
 

  

 

 

 

Technische Universität München 

Fakultät für Elektrotechnik und Informationstechnik 

Lehrstuhl für Elektrische Energiespeichertechnik 

 

 

 

Aging of Lithium-Ion Batteries in Electric Vehicles 
 

Dipl.-Ing. Univ. Peter Keil 

 

 

Vollständiger Abdruck der von der Fakultät für Elektrotechnik und Informationstechnik der  

Technischen Universität München zur Erlangung des akademischen Grades eines 

Doktor-Ingenieurs (Dr.-Ing.) 

genehmigten Dissertation. 

 

 

Vorsitzender: Prof. Dr.-Ing. Ulrich Wagner 

Prüfende der Dissertation: 1.  Prof. Dr.-Ing. Andreas Jossen 

 2.  Prof. Dr.-Ing. Julia Kowal 

 

 

Die Dissertation wurde am 19.04.2017 bei der Technischen Universität München eingereicht und 

durch die Fakultät für Elektrotechnik und Informationstechnik am 19.06.2017 angenommen. 

 





 

 I 

Danksagung 

Die vorliegende Dissertation entstand während meiner Tätigkeit als wissenschaftlicher Mitarbeiter 

am Lehrstuhl für Elektrische Energiespeichertechnik (EES) der Technischen Universität München.  

An erster Stelle gilt mein Dank Herrn Professor Dr. Andreas Jossen für die Betreuung meiner Arbeit 

und die vielfältigen Forschungsthemen, mit denen ich mich am Lehrstuhl beschäftigen durfte. Es 

war für mich eine spannende und lehrreiche Zeit, als einer der ersten Doktoranden den 2010 neu 

gegründeten Lehrstuhl mitgestalten zu dürfen. Für das entgegengebrachte Vertrauen und die 

großen Freiheiten im Rahmen meiner Forschungstätigkeit möchte ich mich ganz herzlich bedanken. 

Mein besonderer Dank gilt auch Frau Professor Dr. Julia Kowal für die Übernahme des Koreferats 

und Herrn Professor Dr. Ulrich Wagner für die Leitung der mündlichen Prüfung. 

Ich bedanke mich bei allen EES-Kollegen für die angenehme Atmosphäre und die gute Zusammen-

arbeit am Lehrstuhl. Allen Studenten, die mich bei meinen Forschungsthemen unterstützt haben, 

möchte ich ebenfalls danken. Mein ganz besonderer Dank gilt meinem langjährigen Bürokollegen 

Martin Brand und meinen Kollegen des Li.plus-Gründerteams: Vielen Dank für die schöne, 

erlebnisreiche und spannende Zeit, die wir gemeinsam am Lehrstuhl verbringen durften. Ein großes 

Dankeschön auch an das Kollegenteam, das die Feierlichkeiten am Prüfungstag organisiert und 

vorbereitet hat.  

Abschließend möchte ich mich ganz herzlich bei meiner Familie und meiner Partnerin Sabine für ihre 

fortwährende Unterstützung bedanken. 

 

Peter Keil 

München, Juli 2017 

  



 

 II 

Kurzfassung  

Reichweite, Kosten und Lebensdauer sind zentrale Herausforderungen bei der Entwicklung von 

Lithium-Ionen-Batteriesystemen für Elektrofahrzeuge. Nur mit einer ausreichend langen Haltbarkeit 

der Antriebsbatterie lassen sich teure Batteriewechsel während der Fahrzeuglebensdauer 

vermeiden. Um dies zu erreichen, ist eine genaue Kenntnis des Alterungsverhaltens von 

Hochenergie-Lithium-Ionen-Batterien in Elektrofahrzeugen notwendig.  

Bei der Nutzung eines Elektrofahrzeugs lassen sich typischerweise drei Betriebszustände 

unterscheiden: Inaktivitätsphasen, Laden und Fahrbetrieb. Zu jedem der drei Zustände präsentiert 

diese Arbeit umfassende experimentelle Alterungsuntersuchungen, die dominierende 

Alterungsmechanismen aufzeigen und die Sensitivitäten der Batteriealterung hinsichtlich ver-

schiedener Einflussfaktoren, wie beispielsweise Ladezustand oder Temperatur, analysieren. In den 

Alterungsstudien werden kommerzielle Hochenergie-Rundzellen untersucht, die Graphit als Ano-

denmaterial und Lithium-Nickel-Kobalt-Aluminium-Oxid (NCA) als Kathodenmaterial beinhalten. 

Für die Untersuchung der im Elektrofahrzeugbetrieb auftretenden kalendarischen Alterung und 

Zyklenalterung werden mehrere Diagnoseverfahren zur zerstörungsfreien Alterungsdetektion 

eingesetzt. Diese umfassen neben Kapazitäts- und Widerstandsmessungen auch die Auswertung der 

Spannungsableitung mittels Differential Voltage Analysis sowie eine neu entwickelte Coulometrie-

methode, das sog. Coulomb-Tracking. Ziel der Verfahren ist es, Alterungsvorgänge an einzelnen 

Elektroden zu identifizieren, ohne die Zellen öffnen und somit zerstören zu müssen. Mithilfe der 

eingesetzten Diagnoseverfahren lassen sich auch Mechanismen identifizieren, die zu einer 

Regeneration der Batteriezellen während längerer Ruhephasen führen. 

Die Untersuchungen zur kalendarischen Alterung zeigen auf, welche Arten von Nebenreaktionen in 

der Zelle ablaufen und in welchem Umfang diese zu einem Verlust von zyklisierbarem Lithium, einer 

Degradation der Aktivmaterialien und zu einem Anstieg der Innenwiderstände führen. Für das Laden 

einer Elektrofahrzeugsbatterie werden klassische Ladeverfahren und Schnellladeverfahren 

untersucht. Es bestätigt sich, dass Lithium-Plating insbesondere beim Schnellladen einen 

dominanten Einfluss auf die Batteriealterung hat. Die Untersuchungen machen auch deutlich, 

welche Auswirkungen eine verringerte Zyklentiefe infolge einer reduzierten Ladespannung oder 

einer erhöhten Entladeschlussspannung auf die Zyklenlebensdauer hat. Die Alterungsstudie zum 

Fahrbetrieb basiert auf einem repräsentativen, dynamischen Belastungsprofil und fokussiert sich 

auf den Einfluss der Rekuperation auf die Batterielebensdauer. Es werden bis zu 200.000 km 

Fahrstrecke in der Alterungsstudie nachgebildet und der Einfluss des Ladezustands, der Temperatur 

und der Zyklentiefe umfassend untersucht. Zudem wird die dynamische Fahrbelastung mit einer 

Konstantstrombelastung vergleichen. Erstmals wird auch der schädigende Einfluss niedriger 

Batterietemperaturen getrennt für den Lade- und für den Entladevorgang gezeigt.  

Basierend auf den Erkenntnissen der einzelnen Alterungsstudien werden Empfehlungen für einen 

lebensdaueroptimierten Betrieb von Lithium-Ionen-Batterien in Elektrofahrzeugen abgeleitet. Die 

Arbeit zeigt, dass bei moderaten Betriebstemperaturen bereits mit den heutigen Zelltypen die 

erforderlichen Batterielebensdauern erreicht werden können. Der Betrieb bei niedrigen 

Temperaturen von 10°C und darunter stellt jedoch noch eine Herausforderung dar, die durch 

verbesserte Zelltypen und Maßnahmen zur thermischen Konditionierung gelöst werden muss.   
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Abstract 

Range, cost, and battery life are the central challenges for the development of lithium-ion battery 

systems for electric vehicles. A sufficiently long battery life is necessary to avoid costly battery 

replacements during the vehicle life. To achieve this, a profound knowledge of the aging behavior 

of high-energy lithium-ion batteries in electric vehicles is essential. 

For the operation of an electric vehicle, three operating conditions can typically be distinguished: 

inactivity periods, charging, and driving operation. For each of the three operating conditions, this 

thesis presents extensive experimental aging studies, which reveal dominant aging mechanisms and 

analyze the sensitivity of battery aging to different influencing factors, such as state of charge (SoC) 

or temperature. The aging studies examine commercial high-energy cells of format 18650, which 

contain graphite as anode material and lithium nickel cobalt aluminum oxide (NCA) as cathode 

material. 

To investigate the calendar and cycle aging of lithium-ion batteries used in electric vehicle 

applications, several analysis techniques for nondestructive aging diagnostics are applied. In 

addition to capacity and resistance measurements, the derivative of voltage curves is analyzed by 

Differential Voltage Analysis and a novel coulometry technique, named Coulomb Tracking, is 

introduced. The purpose of these methods is to identify aging reactions at the individual electrodes 

without opening and destroying the cells. They also enable to identify mechanisms behind recovery 

effects of the cells, which occur during longer idle periods. 

The investigations on calendar aging disclose the types of side reactions occurring inside the cells 

and also the extent to which they lead to a loss of cyclable lithium, a degradation of the active 

materials, and an increase of internal resistances. 

For charging an EV battery, standard charging protocols and fast-charging protocols are examined. 

The results confirm that lithium plating has a dominant impact on battery aging, particularly for fast 

charging. The study also presents the effects of a reduced cycle depth by either decreasing the 

charging voltage or decreasing the discharging voltage. 

The aging study on driving operation bases on a representative, dynamic load profile and focuses 

on the impact of regenerative braking on battery aging. The study reproduces up to 200,000 km of 

driving to thoroughly examine the impact of SoC, temperature, and cycle depth. In addition to that, 

dynamic load profiles and constant-current discharging are compared. Furthermore, the 

detrimental impact of low battery temperatures is shown separately for charging and discharging. 

Based on the findings of the different aging studies, recommendations for optimized operational 

strategies are derived which enable a long battery life. This thesis demonstrates that at moderate 

operating temperatures, the required battery life can already be achieved with the state-of-the-art 

battery types. However, operating at low temperatures of 10°C and below remains challenging. 

Improved types of lithium-ion cells and constructive means of thermal conditioning have to be 

developed to overcome the cycle life limitations at low temperatures. 
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1 Introduction 

Lowering emissions in the automotive passenger transportation sector is an integral part of the 

global attempt to reduce greenhouse gas (GHG) generation. With an electrification of the vehicles’ 

powertrains, a reduction of fossil fuel consumption and GHG generation can be achieved. Figure 1 

illustrates the amount of CO2 generated per driven kilometer for different conventional and electric 

vehicles (EVs); it also illustrates electrification pathways, which provide the possibility to drive GHG 

emissions toward zero [1]. Hybrid electric vehicles (HEVs), in which an electric motor and a small 

battery assist the conventional combustion engine during acceleration and recover energy by 

regenerative braking, can reduce CO2 emissions by approximately one third, compared to 

conventional gasoline or diesel vehicles. For even lower CO2 emissions, a further electrification of 

the powertrain is necessary to reduce the consumption of fossil fuels. [1]  

 

Figure 1.  Well-to-wheels greenhouse gas emissions for various propulsion types and fuel sources for a 
compact passenger car. (Reproduced from Ref. [1] with permission from The Royal Society of Chemistry.) 

Figure 1 compares two battery-based EVs: an extended-range EV (E-REV40), which contains a 

battery for an electric driving range of 64 km (40 miles) and an additional combustion engine to 

generate electricity for longer driving distances, as well as a pure battery EV (BEV100), where the 

battery provides a driving range of 160 km (100 miles). These two examples demonstrate that CO2 

emissions can be reduced with a higher share of kilometers in EV mode. However, overall well-to-

wheels emissions depend largely on the energy sources used for electricity production. EVs can only 

reduce GHG emissions substantially when the share of energy produced by burning coal or other 

fossil fuels is low [2,3]. Fuel-cell electric vehicles (FCEVs) using hydrogen for energy storage are a 

viable alternative to battery-based EVs [1]. They can typically provide a higher driving range but 

suffer from lower efficiencies. With the current energy mix in the EU, FCEVs can produce higher CO2 

emissions than combustion engines due to the energy-demanding electrolysis process. Figure 1 also 

illustrates that by operating EVs with electricity from renewable sources only, their CO2 emissions 

during operation can be reduced toward zero.  
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1.1 Motivation 

Currently, pure battery EVs appear to be the most promising approach for the introduction of 

sustainable mobility. The performance of these EVs is largely determined by the traction battery. 

Lithium-ion batteries are typically used in EVs due to their high energy density and specific energy 

compared to other commercial battery technologies. Also, the cost of an EV depends strongly on 

the traction battery, as it is the most expensive component of the vehicle. Driving range and cost 

are the two major concerns of potential customers that have to be overcome to achieve a 

widespread adoption of EVs [4]. 

To obtain a sufficient driving range at reasonable cost, the first generations of EVs based on lithium-

ion batteries are typically equipped with high-energy battery cells containing graphite as anode 

material and lithium nickel manganese cobalt oxide (NMC) or lithium nickel cobalt aluminum oxide 

(NCA) as cathode material [5]. However, high-energy batteries tend to age faster than high-power 

batteries, as charge-discharge cycling exerts higher stress on the thicker and less porous active 

materials typically used in this type of batteries [6]. Typically, not the entire nameplate capacity of 

the battery is utilized, as certain safety margins are defined toward the fully charged and fully 

discharged state of the battery. These margins are expected to prolong battery life and are often 

regarded as aging reserve to buffer capacity fade. When the battery life is shorter than the vehicle 

life, additional cost has to be considered upon purchase for a battery replacement. To prevent an 

excessive total cost of ownership, replacements of the EV traction battery have to be circumvented. 

This is also reflected in the development targets of the United States Advanced Battery Consortium  

(USABC) for commercial EV batteries in 2020: The USABC goals from 2014 for advanced EV batteries 

contain a battery life of 15 years and 1000 cycles [7]. 

As further advances in energy density of lithium-ion EV batteries appear to be limited [8], it is 

important to improve the utilization of available energy storage technologies. To achieve this, better 

knowledge of the aging behavior of lithium-ion EV batteries is essential. This will help to improve 

the design of future battery systems and to optimize operational strategies, which decreases 

degradation and prolongs battery life. With more experience in the real-world aging behavior of 

lithium-ion batteries in EVs, safety reserves can be reduced and a larger portion of the battery 

capacity can be utilized in the vehicle application, while still reaching the lifetime requirements of 

the battery. As such, the driving range increases without enlarging the battery, which always entails 

higher cost.  

1.2 Purpose 

Investigating the degradation of lithium-ion batteries in pure battery EVs is the focus of this thesis. 

Hence, the aging of high-energy lithium-ion battery cells is examined under representative 

operating conditions to gain an extensive knowledge of the predominant degradation mechanisms. 

As there are different basic operating scenarios for the traction battery of an EV, such as driving 

periods, charging periods, and nonoperating periods, these operating conditions have to be 

examined separately for a thorough understanding of the ongoing aging mechanisms. For each 

operating condition, various influencing factors, such as SoC, temperature, and amperage, affect 
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the degradation behavior. This leads to complex interdependencies and a substantial variety of load 

conditions that need to be examined and compared. 

Since knowledge on lithium-ion battery aging under complex load conditions has not yet been 

available to such an extent that simulation models can predict the precise effects of varying 

individual operating parameters, experimental studies with representative load scenarios are the 

preferred way to obtain reliable and meaningful insights on battery aging under typical EV operating 

conditions. As the aging behavior of a lithium-ion battery system is mainly determined by the aging 

behavior of the individual cells, this thesis investigates battery aging by examining the degradation 

of single lithium-ion cells which are tested under a variety of different operating conditions. 

Additional aging effects originating from the system design, such as thermal gradients or 

inhomogeneous current distributions, are beyond the scope of this thesis, but can be deduced from 

the findings on cell level. Furthermore, no effects from electronics, such as the battery management 

system, onboard and offboard chargers, or power electronics from the electrified powertrain are 

examined. This thesis concentrates on the aging processes on cell level, which originate from 

electrochemical and mechanical processes inside the cells.  

To examine a large variety of operating conditions, aging studies were conducted with commercial 

lithium-ion cells of the 18650 format. These small cylindrical cells are available from many renowned 

manufacturers with mature manufacturing processes. Furthermore, the small cell size eases the 

requirements on the test infrastructure, as the demand for the charging and discharging power is 

substantially lower than for prismatic hardcase cells or pouch cells, which typically have about ten 

times the capacity of the small 18650 cells. Using 18650 cells enables this thesis to examine a large 

number of test conditions for identical cells under comparable test conditions. The objective of this 

thesis is to examine a variety of test conditions far beyond datasheet measurements of the cell 

manufacturers and typical aging studies presented in the literature. The purpose of this thesis is to 

provide comprehensive insights into battery degradation under typical EV operating conditions and 

identify the main aging drivers.  

For the degradation monitoring and aging analysis, noninvasive and nondestructive analysis 

techniques were employed. Several diagnostic techniques are presented in detail and further 

developed to provide a precise picture of the battery degradation processes. This thesis contains 

several approaches to determine the contributions of the individual cell components, without the 

need for opening the cells for inserting reference electrodes or performing post-mortem analyses. 

The results of the experimental studies are discussed and compared with the current state of battery 

aging knowledge to confirm results from preceding studies and to present new findings on battery 

aging under EV operating conditions. Based on these results, strategies for reducing battery aging 

in EVs are deduced. The results will support the design and operation of future EV battery systems 

to maximize battery life and reduce overall cost.  
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1.3 Outline 

Figure 2 illustrates the structure of this thesis, which examines the aging of lithium-ion batteries 

under EV operating conditions. The operating conditions of an EV battery can be categorized into 

three operating states: nonoperating, charging, and driving. In all three states, the aging behavior 

differs substantially. As such, three aging studies related to the different operating conditions of an 

EV battery are presented. To obtain maximum comparability of results, the studies were performed 

with the same type of lithium-ion cell. In total, more than 200 test conditions with numerous 

parameter variations of influencing factors, such as temperature, SoC, charging current, discharging 

current, and cycle depth, were examined. Checkup procedures under identical environmental 

conditions were used to analyze the degradation of the cells. 

Chapters 2 to 3 provide the fundamentals for the three experimental aging studies, which follow in 

Chapters 4 to 6. Based on the findings of the aging studies, Chapter 7 presents strategies for 

reducing EV battery aging.  

 

Figure 2.  Structure of this thesis on the aging of lithium-ion batteries in electric vehicles  

For the general analysis and interpretation of battery degradation, Chapter 2 presents the 

fundamentals of lithium-ion battery aging. Degradation mechanisms are introduced and discussed 

for the individual cell components. This overview focuses on graphite as the anode active material 

and NCA as the cathode active material, as these were the electrode materials of the lithium-ion 

cells examined in the experimental studies of this thesis. 

Chapter 3 presents the lithium-ion cells examined and the analysis techniques for degradation 

monitoring that were applied in the three experimental aging studies. Based on the current state-

of-the-art in battery testing, techniques for noninvasive and nondestructive aging diagnostics for 

lithium-ion batteries are introduced. Extensive analyses of measurement techniques and 

identification of individual aging contributions from both electrodes are provided for 

Electrochemical Impedance Spectroscopy (EIS) and Differential Voltage Analysis (DVA). 

Advancements for aging diagnostics are presented and a novel coulometry method, termed 
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“Coulomb Tracking,” is introduced, which allows identification of side reactions during storage 

periods.  

As battery aging during nonoperating periods plays an important role in the life of EV batteries, two 

calendar aging studies are presented in Chapter 4. The capacity fade and resistance increases of 

cells that were stored at different temperatures and SoCs are analyzed. By combining several 

methods of aging diagnostics, such as capacity measurements, DVA, Coulomb Tracking, EIS, and 

pulse measurements at different SoCs, the root causes and driving forces of capacity fade and 

resistance increase are identified. Moreover, projections for the calendar life of the examined 

batteries are made. 

Chapter 5 contains the first cycle aging study, in which the impact of the charging protocol on 

battery aging is examined. Extensive parameter variations are presented for constant current 

constant voltage (CCCV) charging, which is the most common charging strategy for lithium-ion 

batteries. In addition, charging protocols combining different charging currents are examined. The 

impact on charging time and capacity utilization is analyzed. Moreover, battery life is analyzed by 

capacity measurements, EIS and pulse measurements, as well as DVA. This demonstrates the strong 

impact of charging current and cycle depth on battery aging. Lithium plating is confirmed to be a 

critical issue for fast charging.  

In Chapter 6, the impact of EV driving conditions on battery aging is investigated in a second cycle 

aging study based on representative dynamic load profiles. Specifically, the effect of recharging 

sequences related to regenerative braking is examined. For different temperatures, SoCs, and cycle 

depths, cycle aging is presented and compared to calendar aging. Results from long-term testing, 

representing up to 200,000 km, are presented. Aging under dynamic load conditions is also 

compared to constant current discharging, which is typically found in the aging literature. Low-

temperature degradation, which can cause a substantial reduction in cycle life, is examined 

separately for charging and discharging. DVA is used to identify the origins of temperature-

dependent degradation and the utilization of Coulomb Tracking enables identification of the root 

causes of capacity recovery after long-term operation at high SoC.  

The conclusion of each of the three aging studies is presented at the end of the respective chapter. 

Based on the findings and conclusions from the three preceding main chapters, Chapter 7 derives 

strategies for improving battery operation in an EV to maximize battery life. This demonstrates that 

by optimized operating strategies, a battery life equal to the life of a typical passenger vehicle can 

be achieved already today at moderate temperatures. This avoids costly battery replacements and 

as such can reduce the total cost of ownership, which is an essential prerequisite for a widespread 

adoption of EVs. However, low-temperature performance is still a critical issue and has to be further 

improved. This thesis ends with a brief outlook on further research work that arises from the results 

of this thesis. 

Although the studies presented in this thesis examine one specific type of lithium-ion cell, the 

general aging trends and degradation mechanisms also apply for other high-energy lithium-ion cells 

containing graphite anodes and NCA or NMC cathode materials. However, the extent of aging owing 

to a specific degradation mechanism can vary notably among different cell types. 
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2 Fundamentals of Lithium-Ion Battery Aging 

Although less rapid than other battery technologies, lithium-ion batteries exhibit a deterioration of 

their performance over time, which comprises a loss of available energy and power [9]. This results 

from a capacity fade and resistance increases. The capacity fade can originate from a loss of 

electrode active material, from a loss of cyclable lithium, or from increasing internal resistances 

which cause an earlier termination of the charging or discharging process [10,11]. Furthermore, the 

increasing cell resistances reduce the power capability and decrease the available energy due to 

higher losses during discharging.  

The specific degradation mechanisms which lead to a capacity fade and increasing internal 

resistances are presented in this chapter. Moreover, the concept of calendar and cycle aging as well 

as the end of life (EoL) of a lithium-ion traction battery in an EV are covered. 

2.1 Components of a Lithium-Ion Battery Cell 

As illustrated in Figure 3, lithium-ion battery cells consist of two composite electrodes and a 

separator in-between. The anode, which represents the negative electrode, typically consists of a 

copper current collector foil coated with carbonaceous active material. The cathode, which 

represents the positive electrode, typically consists of an aluminum current collector foil coated 

with transition-metal-oxide active material, such as lithium cobalt oxide, lithium nickel oxide, lithium 

manganese oxide, or compositions thereof; another widely used cathode material is lithium iron 

phosphate (LFP) [12]. In today’s EV traction batteries, NMC and NCA are used as cathode materials 

due to the high energy density of these lithium-ion cell chemistries [13,14]. The separator of a 

lithium-ion cell is typically a porous polymer foil. The pores of the active materials and the pores of 

the separator are filled with electrolyte, which consists of organic solvents, a conducting salt, and 

additives. [15] 

 

Figure 3.  Components of a lithium-ion battery cell  
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During charging, lithium stored in the cathode is oxidized and deintercalated. The lithium ions go 

into the electrolyte solution and move from the cathode to the anode while electrons are released 

to the external current path at the positive terminal of the cell. Via the negative terminal of the cell, 

electrons from the external current path reach the anode active material, where lithium ions from 

the electrolyte are intercalated into the active material while being reduced to neutral lithium 

atoms. During discharging, this process is reversed. [16] 

2.2 Degradation of Cell Components 

The different components of a lithium-ion cell are all subject to degradation. This section describes 

the major degradation mechanisms of the anode active material, the cathode active material, the 

electrolyte, the separator, and the current collectors. As the experimental studies that are 

presented in this thesis were performed with lithium-ion cells containing a graphite anode and an 

NCA cathode, this section focuses particularly on the degradation mechanisms of these electrode 

materials.  

2.2.1 Anode Active Material 

Graphite is the prevailing material for the negative electrode of the lithium-ion cells that are used 

in EVs [5]. The aging effects at graphite anodes can be mainly attributed to changes at the 

electrode/electrolyte interface, where the growth of passivating surface films and metal lithium 

deposition are the major degradation mechanisms [17]. In addition to that, mechanical degradation 

can be observed in the graphite structure and the surface films.  

2.2.1.1 Surface Film Formation: Solid Electrolyte Interphase 

As the graphite anodes of lithium-ion cells are operated beyond the thermodynamic stability of the 

organic electrolytes, decomposition reactions occur along with lithium intercalation. These 

reactions include the reduction of the electrolyte solvent and the decomposition of the conducting 

salt. The resulting reduction products form passivating films at the surface of the anode active 

material, the so-called solid electrolyte interphase (SEI). [18,19] 

The composition and structure of the SEI depends largely on the active material, the solvent, 

conducting salt, and additives used in the electrolyte, and the formation process [20–23]. Typical 

reaction products of the decomposition of carbonate-based electrolytes (e.g., EC, EMC, DMC) with 

LiPF6 as conducting salt are Li2CO3, ROCO2Li, (CH2OCO2Li)2, and LiF [19,24–26]. The SEI is often 

described with a bilayer structure: A dense inner layer, containing inorganic salts, and a soft outer 

layer, mainly based on organic reaction products [26–28]. 

An ideal SEI has a low electrical conductivity and is permeable for lithium ions, but impermeable for 

other electrolyte components [17,29]. Thus, the SEI inhibits further electrolyte decomposition and 

anode degradation [17,26]. Moreover, an ideal SEI has a uniform morphology and chemical 

composition to ensure homogeneous current distribution [18]. The formation and growth of the SEI 

consume cyclable lithium which leads to an irreversible capacity fade, particularly during the initial 

charging of the cell and the first few cycles [18,30]. On a long time scale, the SEI penetrates into the 

pores of the electrode and in addition may also penetrate into the pores of the separator, which 
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may result in a decrease of the accessible active surface area of the electrode [17]. This reduces the 

capacity and increases the internal resistances of the battery cell.  

The growth of the SEI can also be affected by aging reactions at the cathode; the corresponding 

mechanism of transition metal dissolution will be described in the section on cathode active 

material degradation. 

2.2.1.2 Lithium Plating 

When charging a lithium-ion battery, lithium plating can take place. Lithium plating describes the 

reduction of lithium ions, which are dissolved in the electrolyte, to metal lithium at the surface of 

the anode active material. This reaction takes place instead of the regular intercalation of lithium 

into the lattice structure of the active material [31]. It can originate from limitations in charge 

transfer or lithium solid diffusion [32,33]. Lithium plating can occur when the anode potential drops 

below the standard potential of Li/Li+ [32]. Some of the plated lithium later reacts irreversibly with 

the electrolyte and forms insoluble side products [34,35]. This leads to a growth of the anode 

surface films, which can also be detected by an increasing thickness of the cell [36,37]. The side 

products can also fill pores of the active material and the separator and insulate certain electrode 

regions [38]. Excessive lithium plating can be identified by a specific plateau in the cell voltage at 

higher SoCs, as illustrated in Figure 4. This plateau can be observed after the charging process and 

it disappears again during a subsequent rest period [39–41] or when the battery is discharged [42]. 

Small amounts of lithium plating can be detected through calorimetry or high accuracy 

measurements of the coulombic efficiency [43,44]. 

 

Figure 4.  Cell voltage of four low-current discharging sequences at 10°C of a high-energy NCA lithium-ion cell 
with a capacity of 2.8 Ah after charging with low and high charging currents  

Although plated lithium dissipates during rest periods after the charging sequence and leads to an 

intercalation into the anode active material [45], parts of the deposited lithium react with the 

electrolyte. The reaction of deposited metal lithium with the electrolyte consumes cyclable lithium 

and, thus, reduces the cell’s capacity [46]. Graphite anodes are very prone to lithium plating due to 

their low equilibrium potential, particularly at a high state of charge (SoC) [47]. As a general trend, 

lithium plating increases with higher SoC, higher charging current, and reduced temperature 

[32,48]. Furthermore, thicker electrodes with larger particles and a lower porosity are more prone 

to lithium plating than thinner electrodes with smaller particles and a higher porosity [34,49]. High-

energy cells are particularly susceptible to lithium plating and can exhibit lithium plating already at 
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25°C and charging rates of only 0.5 C [50]. As shown by Schuster et al. [51], aged cells can become 

more susceptible to lithium plating. Overall, metallic lithium plating can be considered as a parasitic 

side reaction during charging, which leads to a consumption of cyclable lithium and thus reduces 

the capacity [17]. 

2.2.1.3 Mechanical Stress 

The intercalation and deintercalation of lithium ions into graphite leads to volume changes in the 

active material. The distance between parallel graphene layers expands by up to 10% during 

intercalation [52]. The changes in the thickness of graphite battery electrodes typically amount to 

about 5% throughout the cycling process, as the anodes are not fully utilized [53,54]. The volume 

changes can cause cracks in the SEI, weaken particle-to-particle contacts, and lead to structural 

damage of the graphite anode material owing to a breakage of C-C bonds. These effects are 

described in the following paragraphs. 

It is widely believed that the graphite expansion and contraction during cycling results in cracks in 

the SEI, particularly for cycling at higher rates; At the cracks, bare active material comes newly in 

contact with the electrolyte and new SEI is formed [55–60]. This intensified SEI growth causes an 

increased consumption of cyclable lithium.  

For graphite anodes cycled at a low lithium content of less than 10%, the relative volume changes 

are largest and, thus, the stress onto the graphite structure is more severe than in regions of higher 

degrees of lithiation, where the relative volume changes are considerably lower [61]. The local stress 

at the edges of the graphene layers is supposed to cause a breakage of C-C bonds [61]. Further 

structural degradation is ascribed to graphite exfoliation owing to solvent co-intercalation [59,62]. 

All this leads to a loss of active material, resulting in a capacity fade. 

In addition to cracks in the SEI and structural damage, the volume changes throughout charge-

discharge cycling can weaken the electrical contact between the particles of the active material and 

can also cause a delamination from the current collector [60,63]. This increases the internal 

resistances of the cells. 

2.2.2 Cathode Active Material 

The degradation of the cathode active material is driven by structural changes during cycling, 

dissolution reactions, and surface film formation [64]. In this section, the degradation mechanisms 

are presented with special focus on NCA, as the lithium-ion cells examined in this thesis contained 

NCA cathodes.  

2.2.2.1 Structural Changes and Mechanical Degradation 

Structural changes and phase transitions occurring with the electrochemical delithiation and 

lithiation of the cathode active material are origins of irreversible capacity fade [65]. Structural 

disordering in lithium nickel oxides, where nickel atoms occupy sites of delithiated lithium layers, 

can be reduced by a certain substitution of nickel by cobalt and by a doping with aluminum [66]. 

The most commonly used composition for NCA cathodes is LiNi0.8Co0.15Al0.05O2 [12]. Although this 

material composition provides substantial improvements in the structural stability, there is still a 
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certain cubic rock-salt layer emerging at the particle surface, which is several nanometers thick and 

has a low lithium-ion conductivity [67]. The formation of this sub-surface rock-salt layer is 

accompanied by oxygen release and electrolyte oxidation, which contributes to an increasing 

cathode impedance [68]. Furthermore, a high degree of delithiation of NCA cathodes can cause 

irreversible phase transitions. Above ca. 55–60% delithiation, depending on the composition of the 

NCA active material, an irreversible distortion of the lattice structure occurs, which leads to an 

irreversible capacity fade [69,70]. Hence, an overcharging of the cells has to be avoided.  

At high and low SoC of the lithium-ion cells, volumetric changes of the cathode occur during 

intercalation and deintercalation of lithium into the NCA particles, which cause mechanical stress 

for the active material [69,70]. The resulting mechanical degradation of the active material 

structure, which is typically accompanied by a substantial impedance increase, was identified as a 

dominant degradation mechanism in several aging studies. Increasing microcracks and smaller, 

fragmented NCA particles were observed after cycling [69,71,72]. The impedance increase of aged 

NCA cathodes appeared to be strongly affected by the contact loss between the NCA particles and 

the conductive matrix [73]. Thick electrodes of high-energy lithium-ion cells were shown to be more 

sensitive to mechanical stress and exhibited faster degradation than thin electrodes [74]. Typically, 

the impedance increase of aged graphite/NCA lithium-ion cells origins mainly from the cathode 

[38,75,76]. 

2.2.2.2 Transition Metal Dissolution 

Cathode active materials of lithium-ion cells often suffer from a dissolution of transition metals, 

such as manganese, cobalt, and nickel, which occurs particularly at high cathode potentials and 

aggravates with higher temperature [6,77–79]. Transition metal dissolution occurs most 

pronouncedly for manganese spinel cathode materials [80,81].  

The dissolved metal ions migrate to the anode, where they aggravate the SEI growth, which 

consumes cyclable lithium and leads to a capacity fade [82,83]. Although NCA electrodes are less 

prone to transition metal dissolution than manganese-based cathodes, a certain amount of nickel 

and cobalt can still be found incorporated into the SEI of aged anodes of lithium-ion cells with 

graphite anodes and NCA cathodes [67,71].  

