible characteristic voltage plateaus in the OCV. The DVA results show that 

loss of cyclable lithium is the dominant aging mechanism for all operational conditions. There 

is also slight active material loss in the anode and cathode near EoL. An exception is the LIC 

cycled at 10°C, where extremely high cathode loss is detected. The quantitative DVA detection 

contains inevitable inaccuracies from measurement precision, data post-processing and material 

degradation. Hence, the quantitative results should be used carefully.  

ICA offers similar aging information to DVA, but in a more indirect way. The advantage of 

ICA is that it can separate the degradation of the cathode composite materials LCO and NCA. 
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The cathode degradation in the case of 10°C cycling is attributed to an irreversible material 

change in LCO with the aid of ICA. 

EIS measurement is representative of impedance-based detection methods. Besides the 

aforementioned ohmic resistance increase, non-ohmic resistances from 1 kHz to 10 mHz also 

rise as aging intensifies. The non-ohmic resistances are divided into SEI resistance, charge 

transfer resistance and diffusion resistance based on their frequency ranges.  

The EIS results show that SEI resistance only increases at an operation temperature above 25°C. 

The charge transfer resistance grows significantly under all the test conditions except for 25°C 

storage. The extremely high charge transfer resistance in the case of 10°C cycling relates 

probably with the LCO degradation in the blended cathode. The diffusion resistance presents 

minor growth only when the LICs are stored above 25°C. 

The temperature-based detection method shows an alternative way to estimate capacity loss. 

The method determines the offset of the electrode balance, which corresponds to the loss of 

cyclable lithium. During a CC charge process, the offset is detected by means of a temperature 

variation rate minimum, which is an entropy change feature of the cathode. Since loss of 

cyclable lithium is proven as the dominant aging mechanism for capacity loss with current-

voltage-based methods, capacity loss should correlate with the offset of the electrode balance, 

i.e., the position of the temperature variation rate minimum.  

The assumption is validated with the aging data. It works for all the test conditions except for 

the case of 10°C cycling, which is known to have severe cathode degradation. The method 

provides a possible way to combine temperature monitoring and SoH estimation. However, this 

detection method requires at least a minimum or a maximum in the full cell entropy change 

during the charge or discharge process. Many LIC cathode materials have relatively flat entropy 

change curves. As for a LIC with a blended cathode, the entropy change curves of the cathode 

components should be distinguishable enough to generate such a minimum/maximum in the 

full cell entropy change profile. 

Based on the aging results, some suggestions are summarized for the utilization of LICs. 

Lithium plating is usually considered as a risk during low temperature operation. However, it 

is also observed at 40°C cycling in the examined LIC. The existence of lithium plating should 

always be taken into consideration during the design of battery systems. On the other hand, 

there are no signs, that 10°C cycling causes lithium plating in the examined LIC. The cells 

suffer primarily from charge transfer resistance increase and cathode degradation due to LCO. 

Hence, for applications below room temperature, LCO cathode should be avoided.     

During the literature survey and the experimental work, there are some common problems in 

the application of non-invasive aging detection methods, which should be addressed in the 

future. For example, in-depth knowledge of the electrode chemistry is always a requisite. The 

interpretation depends immensely on the electrode materials and thus there is hardly a universal 
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detection method for all types of LIC technologies. Furthermore, quantitative methods such as 

DVA and the temperature-based method rely considerably on the data post-processing, which 

brings some inaccuracies into the detection results. It is ideal to combine quantitative electric 

detection methods with post-mortem analysis to evaluate the reliability and precision of such 

non-invasive aging detection methods. 
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Appendix I 

A.1 BaSyTec Test Protocols for Performance Tests and Cycling Tests 

All test procedures conducted within this thesis are presented in detail in this section. 

Table A.1-1. Basic performance test 

Step No. Step Name Parameter Termination 

1 Pause  t > 2 h 

2 Charge CCCV I = 5 A 

U = 4.2 V 

I < 0.25 A 

 

3 Pause  t > 10 min 

4 Discharge CC I = -5 A U > 4.2 V 

5 Discharge CV U = 2.7 V I > -0.25 A 

6 Pause  t > 10 min 

7 Charge CCCV I = 5 A 

U = 4.2 V 

I < 0.25 A 

 

8 Pause  t > 10 min 

9 Discharge CC I = -5 A U > 4.2 V 

10 Discharge CV U = 2.7 V I > -0.25 A 

11 Pause  t > 10 min 

12 Charge CC I = 5 A SoC > 50% 

13 Pause  t > 30 min 

14 Stop   
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Table A.1-2. Extended performance test 

Step No. Step Name Parameter Termination 

1 Pause  t > 2 h 

2 Charge CCCV I = 5 A 

U = 4.2 V 

I < 0.25 A 

 

3 Pause  t > 10 min 

4 Discharge CC I = -5 A U > 4.2 V 

5 Discharge CV U = 2.7 V I > -0.25 A 

6 Pause  t > 10 min 

7 Charge CCCV I = 5 A 

U = 4.2 V 

I < 0.25 A 

 

8 Pause  t > 10 min 

9 Discharge CC I = -5 A U > 4.2 V 

10 Discharge CV U = 2.7 V I > -0.25 A 

11 Pause  t > 10 h 

12 Charge CC I = 0.5 A U > 4.2 V 

13 Charge CV U = 4.2 V I < 0.25 A 

14 Pause  t > 1 h 

15 Discharge CC I = -0.5 A U < 2.7 V 

16 Discharge CV U = 2.7 V I > -0.25 A 

17 Pause  t > 10 min 

18 Charge CC I = 5 A SoC > 50% 

19 Pause  t > 6 h 

20 Stop   

21 Go to EIS test   
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Table A.1-3. Cycle life test 

Step No. Step Name Parameter Termination 

1 Pause  t > 30 min 

2 Cycle-start   

3 Discharge CC I = -5 A 

(-10 A or -15 A) 

U < 2.7 V 

4 Pause  t > 5 min 

5 Charge CCCV I = 5 A 

(2.5 A, 10 A or 15 A) 

U = 4.2 V 

I < 0.25 A 

 

6 Cycle-end Count=100  

7 Discharge CC I = -5 A U < 3.6 V 

8 Pause  t > 10 min 

9 Stop   
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Table A.1-4. DC pulse resistance test 

Step No. Step Name Parameter Termination 

1 Pause  t > 2 min 

2 Discharge CC I = -5 A U < 2.7 V 

3 Discharge CV U = 2.7 V I > -0.25 A 

4 Pause  t > 30 min 

5 Cycle-start   

6 Charge CC I = 5 A t > 30 s 

7 Pause  t > 10 min 

8 Charge CC I = 5 A SoC > 5%, U > 4.2 V 

(SoC: 10%, 20%, 30%, 

40%, 50%, 60%, 70%, 

80%, 90%, 95%) 

9 Pause  t > 30 min 

10 Cycle-end SoC = 95%  

11 Charge CC I = 5 A t > 30 s 

12 Pause  t > 10 min 

13 Charge CCCV I = 5 A 

U = 4.2 V 

I < 0.25 A 

 

14 Pause  t > 30 min 

15 Cycle-start   

16 Discharge CC I = -5 A t > 30 s 

17 Pause  t > 10 min 

18 Discharge CC I = -5 A SoC < 95%, U < 2.7 V 

(SoC: 90%, 80%, 70%, 

60%, 50%, 40%, 30%, 

20%, 10%, 5%) 
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19 Pause  t > 30 min 

20 Cycle-end SoC = 5%  

21 Discharge CC I = -5 A t > 30 s 

22 Pause  t > 10 min 

23 Charge CC I = 5 A U > 3.6 V 

24 Pause  t > 30 min 

25 Stop   
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A.2 Biologic Test Protocols for Electrochemical Impedance Spectroscopy 

The following table shows the test settings for the EIS measurement done on a potentiostat 

VMP3 by Biologic Science Instruments. 

Table A.2-1. EIS measurement settings 

Stage I 

Excitation Signal Mode Single sine 

Frequency Range 100 kHz ~ 2.1 Hz 

Points per Decade 12 (in logarithmic spacing) 

Current Amplitude 200 mA 

Wait for 0.1 period before each frequency 

Average  10 measures per frequency 

Stage II 

Excitation Signal Mode Single sine 

Frequency Range 1.93 Hz ~ 100 mHz 

Points per Decade 10 (in logarithmic spacing) 

Current Amplitude 200 mA 

Wait for 0.1 period before each frequency 

Average  5 measures per frequency 

Stage III 

Excitation Signal Mode Single sine 

Frequency Range 90 mHz ~ 10 mHz 

Points per Decade 3 (in logarithmic spacing) 

Current Amplitude 100 mA 

Wait for 0.1 period before each frequency 

Average  2 measures per frequency 



 
 
 
 

107 
 

 

Appendix II 

All the empirical aging models from the thesis are summarized in this section. 