2.2.2.3 Surface Film Formation: Solid Permeable Interface 

Electrolyte decomposition and the formation of surface films at the electrode/electrolyte interface 

occurs not only at the anode but also at the cathode of a lithium-ion cell. Several studies reported 

surface films on the cathodes of aged lithium-ion cells [75,84–86]. The surface film at the cathode 

is often referred to as solid permeable interface (SPI) [87]. The SPI of NCA cathodes is composed of 

organic species from electrolyte solvent oxidation and inorganic species from conductive salt 

decomposition [88]. As described above, oxygen is released when NCA lattice structures transform 

into rock-salt type. This aggravates oxidation reactions and leads to a growth of the SPI [17,89]. The 

composition of the SPI exhibits similarities to the outermost layer of the SEI [24]. Yet, Abraham et 

al. [89] demonstrated that the SPI is created by reactions at the cathode and is no result of SEI 

components migrating from the anode to the cathode. 
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2.2.3 Electrolyte 

As presented above, the electrolyte is involved in decomposition reactions leading to surface film 

formation at both electrodes. Day et al. [90] demonstrated by differential thermal analysis that a 

considerable amount of conductive salt is decomposed during cycling operation. As the 

concentration of the conductive salt determines the ionic conductivity between both electrodes, 

the decomposition reactions affect the ohmic resistance of the lithium-ion cell [91,92].  

The electrolyte reduction at the anode consumes cyclable lithium and leads to a capacity fade 

[56,93]. By contrast, the electrolyte oxidation at the cathode does not consume cyclable lithium and 

lead to a capacity fade; instead, it causes a reintercalation of lithium into the cathode, which 

represents a reversible self-discharge [94,95].  

Both types of electrolyte decomposition can be accompanied by a release of gaseous reaction 

products and increase the internal cell pressure [96,97]. Furthermore, the ongoing electrolyte 

decomposition can result in a local drying out of the lithium-ion cell [98,99], which leads to 

inhomogeneous current distribution and a further acceleration of the degradation [100]. 

2.2.4 Separator 

Although the porous separator of a lithium-ion cell is electrochemically inactive, it can affect the 

performance of the lithium-ion cell considerably. Aging studies revealed that deposits from 

electrolyte decomposition clog pores of the separator, which leads to an increasing ionic impedance 

and may also result in a decrease of the accessible active surface area of the electrodes [17,86]. 

Furthermore, mechanical stress can alter the porosity and tortuosity of the separator. Mechanical 

compression and viscoelastic creep may lead to pore closure, which in turn reduces the ionic 

pathway and results in an increased high-frequency resistance [101,102].  

Pore clogging can lead to an inhomogeneous current distribution, as pore closure acts as an 

“electrochemical concentrator”, creating locally high currents and overpotentials in the adjacent 

electrode areas, which increase the risk of lithium plating [46,103]. A direct impact of compression 

on lithium plating was also reported by Bach et al. [104], where local lithium plating was observed 

together with a local damage of the separator.  

2.2.5 Current collectors 

There are two main degradation mechanisms related to the current collectors of a lithium-ion cell. 

On the one hand, the current collectors can corrode electrochemically. This occurs particularly at 

the aluminum current collector of the positive electrode when acidic species, such as HF, are present 

and lead to an increasing contact resistance between the current collector foil and the cathode 

active material [65,105]. The copper current collector of the negative electrode can dissolve under 

overdischarge conditions when the anode potential rises to 1.5 V vs. Li/Li+ [65]. 

On the other hand, mechanical stress can deform the current collector foils. Particularly for high-

current cycling of cells with wound electrodes, the volume changes of the active materials due to 

the intercalation and deintercalation of lithium cause high and inhomogeneous mechanical stress 

that can lead to a local deformation of the jelly roll [106]. This can weaken the contact between the 
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electrodes and the separator so that certain regions can no longer contribute to the cell’s capacity 

[106,107]. 

2.3 Calendar Aging and Cycle Aging 

In addition to the classification of aging mechanisms by cell components, two categories of aging 

conditions are usually employed to classify aging reaction in lithium-ion batteries: Aging under 

nonoperating conditions, which is typically referred to as calendar aging, and cycle aging under 

charging and discharging operation [9]. While cycle aging generally comprises the aging mechanisms 

that damage the materials reversibility, calendar aging results mainly from interactions between the 

active materials and the electrolyte [108]. 

Calendar aging is strongly linked to electrolyte reduction and oxidation and the growth of surface 

films on the active materials. It strongly depends on time, SoC, and temperature [109]. Cycle aging 

comprises also the mechanisms of structural and mechanical changes in the battery components. It 

is substantially more complex than calendar aging and depends also on a variety of additional 

parameters, such as charging and discharging currents, cycle depth, and charge throughput 

[110,111]. 

Usually, calendar aging and cycle aging are considered as additive [108]. In practical aging studies 

where the cells are cycled continuously, it is not possible to measure the individual contributions of 

cycle and calendar aging, as calendar aging also occurs during the periods of charge-discharge 

cycling. Typically, the concept of superposition is applied which assumes that calendar and cycle 

aging add linearly [111,112].  

2.4 End of Life 

The EoL of a battery is reached when the energy content or the power capability is no longer 

sufficient for the particular application. For battery aging studies, standardized EoL criteria would 

be beneficial. However, standards on “test specifications for lithium-ion traction battery packs and 

systems of electrically propelled road vehicles” (ISO 12405-1, ISO 12405-2) do not include EoL 

criteria. The standard on the “performance testing of secondary lithium-ion cells for the propulsion 

of electric road vehicles” (IEC 62660-1) also contains no EoL criteria. This is particularly 

demonstrative, as there is a similar standard for “performance and endurance tests of secondary 

batteries (except lithium) for the propulsion of electric road vehicles” (IEC 61982) which defines the 

EoL as 80% of the nominal capacity. The “USABC Electric Vehicle Battery Test Procedures Manual” 

[113] from 1996 defined two EoL criteria: the net delivered capacity is less than 80% of the rated 

capacity or the peak power capability is less than 80% of the rated power at a depth of discharge of 

80%. However, these criteria had not been incorporated into binding standards yet.  

Overall, it appears to be difficult or unwanted to define standardized EoL criteria. This might result 

from divergent requirements on the performance at the EoL of the battery, which can vary 

substantially among different vehicles and user needs. For EVs with large and small battery systems, 

a loss of 20% in capacity is supposed to have a different impact on the usability of the vehicle: For 

an EV with a larger battery system, more capacity fade and, thus, a higher loss of driving range might 
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be tolerable than for an EV with a small battery system, until the EV is no longer able to provide the 

driving range required by the customer.  

In many publications, the EoL for the lithium-ion traction battery of an EV is assumed as a remaining 

capacity of less than 70%–80% [114–118]. In this thesis, a capacity fade of more than 20% is 

considered as the EoL. Yet, cycling procedures were not automatically stopped when a capacity fade 

of 20% was reached so that the cells were often cycled beyond this point. 

2.5 Limitations of Aging Studies Presented in the Literature 

In general, the aging studies of lithium-ion batteries published in the literature investigated 

individual electrochemical effects with only a small set of parameters varied. As the lithium-ion cells 

differ among the many aging studies, no direct comparison of the results is possible. Furthermore, 

the test conditions and methods for degradation monitoring vary substantially. To obtain 

comparable results for different operating conditions with different predominant degradation 

mechanisms, aging studies performed with the same type of lithium-ion cell, identical test 

conditions, and similar methods for degradation monitoring are required.  

The operating conditions of an EV battery can be categorized into the following three operating 

states: nonoperating, charging, and driving. In all three states, the aging behavior differs 

substantially. As the aging studies presented in the literature usually did not examine dynamic load 

profiles like they occur when operating an EV, explicit aging studies related to the different 

operating conditions of an EV battery are necessary to obtain a thorough understanding of the aging 

of lithium-ion batteries in EVs. 

To overcome the above-mentioned limitations, experimental aging studies on nonoperating 

periods, charging protocols, and driving operation are presented in this thesis, which were 

conducted with the same type of lithium-ion cell, under comparable test conditions, and with similar 

methods for degradation monitoring. The methods and results are presented in the following 

chapters. 
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3 Analysis Techniques Used for Degradation Monitoring 

All experimental aging studies presented in this thesis followed an identical base structure. At first, 

the cells underwent an initial characterization. Then, the cells were aged under the respective 

operating conditions. In periodic intervals, checkup measurements under identical environmental 

conditions were performed to monitor the degradation of the cells. The checkup procedures 

contained various sequences of electrical characterization for noninvasive and nondestructive 

analysis of battery degradation.  

The core objective of the experimental aging studies was to identify the predominant aging 

mechanisms for the different operating conditions of an EV battery. To achieve this, appropriate 

methods for degradation monitoring were required. Capacity measurements, Electrochemical 

Impedance Spectroscopy (EIS), and current step response analysis represent commonly used 

techniques for degradation monitoring, which were also applied in this thesis.  

In addition to the above-mentioned standard techniques, Differential Voltage Analysis (DVA) and 

coulometry were used. DVA enables the separation of aging contributions from anode degradation, 

cathode degradation, and shifts in the electrode balancing without opening the cells and performing 

post-mortem analyses. Moreover, a new coulometry technique is presented in this section which 

enables the identification of anodic and cathodic side reactions in calendar aging studies.  

As a detailed knowledge of the different techniques is required for an optimal application and for 

the correct interpretation of the results, the fundamentals of the various techniques are introduced 

and discussed in detail in this section. The explicit implementation of each analysis technique is then 

described in the respective chapter of each study. 

Before presenting the different analysis techniques, a general section provides basic information on 

the experimental work, which is of relevance for all subsequent chapters presenting the aging 

studies and their results.  

3.1 Basic Information on the Experimental Work 

This section introduces the lithium-ion cells examined in this thesis and the technical equipment 

used. Moreover, it provides some general definitions and considerations. 

3.1.1 Lithium-Ion Cells Examined 

In the experimental calendar and cycle aging studies presented in this thesis, commercial 18650 

cells from a well-established manufacturer with mature production processes were examined. 

Stable production processes were expected to guarantee reliable results without considerable 

variation from production. High-energy lithium-ion cells of type Panasonic NCR18650PD with an 

NCA cathode and a graphite anode were examined in this thesis. Table 1 lists characteristic 

properties of this cell type. The cells had a capacity of ca. 2.8 Ah and an opening of the cells disclosed 

the lengths and widths of the coated electrode areas. This helped to estimate the areal capacity of 
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3.65 mAh/cm² which was necessary to obtain comparable current densities for measurements with 

coin cells fabricated from the electrode materials of the commercial 18650 cells.  

For the NCR18650PD cells, the manufacturer stated a high specific energy of 220 Wh/kg, a high 

energy density of 570 Wh/l, and a low internal resistance of about 20 mΩ [119]. A capacity utilization 

above 95% at an elevated discharging current of 10 A and a good discharging performance at low 

temperature, even below 0°C, also qualify these cells for EV applications [119]. Moreover, the cells 

exhibit similarities to those cells used in the Tesla Model S, which confirms the practical relevance 

of selecting this cell type for investigating the aging behavior of lithium-ion batteries in EVs.  

Table 1.  Characteristic properties of the lithium-ion cells examined in this thesis 

Manufacturer Panasonic 

Type NCR18650PD 

Nominal capacity (datasheet values) Minimum: 2.75 Ah, typical: 2.9 Ah 

Nominal capacity (CN used in this thesis)  2.8 Ah 

Maximum voltage (Vmax) 4.2 V  

Nominal voltage (VN) 3.6 V 

Minimum voltage (Vmin) 2.5 V 

Highest charging current presented in datasheet 1.375 A 

Highest discharging current presented in datasheet 10 A 

Weight 45 g 

Anode material Graphite 

Cathode material LiNiCoAlO2 (NCA) 

Coated cathode area  inner side of electrode 
    outer side of electrode 
    total (Ac) 

667 mm x 57.5 mm = 383.5 cm² 
667 mm x 57.5 mm = 383.5 cm² 
767 cm2 

Coated anode area  inner side of electrode 
    outer side of electrode 
    total (Aa) 

715 mm x 58 mm = 414.7 cm² 
661 mm x 58 mm = 383.4 cm² 
798 cm² 

Areal capacity* (CN/Ac) 3.65 mAh cm–2 

*related to the coated cathode area, as it is slightly smaller than the anode area 

 

In the aging studies, more than 250 cells were examined and tested with different load profiles 

under different operating conditions. The cells were all of the same type but stemmed from two 

different production lots. The cells from the first lot were used in the first calendar aging study and 

in the cycle aging study on driving operation; the cells from the second lot, produced about six 

months later, were used in the second calendar aging study and in the cycle aging study on charging 

protocols.  

To facilitate cycle life testing, most of the cells were equipped with standardized 4-pole luster 

terminals. As shown in Figure 5, strips of Hilumin (nickel-plated steel) were used for the contacting 

of the cells, onto which power and sense leads from the luster terminal were soldered before the 

strips were spot-welded onto the poles of the cell. Figure 5a shows the uncontacted cell and Figure 

5b exhibits the contacting version of the first lot of cells. In this first contacting version, the power 

and sense leads were located at the same end of a ca. 3 cm long Hilumin strip. Figure 5c exhibits an 

optimized contacting version, where the power and sense leads were located at opposite ends of a 

substantially shorter Hilumin strip. This reduced the voltage drop measured by the sense lead since 
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the path from the tip of the sense lead to the welding spots was no longer within the path of the 

current flow from the power lead to the welding spots. Thus, additional resistance contributions 

from the Hilumin strip were minimized. This optimized contacting was used for the cells of the 

second lot which were tested in the cycle aging study on charging protocols. The other cells from 

the second lot, tested in the second calendar aging study, remained uncontacted. For the 

measurements, these cells were placed in cell holders with spring loaded contact probes for power 

and sense at each end. Differences in the ohmic resistances owing to the contacting methods were 

revealed by the initial characterization measurements and will be presented in Section 3.2. 

 

Figure 5.  Contacting of the cells with Hilumin strips spot-welded onto the poles and 4-pole luster terminals. 
(a) Uncontacted cell, (b) cell from the first lot, where power and sense leads were soldered onto the same 
end of a Hilumin strip; and (c) cell from the second lot with optimized contacting, where power and sense 
leads were located at opposite ends of the Hilumin strip. 

The general dependence of the cell performance on amperage and temperature is illustrated in 

Figure 6. Figure 6a shows the discharging behavior of the cells for different discharging currents, 

obtained from own measurements. When discharging with 5 A, the available capacity is ca. 7% lower 

than for discharging with a low current of 0.25 A. As illustrated in Figure 6b, the performance of the 

cells depends strongly on temperature. With lower temperatures, the voltage drop owing to the 

internal resistances increases and the available capacity diminishes. The temperature dependence 

is also a critical issue for degradation monitoring, as varying measurement temperatures lead to 

fluctuations in the capacity and resistance measurements. To avoid such distortions, all checkup 

measurements were performed in thermal chambers at 25°C. 

 

Figure 6.  (a) Discharging curves for different currents at the same temperature of 25°C and (b) discharging 
curves for –3 A at various temperatures 

sense 

power 

sense 

power 

(a)     (b)               (c) 
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3.1.2 Technical Equipment Used 

For the initial characterization of the cells, a Hioki BT3562 tester was used to determine the 1 kHz 

AC resistance. The subsequent experiments were conducted with BaSyTec CTS battery test systems, 

which provided multiple independent 5 V/±5 A test channels. For EIS measurements, a Gamry G750 

galvanostat/potentiostat was used. The EIS measurements were performed in galvanostatic mode 

without DC offset (Idc = 0 A) and the cells were typically tested at 50% SoC. In the control software 

of the galvanostat, the excitation current is always defined as the root mean square (RMS) value 

and not as the amplitude of the sinusoidal current signal. Hence, all excitation current values 

presented in this thesis represent Iac,rms values. The examined frequency interval ranged from 10 kHz 

to 10 mHz. As the measurement duration is mainly determined by the low test frequencies, the 

frequency points per decade and their repetitions were reduced with increasing frequencies. The 

explicit frequency and repetition values are listed in Table A-1 in the appendix. The total duration of 

one EIS measurement was ca. 10 min. In the second calendar aging study, a multiplexer was 

available, which allowed automatized EIS measurements without a manual disconnection and 

reconnection of the cells. 

As the behavior of lithium-ion batteries is highly temperature-dependent, all measurements were 

performed in thermal chambers. Several self-built chambers were used, which provided different 

constant temperatures. These chambers contained resistive heaters, Peltier coolers, and 

Wachendorff UR3274U5 PID temperature controllers with a PT100 temperature sensor. The 

temperature calibration of these chambers was performed with a Fluke 1524 reference 

thermometer and a Fluke 5622-05 PT100 probe. These thermal chambers were able to reduce 

temperature variations to less than 0.2°C and they were used for measurements at 25°C, 40°C, and 

55°C. There were also two thermal chambers with simple on-off controllers for temperatures of 

10°C and 60°C which exhibited larger temperatures variations of 1–2°C. For tests with dynamic 

temperature changes, a Vötsch VT4021 climate chamber was used.  

3.1.3 General Definitions and Considerations 

For a reproduction of the experimental aging studies and for a correct interpretation of the results, 

the following definitions and considerations have to be regarded. 

Conventions for the Current Flow 

In the entire thesis, the current flow is defined in such a way that discharging always represents the 

direction of the current flow that occurs when both poles of a cell are interconnected by an ohmic 

resistor. This definition is particularly important when comparing half-cells and full-cells, as 

differences between the current flow and the flow of the lithium-ions arise. This means that in the 

half-cells, graphite or NCA is delithiated during charging and lithiated during discharging. In the full-

cell, NCA is delithiated during charging whereas graphite is lithiated; and vice versa during 

discharging. Thus, the direction is opposed for graphite in the full-cell.  

The sign of current values is defined so that charging currents are represented by positive values 

discharging currents are represented by negative values. Analogously, positive or negative ampere-

hour values express charged or discharged amounts of charge, respectively.  
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Absolute Current Values instead of C-Rates 

For all checkup and diagnosis routines, the charging and discharging currents were specified as 

absolute ampere-values. As explained in Refs. [120] and [121], identical absolute current values lead 

to a better comparability than identical C-rates when testing cells of identical volume.  

When comparing different cell types, the objective is to obtain similar current densities. Typically, 

the coated electrode areas of high-power 18650 cells with about 1 Ah capacity and high-energy 

18650 cells with about 3 Ah capacity differ far less than their capacities. The differences in capacity 

origin mainly from a different thickness and porosity of the active material coatings. Thus, identical 

absolute ampere-values lead to more homogeneous current densities than identical C-rates for cells 

of identical volume but different capacity [120]. Furthermore, in practical applications using cells of 

a specific form factor, such as the cylindrical 18650 format or the prismatic and pouch formats 

presented in the DIN/VDA SPEC 91252, the number of cells in the battery system is often 

predetermined by the construction space available. Consequently, the load per cell is also 

predefined and, thus, independent from the explicit capacity value [121].  

As many cell types of format 18650 – which have virtually the same volume – were investigated at 

the Institute for Electrical Energy Storage Technology at the Technical University of Munich (TUM), 

the aging studies presented in this thesis also used test protocols based on absolute current values. 

Equivalent Full Cycles  

As cycle aging often exhibits a strong dependency on the charge throughput, equivalent full cycles 

(EFC) are used for a better comparability of cells cycled with different cycle depths. To compute EFC, 

the charge throughput is divided by the nominal capacity CN of the cells, which is 2.8 Ah for the cells 

examined in this thesis. For the computation of the charge throughput Q, the combination of 1 Ah 

charged and 1 Ah discharged is counted as a charge throughput of 1 Ah. This is represented by the 

following equation for the integration of the battery current I to compute Q: 

𝑄 = 0.5 ⋅ ∫ |𝐼| 𝑑𝑡
𝑡end
𝑡start

  (1) 

Resistance Definitions 

To distinguish between results from impedance measurements in frequency domain and cell 

resistance measurements in time domain, Rac,f and Rdc,τ were defined respectively. Rac,f represents a 

resistance value derived from a frequency domain measurement at a specific frequency f. It is 

defined as the real part of the impedance at the frequency f. With this definition, the Rac,1kHz values 

measured by the Hioki BT3562 tester and by the Gamry G750 potentiostat/galvanostat are in 

excellent agreement. For measurements in time domain, the resistance Rdc,τ is derived from the 

voltage response corresponding to a current step, which is evaluated for the pulse duration τ. Rdc,10s 

is the resistance value obtained for a pulse duration of 10 s. 
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3.2 Constant Current Constant Voltage Capacity Measurement 

The actual capacity of a battery cell is the most prominent value to evaluate the aging progress. It is 

usually determined by discharging a fully charged cell with a constant current (CC) until the 

minimum voltage is reached. However, reaching the minimum voltage level does not mean that the 

cell is completely discharged. Typically, concentration gradients inside the cells equilibrate and the 

cell voltage rises again after a certain pause; another short discharge period becomes possible [122]. 

This effect occurs more pronouncedly for higher discharging currents. Thus, a low discharging 

current has to be used to determine the maximum storage capability of a cell. To circumvent 

unnecessarily long measurement durations, a constant current constant voltage (CCCV) discharging 

procedure can be used. This combines a CC discharging sequence and a constant voltage (CV) 

sequence at the minimum voltage level until the amperage of the discharging current drops below 

a predefined cut-off threshold. As the capacity measurements are sensitive to temperature, all 

capacity measurements were performed in thermal chambers at 25°C to obtain comparable results.  

Figure 7a shows a capacity histogram for the 105 cells of the first production lot and Figure 7b shows 

a capacity histogram for the 175 cells from the second production lot. The capacity values result 

from initial characterization tests, where the cells were CCCV charged and then discharged with a 

CCCV procedure to determine the actual capacities of the cells. After that, the cells were charged 

again to the initial SoC, which was ca. 30% at the delivery of the cells. The explicit test procedures 

and the respective parameters for both lots of cells can be found in the appendix (see Table A-2 and 

Table A-3). The mean capacity values for both lots cannot be directly compared since the two initial 

characterization procedures had different parameter values for the discharging voltage and for the 

cut-off currents of the CV phases. For the first lot, the absolute cut-off currents for CCCV charging 

and discharging were higher and the cells were only discharged to 2.75 V. This led to lower capacity 

values than for the second lot.  

 

Figure 7: (a,b) Histograms of cell capacities and (c) histograms of internal resistances obtained from the initial 
characterization tests of the two lots of lithium-ion cells examined in this thesis. The width of each bin is 
0.01 Ah for the capacity histograms and 0.1 mΩ for the resistance histogram. The differences in the mean 
value of the capacity and resistance between both lots were caused by variations in the parameters of the 
checkup procedures and by different ways of contacting the cells, respectively.  

Although the mean values of the capacity measurements are not directly comparable, Figure 7a and 

Figure 7b demonstrate for both lots that the capacity values exhibit substantially lower variations 
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for CCCV discharging compared to sole CC discharging. This is also confirmed by Table 2, which lists 

the mean values µ and the standard deviations   for the capacity and resistance measurements of 

the initial cell characterization. A normal distribution is characteristic for new cells [123,124]. The 

standard deviation decreases for both lots from 14 mAh for the CC measurements to 5–6 mAh for 

the CCCV measurements, which corresponds to a decrease from 0.5% CN to ca. 0.2% CN. These 

standard deviations are notably lower than those of other lithium-ion cells presented in the 

literature, which ranged between 0.8% CN and 1.9% CN for new cells [123–125]. This confirms the 

mature production processes of the cell type examined in this thesis which provide minimal cell-to-

cell variation.  

Before these initial capacity measurements, the cells were connected to a Hioki BT3562 battery 

tester to determine the Rac,1kHz resistance. Figure 7c shows the resistances measured for both lots 

of cells. The higher cell resistances measured for the first lot can be ascribed to a different contacting 

method. All cells from the second lot performed the initial resistance measurements in uncontacted 

state in a four-probe spring-contact-based fixture. The cells of the first lot were equipped with the 

contacting version presented in Figure 5b, where the voltage drops over a considerable section of 

the Hilumin strips were also part of the voltage measurement. The resistance increase of ca. 1.6–

1.8 mΩ was mainly caused by the ohmic resistance of Hilumin as the contact resistance of a spot-

welding connection of Hilumin typically lies below 0.2 mΩ [126].  

The lower standard deviations for CCCV discharging demonstrate that an additional CV phase can 

compensate variations in the CC discharging time span resulting from resistance variations or small 

temperature variations due to an inhomogeneous, turbulent air flow in the thermal chamber which 

leads to an inhomogeneous convection and thus an uneven warming up of the cells. Overall, the 

CCCV discharging procedure provides a very robust and reliable identification of the actual capacity 

of the cells. Therefore, it was used in all aging studies presented in this thesis. 

Table 2.  Mean values µ and standard deviations   of the capacity measurements performed with CC or 
CCCV discharging and of the Rac,1kHz resistance measurements 

 Capacity Measurement CC Capacity Measurement CCCV Resistance Measurement 1 kHz 

 µCC CC CC/µCC µCCCV CCCV CCCV/µCCCV µR R R/µR 

Lot 1 2.678 Ah 0.014 Ah 0.0052 2.823 Ah 0.006 Ah 0.0021 22.5 mΩ 0.3 mΩ 0.013 

Lot 2 2.775 Ah 0.014 Ah 0.0050 2.860 Ah 0.005 Ah 0.0017 21.0 mΩ 0.2 mΩ 0.010 
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3.3 Electrochemical Impedance Spectroscopy 

The internal resistances of a lithium-ion battery have a substantial impact on the power capabilities 

of the battery. When the resistances rise, the power capability decreases. Moreover, the maximum 

and minimum voltage limitations are reached earlier during CC charging or discharging, which can 

reduce the available capacity for a specific application notably.  

3.3.1 Fundamentals 

EIS is an established and frequently used technique to determine the dynamic behavior of 

electrochemical systems [127,128]. From a periodic excitation, the complex impedance is derived, 

which describes the transfer function of the examined system in a system-theoretical manner and 

contains information about the amplitude ratio and phase shift between the voltage and the current 

signal for a specific frequency. For sinusoidal current and voltage signals, i(t) and u(t), of a specific 

frequency f and with the amplitudes 𝐼 and �̂�, the complex impedance Z(f) computes as follows: 

𝑖(𝑡) = 𝐼 ⋅ 𝑒𝑗(𝜔𝑡+𝜑i) = 𝐼 ⋅ 𝑒𝑗(2𝜋𝑓𝑡+𝜑i)  (2) 

𝑣(𝑡) = �̂� ⋅ 𝑒𝑗(𝜔𝑡+𝜑v) = �̂� ⋅ 𝑒𝑗(2𝜋𝑓𝑡+𝜑v)  (3) 

𝑍(𝑓) =
𝑣(𝑓)

𝑖(𝑓)
=
𝑉⋅𝑒𝑗(2𝜋𝑓𝑡+𝜑v)

𝐼⋅𝑒𝑗(2𝜋𝑓𝑡+𝜑i)
= |𝑍(𝑓)| ⋅ 𝑒𝑗𝜑  with  |𝑍(𝑓)| =

𝑉

𝐼
  and  𝜑 = 𝜑v − 𝜑i   (4) 

|Z(f)| provides the information about the amplitude ratio and 𝜑 about the phase shift. EIS 

measurements can be performed with either a voltage excitation or a current excitation. According 

to the excitation mode, the measurements are named potentiostatic or galvanostatic, respectively. 

A combination of both modes is performed in pseudo-posentiostatic EIS measurements, where the 

measurement itself is performed galvanostatically but the amplitude of the excitation current is 

constantly adjusted to obtain a constant voltage amplitude for all frequencies examined. For 

batteries cells, the measurements are typically performed galvanostatically or pseudo-

potentiostatically since the batteries are voltage sources themselves and since galvanostatic EIS 

measurements prevent SoC drifts as the same charge quantity is transported in positive and 

negative direction within one period. [129,130]  

3.3.2 Interpreting Impedance Spectra 

In an EIS measurement, the complex impedance is determined for a wide frequency range to obtain 

a characteristic impedance spectrum. Typical excitation frequencies for batteries range from the 

kilohertz region down to the millihertz region [131,132]. In this thesis, the examined frequency 

interval ranged from 10 kHz to 10 mHz. From the resulting impedance behavior, different physical 

and electrochemical properties of a battery cell can be identified and characterized. Figure 8 shows 

an exemplary EIS spectrum of the cell type examined in this thesis. In this Nyquist plot, characteristic 

points and sections are highlighted, which will be described in the following paragraphs. 
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Figure 8.  Impedance spectrum of the examined Panasonic 18650 lithium-ion cell at 50% SoC and 25°C with 
characteristic points and sections highlighted  

3.3.2.1 Ohmic Behavior  

A characteristic point in the impedance spectrum is where the imaginary part of the impedance 

becomes zero. For the excitation frequency corresponding to this point, the cell exhibits purely 

ohmic behavior. This means that the phase shifts from inductive and capacitive effects are 

compensating each other and the cell behaves like an ohmic resistor. For the lithium-ion cell type 

examined in this thesis, this occurs very close to 1 kHz. As a consequence, the real part of the 

impedance at 1 kHz, the Rac,1kHz, is a well-suited indicator to identify changes in the ohmic behavior. 

Ohmic contributions to the cell impedance typically origin from the electrolyte resistance, the 

resistances of the current collectors and active masses, and the contact resistances between the 

current collectors and active masses [133]. The electrolyte resistance depends on its conductivity, 

which changes with the concentration of conductive salt dissolved in it [91,92]. As this concentration 

changes with aging, Rac,1kHz can be used to identify electrolyte degradation. The contact resistances 

between current collector and active material typically generate high-frequency capacitive 

semicircles in the impedance spectrum [134,135]. In cylindrical 18650 cells, however, these effects 

are superposed by a pronounced inductive behavior, which dominates the overall cell impedance in 

the high-frequency region and results in negative y-values in Figure 8 for frequencies above 1 kHz. 

As a consequence, the capacitive semicircles from the contact resistances between current 

collectors and active materials cannot be determined individually and their resistive contributions 

become part of the ohmic resistance value Rac,1kHz [136].  

3.3.2.2 Inductive Behavior 

The lower part of the impedance spectrum depicted in Figure 8 represents the inductive behavior 

of the cell, which results mainly from the geometric design of the cell and its electrodes. In cylindrical 

cells, the spiral windings of the jelly roll lead to considerably higher inductivities than for the planar 

electrodes of coin cells or pouch cells with stacked electrode sheets [136,137]. Furthermore, the 

position of the tabs, which connect the current collector foils with the external poles of the cell, also 

have a marked impact on the cell’s inductance. A longer distance through the spiral windings of the 

jelly roll between both tabs leads to a substantially higher inductance [138]. The cell type examined 
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in this thesis has the negative tab located at the outer end of the jelly roll and the positive tab 

located at about one third of the distance from the inner end to the outer end of the current 

collector foil. Hence, a considerable inductive behavior is observed. The inductive contributions to 

the cell impedance exhibit usually only minor changes with aging.  

3.3.2.3 Capacitive Behavior 

The upper part of the impedance spectrum depicted in Figure 8 represents the capacitive effects 

and comprises two depressed semicircles and a sloping line at the right end. For the cells in new 

condition, the two semicircles overlap in such a way that they cannot be clearly distinguished. The 

semicircles cover effects from passivation layers as well as charge transfer resistances at both 

electrodes and double layer capacities [17,139]. The sloping line at the low-frequency end 

represents limitations in mass transport due to diffusion processes [133,140]. The square markers 

in Figure 8 highlight the cell impedances at 32 Hz and 350 mHz, which represent the transition point 

between the two semicircles and between the second semicircle and the sloping line, respectively. 

These markers are used throughout the entire thesis to visualize the transformations of the different 

sections of the impedance spectrum with aging and to separate sections dominated by anode 

influence and cathode influence.  

3.3.3 Identification of Anode and Cathode Contributions by Symmetric Coin Cells 

The individual impedance characteristics of both electrodes of a lithium-ion battery can be 

determined by examining symmetric cells [141–143]. Thus, symmetric 2032-sized coin cells were 

fabricated from the electrodes of a new cell at 50% SoC. From the graphite anode material and the 

NCA cathode material, electrode samples with a diameter of 14 mm were punched out. These 

electrode samples were reassembled in symmetric coin cells with either only graphite or only NCA 

samples. In addition to the symmetric cells, full-cells with one graphite and one NCA electrode 

sample were built. These cells were the link for the validation between the symmetric coin cells and 

the original 18650 full-cell. The coin cells of size 2032 were built with a polymer separator of 16 mm 

diameter and 30 µl of fresh electrolyte (1 M LiPF6 in EC:EMC (3:7)).  

As the electrode samples obtained from the jelly roll of a commercial 18650 cell were generally 

coated on both sides, distortions in the impedance measurements occurred, particularly for the NCA 

samples. An additional high-frequency capacitive semicircle was observed, which was thought to be 

caused by the contact resistance between the back side of the electrode sample and the conducting 

metal of the coin cell. This undesired high-frequency, capacitive semicircle in the spectra of the 

symmetric NCA cells and of the full-cells could be reduced by an increasing pressure onto the coin 

cell. As a consequence, all coin cell impedance spectra presented in this section were recorded 

inside a press setup, which was used to press both halves of the coin cell housing together with a 

force of ca. 3 kN. This effectively minimized the undesired high-frequency semicircle related to the 

contact resistances of the NCA electrode material.  

Figure 9a-c depicts the measured impedance spectra of the coin cells, with the same characteristic 

frequencies highlighted as in the impedance spectra above. The coin cell measurements exhibit only 

impedance values above the x-axis, which represents a very low inductive behavior. This confirms 
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that the inductive contributions in the impedance spectra of the commercial 18650 cells origin from 

the spiral winding of the electrodes. 

  

Figure 9.  Impedance spectra from coin cell measurements. (a) Symmetric graphite coin cell, (b) symmetric 
NCA coin cell, (c) comparison of full-cell coin cell and the superposition of the previous graphite and NCA 
spectra. (d) Comparison of the impedance spectra from the original 18650 cell and the scaled results from 
superimposed symmetric graphite and NCA spectra, also in combination with the additional inductive 
components illustrated by the equivalent circuit model at the bottom. The superposed spectra were shifted 
horizontally to visualize the excellent agreement. 

Figure 9a exhibits a flat arc segment for the graphite anode between 1 kHz and 32 Hz, where the 

real part increases by ca. 6 Ω. For the same frequency interval, Figure 9b shows considerably smaller 

changes in the real part of the cathode impedance of only ca. 3 Ω and also lower imaginary parts as 

in the graphite spectrum. In the frequency interval from 32 Hz to 350 mHz, the characteristics of the 

impedance spectra are reversed. The real part in the graphite spectrum increases by only ca. 4 Ω, 

whereas it increases by more than 9 Ω in the NCA spectrum. Also the imaginary parts in the NCA 

spectrum are substantially higher. In Figure 9c, the spectrum of a full-cell in the coin-cell format and 

the superposition of the graphite and NCA spectrum from Figure 9a and b are compared. The 

superposition was performed by adding the impedance values of both spectra after dividing the 

individual impedance values from both spectra by 2, since the impedances of the symmetric cells 

represent the sum of two identical electrodes. Moreover, a horizontal offset of 0.5 Ω was added to 

obtain similar positions of the characteristic frequencies of 32 Hz and 350 mHz. The two curves 

depicted in Figure 9c demonstrate that an excellent agreement can be obtained in the superposition 

process. This confirms that the linear superposition of electrode-individual impedance values is 

feasible. 

Zcoin cell
L0 = 266 nH

L1 = 162 nH

R1 = 10 mΩ 
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The impedance reconstruction illustrates that in the frequency range between 1 kHz and 32 Hz, the 

graphite anode is the dominant source of impedance, whereas the semicircle between 32 Hz and 

350 mHz origins largely from the NCA cathode. 

To compare the results of coin-cell measurements with the impedance spectra of the conventional 

18650 cells, the superposition of graphite and NCA impedances is scaled by 1/560 in Figure 9d, 

which is close to the factor of 1/500, resulting from the comparison of active electrode areas 

between the coin cells and original cell in 18650 format. The ca. 12% higher divisor indicates 

somewhat higher relative resistances for the coin cells. This might be caused by the back side coating 

of the NCA sample that lies in the current path and thus increases the impedance as the electrons 

have to flow through an additional layer of active material compared to the conventional current 

path in the 18650 battery cell, where the electrons only flow through the metal current collectors 

to reach the active material.  

To adjust the inductive behavior, an inductor and a parallel connection of inductor and resistor were 

assumed in series to the cell. The parameter values of these three components were varied to obtain 

a good fit between both curves. Figure 9d demonstrates an excellent qualitative agreement 

between the two curves. Thus, the reconstruction of the impedance spectrum of the 18650 cells 

from symmetric coin cell measurements confirms that the frequency range between 32 Hz and 

350 mHz serves as an indicator for degradation of the NCA cathode, whereas the frequency interval 

from 1 kHz to 32 Hz can be ascribed to the graphite anode.  

3.3.4 Prerequisites for Reliable EIS Measurements 

To employ EIS in experimental studies on battery aging, it has to be guaranteed that reliable spectra 

are recorded. According to the mathematical fundamentals of EIS, impedance measurements 

correctly describe the transfer function of an electrochemical system if the system meets the 

conditions of causality, linearity, and time-invariance [144,145]. Typical sources of measurement 

errors originate from the applied excitation signal, temperature variations, and relaxation times. 

Their impact and identification are presented in this section. 

3.3.4.1 Proper Lissajous Figures 

By evaluating online Lissajous figures, which visualize the voltage data versus current data during 

the measurements, the measurement quality can be assessed and violations of the above-

mentioned mathematical prerequisites can be identified. In an ideal case, the Lissajous figure 

exhibits a perfect ellipse, as illustrated in Figure 10a. Typical deviations in practical EIS 

measurements are noisy ellipses, distorted ellipses, and degenerated ellipses where the endpoint 

of one period is not identical to its starting point. Figure 10b shows a noisy ellipse, which typically 

occurs when the signal-to-noise ratio is low due to an excitation signal which is too small for the 

resolution and precision of the employed measurement hardware. Distorted ellipses, as illustrated 

in Figure 10c, are a result of nonlinear behavior. They occur when the voltage response to the 

sinusoidal current excitation is no longer a sinusoidal signal itself. For lithium-ion batteries, this can 

be observed at very low or very high SoCs when the potential begins to change disproportionately 

and the voltage response becomes a distorted sinusoidal signal. In these cases, the cell violates the 

linearity criterion. Figure 10d illustrates a degenerated ellipse, which exhibits a spiral-like behavior. 
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This occurs when there are additional changes in the cell potential that are no result from the AC 

excitation and, thus, violate the causality condition. Such drifts occur when the AC current signal is 

superimposed with a DC offset or when there is a pronounced relaxation of the cell voltage after 

charging or discharging sequences. Since the voltage of the endpoint differs from the voltage of the 

starting point, the criterion of time-invariance is also violated. 

 

Figure 10.  Screenshots from Lissajous figures obtained during EIS measurements: (a) good measurement, (b) 
noisy ellipse due to a low signal-to-noise ratio, (c) distorted ellipse due to nonlinear behavior, and (d) 
degenerated ellipse where the beginning and the endpoint of the period are not identical, resulting from a 
superimposed voltage drift. 

3.3.4.2 Appropriate Excitation Amplitudes 

When specifying an appropriate amplitude for the AC excitation of an EIS measurement, it has to be 

ascertained that on the one hand, the excitation is large enough to obtain a good signal-to-noise 

ratio for a robust measurement and that on the other hand, the linearity criterion is not violated. 

Depending on the SoC, the maximum excitation amplitude can vary substantially. Excitations of only 

5–10 mV are typically recommended whereas in quasi-linear regions, amplitudes of 50–100 mV or 

even more are also applicable [146]. 

To evaluate the measurement quality and the impact of the excitation amplitude on the impedance 

results, EIS measurements at 50% SoC were performed with different AC current settings. The 

results are compared in Figure 11. This demonstrates that the impact of the excitation amplitude is 

negligible over a wide range of excitation currents for the EIS measurements performed without DC 

offset at 50% SoC. Thus, the cell is in a quasi-linear region at 50% SoC. Moreover, Figure 11 

demonstrates that the overpotentials do not decrease with higher currents, as it was observed for 
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lead-acid batteries and ascribed to the Butler-Volmer relationship [147,148]. Monitoring the online 

Lissajous figures revealed noisy measurements only for very small excitation signals of 

Iac,rms = 12.5 mA and below, but very smooth results for all higher excitation currents. Thus, Iac,rms 

values of 50 mA and 100 mA, which were used in the different aging studies, provided robust, 

reliable, and comparable results which fulfilled the mathematical prerequisites of EIS.  

 

Figure 11.  Impedance spectra of the examined 18650 cells at 50% SoC for different excitation currents Iac,rms 

3.3.4.3 Constant Measurement Temperature 

As the impedances of a lithium-ion battery depend strongly on temperature [149–151], it is 

essential to perform the EIS measurements under identical temperature conditions. Otherwise, 

impedance fluctuations owing to temperature variations among the different checkup 

measurements can be considerably larger than the changes from preceding degradation. Figure 12a 

shows the substantial changes in the cell impedances with lower temperatures. In Figure 12b, the 

variations for 25±5°C are demonstrated. Particularly in the low and medium frequency domain, the 

impedance spectra differ markedly. As a consequence, all EIS measurements were performed in 

thermal chambers at 25°C, which was the standard checkup temperature for capacity and resistance 

measurements. 

 

Figure 12.  Impedance spectra of a new 18650 cell at different temperatures ranging (a) from 0°C to 40°C and 
(b) a detailed view for 25±5°C 
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3.3.4.4 Identical Relaxation Times 

Another source of error in impedance studies is the relaxation time [152,153]. The relaxation time 

represents the pause between charging or discharging a cell to the target SoC and performing the 

actual EIS measurement. To demonstrate the impact of relaxation, a cell at 50% SoC performed a 

sequence of complete discharging, charging, and discharging with pauses of 15 min between all 

steps. After that, the discharged cell was charged to 50% SoC and EIS measurements were repeated 

after different relaxation times. The first EIS measurement was performed after 20 min and the 

entire experiment lasted almost 50 days. As visualized in Figure 13, substantial changes in the 

impedance spectrum occur with increasing relaxation times. These changes affect predominantly 

the medium-frequency domain. The impedances in the high-frequency domain of 1 kHz and above 

remain unchanged. For the cell type examined, a considerable growth of the semicircle between 

32 Hz and 350 mHz is observed. The sloping line at lowest frequencies, representing the diffusion 

processes, is right-shifted accordingly. Hence, there must be long-term equalization processes, such 

as a lithium redistribution inside the electrodes, which lead to the altering EIS results [153]. 

Although the altering impedance spectra over time constitute time-variant behavior, no signs of 

time-variance were observed in the online Lissajous figures, such as voltage offsets between the 

beginning and the end of a sinusoidal period. Thus, the cells were in a quasi-steady state throughout 

each individual EIS measurement, so that the time-invariance criterion could still be considered as 

fulfilled. 

 

Figure 13.  Impedance spectra with Iac,rms = 50 mA for different time spans after charging a cell to 50% SoC. 
Before that, the cell performed a charge-discharge sequence with pauses of 15 min after each step. 

Figure 14 depicts the impedance changes over time for four characteristic frequencies. The most 

pronounced increases are observed between the impedance graph for 32 Hz and the impedance 

graph for 350 mHz. This represents the growing semicircle in the medium-frequency domain. Figure 

14a shows that particularly within the first relaxation hours, the impedances change notably. 

Figure 14b demonstrates that the impedance changes persist even after several weeks of storage 

at 25°C, which is substantially longer than the 4 h and 48 h of relaxation which were described in 

literature [152,153]. Almost half of the entire impedance change observed after 49 days of 

relaxation occurred within the first day. For robust battery aging diagnostics based on EIS 

measurements, it is important to minimize sources of error due to the measurement procedure and 

the test schedule. 
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Figure 14.  Impact of relaxation time on the impedance at different characteristic frequencies for a cell 
charged to 50% SoC at 25°C. (a) First 50 h of relaxation. (b) Entire relaxation period of almost 50 days. 

To minimize deviations, the EIS measurements either have to be performed always after exactly the 

same relaxation period or it has to be waited several days between charging or discharging to the 

target SoC and performing the EIS measurement. After several days of relaxation, the rate of the 

impedance changes has decreased substantially. Thus, deviations in the relaxation times in the order 

of minutes and hours do not cause such large deviations in the impedance values any longer, 

compared to the deviations caused within the first 24 h of relaxation. Overall, impedance changes 

due to relaxation have a massive impact on the results of battery aging studies. They have to be 

carefully controlled because otherwise, robust and reliable results are obtained only in the high-

frequency domain, which remains unaffected by relaxation. 

The relaxation times had a substantial impact on the results of the impedance measurements of the 

different aging studies presented in this thesis. In most studies, the cells had to be disconnected 

from the battery test system and connected to the galvanostat for the EIS measurements and since 

only one measurement device was available for the studies presented in this thesis, it was not 

possible to obtain comparable EIS results for relaxation periods shorter than 24 h. Since waiting 

several days between the end of the capacity measurements and the EIS to become more robust to 

variations in relaxation times was also not feasible, varying relaxation times and a decreasing 

precision of the EIS results were inevitable. As a consequence, the results of the EIS measurements 

could only be used to precisely assess changes in the high-frequency domain, such as the changes 

in Rac,1kHz. When characterizing the low-frequency behavior, which also includes the effects of 

passivation layers, charge transfer, double layers, and diffusion, the impedance changes due to 

varying relaxation times were larger than the aging-induced impedance changes.  

Only in the second calendar aging study, comparable impedance results could also be obtained in 

the low-frequency domain. In that study, an EIS multiplexer was available which allowed combined 

capacity and EIS measurements without manually disconnecting and reconnecting the cells; the 

entire test procedure could be controlled by the battery test system. This enabled checkup 

procedures with identical relaxation times, which were set to 1 h and provided impedance data of 

high significance also in the medium-frequency and low-frequency domain. 
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3.4 Current Step Response 

As presented in the previous section on the EIS, the dynamic behavior of a battery is strongly 

affected by temperature and relaxation periods. Since the relaxation times before EIS 

measurements could not be kept constant in most of the experimental aging studies, current pulses 

were applied to complement the EIS measurements. As the current pulses were performed at the 

battery test systems without any disconnection of the cells, the relaxation periods before the 

current pulses could be precisely controlled by the checkup test procedure and were identical in all 

checkup measurements of one respective aging study.  

The voltage response of the battery to the current step is evaluated to compute DC resistance 

values. Since the voltage response to a 10 s pulse was used in many aging studies on lithium-ion 

batteries [154–158], this pulse duration was also employed in this thesis. The amperage of the 

pulses, Ipulse, ranged between 1 A and 5 A in the checkups of the aging studies presented in this 

thesis. Figure 15 illustrates the current and voltage values used for the computation of Rdc,10s.  

𝑅dc,10s =
𝑉10s−𝑉0s

𝐼pulse−𝐼0s
=
𝑉10s−𝑉0s

𝐼pulse
   for   𝐼0s = 0 A (5) 

Since the dynamic behavior of battery cells depends strongly on temperature, the resistance 

measurements have to be performed at controlled temperatures which are similar in all checkups. 

To obtain a good signal-to-noise ratio, but keeping the SoC changes and the warming of the cells 

owing to irreversible losses at a minimum, discharging pulses of 3 A (ca. 1.1 C) were evaluated for 

this thesis. 

 

Figure 15.  Illustration of (a) current pulse and (b) voltage response used for the calculation of Rdc,10s 

Although current step response evaluations are also sensitive to relaxation, distortions are generally 

prevented by the battery test system, which precisely controls the pause lengths and guarantees 

identical relaxation times in all checkup measurements. This enabled a reliable monitoring of 

changes in the electrochemical effects with higher time constants, such as charge transfer and 

diffusion. By contrast, pulse measurements were not suitable for measuring high-frequency resis-

tances, due to the limited sampling rate of the battery test systems. Since the first measurement 

after applying the pulse could only be taken after several milliseconds, the resulting ‘high-frequency’ 

resistance values were always higher than the values for Rac,1kHz from the EIS measurements.  

Thus, resistance values from current step responses are ideal for low-frequency resistances, 

whereas EIS measurements are superior for high frequencies. Overall, EIS and current step response 
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analysis are a valuable combination which enables to determine changes in the electrolyte 

conductivity by Rac,1kHz from EIS and changes in the sum of resistances with higher time constants by 

Rdc,10s from the voltage response to current pulses.  

3.5 Differential Voltage Analysis  

The behavior of a battery which is measured at its poles is always a superposition of contributions 

from the positive and the negative electrode. For aging studies, analysis techniques are beneficial 

which enable the identification of aging processes of the individual electrodes without opening the 

cells for inserting a reference electrode or destroying the cells for post-mortem studies. Such an 

analysis technique is DVA, which is introduced in this section and applied in the different calendar 

and cycle aging studies.  

3.5.1 Fundamentals 

DVA is a technique for noninvasive, nondestructive electrical characterization of battery cells, which 

bases on a differentiation of voltage curves. From a CC charging or discharging sequence, the 

derivative dV/dQ is computed and plotted versus capacity. For the low-current charging sequence 

depicted in Figure 16a, the corresponding differential voltage spectrum is illustrated in Figure 16c.  

  

Figure 16.  (a) Low-current charging curve of a new NCA cell and the derived (b) differential voltage spectrum 
and (c) incremental capacity spectrum 

As the individual contributions of both electrodes can be identified in the full-cell derivative, DVA 

can be used to determine the balancing and the utilization of the two electrodes without inserting 

a reference electrode [159]. In aging studies, DVA is employed to separate different aging 

mechanisms, such as anode degradation, cathode degradation, and shifts in the electrode balancing 

[10,160]. As the peaks in the differential voltage spectrum appear more pronouncedly with lower 

currents, charging and discharging currents of C/20 and below are typically used [161,162].  
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The two electrodes of a battery can be regarded as a series connection, where the full-cell voltage 

Vcell is the difference between the potentials vp and vn of the positive and the negative electrode, 

respectively. Due to the series connection, it is always the same current that flows through both 

electrodes. As a consequence, dV/dQ represents a linear superposition of the derivatives of the half-

cell potential of the positive and negative electrode [163]:  

𝑉cell = 𝑣p − 𝑣n  (6) 

𝑑𝑉cell

𝑑𝑄
=
𝑑𝑣p

𝑑𝑄
−
𝑑𝑣n

𝑑𝑄
  (7) 

The reciprocal of this derivative is evaluated in Incremental Capacity Analysis (ICA), which is also 

often used for battery aging diagnostics [164–166].  

𝑑𝑄

𝑑𝑉cell
=

1
𝑑𝑣p

𝑑𝑄
−
𝑑𝑣n
𝑑𝑄

  
(8) 

For the same charging sequence as regarded above for DVA, Figure 16b illustrates the 

corresponding incremental capacity spectrum, where dQ/dV is plotted versus the cell voltage. 

Whereas peaks in DVA indicate phase transitions, peaks in ICA represent phase equilibria [167,168]. 

Comparing Equations (7) and (8) shows that in DVA, the contributions of both electrodes always add 

linearly. The superposition of both electrodes in ICA is substantially more complicated. It only 

generates spectra which are simple to analyze when the potential of one electrode remains constant 

(see Ref. [169]). Then, dV/dQ of one electrode is zero and the derivative of the full-cell is identical 

to the derivative of the other electrode. For that reason, ICA is frequently employed in aging studies 

examining LFP cells, where the cathode potential remains unchanged over a wide SoC range [169–

171]. 

Another disadvantage of dQ/dV is that dV can become zero when the cell voltage remains constant 

for a certain period of time during the charging or discharging sequence, e.g., in phase equilibria 

[163,172]. This means that the derivative cannot be computed for this time step as it causes a 

division by zero. This problem cannot occur for DVA, as dQ is always a constant value unequal zero 

during CC charging or discharging. To avoid divisions by zero, dQ/dV can preferably be computed 

from voltage sweeps with a constant dV/dt, as they are performed in cyclic voltammetry, also called 

electropotential spectroscopy. 

Overall, DVA based on dV/dQ is preferred to the evaluation of dQ/dV for the degradation monitoring 

of the NCA cells examined in this thesis. As the central peak at ca. 1.6 Ah appeared somewhat more 

pronouncedly for charging the cells than for discharging the cells, DVA was performed with data 

from charging sequences in this thesis. All DVA evaluations presented in this thesis were derived 

from low-current charging curves obtained with a current of 100 mA. Together with the 767 cm² of 

active electrode area, presented in Table 1, this results in a current density of ca. 0.13 mA cm–2.  

3.5.2 Half-Cell Voltage Curves  

To demonstrate the linear superposition of anode and cathode derivative in DVA and to assign the 

different peaks and slopes of the differential voltage spectrum to both electrodes, half-cells were 

built from the active materials of the commercial 18650 cells in new condition. For building the half-

cells, one cell at 0% SoC and one cell at 100% SoC was opened. The jelly roll was extracted and 
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electrode samples with a diameter of 14 mm were punched out for 2032-sized coin cells. The 

samples were used to build half-cells together with metal lithium electrodes of 15 mm diameter. 

For the fabrication of the coin cells, fiberglass separators with a diameter of 16 mm and ca. 160 µl 

of electrolyte (1 M LiPF6 in EC:EMC (3:7) + 2% VC) were used. 

Single-sided anode samples could be extracted from the NCA cells, since the outermost anode 

winding was coated only on the inner side. Hence, no side effects from the back side of the electrode 

sample occurred during the measurements. The cathode samples had double-sided coatings, for 

which capacity drifts due to an interfering back side coating had to be expected during cycling [173].  

For the coin cells, similar current densities as for the DVA measurement of the commercial cells 

were applied. Thus, the charging and discharging currents were defined as follows: 

𝐼coin = ±(1.4 cm 2⁄ )2 ⋅ 𝜋 ⋅ 0.13 mA cm−2 = ±0.2 mA  (9) 

The graphite half-cells were cycled between 0.1 and 1.5 V and the NCA half-cells between 2.5 and 

4.3 V at 25°C. Before the charge-discharge cycling, the coin cells were stored for at least 12 h to 

provide sufficient time for the electrolyte to soak into the pores of the active material and the 

separator. At least three half-cells were fabricated from each electrode material. Since the cycling 

behavior was highly reproducible, the results of only one half-cell sample are presented. 

Figure 17a shows three charge-discharge cycles of the graphite anode half-cells. They clearly reveal 

the different voltage plateaus, which correspond to the different stages of lithium intercalation into 

graphite [52,174,175]. Each charge or discharge step has a duration of up to 32 h.  

 

Figure 17.  Three charge-discharge cycles of the graphite and the NCA half-cells from an empty (0% SoC) and 
a full (100% SoC) cell in new condition. (a, c) Voltage over time; (b, d) voltage over capacity. Markers indicate 
the initial potential and charge content for the electrodes from the full-cells at 0% (blue circles) and 100% 
SoC (orange diamonds). 

In Figure 17b, the same half-cell voltage data are plotted versus stored capacity. Since these coin 

cells contained electrode samples with only single-sided coatings, the three cycles are similar and 

no capacity drifts occur. The circle and diamond markers indicate the initial potential and stored 
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capacity of the half-cells after the fabrication process. The blue circles show that a 0% SoC of the 

full-cell correlates with a completely delithiated anode; the orange diamonds demonstrate that the 

anode is utilized less than 90% at 100% SoC. At ca. 50% of the maximum storage capacity, a potential 

step can be observed, which indicates a different staging configuration of the intercalated lithium. 

Above 50% lithiation, the two-phase regime of LiC12 and LiC6 can be observed [52,176,177]. 

Figure 17c shows three charge-discharge cycles of the NCA cathode half-cells. When this voltage 

data are plotted versus capacity in Figure 17d, a drift toward higher capacity values is observed for 

the coin cell from the full-cell at 0% SoC and a drift toward lower capacity values is observed for the 

coin cell from the full-cell at 100% SoC. This is a result of the lithiated or delithiated back side of the 

double-sided electrode sample, respectively. Since the capacity values were not stable, the 

utilization of the cathode at 0% and 100% SoC could not be derived from these data. However, 

further evaluations showed that the charging and discharging curves of the second and third 

repetition were similar, so that reproducible half-cell curves for the reconstruction of the full-cell 

spectra could be obtained. 

3.5.3 Full-Cell Analysis 

The half-cell curves were used to reconstruct the full-cell voltage characteristics. For this 

reconstruction, a proper scaling and balancing of the anode and cathode curves is necessary. When 

working with differential voltage spectra from samples with different sizes, such as 18650 cells and 

coin cells, a capacity normalization is typically performed by multiplying the derivative with the total 

capacity Q0 [172]. 

𝑑𝑉

𝑑𝑄
⋅ 𝑄0 =

𝑑𝑉

𝑑𝑄/𝑄0 
=

𝑑𝑉

𝑑𝑆𝑜𝐶
  (10) 

As shown in Equation (10), this normed derivative can also be interpreted as the derivative of the 

voltage with respect to the SoC. For the reconstruction of the full-cell behavior from half-cell data, 

the normed derivative of the full-cell (
𝑑𝑉cell

𝑑𝑄
⋅ 𝑄0) has to be reproduced by the normed derivatives 

of the half-cells of the positive and negative electrode (
𝑑𝑣p

𝑑𝑞p
⋅ 𝑞0,p,

𝑑𝑣n

𝑑𝑞n
⋅ 𝑞0,n). 

The scaling between the capacity changes in the full-cell (dQ) and in the half-cells (dqp and dqn) is 

performed as follows: 

𝑑𝑄 = 𝑠p ⋅ 𝑑𝑞p = 𝑠n ⋅ (−𝑑𝑞n)  (11) 

where sp and sn represent the capacity scaling factors for the positive and negative electrode, 

respectively. Equation (11) also takes into account that charging the full cell leads to a discharging 

of the anode, according to the current flow definitions presented in Section 3.1.3.  

Based on Equations (7) and (11), the following equations demonstrate how the full-cell derivative 

can be expressed by a linear superposition of the normed cathode and anode derivative. 

𝑑𝑉cell

𝑑𝑄
=
𝑑𝑣p

𝑑𝑄
+ (−

𝑑𝑣n

𝑑𝑄
)  (12) 

𝑑𝑉cell

𝑑𝑄
⋅ 𝑄0 =

𝑑𝑣p

𝑑𝑄
⋅ 𝑄0 + (−

𝑑𝑣n

𝑑𝑄
) ⋅ 𝑄0  (13) 
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𝑑𝑉cell

𝑑𝑄
⋅ 𝑄0 =

𝑑𝑣p

𝑠p⋅𝑑𝑞p
⋅ 𝑄0 + (−

𝑑𝑣n

𝑠n⋅(−𝑑𝑞n)
) ⋅ 𝑄0  (14) 

𝑑𝑉cell

𝑑𝑄
⋅ 𝑄0 =

𝑑𝑣p

𝑑𝑞p
⋅ 𝑞0,p ⋅

𝑄0

𝑠p⋅𝑞0,p⏟  
 + 

𝑑𝑣n

𝑑𝑞n
⋅ 𝑞0,𝑛 ⋅

𝑄0

𝑠n⋅𝑞0,n⏟  
  (15) 

𝑑𝑉cell

𝑑𝑄
⋅ 𝑄0 =

𝑑𝑣p

𝑑𝑞p
⋅ 𝑞0,p   ⋅  𝛼p   +   

𝑑𝑣n

𝑑𝑞n
⋅ 𝑞0,n   ⋅   𝛼n  (16) 

Equation (16) shows that the two factors, p and n, are sufficient for the scaling of the derivatives. 

In addition this scaling, two ampere-hour offsets, p and n, are used to shift the derivatives horizon-

tally to obtain the correct alignment between both electrodes [160,178]. For an arbitrary charge 

content   of the full-cell, the following equation presents the superposition of the half-cell 

derivatives:  

𝑄0
𝑑𝑉cell

𝑑𝑄
|
𝜉
= 𝛼p ⋅ 𝑞0,p

𝑑𝑣p

𝑑𝑞p
|
𝜉+𝛿p

+ 𝛼n ⋅ 𝑞0,n
𝑑𝑣n

𝑑𝑞n
|
𝜉+𝛿n

  (17) 

In total, there are two scaling and two shifting parameters which can be adjusted for reconstructing 

the full-cell behavior from half-cell data. For the NCA cells examined in this thesis, Figure 18a 

illustrates how the full-cell voltage of the examined NCA lithium-ion cell results from the difference 

of cathode and anode potential. Figure 18b presents the corresponding derivatives. The comparison 

of the original 18650 cell and the reconstructed full-cell data shows very good agreement. The 

various slopes and peaks in the derivatives of the full-cells and half-cells confirm the linear 

superposition of both electrodes. Hence, the differential voltage spectrum contains valuable 

information on the scaling and balancing of the two electrodes, which will be used in the following 

section to deduce degradation indicators.  

 

Figure 18.  Reconstruction of the full-cell voltage and the differential voltage spectrum of a new cell from 
half-cell data. (a) Voltage behavior for low-current charging; (b) corresponding differential voltage spectra  



Analysis Techniques Used for Degradation Monitoring 

 

 37 

3.5.4 Degradation Indicators  

As the slopes and peaks of the individual electrodes can be clearly recognized in the full-cell 

spectrum, DVA can be used to define degradation indicators which provide information about anode 

degradation, cathode degradation, and changes in the electrode balancing.  

Based on the superposition of anode and cathode derivative depicted in Figure 18b, the 

characteristic slopes at 0% and 100% SoC can be assigned to the individual electrodes. The marked 

potential drop in the full-cell voltage indicating 0% SoC is linked to the rising potential of the 

delithiated graphite anode, which is represented by the steep slope in the differential voltage 

spectrum. Hence, an empty anode determines the discharging endpoint, which represents the lower 

end of the available capacity window of the full-cell. This was also confirmed by the data from the 

coin cells fabricated from anode material from the cell opened at 0% SoC. The upper end of the 

capacity window is not determined by the graphite anode since the anode is generally oversized 

and the anode potential is constant in the high SoC region, as shown in Figure 17b. Thus, the 

charging endpoint is determined by the increasing potential of the cathode approaching its 

maximum permissible degree of delithiation, which is limited to ca. 55% for NCA cathodes to avoid 

substantial deformations in the lattice structure [69,179]. The discharging and charging endpoints 

are also of special importance for coulometry evaluations, which will be described in Section 3.6.  

Figure 19 shows the complete assignment of slopes and peaks to both electrodes. From this 

assignment, the three characteristic capacities Q1, Q2, and Q3 can be derived which are used to 

determine aging contributions from anode degradation, cathode degradation, and changes in the 

electrode balancing. As illustrated in Figure 19, Q1 represents the distance between 0% SoC and the 

central graphite peak at about 1.6 Ah. The central graphite peak indicates the transition from the 

medium to the low voltage plateau of the anode potential, which occurs when the graphite anode 

is lithiated more than 50% [52,61]. Since Q1 bases solely on characteristic anode markers, it provides 

information about changes in the storage capabilities of the graphite anode. Similarly, Q3 provides 

information about the storage capabilities of the NCA cathode, as it bases solely on characteristic 

cathode markers. Q2 represents the distance between the central graphite peak and 100% SoC. 

Hence, it combines an anode and a cathode marker. It sums up together with Q1 to Qactual and 

provides information about the balancing of the two electrodes. A change in Q2 without a change 

of the anode capacity Q1 and the cathode capacity Q3 indicates a sole shift in the electrode 

balancing, which changes the inventory of cyclable lithium and thus alters the operating window of 

the two electrodes. 

 

Figure 19.  Assignment of slopes and peaks to anode (A) and cathode (C). The characteristic capacities Q1, Q2, 
and Q3 allow to ascribe aging contributions to different degradation mechanisms. 
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3.6 Coulometry 

Coulometry is a useful method for analyzing side reactions and battery aging. In conventional 

coulometry studies on lithium-ion batteries, the battery cells are cycled continuously with low 

currents of C/10 and below; the charged and discharged ampere-hours are recorded together with 

the cell voltage [180,181]. From these cycling data, coulombic efficiencies are computed and their 

absolute values and changes over cycle number or time are evaluated [43,182]. Furthermore, the 

slippage of the charging and discharging endpoints is analyzed, which provides explicit information 

about anodic and cathodic side reactions [56,183]. Performing coulometry with the low-current 

cycling approach requires high-precision battery test systems which feature highly precise current 

measurements that exhibit no offset errors causing drifts in the ampere-hour integration [184,185]. 

In contrast to the conventional low-current cycling approach, this thesis presents coulometry 

evaluations with the data from calendar aging studies, in which the cells were not cycled 

continuously but stored in open circuit condition. Only occasional checkups were performed at the 

battery test systems to determine the actual capacities of the cells and to bring them back to their 

respective storage SoCs before they were disconnected from the test system again and returned to 

the storage compartments. This novel coulometry method is named “Coulomb Tracking” and was 

introduced in Ref. [186]. 

3.6.1 Coulomb Tracking Method  

Coulomb Tracking consists of two major steps. At first, the measurement data of all tests performed 

at the battery test system with the cell under test are ordered chronologically and a continuous 

ampere-hour balance is generated. To obtain this continuous charge balance, the last ampere-hour 

value of each measurement run is used as an offset for the charge balance of the subsequent 

measurement. During the time in which the cell is stored, the cell is disconnected from the battery 

test system. This is an important prerequisite of this coulometry method, as it ascertains that no 

charge can flow into or out of the cell during the storage periods. Thus, the charge balance remains 

unchanged. In the second step, the continuous charge balance is used to track the slippage of 

representative charging and discharging endpoints. To evaluate comparable endpoints, one specific 

sequence of the checkup procedure is selected from which the charging and discharging endpoints 

are determined and changes are monitored. The advantage of this method is that it can be 

performed with conventional battery test systems, as no long-term measurements have to be 

performed during the storage periods, where the current integration is prone to drifts owing to 

small offset errors in the current measurement. As the cells are stored in open circuit condition, the 

change in the charge balance always remains zero, independent of the storage duration lasting 

several days, weeks, or months. 

Figure 20 illustrates the Coulomb Tracking method. Figure 20a shows the periodic sequence of 

checkups (blue), test protocols bringing the cells to storage SoC (red), and the actual storage periods 

in open circuit condition (gray). During the checkups, charge-discharge cycles are performed to 

determine the actual capacity under reference conditions. Figure 20b shows the individual charge 

balances recorded for each measurement run at the battery test system. From these data, the 

continuous charge balance is generated as described above and illustrated in Figure 20c. The dotted 
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lines represent the constant ampere-hour values during the storage periods, in which the cells are 

disconnected from the battery system. The crosses represent the discharging and charging 

endpoints of one specific sequence of the checkup where the current is low; and the dashed lines 

illustrate the slippage of the endpoints over time. The shifts of the charging and discharging 

endpoints provide information about anodic and cathodic side reactions. As the duration of the 

checkups is short compared to the storage periods, the errors in the ampere-hour integration, 

performed by the battery test system, remain small compared to the shifts of the endpoints 

resulting from the storage periods, particularly at high storage temperatures. The interpretation of 

the endpoint shifts is similar as for the conventional coulometry approach, based on continuous 

low-current cycling. 

 

Figure 20.  Exemplary representation of the Coulomb Tracking method: (a) Repetitive test sequence of 
checkup procedure, bringing the cell to storage SoC, and storage period in open circuit condition. (b) Charge 
balances of the individual measurements. (c) Continuous charge balance after post-processing for Coulomb 
Tracking, where the last ampere-hour value of each test dataset is used as offset for the subsequent 
measurement dataset. The dashed lines illustrate the slippage of specific charging and discharging endpoints. 