Part I - Capacity Fade: 

Calendar Aging (Temperature): 

25°𝐶:                  
𝑄act

𝑄ini
= 1 − 0.002355 ∗ (

𝑡

d
)0.4393 (44) 

40°𝐶:                  
𝑄act

𝑄ini
= 1 − 0.004552 ∗ (

𝑡

d
)0.4393 (45)         

55°𝐶:                  
𝑄act

𝑄ini
= 1 − 0.008563 ∗ (

𝑡

d
)0.4393 (46)         

𝑄act

𝑄ini
= 1 − 3149 ∗ exp (−

34985 J/mol

𝑅𝑇
) (

𝑡

d
)0.4393 (49) 

Cycle Life Aging (Temperature): 

10°𝐶:                  
𝑄act

𝑄ini
= 1 − 2.0 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (58)         

25°𝐶:                  
𝑄act

𝑄ini
= 1 − 1.5 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (59)         

40°𝐶:                  
𝑄act

𝑄ini
= 1 − 1.9 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (60) 

𝑄act

𝑄ini
= 1 − 0.01 ∗ 𝑒𝑥𝑝 (

8.53 × 106 K2

𝑇2
−

5.708 × 104 K

𝑇
+ 89) (

𝑄Ah

Ah
)0.8441 (61) 

Cycle Life Aging (Discharge Rate): 

1𝐶:                  
𝑄act

𝑄ini
= 1 − 1.5 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (68)         

3𝐶:                  
𝑄act

𝑄ini
= 1 − 1.8 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (69) 

5𝐶:                  
𝑄act

𝑄ini
= 1 − 2.2 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (70) 

𝑄act

𝑄ini
= 1 − 0.0035 ∗ 𝑒𝑥𝑝 (

−13840 J/mol + 201 J ∙ h/mol ∗ |𝐼dis|

𝑅𝑇
) (

𝑄Ah

Ah
)0.8441 (74) 
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Cycle Life Aging (Charge Rate): 

𝐶

2
:                  

𝑄act

𝑄ini
= 1 − 1.1 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (83) 

1𝐶:                  
𝑄act

𝑄ini
= 1 − 1.5 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (84)         

2𝐶:                  
𝑄act

𝑄ini
= 1 − 1.6 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (85)         

3𝐶:                  
𝑄act

𝑄ini
= 1 − 2.0 × 10−5 ∗ (

𝑄Ah

Ah
)0.8441 (86) 

𝑄act

𝑄ini
= 1 − 0.035 ∗ 𝑒𝑥𝑝 (

−20080 J/mol + 432 J ∙ h/mol ∗ |𝐼ch|

𝑅𝑇
) (

𝑄Ah

Ah
)0.8441 (88) 

Part II – Ohmic Resistance Increase: 

Calendar Aging (Temperature): 

25°𝐶:                 
𝑅act

𝑅ini
= 1 + 0.0036 ∗ (

𝑡

d
)0.5139 (50) 

40°𝐶:                  
𝑅act

𝑅ini
= 1 + 0.0170 ∗ (

𝑡

d
)0.5139 (51) 

55°𝐶:                  
𝑅act

𝑅ini
= 1 + 0.0361 ∗ (

𝑡

d
)0.5139 (52) 

𝑅act

𝑅ini
= 1 + 4.052 × 108 ∗ exp (−

62804 J/mol

𝑅𝑇
) (

𝑡

d
)0.5139 (55) 

Cycle Life Aging (Temperature): 

10°𝐶:                  
𝑅act

𝑅ini
= 1 + 1.543 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (63) 

25°𝐶:                  
𝑅act

𝑅ini
= 1 + 2.102 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (64) 

40°𝐶:                  
𝑅act

𝑅ini
= 1 + 6.018 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (65) 

𝑅act

𝑅ini
= 1 + 6.8 ∗ exp (−

30911 J/mol

𝑅𝑇
) (

𝑄Ah

Ah
)0.9271 (66) 

Cycle Life Aging (Discharge Rate): 

1𝐶:                  
𝑅act

𝑅ini
= 1 + 2.103 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (76) 

3𝐶:                  
𝑅act

𝑅ini
= 1 + 6.148 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (77) 
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5𝐶:                  
𝑅act

𝑅ini
= 1 + 9.334 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (78) 

𝑅act

𝑅ini
= 1 + 7.6 ∗ exp (

−31830 J/mol + 669 J ∙ h/mol ∗ |𝐼dis|

𝑅𝑇
) (

𝑄Ah

Ah
)0.9271 (81) 

Cycle Life Aging (Charge Rate): 

𝐶

2
:                  

𝑅act

𝑅ini
= 1 + 2.668 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (90) 

1𝐶:                  
𝑅act

𝑅ini
= 1 + 2.122 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (91) 

2𝐶:                  
𝑅act

𝑅ini
= 1 + 2.534 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (92) 

3𝐶:                  
𝑅act

𝑅ini
= 1 + 3.891 × 10−5 ∗ (

𝑄Ah

Ah
)0.9271 (93) 

𝑅act

𝑅ini
= 1 + 6.6 ∗ exp (

−31010 J/mol + 140 J ∙ h/mol ∗ |𝐼ch|

𝑅𝑇
) (

𝑄Ah

Ah
)0.9271 (94) 
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