3.6.2 Interpretation of Coulometry Results  

In principle, coulometry can detect such side reactions that alter the degree of lithiation of one or 

both of the electrodes. For lithium-ion batteries, these side reactions can be categorized into the 

three cases which are illustrated schematically in Figure 21: Anodic side reactions, cathodic side 

reactions, and coupled side reactions, which represent a combination of the two previous cases. 
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3.6.2.1 Anodic Side Reactions 

Figure 21a and Figure 21d show side reactions that only affect the negative electrode. These anodic 

side reactions are generally related to electrolyte reduction and SEI growth, which consume 

intercalated lithium of the anode during storage [56,93,187]. With the altering degree of lithiation 

of the anode, the operating point shifts to the left during the storage periods, as illustrated by the 

blue arrow and the cross marker in Figure 21a. As the ampere-hour value of the continuous charge 

balance does not change during storage, because the cells are always stored in open circuit 

condition, the side reactions can be interpreted as an internal shift of the anode half-cell curve to 

the right. The resulting degree of lithiation after the storage period is located at the ampere-hour 

value of the charge balance at the beginning of the storage period. This is illustrated in Figure 21d. 

The right-shift of the anode curve also entails a right-shift of the discharging endpoint, represented 

by the violet arrow, whereas the charging endpoint remains unaffected. This decreases the 

inventory of cyclable lithium and the utilization of both electrodes, which represents an irreversible 

capacity fade.  

 

Figure 21.  Schematic illustration of the effects of anodic, cathodic, and coupled side reactions based on the 
composition of the full-cell voltage from half-cell potentials for an arbitrary storage SoC (vertical gray line). 
(a)-(c) Changes in the degree of lithiation and the potential of the individual electrodes (red and blue arrows). 
(d)-(f) Resulting shifts of the half-cell curves (blue and red arrows) and of the charging and discharging 
endpoints (violet arrows) in the continuous charge balance used for Coulomb Tracking. The gray curves 
represent the states before the side reactions. 

3.6.2.2 Cathodic Side Reactions  

Figure 21b and Figure 21e depict side reactions that only affect the positive electrode. Cathodic side 

reactions include electrolyte oxidation and transition-metal dissolution, which provoke a reinsertion 

of the lithium into the positive electrode that can be observed in form of a potential decrease 

[188,189]. The changing degree of lithiation and the potential drop are illustrated by the red arrow 

and cross marker in Figure 21b. Comparable to the shift of the anode curve in Figure 21d, Figure 21e 

demonstrates that cathodic side reactions lead to a right-shift of the cathode half-cell curve. The 

violet arrow shows that this shift entails a right-shift of the charging endpoint, while the discharging 
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endpoint remains at the same location, as long as the cathode is not fully utilized. This expands the 

inventory of cyclable lithium and the utilization of both electrodes. Thus, cathodic side reactions can 

increase the actual capacity of the full-cell [190]. However, the stored amount of charge decreases 

during the storage periods due to the reintercalation of lithium into the cathode. Hence, cathodic 

side reactions cause a reversible self-discharge [191]. 

3.6.2.3 Coupled Side Reactions  

Figure 21c and Figure 21f illustrate the effects of coupled side reactions, which combine side 

reactions at the positive and negative electrode. In Figure 21c, the arrows and cross markers 

represent the changes in the degree of lithiation of both electrodes. Coupled side reactions occur 

when reaction products generated at one electrode migrate or diffuse to the other electrode and 

cause additional side reactions there, such as deposition of dissolved transition metals or electrolyte 

shuttle reactions [56,192]. Although transition-metal dissolution is typically expected for 

manganese-based electrodes [193,194], post mortem studies have also revealed a deposition of 

cobalt and nickel at the anode of aged NCA cells [71]. Furthermore, reaction products from 

electrolyte oxidation at higher cell voltage were identified to diffuse to the anode and increase side 

reactions there [195]. In this paper, coupled side reactions are such combinations of anodic and 

cathodic side reactions where the amount of lithium that is intercalated at the cathode and the 

amount of lithium consumed at the anode are identical. As illustrated in Figure 21f, this leads to an 

identical right-shift of both half-cell curves and results in an identical shift of the discharging and 

charging endpoint. As a consequence, these side reactions cause a fully reversible self-discharge 

without a change in the actual capacity of the cell [196]. Hence, there are no changes in the 

inventory of cyclable lithium, as long as there is no considerable degradation of the electrodes. 

 

The side reaction mechanisms presented above all base on a delithiation of the anode and/or a 

relithiation of the cathode. They all have in common that they reduce the energy content of the 

battery cell – even if the actual capacity of the cell remains unchanged or even increases. In those 

cases, the energy loss occurs in the form of a reversible self-discharge which can be recovered during 

the next charging sequence. Other hypothetical side reactions which cause a lithiation of the anode 

or a delithiation of the cathode are not taken into consideration. They do not appear feasible, as 

they would increase the energy content of a battery cell during storage, which is considered as 

thermodynamically unfavorable. An increase in the energy content during storage periods can only 

be expected when there was a previously generated inhomogeneity of the lithium distribution in 

the electrodes, e.g., in the “overhang areas” of the anode, which have no opposed cathode 

counterpart [197,198]. In these cases, the equalization process of previously generated 

concentration gradients can appear as an increasing energy content during storage. As such effects 

are no aging-related side reactions, the three side reaction mechanisms presented in Figure 21 were 

sufficient to reproduce and explain the capacity fades and endpoint shifts which occurred in the two 

calendar aging studies presented in this thesis. 
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4 Battery Aging during Nonoperating Periods 

Passenger vehicles are typically parked more than 90% of the day [199]. As a consequence, an EV is 

in nonoperating state most of the time and battery degradation related to calendar aging is of high 

importance [168]. In this thesis, calendar aging of the high-energy NCA lithium-ion cells was 

investigated by two experimental studies. The results of these studies exhibit the dependencies of 

capacity fade and resistance increase on SoC, temperature, and charge-discharge history. Moreover, 

the origins of capacity fade can be identified by DVA and Coulomb Tracking. Furthermore, 

projections on calendar life are presented. This provides valuable information for optimized 

operating conditions for EV batteries. Parts of the results were also presented in Refs. [120,186]. 

4.1 Insights from the Literature on Calendar Aging 

In general, calendar aging comprises all aging processes that lead to a degradation of a battery cell 

independent of charge-discharge cycling. As presented in Chapter 2, parasitic side reactions at the 

electrode-electrolyte interfaces are considered to be the predominant degradation processes, 

which cause electrolyte reduction at the negative electrode and electrolyte oxidation at the positive 

electrode. Calendar aging is an important factor in many applications of lithium-ion batteries where 

the operation periods are substantially shorter than the idle intervals, as it is the case for EVs. 

Furthermore, the degradation owing to calendar aging can also be predominant under cycling 

conditions, especially when cycle depths and current rates are low [154,200]. 

Käbitz et al. [154] compared two types of storage conditions: storage at a constant voltage source 

and storage in open circuit condition. The study revealed that there is generally no dependency of 

calendar aging on the type of storage. Only for storage at 100% SoC, the examined NMC cells 

showed a faster degradation when being connected to the voltage source during the storage period. 

Hence, storage in open circuit condition is applied in this thesis as this represents the typical usage 

condition of an EV battery and also allows to perform Coulomb Tracking. 

There are many studies on calendar aging of lithium-ion batteries which present the capacity fade 

of the cells over time but do not provide explicit investigations on anodic or cathodic side reactions 

causing the capacity fade [105,109,154,168,201–205]. In general, accelerated aging is observed for 

higher temperatures. Moreover, the studies report intensified aging at higher SoCs. However, the 

studies usually considered only a few storage SoCs or storage voltages. Most of the studies 

examined only three different values or fewer [105,109,168,202–209], and there is one study that 

investigated five SoCs from 20% to 100% [154]. Hence, none of these studies covered the entire SoC 

range from 0% to 100% and none are able to thoroughly report the relationship between SoC and 

capacity fade. 

Only Ecker et al. [201] investigated calendar aging with a finer SoC resolution; they examined the 

aging of NMC lithium-ion cells at 12 storage voltages. A correlation between the capacity fade and 

the graphite stages was identified. Since the correlation between open circuit voltage and SoC 

changes with aging, the SoCs of cells examined with a predefined voltage level tend to drift with 

P
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increasing capacity fade [210]. This impedes the assignment of the aging results to explicit SoC 

values which represent a certain ratio of stored ampere-hours to cell capacity. It also prevents a 

robust analysis of storage SoCs close to the potential steps of the graphite anode when the balancing 

of the electrodes shifts due to a loss of cyclable lithium.  

Consequently, to further examine and verify the impact of the graphite electrode on the calendar 

aging of lithium-ion batteries, experimental aging studies with a fine SoC resolution are presented 

in this thesis. Storage SoCs related to the actual cell capacity were examined in addition to voltage 

levels. Moreover, side reactions were analyzed to determine root causes of degradation. The 

investigations on calendar aging are necessary for a separation of calendar and cycle aging. 

4.2 Objectives for the Own Aging Studies 

Calendar aging plays an important role for EV batteries since they are in nonoperating condition 

most of the time. The experimental aging studies presented in this chapter had the following 

objectives: 

• Determining the predominant aging mechanisms for capacity fade and resistance increase 

• Identifying side reactions during nonoperating periods 

• Analyzing the impact of SoC on calendar aging 

• Analyzing the impact of temperature on calendar aging 

• Providing baseline degradation curves for the aging study on driving operation 

• Deducing strategies for minimizing aging during nonoperating periods 

4.3 Design of the Experimental Studies 

Two calendar aging studies were performed in parallel to the cycle aging studies to obtain baseline 

aging curves for different SoCs and temperatures. Moreover, the impact of the graphite anode was 

investigated by fine resolutions of the storage SoCs. In addition to that, side reactions were 

examined by coulometry. Figure 22 provides an overview over both aging studies, where each test 

condition was examined with one new cell.  

 

Figure 22.  Overview on the storage conditions of the two calendar aging studies.  
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The first study covered eight different SoCs and a temperature range from 10°C to 55°C. The second 

calendar aging study was conducted with an even finer SoC resolution consisting of 16 storage SoCs 

and a more extensive checkup procedure. This helped to not only determine the extent of calendar 

aging but also identify origins of capacity loss and resistance increase from calendar aging. In that 

study, storage temperatures from 25°C to 60°C were examined.  

The two studies used different methods for establishing the storage SoC, which will also be 

explained in the following sections, where the test procedures are presented in detail. In both 

studies, the cells were stored in disconnected state, as storage in open circuit condition is a 

prerequisite for Coulomb Tracking evaluations. This storage condition also represents a more 

realistic scenario for an EV, because the battery pack is explicitly disconnected by opening the relays 

in the power path when the EV is parked or when the charging procedure at the charging station 

has been completed.  

4.3.1 Calendar Aging Study I 

The first calendar aging study was conducted in parallel to the study on driving operation, which will 

be presented in Chapter 6, to separate usage-independent aging components from aging 

components related to charge-discharge cycling. In this calendar aging study, cells from the first lot 

were examined. 

4.3.1.1 Test Conditions 

This calendar aging study examined eight storage levels from completely discharged to fully charged 

condition, as illustrated in Figure 22. Furthermore, four temperatures were examined: 10°C, 25°C, 

40°C, and 55°C. Hence, 32 combinations of storage SoC and storage temperature were investigated 

in this study. Whereas the temperatures were defined with uniform intervals of 15°C, the storage 

SoCs between the fully charged and completely discharged condition were defined discretionary. 

Except for the maximum and minimum SoC, the SoCs were defined by target charging voltages for 

a CC charging procedure with a charging current of 700 mA (= C/4), as it is illustrated in Figure 22.  

4.3.1.2 Test Procedure 

For each of the four temperatures, the eight cells with different SoCs were stored in the respective 

thermal chamber. Before the test procedure and periodically throughout the entire test period, 

checkups were performed at 25°C to assess the aging progress. As illustrated in Figure 23, the 

checkup procedure contained voltage ramps for cyclic voltammetry, CCCV charging and discharging 

for capacity measurements, and pulses at 50% SoC to monitor changes in internal resistances. A 

detailed description of all checkup procedures with explicit parameter values is provided by Table 

A-4 in the appendix.  

The checkup procedure ended at 50% SoC. At this SoC, a galvanostatic EIS measurement ranging 

from 10 kHz to 10 mHz was performed with an RMS excitation amplitude of 50 mA. Finally, each cell 

was brought to its respective storage level again. Cells with a storage SoC above 50% were directly 

charged with 700 mA to the particular SoC, whereas the other cells were discharged first before 

charging to the desired storage SoC (see Figure 23b and Figure 23d). 
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Figure 23.  (a) Voltage and (c) current curves of the checkup procedure used in the first calendar aging study. 
(b,d) Charging the cells to different storage SoCs after the checkup.  

In this aging study, the cells had to be disconnected from the battery test system after the checkup 

to perform the EIS measurement at the galvanostat. After the EIS measurement, the cells were 

reconnected to the battery test system. As the checkup and the charging to storage SoC were 

performed with two separate test procedures, the second test procedure had no information about 

the actual capacity measured in the checkup. As manual adjustments of the test protocols after each 

checkup were not practicable, the storage levels were defined as voltage levels for the CC charging 

sequence instead.  

4.3.1.3 Degradation Monitoring 

To monitor changes in capacity, the actual capacity was determined as the amount of ampere-hours 

discharged during the CCCV discharging sequence. From the first calendar aging study, the charging 

ramp before the capacity measurement was also evaluated by Coulomb Tracking to determine the 

slippage of the charging and discharging endpoints. Resistance changes and differential voltage 

spectra were analyzed based on the data from the second calendar aging study. 

4.3.2 Calendar Aging Study II 

Approximately 12 months after the beginning of the first calendar aging study, a second calendar 

aging study was started with a finer SoC resolution to investigate the interdependencies between 

SoC, anode potential, and battery aging more comprehensively. Moreover, a different way of 

defining the storage SoCs was employed and more extensive checkup procedures were applied to 

identify origins of the capacity fade and the increase of internal resistances. In this study, cells from 

the second production lot were examined. 
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4.3.2.1 Test Conditions 

As illustrated in Figure 22, the storage SoCs of the second calendar aging study were defined in 

relation to the actual capacity. In total, 16 SoCs from 0% to 100% were examined. To obtain a fine 

SoC resolution, test points were defined every 10% SoC. Moreover, 5% and 95% SoC were added to 

have a finer resolution at the boundaries. As substantial differences in capacity fade were observed 

between the fourth test point (~45% SoC) and fifth test point (~62% SoC) in the first calendar aging 

study, additional test points at 45%, 55%, and 65% were specified.  

Since this study started later, its focus was on higher temperatures for accelerated calendar life 

testing. In addition to 25°C and 40°C, which were also examined in the first study, high temperatures 

of 50°C and 60°C were added. This provided a finer resolution of the accelerated aging at elevated 

temperatures between 40°C and 60°C. 

4.3.2.2 Test Procedure 

For each of the four temperatures, 16 cells with different SoCs were stored in disconnected state in 

the respective thermal chamber. For a thorough investigation of aging effects, an extended checkup 

and a standard procedure were employed. All checkups were conducted at 25°C.  

Extended Checkup Procedure 

The extended checkup, depicted in Figure 24, contained voltage ramps for cyclic voltammetry, low-

current discharging and charging for DVA, CCCV charging and discharging for capacity 

measurements, and a sequence of charging and discharging pulses repeated at ten equidistant SoC 

levels from 100% to 10% to monitor SoC-dependent changes of internal resistances.  

 

Figure 24.  Extended checkup procedure of the second calendar aging study. (a,c) Overview over the entire 
checkup procedure. (b,d) Example of the pulse test sequence which was repeated at 10 SoCs. 

The pulse sequence is illustrated in Figure 24b and Figure 24d and consisted of pairs of discharging 

and charging pulses. The discharging pulses had a duration of 10 s and amplitudes of 1 A, 3 A, and 

5 A. The subsequent charging pulses all had an amplitude of 1 A and charged exactly the amount of 

charge which was discharged by the preceding discharging pulse. Hence, the pulse length increased 
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with higher amplitude of the discharging pulse. For each discharging amplitude, three repetitions of 

the discharging and charging pulse pair were performed. The pauses between the pulses lasted 30 s. 

Again, a detailed description of the checkup procedure can be found in Table A-6 in the appendix. 

Standard Checkup Procedure 

In addition to the long-lasting extended checkup, a standard checkup was defined (see Figure 25): 

It started with an EIS measurement, contained a low-current charging sequence for DVA, a CCCV 

discharging sequence for capacity measurement, and a second EIS measurement at 50% SoC. In this 

calendar aging study, the checkup procedure was performed at a battery test system with an EIS 

multiplexer. This allowed to perform the entire test procedure, comprising the checkup routine, EIS 

measurements, and establishing the storage SoC, within the same test protocol.  

Integrating the different parts of the checkup into a single test procedure provided two advantages: 

First, the EIS measurements at 50% SoC could be performed after a defined rest period of 1 h, which 

avoided distortions from different relaxation times between charging to 50% SoC and the EIS 

measurement. Second, the actual capacity, measured during CCCV discharging, could be used to 

establish the storage SoC at the end of the test procedure automatically in relation to the actual 

capacity.  

Different Ways of Establishing the Storage SoC 

To investigate the impact of different intercalation configurations of the electrodes, two different 

ways of establishing the desired storage SoC were defined: The standard way, which was applied 

for all storage temperatures, was to reach the storage SoC from a fully discharged state. Hence, all 

cells with a storage SoC below 50% were completely discharged after the EIS measurement at 50% 

SoC before being recharged to the storage SoC (see Figure 25a and Figure 25c). The other cells, with 

storage SoCs above 50%, continued charging after the EIS measurement.  

 

Figure 25.  Standard checkup procedure of the second calendar aging study ending either with (a) charging 
or (b) discharging to the storage SoC. The examples illustrated here end at a storage SoC of 10%. 



Battery Aging during Nonoperating Periods 

 

 49 

The second way of reaching the storage SoC, which was only applied for an additional set of 16 cells 

stored at 50°C, was defined as being discharged from 100% SoC. As shown in Figure 25b and Figure 

25d, all cells were fully charged after the EIS measurement and then discharged to the particular 

storage SoC.  

The checkups were performed before the storage periods and in periodic intervals. The standard 

checkup had been performed more frequently than the extended checkup due to the long duration 

of the extended checkup procedure. As only the standard checkup included the EIS measurements 

and the establishing of the storage SoC, it was also performed after each extended checkup. The 

checkups were performed with decreasing frequency, as the degradation is typically largest in the 

first months of a calendar aging study.  

4.3.2.3 Degradation Monitoring 

The changes in capacity presented for cells from the second calendar aging study were computed 

from the CCCV discharging capacity measured in the standard checkup. The low-current charging 

sequence of the standard checkup was used to determine the slippage of the charging and 

discharging endpoints. This charging sequence was also used for the computation of differential 

voltage spectra. 

The results of the extended checkup for cyclic voltammetry, DVA, and ICA revealed that DVA was 

most suitable for the assessment of individual electrode degradation and loss of lithium inventory. 

Hence, only the results from DVA are presented and discussed in this thesis.  

Resistance changes were analyzed based on EIS measurements at 50% SoC, which were performed 

in the standard checkup. From the extended checkups, the current pulses were used to compute 

Rdc,10s resistance values to identify changes in cell resistances at 50% SoC as well as at different SoCs.  
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4.4 Results and Discussion 

The two calendar aging studies provide comprehensive insights about the degradation of lithium-

ion batteries in EVs during nonoperating periods. This section presents the results on capacity fade, 

side reactions, and increasing resistances. All time-related results are presented versus storage 

time. Storage time comprises only the time periods in the thermal chambers and excludes the 

checkup times at 25°C. At the end of this section, projections for calendar life predictions are made.  

4.4.1 Capacity Fade and Its Characteristics 

The capacity fade is typically the most important degradation effect in EVs as it limits the available 

driving range. This section presents and compares the results of both calendar aging studies to 

identify root causes for the decreasing battery capacity during nonoperating periods. 

4.4.1.1 Typical Capacity Curves 

Figure 26 shows typical capacity curves for calendar aging and presents data from cells stored at 

low, medium, and high SoC. These are results from the first calendar aging study, which covered 

storage temperatures from 10°C to 55°C. The curves demonstrate that degradation aggravates 

substantially with higher temperature. While the capacity fade after ca. 660 days of storage lies 

between 2% and 4% at 10°C, the capacity fade at 55°C amounts to 9–17%. However, the capacity 

fade does not double for every 10°C of temperature increase, as it is often considered as a rule of 

thumb, which is based on typical reaction kinetics and the Arrhenius law. For the cell type 

investigated in this thesis, the capacity fade at 55°C is about 4 times the capacity fade at 10°C. 

Furthermore, the curves in Figure 26 exhibit the characteristic shape of capacity fade from calendar 

aging, where the degradation rate is highest in the beginning and slows down over time. This shape 

is typically described with a square-root-of-time relationship [211,212]. However, the shape of the 

curves slightly differs among the different storage SoCs. Particularly for the high SoC, depicted in 

Figure 26c, a substantial capacity fade is observed at the beginning of the aging study for all storage 

temperatures.  

 

Figure 26: Capacity development of cells from the first calendar aging study stored at temperatures from 
10°C to 55°C. The capacity fade is shown for cells stored at (a) low SoC, (b) medium SoC, and (c) high SoC. 
The dotted segment of the 40°C curve represents corrected data, after the cells had been exposed to more 
than 70°C for several days due to a defect of the temperature controller of the thermal chamber.  
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4.4.1.2 Impact of the Short-Term Operating History  

When evaluating the results from the second calendar aging study, a certain impact of the short-

term operating history was observed. This is illustrated in Figure 27, where the capacity fade is 

presented for the cells stored at 25°C and 50°C. The capacity values are all obtained from standard 

checkup measurements. However, these standard checkup measurements were either performed 

after an extended checkup or directly after a storage period. This is indicated by asterisks and dot 

markers, respectively. As the degradation rate is typically highest in the beginning and decreases 

over time, checkups were performed more often in the first months of the aging study. These 

checkup measurements were mainly performed as standard checkups only, which are illustrated by 

the dot markers in Figure 27.  

Due to the two different checkup constellations, the initial conditions of the cells at the beginning 

of the standard checkup measurement procedure varied. When only the standard checkup was 

performed, the cells were at their respective storage SoC at the beginning of the checkup procedure. 

By contrast, all cells had already performed several charge-discharge cycles and had a uniform SoC 

of 50% when the standard checkup was performed after a run of the extended checkup procedure.  

Figure 27 demonstrates that these different checkup constellations directly affect the capacity 

measurements. For storage SoCs of 60% and above, an increased capacity fade is observed when 

the standard checkup is performed without a preceding run of the extended checkup. For storage 

SoCs below 20%, a lower capacity fade is observed and for the cells stored at 0% SoC, Figure 27 even 

shows a capacity increase at the beginning. As a consequence, the capacity spread between the cells 

stored at 0% SoC and the cells stored at 100% SoC is substantially larger when the standard checkup 

is performed without a preceding extended checkup. Hence, the different short-term operating 

history and the preceding storage SoC have a considerable impact on the degradation monitoring.  

 

Figure 27: Capacity development obtained by the standard checkup procedure. Asterisks indicate standard 
checkup runs performed after an extended checkup. For these runs, capacity divergence between 0% and 
100% SoC is lower than for those standard checkup runs performed directly after a storage period. 

When the standard checkup is performed after an extended checkup, the initial conditions of all 

cells are similar. As the capacity values lie closer together when the checkup procedure is performed 

from a uniform start SoC of 50%, these capacity measurements appear more representative. Hence, 

only these values are evaluated in the subsequent sections. In the first calendar aging study, there 
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was only one checkup procedure. This checkup procedure contained an initial charge-discharge 

cycle before the capacity measurement. This helped to avoid distortions from effects of the 

preceding storage SoC. 

Figure 27 also reveals that the capacity fade does not increase steadily with the SoC. Instead, groups 

of cells can be identified where the capacity fade is similar or lies close together. Such groups can 

be found particularly at medium and high SoCs and will be examined in the next section.   

4.4.1.3 SoC Regions of Similar Capacity Fade 

The finer SoC resolution of the second calendar aging helps to obtain a detailed understanding of 

the impact of SoC on battery aging during nonoperating periods. Figure 28a illustrates the capacity 

fade versus SoC for different storage periods at 25°C and 50°C. It exhibits no steady increase with 

higher SoC. Instead, there are plateau regions, covering SoC intervals of more than 20% of the cell 

capacity, in which the capacity fade is similar. There is one plateau in the high SoC region (65%–

90%) and one plateau in the mid SoC region (30%–50%). In the low SoC region (0%–30%), the 

capacity fade increases steadily with higher SoC.  

The fine SoC resolution enables a localization of the marked step between 55% and 60% SoC which 

separates the plateau regions of medium and high capacity fade for storage at 25°C. This precise 

localization has not been possible with the data from the first calendar aging study, where only the 

two test points at ca. 45% and 62% SoC were available. For storage at 50°C, the transition from 

medium to high capacity fade occurs between 55% and 65% SoC.  

Figure 28b illustrates the capacity fade also for the other two storage temperatures. Similar trends 

and plateau regions can be observed. The more noisy shape of the capacity curve for 60°C can be 

ascribed to the larger temperature inhomogeneity inside the corresponding thermal chamber, 

which was of lower quality and precision. For 60°C, the transition zone between medium and high 

capacity fade widens to 55–70% SoC.  

 

Figure 28.  Relative capacity depending on storage SoC (a) after different storage durations at 25°C and 50°C 
and (b) for different temperatures after ca. 9.5 months of storage. 

  



Battery Aging during Nonoperating Periods 

 

 53 

4.4.1.4 Different Ways of Establishing the Storage SoC 

As the initial condition of the cell at the beginning of a checkup measurement has a considerable 

impact on the degradation monitoring, two ways of establishing the storage SoC at the end of the 

standard checkup procedure were examined. The standard way was charging to the storage SoC 

from a completely discharged state; the second way was discharging to storage SoC from a fully 

charged state. For both ways, a set of 16 cells each was stored at 50°C. The checkups were 

performed after identical storage intervals for both sets of cells. The purpose of this comparison 

was to determine whether the way of establishing the storage SoC, which can lead to different 

internal distributions of the intercalated lithium, has an impact on calendar aging and on the 

capacity measurements. 

Figure 29 presents the capacity fade of both sets of cells after four different storage periods at 50°C. 

Both sets exhibit similar plateaus of high and moderate capacity fade at high and medium SoC, 

respectively. Overall, there are only minor deviations among both sets of cells. This demonstrates 

that the capacity fade does not depend on the way of establishing the storage SoC. Moreover, the 

additional partial cycle performed at the end of each standard checkup for establishing the storage 

SoC by discharging from a fully charged state has not increased degradation. 

 

Figure 29.  Comparison of the capacity fade under storage at 50°C for two sets of cells with different ways of 
establishing the storage SoC 

4.4.1.5 Reproducibility 

The two sets of cells depicted above in Figure 29 exhibit similar degradation. Cell-to-cell variation is 

almost negligible. After 9.5 months of storage, the mean difference of the 16 SoCs amounts to only 

0.1 percentage points. Moreover, there are only three SoCs that exhibit a difference greater than 

0.3 percentage points. This confirms the high uniformity of the mass-produced lithium-ion cells 

investigated in this thesis. As the aging procedure of the second set of cells started 1.5 months after 

the aging procedure of the first set of cells, these results also confirm the good reproducibility of 

the aging results. Overall, the calendar aging studies provide reliable aging curves, which can also 

be used as baseline curves in cycle aging studies to separate the contributions of calendar and cycle 

aging. 
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4.4.1.6 Insights from Differential Voltage Analysis 

To identify root causes of the capacity fade, DVA was performed. For storage at 50°C and various 

SoCs, Figure 30 depicts the differential voltage spectra after different storage periods. The length in 

x-direction of a spectrum represents the actual capacity. Although there are considerable capacity 

reductions, particularly for the higher SoCs, there are zero or only minor changes in the position of 

the central graphite peak at all SoCs. This indicates that there occur no considerable changes in the 

storage capabilities of the anode active material.  

Between 1.0 Ah and 1.5 Ah, the dV/dQ-values increase with higher capacity fades. This appears like 

an evolving hump at the left side of the central graphite peak. Moreover, the depth of the very first 

valley at ca. 0.2 Ah decreases and the cross marker, indicating the cathode peak at high SoC, shifts 

to the left. All these changes agree well with a left-shift of the entire cathode half-cell voltage curve 

(compare Figure 18, p.36). Hence, the changes in the differential voltage spectra indicate a 

horizontal displacement of the anode and cathode half-cell curve against each other, which reduces 

the available cycling window of the full-cell and causes the capacity fade. 

 

Figure 30: Differential voltage spectra for up to 290 days of storage at 50°C and various SoCs. The circle and 
cross markers indicate characteristic anode and cathode peaks, respectively. 

Evaluation of Degradation Indicators 

For a better interpretation of the differential voltage spectra and the contributions of anode and 

cathode, Figure 31 shows the fade of Qactual for eight selected cells together with the changes in the 

degradation indicators Q1, Q2, and Q3 of these cells after 9.5 months of storage. The actual capacities 

of these cells have faded between 60 mAh and 160 mAh for storage at 25°C and between 140 mAh 

and 350 mAh for storage at 50°C. This corresponds to a capacity fade of ca. 2–6% at 25°C and 5–

12% at 50°C. The analysis of Q1, Q2, and Q3 provides information about the origin of the capacity 

fade. The Q1 capacities have remained rather unchanged for all cells after the 9.5 months of storage, 
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which corresponds to the unchanged locations of the central graphite peaks observed in Figure 30. 

This demonstrates that there has been negligible degradation of the anode itself, as no or only minor 

changes of the storage capabilities of the graphite active material can be observed. For Q3, which 

represents the storage capability of the cathode active material, there are also only small changes 

detectable. In contrast to Q1 and Q3, substantial changes are observed for Q2. The absolute 

reductions in the Q2 capacities are similar to the reductions in Qactual. As the changes in the Q2 values 

indicate a shift in the electrode balancing and as the degradation of the individual electrodes has 

remained comparably low, the utilization of both electrodes decreases: The anode remains less 

lithiated at 100% SoC, where the cathode approaches its maximum permissible degree of 

delithiation; and the cathode becomes less lithiated at 0% SoC, where the anode is fully delithiated. 

This reduces the inventory of cyclable lithium. Overall, the analysis of Q1, Q2, and Q3 has shown that 

the capacity fade from calendar aging results predominantly from a shift in the electrode balancing 

related to a loss of cyclable lithium.  

 

Figure 31.  Actual capacity Qactual and degradation indicators Q1, Q2, and Q3 for the cells stored 9.5 months at 
10%, 50%, 80%, or 100% SoC in the second calendar aging study 

4.4.1.7 Impact of the Graphite Anode 

The capacity fade at all storage temperatures has not increased steadily with higher SoC, but exhibits 

plateau regions, covering SoC intervals of more than 20% of the cell capacity, in which the capacity 

fade is similar. Figure 32 compares the capacity fade of the full-cells and the anode potential 

obtained from half-cell measurements, which also exhibits several plateau regions. A strong 

correlation becomes obvious, particularly for the cells stored at 25°C. The plateaus of high capacity 

fade, which lie above 60% SoC, correspond to the lowest voltage plateau of the anode potential. 

The transition between high and medium capacity fade occurs exactly at the transition point 

between low and medium anode potential, which is located at 57% SoC for the examined cell type 

in the new condition. This point is represented by the central graphite peak in the differential 

voltage spectra, as it was shown in Figure 18. It indicates a degree of lithiation of 50%. The medium 

anode potential between 30% and 60% SoC correlates well with the medium capacity fade for these 

storage SoCs. In the low SoC regime below 30% SoC, the anode potential rises and the capacity fade 

diminishes. This correlation between anode potential and capacity fade could also be verified for 

further lithium-ion cell types with graphite anodes but different cathode materials [120]. 
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Figure 32.  (a) Anode potential over SoC from half-cell measurements. (b) Capacity fade over storage SoC for 
different storage periods. The location of the central graphite peak in the differential voltage spectrum of 
the cells in the new condition is highlighted by a dotted vertical line.  

In addition to the anode potential, the thickness of graphite anodes is also known to depend on the 

SoC. The expansion and contraction during lithiation and delithiation can cause cracks in the SEI and 

an SEI reformation, which consumes cyclable lithium. To determine whether these thickness effects 

can also be a major cause of calendar aging, the thickness changes of graphite anodes are compared 

with the observed capacity fade. Graphite anodes exhibit a largely linear expansion from 0% to 25% 

lithiation, only minor volume changes between 25% and 50% lithiation, and another linear 

expansion above 50% lithiation, where the LiC6 phase formation begins [53]. Comparing this 

thickness behavior of lithiated graphite with the observed trends in capacity fade, an 

interdependency between graphite expansion and calendar aging can be disregarded: In the high 

SoC region above the location of the central graphite peak at 57% SoC, corresponding to a lithiation 

of the graphite anode greater than 50%, a constant capacity fade is observed. The thickness of the 

graphite anode, however, is continuously expanding above the central graphite peak. If the 

observed degradation was related to volume expansion, a continuously increasing degradation 

above the central graphite peak would be observed. Thus, it is not the expansion of the graphite 

causing the accelerated degradation at higher storage SoCs. Consequently, the accelerated capacity 

fade above the central graphite peak can be ascribed to the lower anode potential, which aggravates 

electrolyte reduction and, thus, promotes SEI growth. 

For the cells stored at 50°C, Figure 32b shows a substantially higher capacity fade. Moreover, the 

transition between the different aging plateaus is not as sharp as for the cells stored at 25°C. This is 

an additional proof for the dependency of the capacity fade on the anode potential: Figure 33 

demonstrates that this effect is a result of a change in electrode balancing which shifts the SoC 

location of the central graphite peak toward higher SoCs. Figure 33a and Figure 33b repeat the 

capacity fade of the cells stored at 25 and 50°C. The two cells stored at 60% SoC are highlighted. For 

these cells, Figure 33c and Figure 33d depict the corresponding differential voltage spectra for the 

different storage periods. The locations of the central graphite peak before the storage test and 

after about 9.5 months of storage are highlighted.  
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Figure 33.  (a, b) Capacity fade over time for the cells stored at 25 or 50°C. Cells stored at 60% are highlighted, 
for which (c, d) show the corresponding differential voltage spectra. The location of the central graphite peak 
is highlighted for the new state and that following ca. 9.5 months of storage.  

The cells stored at 60% SoC were analyzed because 60% SoC lies slightly above the location of the 

central graphite peak when the cells are new. For storage at 25°C (Figure 33c), the location of the 

central graphite peak still remains below 60% SoC after 9.5 months of storage. Hence, the cell stored 

at 25°C and 60% SoC has always been in the plateau region of high capacity fade. Thus, the transition 

zone has remained between 55% and 60% SoC. For storage at 50°C (Figure 33d), a higher capacity 

fade occurs, which has been caused by a greater loss of cyclable lithium. Due to the larger shift in 

the electrode balancing, the location of the central graphite peak lies above 60% SoC after only ca. 

2 months of storage. Hence, the cell stored at 50°C and 60% SoC exhibited high capacity fade only 

during the first weeks of storage and then slipped into the regime of medium capacity fade. Thus, 

only the cells stored at 65% SoC and above exhibit the fastest capacity fade. Consequently, the 

transition zone expands to 55%–65% SoC. This clear correlation between the balancing of the 

graphite anode and the capacity fade during storage periods confirms that the anode potential has 

been the major driving force of calendar aging in this study, which aggravates electrolyte reduction 

and SEI growth.  

The identification and evaluation of a widening transition zone was only possible because storage 

SoCs related to the actual capacity were used instead of voltage levels. They allowed the anode 

potential at the investigated storage SoCs to change with aging, which resulted in different aging 

rates over time for storage SoCs slightly above the initial SoC location of the central graphite peak.  

Toward 100% SoC, Figure 33a and Figure 33b show some additional aging effects: The cells exhibit 

a somewhat increasing capacity fade from 80% to 100% SoC. As this does not correlate with the 

graphite potential, this degradation is thought to be caused by side-reactions driven by high cell 

voltage, such as oxidation of the electrolyte and transition-metal dissolution. This will be further 

examined by coulometry measurements in Section 4.4.2. 
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4.4.1.8 Comparison of Both Aging Studies 

To compare the aging results of both aging studies, Figure 34 presents the capacity fade after ca. 

9 months of storage. The results of the two studies and the different temperatures show that the 

order of the capacity fade in the low and medium SoC range (< 60% SoC) is similar for cells of the 

two studies, which stemmed from different production lots. In the high SoC range (> 80% SoC), 

however, the two groups of cells differ. In general, the capacity fade of lithium-ion cells is expected 

to increase with higher SoC. As it can be seen in Figure 34a, the capacity fade in the first aging study 

decreases again toward 100% SoC. Such a decrease is not observed in Figure 34b for the cells of the 

second aging study. Hence, it is assumed that the cells of the two productions lots were not 100% 

identical, as the aging mechanisms at high SoC differ considerably. Since the different aging behavior 

of fully charged cells can be observed at all storage temperatures, an effect solely caused by 

stochastic cell-to-cell variation within a production lot can be excluded. The origin of these 

differences is examined in the next section.   

 

Figure 34.  Capacity fade after ca. 9 months of storage at different storage SoCs and temperatures. (a) and 
(b) present the results from the two calendar aging studies performed with cells of the same type, but from 
different production lots. 

4.4.2 Identification of Side Reactions by Coulomb Tracking 

As determined by DVA, the capacity fade from calendar aging results predominantly from a shift in 

the electrode balancing which reduces the inventory of cyclable lithium. As the electrode materials 

remain largely intact, side reactions are expected to occur which affect the degree of lithiation of 

the electrodes and thus alter the balancing of the electrodes. Coulomb Tracking enables to analyze 

these aging processes. 

From the checkup data of the first aging study, Figure 35 shows representative charging curves after 

different storage periods. Cells stored at different SoCs and temperatures are compared. The 

ampere-hour value at the beginning of each charging curve represents the ampere-hour value of 

the discharging endpoint in the continuous charge balance and the ampere-hour value at the end 

of the curve is the ampere-hour value of the charging endpoint. For all six cells presented, the 

discharging endpoints shift considerably to the right; and these shifts enlarge with higher SoC and 

temperature. The shifts of the charging endpoints also increase with SoC and temperature, but they 

remain substantially smaller than the shifts of the discharging endpoints. As described in the method 



Battery Aging during Nonoperating Periods 

 

 59 

section on Coulomb Tracking (Section 3.6.2), only right-shifts of the endpoints occur as a result of 

the side reactions during the storage periods. From the varying endpoint slippage for different 

storage SoCs and temperatures, characteristics of anodic and cathodic side reactions can be derived. 

 

Figure 35.  Charging sequence after different storage durations at 25°C and 55°C used for Coulomb Tracking. 
The shifts of the ampere-hour value of the beginning and of the end of each voltage curve represent the 
slippage of the discharging and the charging endpoint, respectively. 

4.4.2.1 Minimal Cathodic Side Reactions at Low SoC  

For storage at 10% SoC (Figure 35a, b), a considerable slippage of the discharging endpoints is 

observed, whereas the charging endpoints change only marginally. The stable charging endpoints 

indicate that the extent of cathodic side reactions is very low. Thus, coupled side reactions must 

also be very low as they always include cathodic side reactions. Consequently, solely anodic side 

reactions are the predominant aging mechanism at low SoC. These side reactions, which are related 

to electrolyte reduction and SEI growth, are known to cause right-shifts of the discharging endpoints 

and this agrees well with the observed changes. 

4.4.2.2 Increasing Anodic Side Reactions with Higher SoC 

Figure 35 demonstrates that with higher SoC, the slippage of the discharging endpoint increases 

markedly. Hence, the consumption of intercalated lithium of the anode due to electrolyte reduction 

and SEI growth aggravates. This can be caused either by solely anodic side reactions or by coupled 

side reactions, which simultaneously alter the degree of lithiation of the anode and the cathode. For 

three SoCs from 45% to 100% SoC, Figure 36 illustrates the overall capacity fade over time and the 

respective contributions of both endpoint shifts. The shifts of the discharging endpoints, presented 

in Figure 36g-i, exhibit that the rate of the endpoint slippage decreases with time. This is in good 

agreement with the supposed passivation layer growth, which slows down successively over time. 

As the anode potential decreases from 45% SoC to 75% SoC (see Figure 32a), increasing anodic side 

reactions occur as expected. If the slippage of the discharging endpoint was caused by solely anodic 
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side reactions, it should depend directly on the anode potential. Then, the endpoint shifts for 75%, 

80%, and 100% SoC should be similar, as the anode potential remains constant for these SoCs. 

Instead, considerably larger shifts of the discharging endpoints are observed at 100% SoC. 

Consequently, there must be increasing coupled side reactions toward 100% SoC.  

 

Figure 36.  (a)-(c) Capacity fade, (d)-(f) shift of the charging (top) endpoint, and (g)-(h) shift of the discharging 
(bottom) endpoint for different storage SoCs. Different temperatures are shown for study I (left and center 
column); and cells from different production lots are compared for the storage temperature of 25°C (center 
and right column).  

4.4.2.3 Coupled Side Reactions above 80% SoCs 

In addition to the slippage of the discharging endpoint, Figure 36d-f shows the slippage of the 

charging endpoint. It is moderate or small for storage SoCs up to 80%. For storage at 100% SoC, 

however, increased shifts of the charging endpoints are observed at all temperatures. This indicates 

aggravating cathodic side reactions. As described above, there are also larger shifts of the 

discharging endpoints for storage at 100% SoC. This supports the assumption of coupled side 

reactions, e.g., from transition metal dissolution at the cathode and a reduction of the dissolved 

transition metal ions at the anode. As it can be seen in Figure 36f and Figure 36i for the shifts of the 

charging and the discharging endpoints of the cells from the second aging study, the differences 

between the curves for 80% and 100% SoC are similar. This confirms the assumption of a crosstalk 

between both electrodes which leads to coupled side reactions that alter the degree of lithiation of 

both electrodes. Deshpande et al. [183] reported interactions between the side reactions at both 

electrodes: A lithium-ion cell with the electrolyte additive vinylene carbonate (VC) exhibited lower 

anodic as well as cathodic side reactions than a reference cell without VC in the electrolyte. The 

authors suggest that reaction products from anodic side reactions migrate to the cathode and 

intensify cathodic side reactions. From our observations, the opposite direction appears more likely: 

As the anode potential remains constant in the high SoC regime between 70% and 100% SoC, the 

amount of reaction products from anode-initiated side reactions can be regarded as similar. Thus, 
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there is no source for intensified crosstalk behavior toward 100% SoC. At the cathode, however, 

side reactions – comprising electrolyte oxidation and transition-metal dissolution – aggravate with 

higher potential. Hence, the successively increasing cathode potential toward 100% SoC is regarded 

as a source of intensified crosstalk because an increasing amount of reaction products is generated 

at the cathode, which can migrate or diffuse to the anode and consume intercalated lithium there. 

This causal relationship also accords well with the above-mentioned reductions in anodic and 

cathodic side reactions when adding VC to the electrolyte, as VC is known to inhibit cathodic side 

reactions [189,213].  

4.4.2.4 Additional Cathodic Side Reactions in the First Aging Study  

The comparison of both aging studies also confirms that the cathodic side reactions do not rely on 

reaction products from anodic side reactions. According to Figure 36h and Figure 36i, the shifts of 

the discharging endpoints at 25°C are similar in both aging studies, which represents similar anodic 

side reactions. The shifts of the charging endpoints, however, are only similar for SoCs up to 80% 

and differ considerably for storage at 100% SoC. At 100% SoC, the shifts of the charging endpoints 

are substantially larger in the first aging study, which indicates intensified cathodic side reactions, 

although the anodic side reactions are similar. Consequently, there must be additional, solely 

cathodic side reactions. As introduced in section 3.6.2 on the effects of solely cathodic side 

reactions, they increase the actual capacity as they cause a reversible capacity fade together with a 

right-shift of the charging endpoint. Since the actual capacity corresponds to the difference between 

charging endpoint and discharging endpoint – which limit the inventory of cyclable lithium – it is 

directly affected by the slippage of both endpoints. The double arrows in Figure 36 illustrate the 

changes in the actual capacity resulting from the endpoint shifts. The arrows demonstrate that the 

irreversible capacity fade during storage is mainly caused by the slippage of the discharging 

endpoint, ascribable to electrolyte reduction and SEI growth, which reduces the inventory of 

cyclable lithium. Solely cathodic side reactions, which cause a reversible self-discharge, can relieve 

this reduction by right-shifting the charging endpoint. These side reactions are supposed to be 

oxidative processes which generate no reaction products affecting the anodic side reactions. Such 

solely cathodic side reactions explain why a lower capacity fade is observed in the first aging study 

for storage at 100% SoC than for storage at 75% SoC (see Figure 34a), independent of the storage 

temperature. As these cathodic side reactions are not observed in the second study, it is assumed 

that slight changes in the functional materials, such as modifications of the electrolyte and its 

additives, have reduced the cathodic side reactions of the cells examined in the second aging study, 

which were produced several months later. 
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4.4.3 Increase of Internal Cell Resistances 

As battery aging and the corresponding side reactions do not lead to a capacity fade only but also 

to rising internal resistances, this section evaluates the resistance changes during nonoperating 

periods. Results from the second calendar aging study are presented as this study provides the finer 

SoC resolution and a more detailed examination of cell resistances. In the standard checkup 

measurements of the second calendar aging study, the resistance changes at 50% SoC were 

monitored by impedance measurements. In the extended checkup measurements, DC pulse 

measurements were performed at 10 SoCs between 100% and 10% to detect SoC-dependent 

resistance changes.  

4.4.3.1 Impedance Spectra 

For an overview over the changes of different resistance contributions, the impedance spectra 

obtained by EIS measurements at 50% SoC for new and aged cells are compared in Figure 37. This 

figure contains the impedance spectra of 16 cells which were stored at 50°C with different SoCs. 

Figure 37a shows the impedance before the first storage period. The 16 spectra are very uniform, 

which confirms the high production quality of the cells with very minor variation. The impedance 

variations amount to only 2%.  

 

Figure 37.  Impedance spectra at 25°C and 50% SoC (a) before and (b) after about 290 days of storage at 50°C  

Changes in the Impedance Spectra of Aged Cells 

Figure 37b contains the impedance spectra after a storage time of about 290 days at 50°C. The 

impedances at 1 kHz, where the imaginary part is very close to zero, are highlighted to illustrate 

changes in ohmic resistance contributions. For storage SoCs above 70%, an increasing shift of the 

1 kHz impedance points to the right can be observed, which indicates increasing ohmic resistances.  

In the medium frequency range of the aged spectra, a considerable growth of the second capacitive 

semicircle can be observed. This growth occurs most pronouncedly for storage SoCs above 30% and 

increases further with higher SoCs. The frequency range of this semicircle is dominated by 

contributions from the charge transfer reaction of the cathode, as it has been demonstrated by half-

cell reconstructions (see Figure 9, p.25). Hence, the impedance spectra reveal an increasing cathode 

degradation with higher SoC. 
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In Figure 37, the impedances at 10 mHz are also highlighted to obtain an indicator for the overall 

impedance changes, covering changes in ohmic resistances, passivation layers, charge transfer 

resistances, and diffusion resistances.  

Evaluation of Rac Values for High and Low Frequencies 

The real parts of the 1 kHz and 10 mHz impedances are also illustrated in Figure 38 for the cells 

stored at 25°C and 50°C. The values depicted in Figure 38b correspond to the impedance points 

highlighted in Figure 37. Whereas the impedance increase at 25°C is low and exhibits only a slight 

increase toward 100% SoC for Rac,10mHz , more pronounced changes can be observed at 50°C. The 

Rac,1kHz values exhibit a continuous increase above 80% SoC. These changes indicate increasing ohmic 

cell resistances, which can be related to a reduced electrolyte conductivity.  

For the Rac,10mHz values, a rather linear resistance increase can be observed between 30% SoC and 

70% SoC, which is followed by an even more pronounced resistance increase above 80% SoC. As 

observed in the impedance spectra, this can be mainly ascribed to increasing cathodic charge 

transfer resistances. Due to the rising ohmic resistances above 80% SoC, the Rac,10mHz values 

automatically have to increase as well. However, their increase is even larger than the increase of 

the Rac,1kHz values. Hence, further resistance contributions from increasing charge transfer 

resistances or diffusion resistances have to apply here. 

 

Figure 38.  Changes in cell impedances after ca. 9.5 months of storage at (a) 25°C and (b) 50°C. (c) and (d) 
exhibit the corresponding capacity fade.  

Comparison of Resistance Increase and Capacity Fade 

Figure 38c and Figure 38d show the corresponding capacity fade of the cells stored at 25°C and 50°C, 

respectively. This demonstrates that there is no clear correlation between the capacity fade and the 

resistance increase. In the resistance curves, there is no plateau of medium aging at medium SoC 

and no plateau of high aging at SoCs above 65%. Thus, the capacity measurements and impedance 
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analyses detect different aging effects and might reveal separate aging mechanisms, which only 

correlate partially.  

Only the slight increase of capacity fade above 80% SoC appears to correlate with the increases in 

the Rac,1kHz values. As the anode potential is constant in this SoC region, these aging effects are 

thought to be driven by cathodic side reactions which increase with higher cell voltage. As already 

identified by Coulomb Tracking, coupled side reactions occur at very high SoC. As the Rac,1kHz values 

increase notably, a considerable amount of electrolyte components seem to be consumed by these 

side reactions, which reduces its conductivity and increases ohmic cell resistances. The DVA results 

have also revealed that there is some reduction in the storage capability of the cathode active 

material for storage at high SoC, particularly at elevated temperature. The combination of these 

findings supports the argumentation that transition metal dissolution occurs at the high SoCs, as 

this causes a capacity degradation of the cathode as well as coupled side reactions.  

Impact of Different Ways of Establishing the Storage SoC and Repeatability 

In analogy to the capacity analyses, the two sets of cells stored at 50°C, which were brought to their 

storage SoCs on different charge-discharge paths, provide information about the sensitivity of the 

resistance increase to different charge-discharge histories which can lead to different internal 

distributions of the intercalated lithium. Figure 39 shows the development of Rac,1kHz and Rac,10mHz 

with respect to the respective value in the new condition. For both resistances, no considerable 

differences can be identified among the two sets of cells as the differences lie below the differences 

of the two cells stored at 100% SoC, which were exposed to the exactly the same charge-discharge 

procedure throughout the entire aging study. Hence, there is no impact of the way of establishing 

the storage SoC on resistance changes.  

Moreover, the curves demonstrate a good repeatability of the results as there are only very minor 

resistance deviations among the two sets of cells. Hence, the capacity as well as the resistance 

curves from calendar aging confirm a high uniformity of the cells examined in this thesis. 

 

Figure 39.  Comparison of resistance rise of (a) Rac,1kHz and (b) Rac,10mHz for the two sets of cells stored at 50°C, 
which had different directions for establishing the storage SoC. 
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4.4.3.2 DC Resistances 

In the extended checkup measurements of the second calendar aging study, current pulses with a 

length of at least 10 s and different amplitudes were applied to the cells at various SoCs. Each 

sequence combining a charging and discharging pulse was repeated three times. For a comparison 

of the resistance measurements in time domain with the EIS results obtained in the frequency 

domain, the Rdc,10s values computed from the pulses at 50% SoC are evaluated in this section. In the 

subsequent section, also pulses at other SoCs are evaluated to determine SoC-dependent resistance 

changes. 

Figure 40 illustrates the relative changes of Rdc,10s over storage SoC for different storage times at 

25°C and 50°C. Furthermore, it compares the resistance changes obtained from the different current 

amplitudes. After each discharging pulse of –1 A, –3 A, or –5 A, a charging pulse with +1 A followed, 

which recharged exactly that amount of charge which was discharged by the preceding discharging 

pulse to keep the SoC level constant. Between each two pulses, there was a short pause of 1 min. 

As the results of all charging pulses were similar, the results from the third group of +1 A charging 

pulses, after the –5 A discharging pulses, were omitted in Figure 40 for clarity. Since the results from 

the three repetitions of each discharging and charging pulse pair were also similar, only the results 

from the first pulses are presented here. 

 

Figure 40.  Changes of internal resistances identified by Rdc,10s values at 50% SoC which were computed (a-c) 
from discharging pulses (–1 A, –3 A, –5 A) and (d-e) from charging pulses with constant amperage (+1 A) which 
followed after the discharging pulses with different pulse currents. 

Impact of the Pulse Amplitude 

The different current pulses exhibit the impact of the pulse amplitude and the direction of current 

flow on the changes of the internal cell resistances. As illustrated in Figure 40, the different current 

pulses all exhibit similar resistance changes for the different storage SoCs and storage temperatures. 

Only for the cells stored at a high SoC, a somewhat smaller resistance increase is obtained with 

higher pulse currents. The results from the –3 A and –5 A pulses exhibit somewhat more steady 
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trends with respect to SoC, particularly for the smaller changes at the storage temperature of 25°C. 

This can be explained by a better signal-to-noise ratio for the higher currents. Overall, Figure 40 

demonstrates that the current amplitude has no considerable impact on the resulting resistance 

changes computed from the checkup data. To obtain a compromise between measurement 

accuracy and minimizing the impact on the cell, the discharging pulses with –3 A are selected for 

further evaluations. Hence, the following analyses present Rdc,10s values obtained from the first 

discharging pulse with –3 A. 

Comparison of EIS and Current Step Response Analysis 

In Figure 41, the results from EIS and current step response analysis are compared. Rac,10mHz and 

Rdc,10s reveal rather similar aging characteristics with respect to storage SoC and temperature. 

Hence, both resistance values are suitable indicators to detect changes in the overall cell resistance, 

which comprises ohmic resistances, passivation layers, charge transfer resistances, and diffusion 

resistances. The explicit values for the resistance changes obtained by Rdc,10s are somewhat higher 

than that obtained by Rac,10mHz. This might be a result from the higher charge throughput of the 

current pulse, which can reveal changes in diffusion resistances more pronouncedly.  

As the Rdc,10s measurements reveal the same aging trends as the Rac,10mHz values from EIS, pulse 

measurements – as part of the checkup routine at the battery test system – can substitute the low-

frequency EIS measurements, which are very sensitive to varying relaxation times. Since the pauses 

before the current pulses can be precisely controlled by the battery test system, the evaluation of 

Rdc,10s values avoids distortions from varying relaxation times. The changes in the purely ohmic 

behavior of the cells, however, are usually difficult to detect with pulse measurements at 

conventional battery test systems, as this requires current pulses with steep and well-defined edges 

as well as current and voltage measurements of high sampling rate, considerably above 1 kHz. Thus, 

impedance measurements were preferred for the high-frequency domain. Furthermore, the Rac,1kHz 

values were not affected by varying relaxation times. 

 

Figure 41.  Comparison of changes in (a) Rac,10mHz from EIS and (b) Rdc,10s from –3 A discharging pulses for 
different storage periods at 25°C and 50°C 

4.4.3.3 SoC-Dependent Resistances 

In many aging studies in the literature, resistance changes are only monitored at one SoC. In this 

section, resistance changes are examined at various SoCs. The extended checkup applied in the 
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second calendar aging study included pulse sequences at 10 SoCs, ranging from 100% to 10%. Figure 

42 shows the development of Rdc,10s measured at 25°C and different SoCs. The absolute values are 

shown as there are substantial resistance variations with SoC. Particularly at very low SoC and very 

high SoC, the Rdc,10s values are considerably higher than at medium SoC range, even when the cells 

are new. Again, the resistance curves do not exhibit strong correlations with the plateau regions of 

medium and high capacity fade. 

Similar Resistance Changes Between 30% and 80% SoC 

In the medium SoC range between 30% and 80%, Figure 42c-f shows that the resistance changes 

are similar to the results presented for 50% SoC in the previous section. This highlights that 

resistance measurements in this SoC region are very robust, as they are not affected notably by SoC 

changes. This observation can also explain why EIS measurements at 50% SoC delivered the same 

results even when the excitation amplitude was changed by a factor of more than 30, as presented 

in Figure 11 (p. 28). 

 

Figure 42: Absolute values of internal resistances measured at different SoCs resulting from different storage 
SoCs and storage temperatures. The Rdc,10s values depicted were obtained from –3 A discharging pulses of the 
extended checkup procedure, performed at 25°C.  

Increasing Resistances at High SoCs Above 80% 

At high SoCs of 100% or 90%, Figure 42a and Figure 42b demonstrate that the resistance increase 

aggravates with higher storage SoC for all storage SoCs above 30%. For the cells stored at 30% SoC 

and below, the resistance changes are similar. As higher SoCs of a lithium-ion cell correspond to 

higher degrees of delithiation of the cathode and as there is a maximum permissible degree of 

delithiation for the cathode, the rising cathode potential determines the end of charge under regular 

conditions. At 100% SoC, the cathode approaches its maximum permissible degree of delithiation, 

whereas the anode could still be further lithiated, since the anode is generally oversized. As the 
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utilization of the anode decreases with higher capacity fade, due to the loss of cyclable lithium, it is 

unlikely that the increasing resistances at high SoCs originate from a graphite anode which becomes 

less lithiated. Hence, the substantially increasing resistances observed by the Rdc,10s measurements 

at high SoCs of 100% and 90% are ascribed to the degradation of the NCA active material of the 

cathode. 

Resistance Changes at Low SoC  

The reduced utilization of both electrodes due to the loss of cyclable lithium can also explain the 

resistance changes at very low SoC. Figure 42h reveals decreasing resistances at 10% SoC for the 

cells stored at 50°C. In the new condition, the resistances measured at 10% lie substantially above 

those of the aged cells. Investigations on graphite anodes and NCA cathodes showed that the 

increasing resistances toward lower SoCs originate largely from increasing cathode resistances, 

when the cathode approaches its fully lithiated state [76]. As the degree of lithiation of the cathode 

decreases with higher capacity fade due to a lower utilization of the electrodes, the cathode at 10% 

SoC is less lithiated for an aged cell than for a new cell. As the lower degree of lithiation entails a 

lower resistance of the NCA cathode in this case, the shift of the electrode balancing caused by the 

loss of cyclable lithium is responsible for the decreasing Rdc,10s values at 10% SoC for the cells stored 

at 50°C.  

Overall, the resistance changes measured at different SoCs confirm that the degradation of the NCA 

cathode is the main driver of resistance increase for the lithium-ion cells examined in this thesis. 

4.4.4 Aging Projections 

To estimate the calendar life of a lithium-ion battery, the measurement data from experimental 

studies are typically extrapolated. As the capacity, which determines the driving range, is typically 

more important for an EV than the maximum power capability, this section presents calendar life 

projections based on the capacity fade. Since the capacity fade usually decreases over time and is 

typically described by a square-root-of-time behavior, this relationship is examined before the 

calendar life projections are performed. 

4.4.4.1 Square-Root-of-Time Behavior 

To verify the expected square-root-of-time characteristic of the capacity fade, the results from the 

first calendar aging study, which provides a longer test period than the second study, are presented 

in Figure 43. The capacity fade is depicted versus the square-root of storage time for three different 

SoCs. A linear capacity fade is expected in this representation when the degradation follows a 

square-root-of-time relationship. For the data presented in Figure 43, a linear degradation can be 

identified as a first approximation when the first checkup point is neglected. Furthermore, some 

degradation curves, particularly those obtained at low temperature, reveal a certain change in slope 

before a rather constant degradation can be observed. The data points after about 1 year of storage 

exhibit constant degradation rates. Thus, they are suitable for extrapolation. The dashed lines 

illustrate the linear extrapolation that was performed based on the last five data points in the 

square-root-of-time representation.  
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The curves of 40°C exhibit a step in the capacity at about 300 days of storage. Due to a relay failure 

of the temperature controller, the cells had been exposed to a storage temperature of more than 

70°C for about 2–3 days inside the thermal chamber. This led to an accelerated degradation of the 

cells. To obtain steady degradation curves without this step, the capacity values after the incident 

were shifted vertically by a constant offset value for each cell. However, this cannot fully 

compensate the effects of the high-temperature incident. Figure 43 reveals a changing slope of the 

capacity fade and the degradation rate after 300 days appears to be slightly higher.  

 

Figure 43.  Capacity fade from calendar aging at different temperatures with respect to the square-root of 
time for (a) low SoC, (b) medium SoC, and (c) high SoC. The dotted segment at 40°C represents vertically 
shifted data and the dashed lines illustrate the extrapolated capacity fade based on the five last data points.  

4.4.4.2 Calendar Life Prediction 

Calendar life projections are performed for 10°C since the annual mean temperature in Germany 

lies around 10°C [214,215]. Moreover, calendar life is extrapolated for 25°C to estimate the capacity 

fade during nonoperation periods in warmer climate areas. Based on the extrapolations shown in 

Figure 43, the calendar aging curves were extrapolated to 20 years of storage in Figure 44, which 

corresponds to a square-root-of-time value of 85 days1/2. 

  

Figure 44.  Projected capacity fade for up to 20 years of storage at different temperatures for (a) low SoC, (b) 
medium SoC, and (c) high SoC.  
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The USABC EV battery goals demand a battery life of 15 years. For the cell type examined in this 

thesis, the contributions of calendar aging amount up to 9% capacity fade for 15 years at 10°C and 

up to 16% capacity fade for 15 years at 25°C. When reducing the SoC to a medium level around 50%, 

the capacity fade decreases to 6% for 10°C and to 10% for 25°C. This demonstrates that keeping the 

SoC at a low or medium level during nonoperating periods extends the battery life considerably. 

When avoiding long time periods at high SoCs, the capacity fade owing to calendar aging can be 

kept below 10% for a typical vehicle life.  

4.5 Conclusions  

Loss of Cyclable Lithium Dominates Calendar Aging 

The two experimental studies on calendar aging of lithium-ion batteries have shown that the 

capacity fade during nonoperating periods results predominantly from side reactions which reduce 

the inventory of cyclable lithium. DVA has disclosed that there is zero or only minor degradation of 

the storage capabilities of the individual electrodes, but a substantial shift in the electrode 

balancing. The capacity fade resulting from the loss of cyclable lithium leads to a decreasing driving 

range for the EV. 

Anode Potential is the Main Driver for Capacity Fade 

A strong correlation between the capacity fade and the anode potential has been shown for 

calendar aging. As a consequence, the capacity fade does not increase steadily with the SoC. Instead, 

plateau regions, covering SoC intervals of more than 20%–30% of the cell capacity, have been 

observed in which the capacity fade is largely constant. Higher temperatures and lower anode 

potentials were identified as the main drivers of capacity fade during storage periods, whereas no 

effects from anode volume changes or different charge-discharge paths for reaching the storage 

SoC were observed. In the high SoC regime where the graphite anode is lithiated more than 50%, 

the low anode potential accelerates the loss of cyclable lithium and leads to the fastest degradation.  

Coulomb Tracking has confirmed that anodic side reactions are the main aging mechanism behind 

the capacity fade, as they lead to a slippage of the discharging endpoint which reduces the inventory 

of cyclable lithium and the utilization of the electrodes. These results confirm that electrolyte 

reduction and SEI growth at the anode are the predominant aging mechanisms responsible for the 

irreversible capacity fade of calendar aging.  

Cathodic Side Reactions Causing Self-Discharge and Crosstalk Effects 

At high SoCs, Coulomb Tracking has revealed some additional cathodic side reactions, which cause 

a reversible self-discharge. Moreover, a crosstalk between both electrodes has been observed, 

where cathodic side reactions entailed intensified anodic side reactions. This has led to a somewhat 

higher capacity fade for the high SoCs in the second calendar aging study. In the first aging study, 

however, a decreasing capacity fade has been observed for the cells stored above 80% SoC. The 

reason for this could be determined by Coulomb Tracking: Additional, solely cathodic side reactions 

at very high SoC caused a larger slippage of the charging endpoint which extended the inventory of 

cyclable lithium. This relieved the diminishing inventory of cyclable lithium and, thus, reduced the 

irreversible capacity fade. However, the overall aging reactions increased in that case due to the 

reversible self-discharge caused by the cathodic side reactions.  
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Reduced Electrolyte Conductivity at High Storage SoCs 

In addition to the capacity fade, resistance increases were also examined. From impedance 

spectroscopy measurements, a correlation between the increase of ohmic cell resistances and the 

coupled side reactions occurring at SoCs above 80% could be derived. This has indicated a 

consumption of a considerable amount of electrolyte components. A certain degradation of the 

storage capabilities of the cathode was also observed by DVA, which supports the argumentation 

that transition metal dissolution is the reason for the increasing high-frequency resistances and the 

somewhat faster capacity fade toward 100% SoC.  

Increasing Charge-Transfer Resistances of the NCA Cathode 

The comparison of low-frequency impedance measurements and the evaluation of current step 

responses in the time domain has demonstrated that both methods reveal the same aging trends 

for the overall cell resistances. Moreover, the results have exhibited only very minor dependency 

on the current amplitude. Thus, simple current pulse measurements in time domain can substitute 

low-frequency impedance measurements, which are very prone to variations in relaxation time. For 

the pulse measurements, identical relaxation times in all checkup measurements can easily be 

maintained by the battery test system, which executes the entire checkup procedure. The changes 

in the low-frequency resistances, which cover changes in ohmic resistances, passivation layers, 

charge transfer resistances, and diffusion resistances, have revealed that there is a considerable 

increase in the charge transfer resistance of the NCA cathode for storage SoCs above 40%. However, 

these resistance changes do not correlate with the capacity fade. Overall, cathode degradation has 

been identified as main driver for increasing cell resistances. Performing resistance measurements 

at various SoCs has also revealed that the effects of cathode degradation on the overall cell 

resistance can be observed particularly strongly at high SoCs. For EV applications, the increasing 

resistances lead to higher voltage drops during driving periods, which can lead to a reduced 

discharge power of the battery. Moreover, the end of discharge can be reached earlier with 

markedly increasing battery resistances. This leads to a reduction in acceleration performance and 

also in driving range. 

Minimizing Battery Aging in Nonoperating Periods 

To reduce battery aging during nonoperating periods, lithium-ion batteries should be kept at a low 

temperature and at SoCs which lie below the SoC location of the central graphite peak in the 

differential voltage spectrum. This avoids storage periods at lowest graphite potential, which leads 

to fastest capacity fade. The location of the central graphite peak can change with the aging of the 

battery. For cells stored at 50°C, the location of the central graphite peak has shifted from 57% SoC 

in the new condition to 62% SoC after a capacity fade of ca. 9%. Thus, the EV battery should be kept 

at a low temperature and at a low or medium SoC during nonoperating periods. When avoiding long 

time periods at high SoCs, the capacity fade owing to calendar aging can be kept below 10% for a 

typical vehicle life of 15 years.  
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5 Impact of Charging Protocols on Battery Aging  

In addition to calendar aging during nonoperating periods, the lithium-ion battery of an EV also ages 

by cycling operation. This chapter focuses on the aging caused by the charging process. Charging 

means a deintercalation of lithium from the cathode and an intercalation of lithium into the anode. 

Toward the end of the charging process, the cathode approaches its maximum permissible degree 

of delithiation which must not be exceeded to maintain the structural integrity of the cathode active 

material. In addition to that, the intercalation process of lithium into the graphite anode is 

considered as a critical step, particularly for fast charging with high currents and for charging at 

lower temperatures. Under these conditions, large drops of the anode potential are known to cause 

lithium plating [32,48]. This undesired reaction at the anode can be regarded as the major 

degradation mechanism when charging lithium-ion batteries. Side reactions between plated lithium 

and the electrolyte lead to a shift in the electrode balancing owing to a loss of cyclable lithium, which 

reduces the capacity of the battery. 

To analyze the charging-induced battery degradation, an aging study comparing different charging 

protocols was conducted. This chapter provides a general overview over charging protocols for 

lithium-ion batteries and presents the charging protocols selected for the experimental study. 

Moreover, it presents the explicit details on the test procedure and the parameter variations 

examined, such as charging current and charging voltage. The results provide valuable insights into 

major degradation mechanisms and ways for optimizing the charging procedure of EVs to prolong 

the battery life. Moreover, this study provides first insights on the impact of cycle depth on battery 

degradation. 

5.1 Insights from the Literature on Charging Methods 

This section provides an overview on charging methods applied for lithium-ion batteries. In general, 

optimized charging procedures aim to provide a short charging time and a good capacity utilization 

while maintaining a long cycle life. This sections presents a classification of charging protocols into 

five main categories: CCCV charging, multistage constant current (MSCC) charging, pulsed charging, 

boost charging (BC), and other charging protocols. 

5.1.1 Constant Current Constant Voltage Charging 

The standard charging protocol for lithium-ion cells is CCCV charging [216]. Figure 45a illustrates the 

two phases of CCCV charging: At first, the cell is charged with a constant current Ich, until the cell 

voltage reaches the specified charging voltage Vch. Then, the cell voltage is kept constant at Vch, 

entailing a continuous reduction of the charging current. This CV phase is terminated, when the 

charging current drops below a predefined threshold value Iend or when a predefined maximum 

charging time tmax is exceeded. The speed of the charging process is mainly influenced by Ich; the 

capacity utilization is determined by Vch and Iend. As demonstrated by Choi et al. [217], higher 
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charging voltages and higher charging currents can deteriorate cycle life considerably. Thus, it is 

necessary to choose Ich and Vch appropriately to minimize degradation. 

Setting Iend = Ich results in sole CC charging, which is considered as a special case of CCCV charging 

within this classification of charging protocols. Due to the missing CV phase, the capacity utilization 

for sole CC charging is generally lower. High capacity utilization with sole CC charging can only be 

achieved with very low charging currents. As this extends charging times massively, CCCV charging 

is usually preferred to CC charging. 

 

Figure 45: Schematic illustration of (a) constant current constant voltage and (b) multistage constant current 
charging protocols 

5.1.2 Multistage Constant Current Charging 

In MSCC charging (Figure 45b), the CV phase of the CCCV protocol is replaced by a series of CC 

periods with monotonic decreasing charging currents (Ich1 > Ich2 > … > IchN) [218,219]. Each time the 

cell voltage reaches the charging voltage Vch, the charging current is reduced to the next level. The 

charging process is terminated, when Vch is reached at the lowest current stage IchN. The MSCC 

protocol is an approximation of CCCV charging, which reduces implementation costs as no 

additional circuitry or software algorithms for voltage regulation are required. The speed of the 

charging process and the capacity utilization can be adjusted by the same means as for CCCV 

charging. Due to the stepwise reduced charging current, MSCC charging is somewhat slower than 

CCCV charging with the same initial and final charging currents (Ich1 = Ich, IchN = Iend). 

5.1.3 Pulsed Charging 

As an alternative to CC or CV charging, several pulse charging profiles can be found in literature. 

They base on periodic changes in amperage and/or direction [220]. The charging current can be 

reduced, interrupted, or replaced by short discharging pulses for a certain period of time. In this 

overview, two categories of pulsed charging protocols are distinguished: Charging protocols where 

the CV phase from CCCV charging is replaced by pulsed charging and charging protocols consisting 

solely of pulsed charging.  

5.1.3.1 Constant Current + Pulsed Charging 

Figure 46a illustrates constant current + pulsed charging (CCPC), where pulsed charging replaces the 

CV phase of CCCV charging [221]. The lithium-ion cell is charged with a constant current Ich until a 
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predefined voltage level Vswitch is reached. Then, the charging mode changes to pulsed charging: 

Charging pulses of amperage Ich and duration tpulse are applied to the cell. After each pulse, the 

current flow is interrupted, until the cell voltage has dropped below Vfloat again. Usually, a minimum 

pause length tpause,min is also specified. In most implementations, Vswitch and Vfloat are identical. With 

increasing SoC, the pauses become longer. Typical values for minimum pulse and pause lengths lie 

between 0.1 s and 0.5 s [222]. The charging procedure is terminated when the pause after a 

charging pulse exceeds a predefined time span tpause,max.  

 

Figure 46: Schematic illustration of (a) constant current + pulsed charging and (b) pulse charging protocols 

This charging protocol can be implemented at very low cost, as it requires neither voltage control 

nor variable charging currents. Capacity utilization and cycle life depend on Vfloat and tpause,max: 

Setting Vfloat close to the maximum voltage specification (Vmax) of the lithium-ion cell and increasing 

tpause,max maximizes capacity utilization. However, this can deteriorate cycle life, as the charging 

pulses lead to an exceedance of Vmax for a certain period of time. 

5.1.3.2 Pulse Charging 

In addition to CCPC protocols, there are also the pulse charging (PC) protocols, where the entire 

charging procedure is performed by charging pulses [220,223]. Figure 46b illustrates such a PC 

profile, where the current alternates between Ihigh and Ilow. The time period ttotal = thigh + tlow and the 

duty cycle D = thigh / ttotal define the shape of the pulse profile. There can also be a change of the pulse 

parameters during the charging process, such as a decreasing charging current or duty cycle toward 

higher SoCs [224]. Reaching a predefined charging voltage Vend terminates the charging procedure. 

The combination of Ihigh and Vend determines the capacity utilization. In Ref. [220], pulse frequencies 

ranged between 100 Hz and 0.2 Hz. 

The motivation of PC protocols is to reduce gradients in the lithium-ion distribution and eliminate 

concentration polarization [223]. Some studies report beneficial effects of PC for lithium-ion 

batteries, such as reduced diffusion resistance, better active material utilization, improved cycle life, 

and reduced charging time, as a CV phase becomes redundant [33,223,225]. Other studies, 

however, showed that PC had no or even detrimental effects on the performance and cycle life of 

lithium-ion batteries [220,226]. Numerical simulations based on a 1D physicochemical model 

indicated that pulse charging with fixed frequency and fixed duty cycle does not have any 

advantages over CC charging with the same mean charging current [33,224]. Another study showed 

that for an identical mean current, losses rose and efficiency decreased with an increasing deviation 
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of the charging current from a CC profile [220]. Purushothaman et al. [224] and Fan et al. [227] 

presented specific PC profiles with low or decreasing charging currents which reduced battery aging. 

However, it was not analyzed whether the improved cycle life was a benefit from PC or simply a 

result of the reduced mean charging current or reduced cycle depth of these profiles.  

In a preliminary study on charging protocols [121], it could be demonstrated for different high-

power lithium-ion cells that the cycle life obtained with PC is similar to CCCV charging with the same 

mean charging current and the same cycle depth. Furthermore, capacity utilization was always 

lower for PC, as the maximum voltage was reached earlier due to the pulses with higher current.  

5.1.4 Boost Charging 

BC is derived from CCCV charging and features an additional CC or constant power interval at the 

beginning of the charging process [228]. This additional boost interval shall reduce charging time 

without deteriorating cycle life, as the batteries are less susceptible to lithium plating at lower SoC. 

In Figure 47a, the cell is charged with a high current Iboost in the beginning, until a substantial amount 

of charge is transferred into the cell. The boost interval is either limited by a time value tboost or a 

maximum voltage Vboost. It can also be implemented as a CCCV period defined by these three 

parameters. After the boost interval, the charging procedure changes to a conventional CCCV 

protocol with the parameters Ich, Vch, and Iend. The charging speed can be adapted by Iboost and tboost. 

Moreover, the same rules for adjusting capacity utilization and charging speed as for CCCV charging 

apply here. 

P. Notten et al. [228] showed that a lithium-ion cell could be charged substantially faster with a BC 

protocol, while providing the same cycle life as a cell that was charged with a standard CCCV 

protocol without the high boost current in the beginning. Another study from D. Anseán et al. [229] 

also attributed short charging time and good cycle life to a BC protocol. However, none of the 

studies compared the BC protocol with a fast-charging CCCV protocol where Ich = Iboost. Hence, it 

remained unclear whether reducing the charging current at higher SoCs is beneficial for the cells’ 

cycle life or whether the cells used in these studies were not susceptible to high charging currents 

and could have been charged with a high-current CCCV protocol as well. In the preliminary aging 

study on charging protocols, it was shown that the SoC location of the boost period also affected 

the battery life notably [121]. 

 

Figure 47: Schematic illustration of (a) boost charging and (b) an example of a predefined voltage trajectory.  
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5.1.5 Other Charging Protocols 

This section gives an overview on some more exotic charging protocols proposed in the literature. 

It also comprises adaptive procedures, which adjust the charging current in dependence on the 

internal properties of the lithium-ion cell at its actual condition. The main characteristics of these 

charging strategies are presented in the following paragraphs. 

5.1.5.1 Varying-Current Profile 

Several charging procedures are based on varying-current profiles, which start with high charging 

currents and decrease currents with increasing SoC. Moreover, there are some charging protocols 

featuring a lower charging current in the beginning of the charging process, as the internal 

resistances generally have the highest values at low SoC. A period with a low charging current or 

steadily rising current can be used to minimize losses at very low SoC (see Figure 47b) [230,231]. 

Optimization methods were also used to achieve fast charging without exceeding certain voltage, 

temperature, stress, or concentration limitations [232–234]. Charging profiles with adapted 

currents were either determined experimentally [235] or derived from simulation models in order 

to obtain the maximum charging current which is applicable without provoking lithium plating 

[32,236–239]. Such protocols have hardly been used in practical applications, as determining the 

maximum charging currents appears to be challenging, since these currents vary considerably with 

temperature and degradation of the cell. As precise information about the actual polarization or 

concentration gradients inside the cell are necessary, additional state estimation routines are 

required to determine internal variables of the cell [240], which are also influenced by the short-

term and long-term load history.  

Many of the studies presenting more exotic charging strategies provided only few experimental data 

for validation. Furthermore, there were also different investigations on charging lithium-ion 

batteries which are solely based on simulation and present no experimental validation for the 

charging process (e.g. [241–244]). 

5.1.5.2 Voltage Trajectory 

Guo et al. [231] proposed a charging protocol that was no longer based on predefined charging 

currents, but used a voltage trajectory. This trajectory, which was the result of charging a new cell 

with a reference current profile similar to that shown in Figure 47b, remained identical over the 

entire battery life. Thus, charging currents decrease with proceeding capacity fade, while the 

charging time remains constant.  

5.1.5.3 Supercharging 

The fast-charging protocol Tesla uses at their supercharging (SC) stations combines BC and charging 

by voltage trajectory. A screen recording of the vehicle’s dashboard during SC was uploaded to 

youtube by a user of a Tesla Model S in 2014 [245]. Current and voltage data extracted from this 

video were also available [246]. After manually correcting some wrongly extracted current values of 

the initial boost period, Figure 48 shows the voltage, current, and power curves, which demonstrate 

the four phases of this charging protocol. At first, the battery is charged with an approximately 

constant power. After that, the charging is continued with two voltage ramps, of which the second 



Objectives for the Own Aging Study 

 

 78 

ramp has a lower slope than the first. When reaching the maximum charging voltage, the charging 

procedure is completed with a constant voltage phase. For the vehicle’s 85 kWh battery pack with 

7104 cylindrical 18650 cells in a 96s x 74p configuration, this leads to the following charging protocol 

on cell level: In the beginning, the battery is charged by a boost interval with a constant power of 

ca. 14 W per cell until the voltage reaches 3.9 V per cell. Then, charging continues with the first 

voltage ramp, which has a slope of ca. 8.3 mV/min per cell connected in series. When the battery 

voltage reaches 4.0 V per cell, the second voltage ramp starts with a lower slope of ca. 5.7 mV/min. 

Finally, the charging is completed with a CV phase when a voltage of 4.2 V per cell is reached.  

 

Figure 48.  Charging procedure of a Tesla Model S at a supercharging station in 2014 (based on [245,246]). 
(a) Voltage, (b) current, and (c) power in the four phases of (i) constant power charging, (ii,iii) voltage ramps 
with different slopes, and (iv) constant voltage charging. 

5.2 Objectives for the Own Aging Study 

As high-energy lithium-ion cells are typically more susceptible to degradation that is caused by the 

charging procedure than high-power lithium-ion cells, the experimental aging study on charging 

protocols had the following research objectives: 

• Selecting and examining a representative set of charging protocols 

• Determining the impact of the charging protocols on charging time and capacity utilization 

• Identifying the predominant aging mechanisms for capacity fade and resistance increase 

• Performing thorough parameter variations for charging currents and charging voltages 

• Evaluating standard CCCV charging protocols and fast-charging protocols 

• Analyzing the impact of capacity utilization on cycle life 

• Deducing strategies for reducing charging-induced degradation 

5.3 Design of the Experimental Study 

To investigate the impact of the charging strategy on the aging of the lithium-ion traction battery of 

an EV, different charging protocols were examined. Based on the results of the previous study [121], 

relevant charging strategies were selected and parameter variations were defined. In this section, 

the charging protocols examined are presented and the test procedure is described.  
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5.3.1 Charging Protocols Examined 

For the experimental study on the impact of the charging procedure on battery aging, a 

representative set of charging protocols was selected and key parameters were varied. The selected 

charging protocols comprised CCCV charging, BC, and charging protocols with varying charging 

currents. MSCC protocols were not examined, as they are very similar to CCCV charging. 

Furthermore, no pulsed charging was examined, because the preceding study showed that pulsed 

charging protocols led to similar aging as CCCV protocols with the same mean charging current. As 

pulsed charging led to a lower capacity utilization and higher losses, no advantages could be 

ascribed to charging procedures with intermittent current flow. Parameter variations of the 

standard CCCV charging protocol were identified to have a substantial impact on the cycle life of 

lithium-ion batteries. The previous study also confirmed that the standard CCCV charging protocol 

is a reasonable and well-established charging method for lithium-ion batteries. Thus, a large number 

of parameter variations of CCCV protocols were tested in this study. Table 3 lists the parameter 

combinations used to determine the impact of different charging currents and Table 4 lists the 

parameter combinations applied to examine the impact of the charging voltage. To investigate the 

influence on different depths of discharge on charging-induced cycle aging, Table 5 lists the 

examined variations of the discharging voltage. All test protocols used a cut-off current threshold 

Iend of 100 mA for the final CV charging sequence. Also the discharging procedure was similar for all 

test cases: All cells were CCCV discharged with 2 A until the absolute value of the discharging current 

fell below 500 mA; unless noted otherwise, the discharging voltage was 2.5 V to completely empty 

the cells.  

Table 3.  Parameter combinations of CCCV protocols for investigating the impact of the charging current 

Charging Voltage Vch   4.2 V     4.1 V    4.0 V  

Charging Current Ich 3.0 A 2.0 A 1.0 A 0.7 A 0.5 A 3.0 A 2.0 A 1.0 A 0.7 A 0.5 A 3.0 A 2.0 A 1.0 A 

Table 4.  Parameter combinations of CCCV protocols for investigating the impact of the charging voltage 

Charging Current Ich     1.0 A     

Charging Voltage Vch 3.7 V 3.8 V 3.9 V 4.0 V 4.05 V 4.1 V 4.15 V 4.2 V 4.25 V 

Table 5.  Parameter combinations of CCCV protocols for investigating the impact of the cycling depth 

Charging Parameters Vch, Ich 4.2 V, 1.0 A 4.1 V, 1.0 A 3.7 V, 1.0 A 

Discharging Voltage Vdis 2.5 V 3.2 V 2.5 V 3.0 V 3.2 V 3.4 V 2.5 V 3.2 V 

 

In addition to CCCV charging, BC and SC protocols were investigated as they represent promising 

approaches of quick charging, where part of the battery’s capacity is charged with a higher current. 

Table 6 lists the parameter variations of the BC protocols, where the duration of the boost interval 

is always 22.5 min but the onset of the boost interval varies to examine whether the high boost 

currents provoke different degradation at different SoC regions.  

Table 6.  Parameter combinations of the BC protocols, including a varying onset of the boost interval 

Charging Voltages Vch, Vboost  4.2 V, 4.2 V   4.1 V, 4.1 V  

Charging Currents Ich, Iboost (tboost) 1.0 A, 3.0 A (22.5 min) 1.0 A, 3.0 A (22.5 min) 

Onset of Boost Interval QStartBoost 0 Ah 0.1 CN 0.2 CN 0.3 CN 0.4 CN 0 Ah 0.1 CN 0.2 CN 0.3 CN 0.4 CN 
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Table 7 lists the parameter combinations of the SC protocols. The parameters were derived directly 

from the charging procedure of a Tesla Model S. As the cells used in the Model S and the cells 

examined in this study were comparable but not completely identical, a reduced boost interval of 

3 A instead of 14 W was also examined as a rapid capacity fade was obtained for the 14 W boost 

intervals.  

To investigate whether low charging currents at the beginning of the charging process are beneficial 

for cycle life, soft-start protocols were examined which charge the first 10% CN with a very low 

charging current of 100 mA. As listed in Table 8, the rest of the charging procedure was performed 

as 1.0 A CCCV charging to either 4.1 V or 3.7 V.  

Table 7.  Parameter combinations of the SC Protocols with different boost intervals and discharging voltages 

(i)   Boost Interval Pboost / Iboost 14 W 14 W 3 A 

(ii)  Slope of Ramp 1 from 3.9 V to 4.0 V  8.33 mV/min  

(iii) Slope of Ramp 2 from 4.0V to Vch  5.71 mV/min  

(iv) Charging Voltage Vch 4.2 V 4.1 V 4.2 V 4.1 V 4.2 V 4.1 V 

Discharging Voltage Vdis 2.5 V 3.2 V 3.2 V 

Table 8.  Parameter combinations of the soft-start protocols 

Soft-Start Period Isoft, Qsoft 0.1 A, 0.1 CN 

CCCV Charging Parameters Vch, Ich 4.2 V, 1.0 A 3.7 V, 1.0 A 

 

5.3.2 Test Procedure 

The test procedure for comparing the charging protocols described above consists of cycling periods 

and periodic checkup measurements. All tests were performed at 25°C. The checkup procedure 

used in this aging study is depicted in Figure 49.  

 

Figure 49.  Checkup procedure of the aging study on charging protocols 

It contained a low-current charging sequence with 100 mA for DVA, followed by 2.0 A CCCV 

discharging to 2.5 V with a current threshold of 100 mA to determine the actual capacity. After that, 

the cells were charged to 50% SoC, where a sequence of charge-discharge pulses was applied. The 
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entire checkup sequence with all explicit parameter settings can be found in Table A-7 in the 

appendix. After this sequence at the battery test system, the cell is also connected to the galvanostat 

to perform an EIS measurement at 50% SoC covering the frequency interval from 10 kHz to 10 mHz 

with an RMS excitation current of 50 mA.  

The cycling procedure consisted of the individual charging protocol of each cell and an identical 

CCCV discharging sequence for all cells. The applied discharging current was 2.0 A and the default 

discharging voltage was 2.5 V. The CV discharging sequence was terminated when the amperage of 

the discharging current dropped below 500 mA. CCCV discharging was used to obtain a similar 

condition at the end of each discharge process for the beginning of the subsequent charging 

sequence. If the cells were only discharged with a CC current, the discharge depths would have 

decreased more pronouncedly with increasing cell resistances. A CCCV discharging procedure was 

employed to reduce the impact of increasing cell resistances on cycle depth. 

5.3.3 Degradation Monitoring 

The capacity fade was determined by the capacity measured in the CCCV discharging sequence of 

the checkup after fully charging the cells. DVA was performed with the data from the low-current 

charging sequence. The changes in internal resistances were evaluated at 50% SoC based on the 

Rac,1kHz from the EIS data and the Rdc,10s was computed from the 3 A discharging pulse of the checkup 

sequence. Moreover, entire EIS spectra were evaluated. 

5.4 Results and Discussion 

In this cycle aging study, the impact of different charging protocols on battery aging was examined 

with cells from the second production lot. In total, results from 40 different cycling scenarios are 

presented. Most of them examined CCCV charging, where parameters for charging current, charging 

voltage, and also discharging voltage were varied. In addition to CCCV charging protocols, advanced 

charging protocols which combine different charging currents are analyzed and evaluated. All aging 

data are presented versus EFC to provide a better comparability for charging protocols with 

different cycle depths.  

5.4.1 Constant Current Constant Voltage Charging 

As CCCV charging is the standard protocol for charging lithium-ion batteries, an extensive parameter 

study was performed for this charging method. The impact of different parameter combinations on 

charging time, capacity utilization, and cycle life is presented and discussed in this section. 

5.4.1.1 Impact of Charging Current 

Lithium plating was expected to be the dominant aging mechanism when charging lithium-ion 

batteries. As lithium plating depends strongly on the charging current, five charging currents were 

examined, which ranged from 0.5 A (ca. 0.18 C) to 3.0 A (ca. 1.1 C). As lithium plating generally 

aggravates with higher SoC, the different charging currents were combined with three different 

charging voltages of 4.2 V, 4.1 V, and 4.0 V. The cut-off current for the CV phase of 0.1 A was 

identical for all charging protocols.  
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Charging Time and Capacity Utilization 

The charging progress for the different combinations of charging current and charging voltage is 

illustrated in Figure 50. When charging to the maximum voltage of 4.2 V, the charging procedure 

lasts almost 350 min with the lowest charging current of 0.5 A. As shown in Figure 50a, a doubling 

of the charging current to 1 A reduces the charging duration to less than 190 min. Another doubling 

of the charging current to 2 A results in a charging duration of ca. 115 min. The maximum charging 

current of 3 A led to a total charging duration of ca. 95 min. This demonstrates that the charging 

time does not decrease linearly with increasing charging currents because the CV phase prolongs 

due to the higher overpotentials and covers an increasingly larger share of the overall charging 

duration. 

 

Figure 50.  Charging progress of new cells charged with CCCV protocols with different charging currents:  
(a) Voltage curves and (b) charged capacity for charging to 4.2 V, 4.1 V, and 4.0 V. 

Figure 50b shows the charged capacity over time. All capacity graphs start with a straight line, 

corresponding to the CC phase of the charging protocol, and fade into a curved arc, which represents 

the CV phase. When charging only to 80% of the respective end capacity, the charging times reduce 

linearly with higher charging currents, as this SoC is still reached in the CC phase. Figure 50b also 

reveals that the cells were not completely discharged in the cycle aging study. As the cut-off current 

for CCCV discharging was set to 0.5 A, compared to 0.1 A in the checkups, the last ca. 40 mAh were 

not discharged in the cycle aging study. 

For each charging voltage, there is no considerable deviation in capacity utilization for the different 

charging currents. The deviation in capacity utilization remains below 0.5%. Hence, the capacity 

utilization is rather independent from the charging current of the CC phase. It is mainly affected by 

the charging voltage and the cut-off current of the CV phase.  

Cycling Sequences 

To analyze the cycle life for the different combinations of charging current and charging voltage, 

Figure 51 shows the changes of the capacity available in each discharging sequence of the 

continuous charging-discharging procedure of the cycle aging study. For all three charging voltages, 

the high charging currents of 3 A and 2 A exhibit a rapid capacity fade. It has to be noted that these 

charging currents were beyond the recommended charging current from the manufacturer. For 

charging with 3 A, the available capacity drops below 80% within less than 100 EFC for all three 
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charging voltages. For charging with 2 A, the same capacity fade is reached after ca. 150 EFC for the 

charging voltage of 4.2 V, after ca. 270 EFC for 4.1 V, and after ca. 500 EFC for 4.0 V. This shows an 

interdependency between charging current and charging voltage. The observed trends clearly affirm 

the assumption of lithium plating to be the predominant aging mechanism for fast charging lithium-

ion batteries, since the capacity fade increases massively with higher charging currents and also with 

higher charging voltages. Moreover, a pronounced capacity recovery is observed each time the 

cycling procedure is interrupted for a checkup measurement. This short-term recovery effect is not 

observed for the lower charging currents. Hence, they are supposed to be directly linked to reactions 

occurring after substantial lithium plating.  

 

Figure 51.  Capacity fade during cycling for charging voltages of (a) 4.2 V, (b) 4.1 V and, (c) 4.0 V. Relative 
capacity for CCCV discharging with 2 A and a cut-off current of 0.5 A.  

For charging with 1 A (ca. 0.36 C), Figure 51 shows that the degradation is considerably lower than 

for the two higher charging currents. Moreover, the degradation is only somewhat higher than for 

the low charging currents of 0.7 A (= C/4) and 0.5 A (ca. 0.18 C), which exhibit a similar capacity fade 

in Figure 51a and Figure 51b. To examine reproducibility, the CCCV protocols charging with 1 A to 

4.2 V and to 4.1 V were repeated ca. 11 months later; as illustrated by the dashed black lines, similar 

results are obtained. This confirms the high uniformity of the cells examined in this thesis and the 

repeatability of the results. The deviation among each pair of curves obtained with the same 

charging protocol is substantially lower than the deviations obtained for the different parameter 

variations. As cycle life does not improve considerably when reducing the charging current from 1 A 

to 0.5 A, lithium plating appears to be no longer the dominant aging mechanism for these charging 

protocols. With a charging current of 0.7 A and lower, intensified aging of the cells is reliably 

prevented at 25°C, also when the cells exhibit an advanced state of aging. 

Checkup Results 

In addition to the results from the cycling procedure, Figure 52 shows the results of the checkups. 

Figure 52a-c exhibits similar trends as before: The capacity fade increases markedly for 3 A and 2 A, 

whereas only small differences are observed for the charging currents of 1 A and below. In general, 

the capacity values measured by the checkups lie about 2–4 percentage points higher than that 

observed during the continuous cycling procedure. This can be ascribed to the lower cut-off current 

for CCCV discharging in the checkup procedure, which compensates at least partially the increase 

of cell resistances. Hence, the rising resistances lead to a notable degradation of the rate capability. 
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Figure 52.  (a-c) Capacity fade and (d-f) resistance increase from the checkup measurements for the different 
combinations of charging current and charging voltage for the CCCV charging procedure 

The resistance measurements, depicted in Figure 52d-f, reveal marked increases of the Rdc,10s values. 

After 750 EFC, the Rdc,10s values have more than tripled. The high internal resistances also aggravate 

the rate capability of the cells, as the high resistances cause a large voltage drop so that the 

minimum cell voltage is reached earlier in the discharging process. A small increase of Rac,1kHz is also 

observed when charging with 1.0 A or lower charging currents. Considerable increases in Rac,1kHz are 

observed when charging with high charging currents that provoke substantial lithium plating. When 

the metal lithium reacts partially with the electrolyte, it causes a decomposition of electrolyte 

components and leads to a lower conductivity. When the charging current remains low, there is only 

a small increase in Rac,1kHz, which indicates only minor side reactions with the electrolyte. Hence, 

lithium plating has remained low. 

Figure 53 illustrates the changes in the impedance spectra of the two cells charged to 4.0 V with 

charging currents of 1.0 A and 3.0 A. Both cells exhibit substantial changes in the capacitive 

semicircle below 30 Hz which can be ascribed particularly to the charge transfer resistance of the 

cathode. The impedance spectra in Figure 53b, which correspond to the charging protocol with the 

higher current that is causing massive lithium plating, the entire spectrum exhibits a right-shift 

which represents increasing ohmic resistances due to a lower electrolyte conductivity. The other 

group of spectra, depicted in Figure 53a, shows substantially smaller right-shifts. Overall, lithium 

plating and the subsequent reactions of the metal lithium with the electrolyte degrade the 

electrolyte conductivity and increase the ohmic resistance of the cell when charging with elevated 

currents. The increasing cathode resistances are typically ascribed to the NCA active material, which 

is known to suffer from weakening particle contacts and microcracks [69,70]. 
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Figure 53.  Impedance spectra for cells charged to 4.0 V with (a) 1.0 A and (b) 3.0 A. The second plot shows 
that the Rac,1kHz changes notable which indicates a consumption of electrolyte by lithium plating. 

Additional Insights from Differential Voltage Analysis 

To further investigate the effects of lithium plating, the differential voltage spectra of the cells 

charged with 2.0 A to 4.2 V and 4.1 V are shown in Figure 54. In both cases, substantial reductions 

in the storage capabilities of the anode can be identified since the location of the central graphite 

peak shifts considerably to the left with increasing cycle numbers. Evaluating also the spectra of 

other cells revealed that this peak shift aggravates with higher charging currents. 

 

Figure 54.  DVA for CCCV charging with 2.0 A to (a) 4.2 V and (b) 4.1 V. The central graphite peak is highlighted 
by circle markers. A substantial recovery of the graphite anode is observable after a long pause in subplot 
(a). 

However, Figure 54a discloses that a graphite anode which was exposed to substantial lithium 

plating can recover its storage capabilities. After a pause of ca. 1 year after suffering from 100 

charge-discharge cycles with high charging current and high charging voltage, the location of the 
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central graphite peak had returned to its initial position. Hence, the storage capabilities of the anode 

had largely recovered. This occurred without notable changes in the capacity measurements, as the 

capacity values of both checkups can hardly be distinguished in Figure 52a. Furthermore, a Coulomb 

Tracking analysis for the pause of 1 year revealed no considerable slippage of the charging and 

discharging endpoints. Consequently, the amount of cyclable lithium has not changed during the 

pause. From these observations, it is concluded that parts of the anode could not be charged any 

longer after the occurrence of lithium plating. It is speculated that the deposition of waste products 

from reactions of the plated lithium with the electrolyte isolates certain anode areas and prevents 

them from participating in the charge-discharge cycling. This assumption is supported by the 

findings of Abraham et al. [38], who showed that the capacity of aged graphite anodes could be 

restored by DMC rinsing, which indicated that the capacity loss resulted from pore-clogging or 

isolation of graphite particles by electronically insulating surface films. During the 1 year of 

inactivity, the waste products are supposed to have dissolved or redistributed so that the full 

capacity of the graphite anode has become accessible again.  

The mid area of the differential voltage spectra depicted in Figure 54b shows that the central 

graphite peak shifts considerably to the left and is attenuated also for the combination of 2.0 A and 

4.1 V. Yet, a broadening of the elevated central area can be observed in this case which also exhibits 

some small peaks side by side after 300 cycles. Owing to this deformation, it is supposed that there 

is an inhomogeneous degradation of the anode active material that leads to a coexistence of local 

areas with different actual storage capabilities. If the entire graphite anode had had a degree of 

lithiation of ca. 50% at the small remaining peak at 1.1 Ah in the checkup after 300 cycles, the anode 

would have been fully lithiated at 2.2 Ah. As the cell could be charged to almost 2.4 Ah without 

considerable distortions in the differential voltage spectrum, the total storage capability must have 

been higher. Thus there must have been areas which had a higher local capacity. An inhomogeneous 

anode degradation after cycling with higher currents was also observed by Rieger et al. [37] and 

Somerville et al. [247]. 

5.4.1.2 Impact of Charging Voltage 

As observed in the previous section, the charging voltage has a considerable impact on the cycle life 

of lithium-ion batteries. In this cycle aging study, a variety of charging voltages was examined for 

CCCV charging with 1 A. A charging current of 1 A was selected, as it did not cause a pronounced 

capacity fade owing to lithium plating. This section presents the impact of charging voltage on 

capacity utilization and cycle life.  

Charging Time and Capacity Utilization 

To examine charging duration and capacity utilization, an aged and a new cell were charged to 12 

different charging voltages from 3.7 V to 4.2 V. The aged cell was the cell charged 500 times to 4.2 V 

with 1.0 A for the verification of repeatability. As observed in Figure 52d, this aged cell had a 

pronounced resistance increase. Figure 55a depicts the capacity utilization of the new and the aged 

cell for the different charging voltages. It also illustrates the amount of charge which is transferred 

into the cells during the CC and the CV phase. This shows that for aged cells, the CC phase shortens 

while more charge is transferred in the CV phase. Figure 55b illustrates the corresponding durations 

of the charging procedure. Whereas the CC phase exhibits a continuously increasing duration with 
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higher charging voltage, the duration of the subsequent CV phase varies considerably and exhibits 

no steady trend with respect to the charging voltage. Comparing the new and the aged cell reveals 

that only the CC phase shortens considerably with the aging of the battery, whereas the total 

charging duration decreases substantially less. Although the capacity fades, the prolonged CV phase 

prevents a notable shortening of the charging duration.  

 

Figure 55.  Impact of charging voltage on (a) capacity utilization and (b) charging duration for CC and CCCV 
charging. (The capacity values and charging durations in this figure are somewhat lower than in Figure 50, as 
the two cells here were discharged only with a CC instead of a CCCV sequence.) 

Cycling Sequences 

The charging voltage is often reduced in practical applications to increase the cycle life of the 

battery. In Figure 56, cycling data from Figure 51a-c are plotted for a comparison of the absolute 

capacity fade instead of the relative capacity fade for the different charging voltages. Comparing 

the curves for charging to 4.1 V or 4.2 V with 1 A or less in Figure 56a shows that the curves of the 

different charging voltages do not intersect before ca. 750 EFC. This means that the absolute 

available capacity remains greater for higher charging voltages, even if the relative capacity fade is 

larger, as it was shown in Figure 51.  

 

Figure 56.  Capacity fade for different charging voltages. The absolute available capacity over EFC is compared 
for (a) the entire CCCV discharging sequence and (b) CC discharging part only. (Results from Figure 51) 

For charging with 2 A, benefits from reduced charging voltages can be observed. For this charging 

current, the capacity curves intersect. By reducing the charging voltage from 4.2 V to 4.1 V, a higher 

absolute capacity is available for the lower charging voltage after ca. 150 EFC. When further 
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reducing the charging voltage from 4.1 V to 4.0 V, the absolute available capacity for charging to 

4.0 V is greater after ca. 280 EFC. This demonstrates that when a charging current is applied that 

provokes considerable lithium plating, a lower charging voltage can be beneficial for the cycle life 

of the battery.  

To assess the impact of the discharging current on the available capacity – particularly for the cells 

in aged condition – Figure 56b shows the available capacity when only the CC discharging with 2 A 

is considered and the subsequent CV phase is neglected, in which the current is continuously 

decreased until it reaches the cut-off threshold of 0.5 A. For CC discharging only, the available 

capacity is ca. 30–40 mAh lower for the new cells and up to ca. 100 mAh lower after 750 EFC. This 

represents ca. 1.1%–1.5% CN and 3.6% CN, respectively. This confirms that the rate capability 

decreases for the aged cells due to the increasing resistances.  

In addition to the comparison of the three different charging voltages combined with different 

charging currents, CCCV protocols with an identical charging current of 1.0 A and nine different 

charging voltages were examined. Figure 57a illustrates the absolute capacity available in the 

charge-discharge cycling procedure for the different charging voltages. Figure 57b shows the 

corresponding relative capacity evolution, where all curves from Figure 57a were divided by their 

first capacity value. The relative capacity fade decreases continuously for the charging voltages from 

4.2 V to 3.8 V. For charging to 3.7 V, a higher relative capacity fade is observed again, which will be 

further analyzed by DVA. A capacity fade of 20% is reached between ca. 400 EFC for charging to 

4.25 V and ca. 750 EFC for charging to 4.0 V. For charging voltages below 4.0 V, substantially higher 

cycle lives of 1000 EFC and more are observed.  

 

Figure 57.  Available Capacity for different charging voltages in (a) absolute and (b) relative representation 

The curves of the absolute values of the available capacity, depicted in Figure 57a, illustrate the 

initial differences in capacity utilization for new cells and visualize the changes in the available 

capacity over time. The capacity curves for the different charging voltages hardly intersect each 

other. Only for charging to 4.25 V, which is beyond the maximum voltage specification of the 

manufacturer, Figure 57a exhibits a somewhat accelerated fade in the available capacity. For all 

other charging voltages, no intersections can be observed. This means that a reduced charging 

voltage does not necessarily provide a better absolute capacity retention over the cycle life of the 

battery, although the relative capacity fade remains lower. 
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When defining the charging voltage for an EV, the manufacturer has to find an appropriate balance 

between maximizing the driving range and minimizing the battery degradation perceived by the 

customer. When the maximum charging voltage is reduced, the relative capacity fade decreases. 

However, the vehicle provides a shorter driving range. When using the maximum charging voltage, 

a higher driving range is obtained. As the driving range corresponds to the absolute available 

capacity and as the absolute capacity curves do not intersect in Figure 57a, a higher charging voltage 

provides still a higher driving range for the aged cells. Yet, the capacity fade perceived by the 

customer is substantially higher since it corresponds to the fade in relative available capacity. 

Considering a vehicle age corresponding to 750 EFC for example, the absolute available capacity 

and, thus, the driving range is still ca. 10% higher for charging to 4.2 V than for charging to 4.0 V, 

although the relative capacity fade amounts to ca. 28% for the higher charging voltage and only to 

ca. 20% for the lower charging voltage.  

Checkup Results 

To complement the cycling data, the capacity fade and the resistance increase determined by the 

checkups are depicted in Figure 58. Reducing the charging voltage reduces the cycle depth and thus 

increases the cycle life of the battery. In contrast to the relative fade of the available capacity, 

depicted in Figure 57b, the actual capacities exhibit no faster decrease for charging to 3.7 V 

compared to 3.8 V or 3.9 V. In Figure 58a, the capacity fade increases with higher charging voltages 

and an almost identical capacity development is observed for charging to 3.7 V and 3.8 V. The 

resistance measurements in Figure 58b also reveal a progressively larger increase of the Rdc,10s 

values for higher charging voltages. Overall, reduced charging voltages for charging with 1 A have 

led to lower cycle aging at the cost of capacity utilization but they have not provided a better 

retention in absolute capacity for most cases.  

 

Figure 58.  (a) Capacity and (b) resistance measurements from the checkups illustrate the capacity fade and 
resistance increase for CCCV charging with 1 A to different charging voltages 

As illustrated in Figure 58b, the charging voltage also has a strong impact on the resistance increase. 

Whereas the Rac,1kHz increases only slightly, the Rdc,10s values exhibit a marked deterioration. The 

small changes in Rac,1kHz confirm that side reactions consuming electrolyte were generally low but 

somewhat increasing toward higher charging voltages. The corresponding impedance spectra 

confirmed again that the marked increase in the Rdc,10s values is caused by the growth of the 

capacitive semicircle below 30 Hz, related to the charge transfer resistance of the NCA cathode. 
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Hence, microcracks of the NCA cathode and weakened particle contacts are assumed to aggravate 

with larger cycle depths and cause the marked impedance increase.  

Additional Insights from Differential Voltage Analysis 

The reason for the very small reduction of available capacity during cycling which was observed in 

Figure 57 for the cell charged to 3.8 V can be explained by DVA. Figure 59 shows the differential 

voltage spectra obtained from the low-current charging sequence of the checkup routine every 100 

cycles. The differential voltage spectra are plotted with different x-axes and exhibit the changes of 

the central graphite peak, which is highlighted by circle markers and indicates the transition from 

the medium to the low anode potential (see Figure 18, p.36).  

 

Figure 59.  Differential voltage spectra from the checkup data of the cell charged with the 1 A CCCV protocol 
to 3.8 V, comprising up to 1300 charge-discharge cycles, depicted (a) over actual capacity, (b) over SoC, and 
(c) over cell voltage. The circle markers highlight the central graphite peak.  

As shown in Figure 59a, the peak is attenuated and shifts to slightly lower capacities throughout the 

first hundreds of cycles. After ca. 400 cycles, the peak remains at a similar capacity. As the actual 

capacity of the cell decreases further, the peak consequently shifts toward higher SoCs. This is 

illustrated in Figure 59b and indicates a shift in the electrode balancing. In Figure 59c, the spectra 

are depicted versus cell voltage. This demonstrates that the central graphite peak is initially located 

at about 3.75 V and shifts toward 3.8 V with the aging of the cell. As the voltage transition of the 

anode potential shifts toward higher SoC, the cell potential in the medium SoC region remains longer 

at a lower level because the anode potential remains longer at a somewhat higher potential. Hence, 

the cells can be charged longer in the CV phase at 3.8 V before reaching the cut-off current 

threshold. Overall, the shift in the electrode balancing leads to a longer CV charging duration and, 

thus, enables a higher available capacity, which explains the lower fade of the relative available 

capacity depicted in Figure 57b. Charging to 3.7 V remains unaffected from the shift in the electrode 

balancing because the location of the central graphite peak always lies above this charging voltage.  

5.4.1.3 Impact of Cycle Depth and Discharging Voltage 

As a preliminary study on charging protocols revealed that completely discharged cells cannot 

automatically tolerate high charging currents [121], different depths of discharge were examined 

by different discharging voltages for the CCCV discharging procedure.  
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Capacity Utilization 

In analogy to a decreasing charging voltage, an increasing discharging voltage reduces the available 

capacity of a lithium-ion battery cell. Figure 60 visualizes the effect of different discharging and 

charging voltages on the available capacity of a cell in new condition. It shows the differences to the 

measured capacity in the initial checkup.  

 

Figure 60.  Impact of a higher discharging and a lower charging voltage on the available capacity window 
during the CCCV discharging and charging test procedure compared to the reference capacity window from 
the checkup. The values were obtained from cells in new condition.  

The 1.5% of unused capacity for discharging to 2.5V show again that the cells were not completely 

discharged in the cycling sequences due to the cut-off threshold of –0.5 A instead of the –0.1 A 

which was applied in the checkups. In the cycle aging results presented above, the various charging 

voltages were all examined together with a discharging voltage of 2.5 V. To examine the impact of 

the depth of discharge, additional discharging voltages of 3.0 V, 3.2 V, and 3.4 V were defined for 

the CCCV discharging procedure and examined in combination with a charging voltage of 4.1 V. 

Figure 60 exhibits their impact on capacity utilization. For a charging voltage of 4.1 V, the capacity 

utilization amounts to 90% for a discharging voltage of 2.5 V. For the three higher discharging 

voltages, it decreases to 87.7%, 85%, and 72.5%, respectively. The discharging voltage of 3.2 V, 

which led to a comparable depth of discharge as sole CC discharging to 2.5 V, was also combined 

with charging voltages of 4.2 V and 3.7 V. The resulting capacity utilizations, computed as the ratio 

of the available capacity to the capacity measured in the first checkup, are listed in Table 9. The 

largest cycling window of 100.5% was obtained for a charging voltage of 4.25 V combined with a 

discharging voltage of 2.5 V. The smallest cycling window of 44.5% was examined for a charging 

voltage of 3.7 V combined with a discharging voltage of 3.2 V.  

Table 9.   Capacity utilization of a new cell during the cycling procedure Ccyc,util in relation to the capacity 
measured in the initial checkup CCU,0EFC for different combinations of charging and discharging 
voltage  

Udis Uch   4.25 V 4.2 V 4.15 V 4.1 V 4.05 V 4.0 V 3.9 V 3.8 V 3.7 V 

2.5 V  Ccyc,util /CCU,0EFC  100.5% 98.5% 95% 90% 85.5% 80.5% 70.5% 58.8% 49.5% 

3.0 V  Ccyc,util /CCU,0EFC    87.7%      

3.2 V  Ccyc,util /CCU,0EFC  93.5%  85%     44.5% 

3.4 V  Ccyc,util /CCU,0EFC    72.5%      

 

Cycling Sequences 

To analyze the impact of different discharging voltages on cycle aging, Figure 61 shows the available 

capacity for the cycling procedure with different combinations of charging and discharging voltage.  
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Figure 61.  Available capacity over cycle life. (a) Cells with a charging voltage of 4.1 V and different discharging 
voltages, (b) cells with different charging voltages and discharging voltages of 2.5 V and 3.2 V. 

Figure 61a compares the available capacity over EFC of cells with an identical charging voltage of 

4.1 V and different discharging voltages of 2.5 V, 3.0 V, 3.2 V, and 3.4 V. The curves of 3.0 V and 

3.2 V intersect the curve of 2.5 V discharging voltage at ca. 300 EFC and 750 EFC, respectively. This 

demonstrates that these reductions of the depth of discharge increase the cycle life of the cells, as 

they provide a higher available capacity for the aged cells. Figure 61b compares discharging voltages 

of 2.5 V and 3.2 V for different charging voltages. For 4.2 V charging voltage, the discharging voltage 

of 3.2 V outperforms the conventional cycling window already after 275 EFC. Hence, a higher 

discharging voltage is particularly beneficial for a high charging voltage. For the small cycling 

windows obtained for the charging voltage of 3.7 V, the advantages of a further reduction of the 

cycle depth by a higher discharging voltage are comparatively small. The available capacities still 

differ by ca. 100 mAh after 1250 EFC, which reveals no benefits from a reduced depth of discharge. 

Checkup Results 

The checkup results for the four cells charged to 4.1 V and discharged to different voltage levels in 

the CCCV discharging sequence are depicted in Figure 62 and exhibit substantially lower degradation 

for higher discharging voltages. After 750 EFC, the capacity fade for the discharging voltage of 3.4 V 

is only half of the capacity fade observed for discharging to 2.5 V.  

 

Figure 62.  (a) Capacity fade and (b) resistance increase for the four cells charged to 4.1 V and discharged to 
different voltage levels at 25°C 
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Also the increase of Rdc,10s is substantially lower. Rdc,10s has increased by ca. 60% when discharging 

to 3.4 V, whereas it has increased by more than 200% when discharging to 2.5 V. The impedance 

spectra after ca. 500 EFC, depicted in Figure 63, demonstrate that it is the enlargement of the 

capacitive semicircle in the frequency domain below 30 Hz, ascribed to the charge transfer of the 

NCA cathode, that is responsible for the marked differences in resistance increase. Overall, the 

reduced cycling windows reduce cycle aging considerably. However, it has to be further investigated 

whether reducing the cycle depth in general or avoiding the very low SoC regimes has reduced the 

cycle aging. 

 

Figure 63. Impedance spectra of the cells in the new state and after 600 or 700 cycles, which corresponds to 
ca. 500 EFC for the cycling protocols with different discharge depths 

Substantial reductions in cycle aging can also be identified for the other two charging voltages. 

Figure 64 compares the effects of increasing the discharging voltage from 2.5 V to 3.2 V for three 

different charging voltages. In all three cases, the capacity fade and the resistance increase decrease 

markedly. More than 1000 EFC can be achieved before reaching a capacity fade of 20%, even for 

the high charging voltages of 4.1 V and 4.2 V. 

 

Figure 64.  (a) Capacity fade and (b) resistance increase for the cells discharged to 2.5 V and 3.2 V which were 
charged with different charging voltages.  

A moderate increase in Rdc,10s can be obtained by either reducing the charging voltage to a low value, 

such as 3.7 V, while maintaining the same discharging voltage or by increasing the discharging 

voltage from 2.5 V to 3.2 V while maintaining a high charging voltage of 4.2 V or 4.1 V. Combining 

both means leads to a massive reduction of the resistance increase, which is highly beneficial for 
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the peak power performance and the rate capability of the cells as the voltage drops under load 

remain considerably lower. However, reducing the charging voltage and increasing the discharging 

voltage always entails a lower capacity utilization. 

For all combinations of charging and discharging voltage examined, Table 10 compares capacity 

utilization and capacity fade. It reveals that in general, the capacity fade decreases with lower cycle 

depth. Yet, there is no direct relation between cycle depth and the capacity fade. Table 10 shows 

that reducing the depth of discharge by increasing the discharging voltage reduces cycle aging more 

effectively than reducing the charging voltage. Taking the cell cycled between 4.1 V and 2.5 V, which 

exhibits a capacity utilization of 90% and ca. 15% of capacity fade after 500 EFC, as a reference case 

shows that a reduction of the charging voltage to 4.05 V and increasing the discharging voltage to 

3.2 V both decreases the cycle depth by ca. 5 percentage points. When reducing the charging 

voltage to 4.05 V, the capacity fade decreases only to 13.6%; when increasing the discharging 

voltage to 3.2 V, the capacity fade decreases considerably more to 9.2%. A similar result is also 

obtained when comparing other combinations of charging and discharging voltages with similar 

cycle depths. This demonstrates that cycle aging increases disproportionately in the very low SoC 

region. Thus, deep discharging should be avoided when a long cycle life has to be achieved.  

As the battery of an EV will seldomly be completely discharged in every-day use and as the 

manufacturer defines a certain safety margin for the discharge depth, the cycle life of the battery 

will be better in the practical application than in the artificial laboratory tests with deep discharging 

performed in this study. These test conditions represent worse case scenarios and illustrate the 

lower boundaries of cycle life. More representative cycle depths will be examined in the aging study 

on driving operation, presented in Chapter 6. 

Table 10.  Extension of Table 9 by the capacity fade measured in the checkup after 500 EFC for different 
combinations of charging and discharging voltage  

Udis Uch   4.25 V 4.2 V 4.15 V 4.1 V 4.05 V 4.0 V 3.9 V 3.8 V 3.7 V 

2.5 V  Ccyc,util /CCU,0EFC 

 CCU after 500 EFC  

100.5% 

–20.0% 

98.5% 

–17.9% 

95% 

–16.1% 

90% 

–15.1% 

85.5% 

–13.6% 

80.5% 

–12.8% 

70.5% 

–9.8% 

58.8% 

–6.9% 

49.5% 

–6.7% 

3.0 V  Ccyc,util /CCU,0EFC 

 CCU after 500 EFC 

 

 

  87.7% 

–11.4% 

     

3.2 V  Ccyc,util /CCU,0EFC 

 CCU after 500 EFC 

 

 

93.5% 

–10.4% 

 85% 

–9.2% 

    44.5% 

–5.7% 

3.4 V  Ccyc,util /CCU,0EFC 

 CCU after 500 EFC 

 

 

  72.5% 

–8.6% 

     

 

Additional Insights from Differential Voltage Analysis 

For the four discharging voltages which were examined together with the charging voltage of 4.1 V, 

Figure 65 illustrates the changes in the differential voltage spectra within 500 EFC. For CCCV 

discharging to 2.5 V, Figure 65a exhibits an early attenuation of the characteristic graphite peaks. 

As no clear central graphite peak is visible after ca. 200 EFC, no distinct potential change from 

medium to low anode voltage plateau occurs any longer. This is supposed to be caused by an 

inhomogeneous degradation of the graphite active material. The differential voltage spectra of the 

cells discharged to 3.0 V, depicted Figure 65b, are similar to those for 2.5 V. Only in the high SoC 
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regime, the valley from the NCA cathode appears still more pronouncedly, which indicates lower 

cathode degradation. This reduced degradation of the NCA cathode is in good agreement with the 

EIS measurements, since the increase of the charge transfer resistance of the cathode is 

substantially lower for discharging to 3.0 V than for 2.5 V (see Figure 63). When decreasing the 

depth of discharging by defining 3.2 V as discharging voltage, the central graphite peak in Figure 65c 

can still be detected for higher numbers of EFC. This indicates a lower anode degradation. The best 

cycle life was obtained for CCCV discharging to only 3.4 V, which means that the lowest ca. 20% of 

the capacity were not utilized (see Figure 60). For this case, Figure 65d discloses that the shape of 

the characteristic graphite peaks exhibits the least changes of all four cases, which indicates the 

lowest anode degradation. Overall, the differential voltage spectra provide additional information 

on the degradation of the active materials beyond the loss of cyclable lithium which reduces the 

actual capacity. Aggravated active material degradation has been observed for the deep discharging. 

In the literature, mechanical stress onto the graphite active material was reported to be highest for 

the intercalation of lithium at very low SoCs [61]. This was related to the large relative volume 

changes that occur at low degrees of lithiation of the graphite active material. These volume 

changes exert high stress onto the C-C bonds, which can lead to a damage of the active material 

structure. Thus, the mechanical stress onto the graphite active material can be an explanation for 

the accelerated aging when cycling to lower SoCs. 

 

Figure 65.  Differential voltage spectra for up to 500 EFC from the cells charged with the 1.0 A CCCV to 4.1 V 
and CCCV discharged to (a) 2.5 V, (b) 3.0 V, (c) 3.2 V, (d) 3.4 V. The circle markers indicate the central graphite 
peak and the cross markers indicate the NCA peak at high SoC. 
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5.4.2 Boost Charging 

As demonstrated by the results of CCCV charging, high charging currents lead to a rapid degradation 

due to lithium plating, which occurs particularly strongly at high SoC. To accelerate the charging 

process while still maintaining a good cycle life, BC protocols were examined which combine an 

interval of high charging current and a lower charging current throughout the rest of the charging 

procedure. The BC protocols extend the conventional CCCV charging procedure by a boost interval, 

where a higher charging current is applied for a limited time. In this thesis, the BC protocols were 

based on 1.0 A CCCV charging and contained an additional boost interval, in which up to 40% of the 

nominal capacity were charged in form of a 3.0 A CCCV interval which lasted 22.5 min. To determine 

whether different SoC regions have different susceptibilities to high charging currents, boost 

intervals at different SoC locations were compared. The onset of the boost interval was varied 

between 0% CN and 40% CN. 

Charging Time and Capacity Utilization 

Figure 66a illustrates the cell voltages and the charged capacities of the BC procedures for charging 

voltages of 4.2 V and 4.1 V in combination with five different onset locations of the boost interval. 

The beginning and the end of all BC protocols are similar, only the location of the boost interval 

varies. Figure 66a demonstrates that BC shortens the total charging duration by more than 40 min. 

For the cells in the new condition, the total duration amounts to 143 min when charging to 4.2 V 

and to 134 min when charging only to 4.1 V. These charging durations lie between those of 1.0 A 

CCCV charging and 2.0 A CCCV charging. As presented in Figure 50, 2.0 A CCCV charging led to a 

charging time of 115 min for 4.2 V and 110 min for 4.1 V.  

 

Figure 66.  Charging progress of new cells charged with boost charging protocols: (a) Voltage curves and (b) 
charged capacity for boost protocols with different locations of the boost interval. CCCV protocols are 
included for comparison. The numbers next to the graphs describe the onset of the respective boost interval. 

Figure 66b demonstrates that the capacity utilization remains rather unaffected from the varying 

charging currents and is similar to the capacity utilization of the 1.0 A CCCV protocols. For charging 

to 4.1 V with the boost interval starting at 40% CN, Figure 66a shows that the voltage limitation sets 

in at the end of the boost interval and restricts the charging current. Due to this limitation, the 

capacity graph for this charging protocol varies slightly and leads to a somewhat later end of the 
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charging procedure. Overall, the location of the boost interval has very minor impact on capacity 

utilization. 

Cycle Life 

Figure 67 shows the available capacities in the cycling procedures for charging to 4.2 V and 4.1 V. 

For both charging voltages, the capacity curves lie close together at the very beginning but then 

diverge markedly after several cycles.  

 

Figure 67.  Absolute and relative values of the available capacity using boost charging protocols for (a-b) 
charging to 4.2 V and (c-d) charging to 4.1 V. 

All BC protocols exhibit a considerably faster degradation than the 1.0 A CCCV charging protocols, 

which serve as a reference. As no adequate cycle life was obtained with the BC protocols, the cycling 

procedure was terminated early, already after about 150 EFC. For both charging voltages, the worst 

cycle life was observed for the BC protocols with the boost interval starting at 30% CN. After less 

than 150 EFC, a capacity fade of more than 30% was reached for charging to 4.2 V and a capacity 

fade of ca. 15% was obtained for charging to 4.1 V. Hence, high-current boost intervals have led to 

disproportionate degradation. For charging to 4.2 V, the BC protocol with the boost interval starting 

at 40% CN experienced the fastest capacity fade in the beginning of the cycling procedure but fell 

behind the 30% CN variant after ca. 100 EFC. This results from the voltage limitation in the boost 

interval. With advancing degradation, the charging voltage was reached during the boost interval 

and the boost period was restricted by the CV boundary. As a consequence, the current at the end 

of the boost interval decreased, which in turn led to decelerated degradation. This demonstrates 

that the high charging current during the boost interval causes the substantial capacity fade. Lithium 

plating appears to be the dominant degradation mechanism for the BC protocols. The results from 

charging to 4.1 V, depicted in Figure 67c-d, show that the reduced cycle depth leads to a somewhat 

lower capacity fade. But also in this case, no suitable cycle life for an EV application is achieved. 

Checkup Results 

The results from the checkups, depicted in Figure 68, reveal similar degradation trends as the results 

from the cycling procedure. For charging to 4.2 V (see Figure 68a), the capacity fade after less than 

150 EFC amounts to 10–31%. For charging to 4.1 V, Figure 68c reveals capacity fades between 7 and 

11 % for the different BC protocols. In addition to the rapid capacity fade, the internal resistances 

rise considerably. As Rac,1kHz also increases notably within the first 150 EFC when charging to 4.2 V 
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(see Figure 68b), there must occur side reactions causing substantial electrolyte decomposition 

which lower its conductivity. These side reactions can be explained by plated lithium reacting 

partially with the electrolyte.  

 

Figure 68.  Checkup results comparing boost charging protocols with different locations of the boost interval 
to 1.0 A CCCV charging. (a, c) Capacity fade and (b, d) resistance increase for charging to (a-b) 4.2 V and to (c-
d) 4.1 V.  

Similar to the decreasing capacities during cycling, the capacity fade of the cells with the boost 

intervals at 30% CN is largest. This confirms lithium plating to be the driving force of capacity fade: 

The transition of medium to lowest anode potential occurs at ca. 60% CN. Thus, the cells having the 

boost interval – which charges 40% CN with a high charging current – at SoC locations of 20% CN or 

below do not reach the SoC regime of lowest anode potential during the boost intervals or the 

exposure to the high boost currents within the SoC regime of lowest anode potential is only short. 

By contrast, the BC protocols with the boost interval located at 30% CN or 40% CN reach the plateau 

of lowest anode potential during the boost intervals. Thus, lithium plating aggravates and the 

capacity fades considerably faster. As described above, the charging currents were reduced for the 

BC protocols with the boost interval located at 40% CN due to the voltage limitation during the boost 

interval. With the charging current having been reduced, also lithium plating and capacity fade have 

decreased. When charging to only 4.1 V, the charging current in the high SoC regime remains 

generally lower and less degradation owing to lithium plating is observed in Figure 68c. 

Additional Insights from Differential Voltage Analysis 

Figure 69 compares the differential voltage spectra of the cells in the new condition and after ca. 

150 EFC with the BC protocols. It reveals a considerable left-shift of the central graphite peak, which 

indicates decreasing storage capabilities of the graphite anode. In Figure 69a, the cell with the boost 

interval at 30% CN exhibits not only a larger capacity fade but also a stronger anode degradation 

than the cell with the boost interval at 40% CN. Also for the boost intervals in lower SoC regions, 

substantial degradation of the anode is observed as the location of the central graphite peak shifts 

considerably to the left. For the cells with the lower charging voltage of 4.1 V, Figure 69b also shows 

that the storage capabilities of the anode decreased but to a considerably lower extent. Overall, the 

boost charging protocols examined did not exhibit a superior performance which is suitable for fast 

charging EVs. Instead, the high-current boost intervals led to an accelerated anode degradation. 
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Figure 69.  Differential voltage spectra in the new condition and after ca. 150 EFC with the different boost 
charging protocols for (a) charging to 4.2 V and (b) charging to 4.1 V. The spectra after 200 cycles with 1.0 A 
CCCV charging serve as a reference. 

5.4.3 Supercharging 

Another approach of fast charging lithium-ion batteries is SC, which combines an initial boost period 

with two subsequent voltage ramps to reach the final CV phase. This leads to a continuously 

decreasing charging current with increasing SoC. Different modifications of the initial SC 

implementation were also examined to determine major influencing factors on charging-induced 

degradation.  

Charging Time and Capacity Utilization 

The charging progress for the SC protocol is illustrated in Figure 70. The charging duration is ca. 

100 min for charging to 4.2 V and ca. 90 min for charging to 4.1 V. For both charging voltages, the 

charging duration is ca. 85 min shorter than for 1.0 A CCCV charging and it is also more than 10 min 

shorter than 2.0 A CCCV charging. The changing voltage slope at 3.9 V in Figure 70a corresponds to 

the end of the boost interval. Figure 70b exhibits the bent capacity curves which are the result of 

the continuously decreasing charging current after the initial boost interval. The capacity utilization 

at the end of the charging process is similar to CCCV charging. 

 

Figure 70.  Charging progress of new cells charged with supercharging protocols: (a) Voltage curves and (b) 
charged capacity. 1.0 A CCCV charging protocols serve as references. 
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Checkup Results 

The capacity fade and the resistance increase for the SC protocols are illustrated in Figure 71 for 

charging to 4.2 V and 4.1 V. For both charging voltages, a rapid capacity fade is observed in 

Figure 71a and Figure 71c for the SC protocols (see SC (2.5V)). This capacity fade is substantially 

larger than that of 1.0 A CCCV charging. A comparison with 2.0 A CCCV charging, depicted in Figure 

52, reveals a considerably faster degradation for supercharging, although the total charging time 

differs only in the order of 10%. Hence, the high initial charging currents have led to 

disproportionate degradation. The increases in Rac,1kHz, shown in Figure 71b and Figure 71d, reveal 

side reactions entailing a decomposition of the electrolyte. Based on these results, lithium plating 

can be identified as the main driver of degradation for charging with the SC protocols. Due to the 

poor cycle life performance, the cycling sequence was terminated already after ca. 120 EFC.  

 

Figure 71.  (a,c) Available capacity and (b,d) relative available capacity for different supercharging protocols 
and 1 A CCCV protocols for charging voltages of 4.2 V and 4.1 V. The respective discharging voltage is given 
in the parenthesis. 

Two modifications of the basis SC test protocols were also examined. At first, the discharging voltage 

was increased from 2.5 V to 3.2 V to reduce the stress at very low SoC. Furthermore, the boost 

intensity was reduced: During the boost interval, the charging power of 14 W was replaced by a 

constant current of 3 A to obtain a better comparability to the experiments on CCCV and BC 

protocols. The boost periods ended when the cell voltage reached 3.9 V, which was identical to the 

first SC protocols. As illustrated in Figure 71, the increase of the discharging voltage reduces the 

degradation also for the SC protocols. Capacity fade and resistance increase are lower (see 

SC (3.2V)). The lowering of the boost charging currents from ca. 3.7 A to 3 A (see SC-3A (3.2V)) 

entails a marked improvement compared to the first SC variant. However, the capacity fade and the 

resistance increase still remains considerably worse than for the 1.0 A CCCV reference protocol, 

particularly when comparing the curves to those for discharging to 3.2 V only (see CCCV (3.2V)). As 

shown in Figure 71c, 500 EFC were obtained for the SC-3A protocol in combination with a charging 

voltage of 4.1 V before reaching a capacity fade of 20%. However, this is more than twice the 

capacity fade from 1.0 A CCCV charging for the same discharging voltage of 3.2 V. Overall, 

substantially higher stress is observed for all SC charging protocols due to their high initial charging 

currents, although the charging currents were adapted to the SoC of the cell. 
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Additional Insights from Differential Voltage Analysis 

For the SC protocols charging to 4.2 V, Figure 72 shows the differential voltage spectra for up to 500 

cycles. Figure 72a and Figure 72b reveal a massive fade of storage capabilities of the anode, as the 

central graphite peak shifts markedly to the left already within a low number of cycles. When 

increasing the discharging voltage from 2.5 V to 3.2 V, the attenuation of the central graphite peak 

decreases. Hence, a more uniform degradation of the anode is assumed. Figure 72c demonstrates 

that for lowering the boost intensity, the shift of the central anode peak decelerates and the aging 

rate decreases. However, the degradation remains at a very high level. The differential voltage 

spectra confirm that the high charging currents at the beginning of the charging procedure stress 

the anode disproportionately and cause a rapid capacity fade. For charging to 4.1 V, the differential 

voltage spectra revealed a lower degradation rate, but the trends were similar to the observations 

presented in Figure 72. 

 

Figure 72.  Differential voltage spectra after up to 500 cycles for different supercharging protocols charging 
the cells to 4.2 V: (a) SC 4.2 V–2.5 V, (b) SC 4.2 V–3.2 V, and (c) SC-3A 4.2 V–3.2 V.  

Overall, the cell type examined is very sensitive to high charging currents. Based on the results 

obtained in this study, the cells exhibit – even for the SC protocols with reduced boost intensity – a 

capacity fade of 20% already after about 300 cycles from 3.2 V to 4.2 V or 700 cycles from 3.2 V to 

4.1 V. In the second case, the cells would still be able to withstand 500 EFC. Combined with an 

average driving distance of 350 km per full cycle, this corresponds to 175,000 km of driving before 

reaching the EoL of the battery. For a vehicle with a lower driving range per full cycle, such as 

150 km, the cycle life of 500 EFC of the supercharging protocols for the cycling window from 3.2 V 

to 4.1 V would lead to an insufficient battery life of only 75,000 km.  
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5.4.4 Charging with Soft-Start Period 

As observed in the previous cycling procedures, a deep CCCV discharging to 2.5 V aggravates 

degradation. To examine whether completely discharged cells are disproportionately stressed by 

the charging currents at low SoC, charging protocols with an initial soft-start sequence were 

examined. In these soft-start protocols, the initial 10% CN were charged with a low current of 

100 mA (= C/28). 

Charging Time and Capacity Utilization 

For charging to 4.1 V and 3.7 V, Figure 73 shows the charging progress with and without a soft-start 

interval. As the initial 10% CN were charged at a very low rate, the charging procedure lasts ca. 

150 min longer than the 1.0 A CCCV charging protocol and the total duration lies in the order of 

0.5 A CCCV charging (see Figure 50). The capacity utilization at the end of the charging procedure is 

somewhat higher than for the conventional CCCV protocols.  

 

Figure 73.  Charging progress of new cells charged with and without a soft-start period covering the initial 
10% CN: (a) Voltage curves and (b) charged capacity for charging voltages of 4.1 V and 3.7 V. 

Checkup Results 

The capacity fade and the resistance increase of the two soft-start charging protocols are illustrated 

in Figure 74.  

 

Figure 74.  Impact of a soft-start interval on (a) capacity fade and (b) resistance increase, measured by the 
checkups every 100 cycles.  
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For charging to 4.1 V and 3.7 V, the soft-start charging protocols are compared to their 1.0 A CCCV 

counterparts. The capacity fade and resistance increase for charging to 4.1 V is similar for both 

charging strategies. After 500 EFC, the capacity fade amounts to ca. 14% and Rdc,10s has increased by 

more than 70 mΩ. For charging to 3.7 V, however, a lower cycle aging is observed for the soft-start 

charging variant. The capacity fade is ca. 2 percentage points lower after 500 EFC and Rdc,10s also 

remains notably lower. This means that for the smaller cycling window, the initial sequence with a 

low charging current reduces cycle aging.  

For charging to 4.1 V, no benefits from a low-current sequence at the beginning can be observed in 

the capacity fade and resistance increase. The capacity fade is also similar to 0.5 A CCCV charging, 

which exhibits the same total charging time as the soft-start protocol. Particularly for the internal 

cell resistances, Figure 74b exhibits an excellent agreement between the soft-start protocol and 

0.5 A CCCV charging. There is also an excellent agreement in the resistance values of the two 

repetitions of 1.0 A CCCV charging. Hence, the differences between the two pairs of resistance 

curves were not caused by cell-to-cell variation but are supposed to be a result of the different cycle 

durations. 

Additional Insights from Differential Voltage Analysis 

To further investigate the effects of a low charging current at the beginning of the charging process, 

Figure 75a and Figure 75b show the differential voltage spectra of the two cells charged to 3.7 V 

with the conventional 1.0 A CCCV protocol and with the soft-start protocol, respectively. The most 

obvious differences can be observed for the graphite peaks at 0.3–0.6 Ah and the central graphite 

peak at ca. 1.6 Ah. Figure 75b demonstrates that the degradation of the graphite anode is lower for 

the soft-start protocol since the graphite peaks are less attenuated. As the location of the central 

graphite peak exhibits only a very small left-shift, the capacity fade results predominantly from a 

loss of cyclable lithium owing to a shift in the electrode balancing which reduces the available cycling 

window. This degradation resembles calendar aging, where there has also been observed only a loss 

of cyclable lithium and very minor degradation of the active materials. 

 

Figure 75.  Differential voltage spectra after up to 500 EFC for 1.0 A CCCV charging to 3.7 V (a) without and 
(b) with a soft-start period, in which the first 10% CN were charged with a charging current of only 100 mA. 

For charging to 4.1 V, Figure 76 compares the differential voltage spectra of three cells which were 

charged with the soft-start protocol or CCCV protocols. Although there have not been considerable 
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differences in the capacity fade and resistance increase, notable differences can be observed in the 

differential voltage spectra.  

 

Figure 76.  Differential voltage spectra after up to 500 EFC for 1.0 A CCCV charging to 4.1 V (a) without and 
(b) with a soft-start period, in which the first 10% CN were charged with a charging current of only 100 mA. 
(c) 0.5 A CCCV charging, which has a similar charging duration as the soft-start protocol. 

In general, the graphite peaks are attenuated considerably more than for charging to 3.7 V, which 

has been presented in Figure 75. As there is no distinct central graphite peak any longer for the aged 

cells in Figure 76, an inhomogeneous degradation of the active material is assumed for all cells 

charged to 4.1 V. Again, the attenuation is lower for the soft-start protocol, depicted in Figure 76b, 

than for the conventional 1.0 A CCCV protocol, depicted in Figure 76a. It seems that the reduced 

charging current at low SoC has a positive effect on cycle aging. However, this becomes questionable 

when regarding Figure 76c, which illustrates 0.5 A CCCV charging to 4.1 V. This charging protocol 

has a similar total charging duration as the 4.1 V soft-start protocol. As the differential voltage 

spectra are similar for these two protocols, the lower anode degradation is supposed to be more an 

effect of time than of the charging current. The slow cycles, which exhibit better anode storage 

capabilities, might provide the cells enough time for a homogenization of the internal charge 

distribution or they enable recovery periods in which deposits from side reactions at the electrode 

surface are dissolved so that certain anode areas are no longer inhibited from participating in the 

charge-discharge cycling.  

Overall, it does not seem that moderate charging currents stress the cells at low SoC but that low 

charging currents at low SoC, where potential changes in the anode half-cell potential are largest, 

lead to certain homogenization effects. Investigating these effects can be the subject of further 

experimental studies. 
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5.5 Conclusions  

Ideal charging protocols for EVs combine a short charging time, a high capacity utilization, and a 

long cycle life. However, the charging protocol implemented in a practical application is always a 

compromise that represents a tradeoff between these three criteria. 

Charging Time and Capacity Utilization 

The charging time is mainly determined by the charging currents applied. With higher charging 

currents, the charging time decreases. For standard CCCV protocols, the charging time does not 

change considerably over the battery life. With proceeding aging of the battery cells, the duration 

of the CC phase shortens. However, the overall charging time decreases only slightly, as the CV 

phase prolongs. 

The capacity utilization is largely independent from the charging current and depends mainly on the 

charging voltage. Moreover, the cut-off current specified for the CV period also affects the capacity 

utilization. When starting the charging procedure with a very low current, a somewhat higher 

capacity utilization has been observed. 

Lithium Plating Confirmed as Main Degradation Mechanism 

The study on charging protocols for lithium-ion batteries has clearly revealed that high charging 

currents aggravate degradation. Lithium plating has been confirmed to be the dominant aging 

mechanism when charging high-energy lithium-ion batteries with high charging currents to high 

charging voltages. Lithium plating is associated with a rapid capacity fade caused by a loss of cyclable 

lithium owing to side reactions of the plated lithium with the electrolyte. Increasing high-frequency 

resistances have revealed a decomposition of the electrolyte, which decreases its conductivity. Also 

in the differential voltage spectra, reduced storage capabilities of the graphite anode have been 

observed after charging with high currents. 

Resistance Increase Originates Mainly from the NCA Cathode 

In addition to the degradation at the anode, the cathode has also exhibited a considerable 

degradation. The EIS measurements have revealed a massive increase of the charge transfer 

resistance of the NCA cathode, particularly for deep discharging and large charge-discharge cycles. 

According to the literature, this can be explained by microcracks in the particles and by weakening 

particle-to-particle contacts. With the increasing cell resistances, the rate capability of the cells 

diminishes. Hence, the power capability and the cycle depth under higher discharging currents 

decreases.  

Results of Boost Charging and Supercharging 

The BC and SC protocols apply a high charging current only at a certain SoC regime. Although it has 

been beneficial to avoid high charging currents at high SoC regimes, where the anode potential is 

lowest, the high charging currents have still caused disproportionate degradation at lower SoCs. No 

benefits compared to CCCV charging could be identified in this study. This demonstrates that a 

lithium-ion cell has to be designed for fast-charging capability. Thin anodes with high porosity are 

typically less susceptible to lithium plating than thick electrodes with low porosity.  
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Regeneration Effects after Lithium Plating 

The cells which were charged with high charging currents and suffered from massive lithium plating 

have exhibited certain regeneration effects during idle periods. After each checkup procedure, in 

which the cells were charged and discharged with substantially lower currents than in the high-

current charging cycling test procedure, a considerably higher capacity was available in the cycling 

procedure directly after the checkup measurement than directly before the checkup.  

Furthermore, anode storage capabilities recovered after longer pauses. Although the capacity has 

remained unchanged, the peaks in the differential voltage spectrum have shifted and indicated 

considerably higher storage capabilities again. This is in good agreement with the theory in the 

literature that waste products from side reactions between plated lithium and the electrolyte clog 

pores and inhibit parts of the active material from participating in the charge-discharge cycling 

procedure.  

Means for Reducing Degradation 

First of all, fast charging with high charging currents should not be applied for every-day use to avoid 

lithium plating and high stress for the electrode materials. Furthermore, a lower cycle depth has 

improved considerably the cycle life of the high-energy lithium-ion cells examined in this thesis. The 

experimental results have shown that a reduced cycle depth by increasing the discharging voltage 

has helped to reduce the resistance increase of the NCA cathode considerably more than a reduced 

charging voltage. In addition to that, the differential voltage spectra have exhibited a lower and 

more uniform degradation of the active materials for a reduced depth of discharge. 

Low charging currents at low SoCs have not directly reduced degradation. Only the longer cycle 

duration has provided more time for regeneration mechanisms and thus a somewhat slower and 

more uniform degradation has been obtained. 

Effects of Lowering the Charging Voltage 

A very prominent method used for increasing the cycle life of a lithium-ion battery is reducing the 

charging voltage. However, the observed interdependencies between charging voltage and battery 

degradation have led to an ambiguous result. On the one hand, reduced charging voltages have led 

to a lower capacity fade. The overall capacity measured in the checkups has decreased more slowly 

and also the fade in the relative available capacity has been lower.  

On the other hand, the capacity utilization has decreased considerably with reduced charging 

voltages. When regarding the absolute available capacity, there have not been observed any 

positive effects any longer. Although the capacity fade is lower for a reduced charging voltage, this 

effect is not sufficiently large that it also has a positive effect on the absolute available capacity. Yet, 

it is the absolute available capacity that determines the driving range of an EV. The study has shown 

that even after 1000 EFC, the absolute available capacity was still higher for the cells which were 

charged to a higher voltage – although their relative capacity fade was larger.  

This demonstrates that when designing a battery system for a practical application, a compromise 

between absolute available capacity and relative capacity fade has to be made. Only when cells 

suffer predominantly from anode degradation, a reduction of the charging voltage can extend the 

battery life as it maintains a remaining storage reserve of the graphite anode. 
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6 Battery Aging under Driving Operation 

In EVs, the load for the traction battery during driving is usually very unsteady. There are dynamic 

load changes which result from the acceleration and deceleration of the vehicle. Furthermore, 

driving is no pure discharging process because regenerative braking leads to recurring recharging 

periods. Consequently, these load conditions differ substantially from general laboratory test 

conditions, where a constant current or a constant power is usually applied for discharging. Thus, 

to reproduce, predict, and optimize battery life in EVs, it is essential to understand the effects of the 

typical characteristics of real-world driving profiles on the aging of lithium-ion batteries. Parts of the 

results on battery aging under driving operation were also presented in Ref. [248]. 

6.1 Insights from the Literature on Cycling Operation 

In the literature, studies on cycle aging of lithium-ion batteries were usually performed with CC 

discharging (e.g., [154,201,249,250]). They examined the effects of different cycling parameters, 

such as current rate, SoC, cycle depth, and temperature on battery aging.  

Higher current rates were generally observed to cause faster degradation [59,250]. However, the 

dynamic load changes which occur in EVs were rarely examined in the literature. Several studies on 

hybrid energy storage systems recommended the combination of high-energy lithium-ion batteries 

and supercapacitors to improve cycle life [251–255]. They claimed that an additional high-power 

storage system, which covers all peak loads and recharging pulses, relieves battery stress and, thus, 

reduces battery degradation. However, no proper validation of this assumption was provided. Due 

to the highly complex aging behavior of lithium-ion batteries with many interdependencies of 

influencing factors, realistic load patterns should be applied to verify the results from simplified CC 

cycling procedures [250]. Gering et al. [256] examined five PHEV pulse profiles with different current 

amplitudes but comparable charge throughput, which revealed a similar capacity fade. Moreover, 

Peterson et al. [257] analyzed the degradation of a PHEV battery in driving mode and in vehicle-to-

grid mode. However, they did not perform CC cycling for comparison. One major drawback of both 

PHEV studies is that the operating conditions examined differ substantially from typical EV operating 

conditions, particularly in current rates and cycle depth.  

A strong impact on cycle life is often observed for cycle depth. Battery degradation typically 

increases with higher cycle depths [258]. The maximum cycle depth of 100% usually leads to highest 

stress and fastest degradation [70,201]. By contrast, a low cycle depth of 5% minimizes cycle aging 

and degradation can become similar to pure calendar aging [201,249]. In general, a lower cycle 

depth enables a higher total charge throughput before the EoL is reached [249]. However, the same 

cycle depth was observed to cause different battery aging at different SoCs. In an aging study of 

Ecker et al. [201], the cycling intervals of 0–20%, 80–100%, and 65–85% led to a substantially faster 

degradation than the cycling interval of 40–60%. Hence, cycle depth and SoC always have to be 

evaluated jointly.  



Objectives for the Own Aging Study 

 

 108 

Many studies also demonstrated a large impact of temperature on cycle aging [72,154,259]. 

Particularly for temperatures toward 0°C and below, cycle life diminishes due to aggravating lithium 

plating [157,260]. As lithium plating is an aging mechanism usually related to charging at low 

temperatures, these results reveal a common limitation of the low-temperature studies presented 

in the literature. As charging and discharging was always performed at the identical temperature, 

the degradation owing to charging at low temperature and the degradation owing to discharging at 

low temperature could not be separated.  

Although there are many publications on cycle aging of lithium-ion batteries, it remains unclear how 

the frequent load changes during driving operation and, in particular, the recharging pulses during 

regenerative braking affect the cycle life of the lithium-ion batteries in EVs. Moreover, the individual 

impact of charging and discharging at low temperature has not been examined yet. To overcome 

these shortcomings, battery degradation was examined for a representative load pattern based on 

an EV driving load profile. With this load profile, the impact of regenerative braking was investigated 

together with other influencing factors, such as temperature, SoC, and cycle depth. The aging 

related to the driving load profile was also compared to aging from pure CC loads. Furthermore, 

low-temperature degradation was examined separately for charging or discharging at 0°C. 

6.2 Objectives for the Own Aging Study 

To overcome the shortcomings of the existing aging studies presented in the literature, the 

experimental aging studies on EV driving operating, presented in this chapter, had the following 

objectives: 

• Selecting a representative load scenario for examining battery aging under EV driving 

operation 

• Determining main drivers of capacity fade and resistance increase 

• Identifying the cycle aging contributions, which occur in addition to calendar aging 

• Investigating the impact of short recharging sequences owing to regenerative braking on 

battery aging 

• Analyzing the dependency of cycle aging on temperature 

• Analyzing the dependency of cycle aging on SoC and cycle depth 

• Comparing battery aging under dynamic driving loads and CC loads 

• Separate investigation of battery degradation caused by charging or discharging at low 

temperature 

• Identifying operating conditions which enable a long cycle life  

6.3 Comparison of Driving Load Profiles 

To determine EV battery aging under a more representative load condition than CC discharging, 

driving load profiles were required. As there had not been any standardized test profiles for EVs 

when the aging study was designed, load profiles were computed from various driving profiles used 

for fuel economy measurements of conventional vehicles. For these computations, a vehicle model 
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was used which comprised all major driving resistances. The resulting load profiles were scaled 

down to cell level so that an appropriate profile for the experimental aging study could be selected.  

Neudorfer et al. [261] analyzed different driving cycles, which are used as standardized references 

for fuel consumption measurements. They distinguished between “modal” and “stylistic” driving 

cycles. Modal cycles are artificial driving cycles which consist of several sections with constant 

velocity. By contrast, stylistic driving cycles represent realistic driving scenarios with permanently 

changing velocities. For this cycle life study, only stylistic driving cycles were considered, as they 

generate a more realistic load scenario. 

6.3.1 Computation of Driving Load Profiles Using a Simplified Vehicle Model 

This section describes the simplified vehicle model that was used to obtain load profiles for the 

battery of an EV from standardized velocity profiles. This simulation model considered all major 

driving resistances to compute the necessary driving power at each time step. Thus, the driving 

cycle’s velocity profile was converted into a power profile. As described by Heissing et al. [262] and 

Meywerk et al. [263], the driving power Pvehicle can be calculated as 

Pvehicle = Freq ∙ v = (FR + FA + FC + FI ) ∙ v (18) 

where Freq represents the sum of all driving resistances and v is the velocity of the vehicle. Freq 

consists of the following simplified driving resistances: 

• Rolling resistance:   FR = (mV + mL) ∙ g ∙ froll ∙ cos() (19) 

• Aerodynamic drag:   FA = 1/2  ∙ A∙ cW ∙ AA∙ (v + vA)²  (20) 

• Climbing resistance:   FC = (mV + mL) ∙ g ∙ sin() (21) 

• Acceleration resistance:  FI = (e ∙ mV + mL) ∙ a (22) 

where the acceleration a is the derivative of the vehicle’s velocity and v+vA is the relative velocity 

between air and vehicle. Table 11 provides a description of all symbols used and their values 

assumed for the load profile calculation. The values of vehicle A, a sub-compact urban vehicle for 

up to two passengers, were used for the load profiles employed in this thesis. Vehicle B represents 

a conventional compact car for four passengers. 

Table 11.  Parameters for load profile computation 

Symbol Description Vehicle A Vehicle B 

mV Mass of vehicle  625 kg 1350 kg 
mL Mass of load 150 kg 200 kg 
g Gravitational acceleration 9.81 m/s² 9.81 m/s² 

froll Rolling resistance coefficient 0.007 0.011 

 Angle of inclination 0° 0° 

A Density of air  1.2 kg/m³ 1.2 kg/m³ 
cW Drag coefficient 0.22 0.30 
AA Cross-sectional area 1.69 m² 2.20 m² 
vA Air velocity 0 m/s 0 m/s 
e Factor for rotational masses 1.1 1.1 

 Efficiency 0.75 0.80 
Paux Auxiliary power consumption 500 W 1000 W 
N Number of cells 1296 2500 
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To translate the driving power Pvehicle , required to accelerate and decelerate the vehicle, into the 

battery load Pbattery , the drivetrain efficiency and the power consumption Paux of auxiliary 

consumers, such as lighting, heating, or driving assistance systems, had to be considered. 

According to common sign conventions, positive values of Pvehicle indicate acceleration, whereas 

positive battery currents represent a charging of the battery. The following two equations, 

depending on the direction of the power flow of the motor, accounted for these conventions:  

• acceleration:   Pbattery = (Pvehicle / + Paux)   for Pvehicle ≥ 0 W (23) 

• deceleration:   Pbattery = (Pvehicle ∙  + Paux)   for Pvehicle < 0 W (24) 

For simplicity reasons, a constant drivetrain efficiency of 0.75 and a constant auxiliary power 

consumption of Paux = 500 W were assumed. These simplifications were tolerable, as for the 

investigation of battery aging under dynamic driving loads, the qualitative distribution of charging 

and discharging loads was considered substantially more important than the precise quantitative 

values at each time step. All presented calculations did not have the aim to describe a specific EV as 

realistic and accurate as possible, but to generate generic load profiles suitable for the analysis of 

battery aging related to driving operation and regenerative braking.  

As a next step, the load profile was converted from the level of an entire traction battery to cell level 

by dividing the total power Pbattery by the number of cells N in the battery pack: 

Pcell = Pbattery  / N (25) 

This yielded the power profile Pcell for a single cell. To obtain a demanding load profile, a small 

battery pack of 1296 cylindrical 18650 cells with a total energy content of ca. 13 kWh was assumed. 

This amount of energy was sufficient for the regarded sub-compact vehicle to provide a driving 

range of at least 100 km.  

Although the load profile was computed for a sub-compact car, comparable results could also be 

obtained for a larger vehicle, which had, on the one hand, a higher mass and more engine power, 

but, on the other hand, a larger battery system. The parameter set of vehicle B, listed in Table 11, 

led to a rather similar load profile as vehicle configuration A. 

Load profiles for battery aging experiments are usually defined as current profiles instead of power 

profiles, which guarantees an identical charge throughput independent of the battery’s SoC or 

terminal voltage. This provides a better comparability of the results. Therefore, the power profile 

Pcell was divided by a reference voltage Uref  to obtain the current profile Icell: 

Icell = Pcell / Uref (26) 

Since the investigations within this thesis cover a wide SoC range, Uref was set to 3.6 V, which is the 

nominal cell voltage, specified by the manufacturer. 

6.3.2 Evaluation of Driving Cycles 

For different European and American driving cycles, the velocity profiles from Ref. [264] were 

transformed into current profiles for single lithium-ion cells with a numerical fixed-step solver and 

a step size of 1 s. Table 12 lists the duration, driving distance, and average velocity of the different 

driving cycles. Furthermore, the discharged ampere-hours per cell and the maximum charge 
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recovery, which were derived from the simulation, are presented for one run of each driving cycle. 

Figure 77 depicts the current histograms of six driving cycles, which represent different driving 

conditions. These results served as a basis for the selection of an appropriate load profile for the 

cycle life study. 

 

Figure 77.  Distribution of cell currents for different European and American driving cycles as percent of total 
driving cycle duration. The parameters of vehicle A (see Table 11) were used for these calculations. 

For investigating the impact of real-world driving loads on battery aging in experimental laboratory 

studies, highway driving cycles are beneficial as they feature a higher energy consumption than 

urban and rural driving cycles. This leads to a higher charge throughput and is, thus, simulating a 

higher driving distance per time (see Table 12). Moreover, this represents a worst-case usage 

scenario, as EVs are often used in urban traffic conditions, where, despite of more frequent stop-

and-go driving conditions, the battery load is considerably lower.  

Table 12.  Comparison of three European and five American stylistic driving cycles, including the discharged 
ampere-hours and the maximum amount of charge recovered by regenerative braking from simulations with 
vehicle configuration A (see Table 11). 

 Duration  
Driving 

Distance 
Average  
Velocity  

Discharged  
Ampere-hours 

Max. Charge 
Recovery 

ARTEMIS Urban 16.5 min 4.5 km 16.2 km/h 0.151 Ah 25 % 

ARTEMIS Road 18.0 min 17.3 km 57.5 km/h 0.354 Ah 17 % 

ARTEMIS Motorway 130 17.8 min 28.7 km 96.9 km/h 0.773 Ah 8 % 

NYCC 10.0 min 1.9 km 11.4 km/h 0.063 Ah 21 % 

FTP72 22.8 min 12.0 km 31.5 km/h 0.244 Ah 19 % 

LA92 23.9 min 15.8 km 39.7 km/h 0.401 Ah 20 % 

HWFET 12.8 min 16.5 km 77.7 km/h 0.277 Ah 6 % 

US06 10.0 min 12.9 km 77.3 km/h 0.369 Ah 15 % 
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Table 12 also shows that the amount of charge that can be recovered by regenerative braking in 

highway driving cycles amounts to 8 % for the Artemis Motorway 130, 6 % for the HWFET, and 15 % 

for the US06 driving cycle. Figure 77 illustrates the distribution of cell currents for different 

European and American driving cycles. Since the American US06 driving cycle recovers substantially 

more charge than the other two highway driving cycles and since it contains a considerable 

percentage of regenerative braking events with a current magnitude above 2 A (see Figure 77f), it 

was selected for this cycle life study with a focus on the impact of regenerative braking on battery 

aging.  

6.4 Design of the Experimental Study 

The objective of this aging study was to investigate the degradation of lithium-ion batteries in EVs 

under realistic driving load conditions. Therefore, load profiles derived from the American US06 

driving cycle were employed. In this section, the various test conditions and the test procedure are 

presented. 

6.4.1 Test Conditions 

In this study, highway driving load profiles with different magnitudes of regenerative braking were 

used. Moreover, the cells were cycled at different temperatures, SoCs, and cycle depths. The 

dynamic discharging with the driving load profile was also compared to CC discharging with the 

same mean current and cycle depth. In the following paragraphs, the test conditions are described. 

Load Profile 

The US06 driving load profile was selected for this aging study. The velocity profile of this highway 

driving cycle is illustrated in Figure 78a. The corresponding current histogram has been depicted in 

Figure 77f. As the cycle aging study was conducted on a battery test system with multiple 

independent 5 V/±5 A test channels, high discharging loads had to be truncated at 5.5 A, which was 

the limit of the test system. Figure 78b exhibits the truncated discharging currents. 

 

Figure 78.  (a) Velocity profile of the US06 highway driving cycle. (b) Load profiles for a single lithium-ion cell 
with different magnitudes of regenerative braking, represented by different limitations for the recharging 
currents (Ire) during regenerative braking. 
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Variation of Regenerative Braking  

To analyze the impact of regenerative braking on battery aging, four different current levels were 

defined for the recharging pulses, which are illustrated in Figure 78b by the four different load 

profiles: The first level is “no recharging” (“no Ire”), which corresponds to no regenerative braking at 

all. The load during the periods of regenerative braking or standstill remains somewhat below 0 A, 

since the auxiliary load still has to be provided. The second level limits recharging currents Ire for the 

battery cell to 1 A (“Ire ≤ 1 A”). It is able to recover 8% of the ampere-hours discharged during the 

driving cycle, which corresponds to approximately half of the maximum recoverable amount of 

charge. The third level of regenerative braking was defined as “Ire ≤ 2 A”, covering more than 80% of 

the maximum recoverable amount of charge. The fourth level of unrestricted regenerative braking 

is labeled “max Ire” and contains recharging pulses up to 4.5 A. This enabled a charge recovery of 

16%, which is 1 percentage point higher than the value listed in Table 9 due to the truncation of the 

high discharging currents.  

State of Charge Levels 

One run of the US06 driving cycle corresponds to a driven distance of ca. 13 km. To obtain more 

representative driving distances for the cycle life study, at least two runs of the load profile were 

performed in series before charging the cell again. Without regenerative braking, two consecutive 

runs of the US06 highway driving cycle depleted approximately one fourth of the cell’s nominal 

capacity CN. 

In the cycle aging study, different SoC levels were examined. The SoC levels were defined by the 

maximum voltage for the CC charging procedure with a charging current of 0.7 A (= C/4). As 

illustrated in Figure 79a, the low, medium, and high charging voltages were 3.7 V, 3.9 V, and 4.1 V, 

respectively.  

 

Figure 79.  (a) Low, medium, and high charging voltage for constant-current charging at 25°C. The double 
arrows illustrate the cycle depths for two consecutive runs of the driving load profiles with no regenerative 
braking at all (25% CN) and maximum regenerative braking (20% CN). (b) Cycle depths of four and six 
consecutive runs of the driving load profiles, used to examine larger cycle depths. 

To separate usage-dependent and usage-independent capacity fade, baseline curves for calendar 

aging were computed for low, medium, and high SoC. This was performed based on the results of 

the first calendar aging study, which examined cells from the same production lot. Figure 79a 
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illustrates from which two storage SoCs, an average calendar aging baseline curve was computed 

for each of the three SoC windows. 

A slight correction of charging voltages was applied for 10°C: As higher internal resistances at low 

temperatures lead to higher terminal voltages during charging, the low charging voltage level was 

set to 3.75 V and the medium charging voltage was set to 3.925 V. The high charging voltage 

remained at 4.1 V to avoid any risk of increased lithium plating or electrolyte oxidation resulting 

from higher cell voltage.  

Cycle Depths 

The double arrows in Figure 79a illustrate the cycling windows for two subsequent runs of the 

driving load profiles. Two consecutive runs of the driving load profile deplete 24.8% of the nominal 

capacity CN. This corresponds to a depth of discharge of 24.8% CN when no regenerative braking is 

used. By recovering charge during braking periods, the depth of discharge at the end of the driving 

sequence remains smaller. With unrestricted regenerative braking, two consecutive runs of the 

driving load profile lead to a depth of discharge of 20.4% CN.  

In addition to two consecutive runs of the driving load profile, four and six consecutive runs were 

also examined for the driving load profile with maximum regenerative braking. This depleted 49.5% 

and 74.3% CN. Due to the partial recharging by regenerative braking, the resulting depths of 

discharge were 40.8% and 61.1% CN, respectively. These higher cycle depths were examined for the 

high and the medium charging voltage, as it is depicted in Figure 79b. For the high charging voltage, 

four consecutive runs of the load profile without regenerative braking were also examined. The 

remaining SoC margins toward 0% and 100% SoC guaranteed that no overcharging occurred during 

recharging pulses at high SoC and allowed to perform the cycling procedure also on aged cells with 

lower capacities approaching the EoL condition of 20 % capacity fade.  

Temperature Conditions 

To examine the impact of different operating temperatures on battery aging, the cycling sequences 

with the driving load profiles were performed at 40°C, 25°C, and 10°C. 25°C can be considered as a 

standard operating temperature for the lithium-ion cells. To cover a representative spectrum of 

average operating temperatures for an EV, an additional high and low temperature level of 40°C 

and 10°C was defined. They can be interpreted as summer and winter conditions, where the battery 

pack cannot be cooled down or heated up to 25°C.  

To investigate the impact of charging and discharging at low temperature on battery aging 

separately, an additional experiment was conducted which based on an alternating operating 

temperature. A climate chamber was programmed to alternate its temperature between 25°C and 

0°C after a predefined time interval. Inside that chamber, two sets of cells were tested. The first set 

was charged at 0°C and discharged with driving load profiles at 25°C and for the second set, the test 

scenario was vice versa. 
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6.4.2 Test Procedure 

The entire test procedure was performed with a 32-channel BaSyTec CTS battery test system. Cells 

from the first production lot were examined. At the beginning of the aging study and every 100 EFC, 

a checkup was performed to track the degradation of the cells. Figure 80 depicts the checkup routine 

used in this aging study, which is largely identical to that used in the first calendar aging study (see 

Figure 23, p.46).  

 

Figure 80.  Checkup procedure of the cycle aging study on driving operation 

As illustrated in Figure 80, it contained voltage ramps for cyclic voltammetry, CCCV charging and 

discharging, and pulses at 50% SoC to track changes in internal resistances. The only difference to 

the checkup of the first calendar aging study is that it contained two CCCV charging-discharging 

cycles after the initial voltage ramps. This checkup procedure was performed at 25°C for all cells. A 

detailed description of the checkup procedure is provided by Table A-8 in the appendix. The checkup 

procedure ended after a pulse sequence at 50% SoC. At this SoC, a galvanostatic EIS measurement 

ranging from 10 kHz to 10 mHz was performed with an RMS excitation amplitude of 50 mA. To 

perform the EIS, the cells were manually disconnected from the battery test system and connected 

to the galvanostat. After the EIS measurements, the cells were reconnected to the battery test 

system and the cycling procedure was continued at the respective test temperature. 

During cycling, the cells were charged to their assigned charging voltages and discharged with 

different load profiles. The charging was performed by a CC charging procedure with 700 mA until 

the respective charging voltage was reached. The low charging current of C/4 was employed to 

minimize degradation caused by charging the cells. For discharging the cells, the driving load profiles 

with four different magnitudes of regenerative braking were used. Two, four, or six consecutive runs 

of the load profiles, with a pause of 1 min in between, were applied to obtain different cycle depths. 

100, 50, or 33 repetitions were performed, respectively, to obtain about 50 EFC for the different 

cycle depths. There was a pause of 5 min between each charging and discharging sequence. After 

the 50 EFC, the cells performed one large cycle of CC charging with 700 mA to 4.1 V and CC 

discharging with 1.4 A (= C/2) to 2.5 V. In the end, the cells were charged to 50% SoC again. This 

cycling sequence was performed twice to obtain 100 EFC between two checkups. 
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Only for the aging experiment with alternating temperatures, the checkups were performed every 

50 EFC. In this experiment, the Vötsch VT4021 climate chamber was programmed to change its 

temperature between 0°C and 25°C every 2.4 h. The charging sequence started always 15-20 min 

after the temperature change and had a duration of ca. 2 h. As the discharging sequence, depleting 

50% CN within 40 min of driving, was substantially shorter than the charging sequence due to the 

higher discharging currents, longer pauses were defined before and after the discharging sequences 

to fill the 2.4 h at the discharging temperature. Hence, the discharging sequence started ca. 50 min 

after the temperature change and the pause between discharging and the next temperature change 

was also ca. 50 min. At the beginning and at the end of the aging experiment with alternating 

temperatures, the standard checkup routine from the aging study on charging protocols (see Figure 

49, p.80) was executed since it contained a low-current charging sequence for DVA.  

6.4.3 Degradation Monitoring 

To track the degradation of the cells, the following indicators were evaluated in this aging study. 

Capacity  

The actual capacity was determined from the second CCCV discharging sequence. The CCCV capacity 

values were used to identify the capacity fade with only minor influence of the increasing internal 

resistances. The two charge-discharge cycles before the capacity measurement were beneficial for 

reducing effects of the preceding operating history. 

Internal Resistances 

Two characteristic resistance values were evaluated in this aging study: Rac,1kHz and Rdc,10s. Rac,1kHz, 

obtained from the EIS measurements at 50% SoC, reveals increasing ohmic resistances. Moreover, 

Rdc,10s was computed from the current step from 0 A to –3 A of the pulse sequence at 50% SoC at 

the end of the checkup procedure. This resistance value reveals changes in the overall resistances, 

which also include contributions from passivation layers, charge transfer, and diffusion. Hence, 

Rdc,10s is always considerably higher than Rac,1kHz for the same SoC. 

Energy Efficiency 

Values for the energy efficiency were calculated from the cycling data. The energy efficiency η of 

one cycle, consisting of the consecutive runs of the driving load profile and the subsequent 

recharging to the initial voltage level, was defined as the quotient of cumulated watt-hours 

discharged during the driving periods divided by the watt-hours charged during the CC charging 

period. The cumulated watt-hours recovered by regenerative braking were not included in this 

calculation, as they can always be recovered for free. This recharged amount of charge neither has 

to be paid by the customer nor increases any power plant emissions.  

𝜂 =
𝐸discharging

𝐸CC_charging
   (27) 

This definition of η leads to increasing efficiencies with higher levels of regenerative braking, as the 

recovered charge can be used again in a subsequent acceleration period. This can also result in 

efficiencies above 100% when regenerative braking enables more watt-hours being discharged 

during driving than watt-hours having been charged at the charging station. To compensate for this 

side effect from charge recovery during driving, a modified energy efficiency ηmod was defined, 
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which divided η by the quotient of discharged ampere-hours during driving divided by charged 

ampere-hours of the CC charging sequence. 

𝜂mod =
𝐸discharging

𝐸CC_charging

𝑄discharging

𝑄CC_charging
⁄   (28) 

Differential Voltage Spectrum 

In the additional experiment with the alternating operating temperature, low-current charging 

curves were recorded in the first and last checkup. From these data, the differential voltage spectra 

were computed. The characteristic capacities Q1, Q2, and Q3, as defined in Figure 31, were analyzed 

to identify origins of capacity fade. 

6.5 Results and Discussion 

To present the impact of driving operation with dynamic loads and regenerative braking on battery 

aging, up to 2000 EFC were examined. They correspond to a driven distance of ca. 200,000 km for 

the vehicle configuration examined. For the first 500 EFC, all four magnitudes of recharging currents 

for regenerative braking during the driving sequences are compared for the three operating 

temperatures and the three charging voltages. This reveals the impact of regenerative braking on 

battery aging at different SoCs. For 1200 EFC at different operating temperatures, the impact of SoC 

and cycle depth on battery aging is analyzed in more detail. Moreover, the degradation for dynamic 

driving load profiles is compared to CC discharging. Furthermore, results of long-term cycling at 

25°C, comprising 2000 EFC, are presented. In the long-term experiment, regeneration effects were 

observed after longer pauses, particularly for the cells cycled at higher SoCs only. Finally, the 

individual impact of charging and discharging at a low operating temperature of 0°C is investigated. 

6.5.1 Impact of Temperature  

Figure 81 illustrates the degradation of the lithium-ion cells when the cells are charged with 700 mA 

and discharged without regenerative braking at 40°C, 25°C, and 10°C. The 500 EFC correspond to a 

driven distance of ca. 50,000 km. As there was no charge recovery during the driving sequences, the 

cycle depth is ca. 25% CN. Figure 81 shows the impact of SoC and temperature on capacity fade and 

resistance increase. To distinguish between usage-independent and usage-dependent battery 

degradation, baseline curves computed from data of the first calendar aging study are included in 

the capacity plots. The calendar aging curves are scaled in such a way that they correspond to the 4 

weeks of cycling between each two checkups. 

Capacity Fade 

The capacity fade for the three operating temperatures exhibits a strong dependency on SoC. After 

500 EFC, the capacity fade amounts to ca. 5.5% at low SoC, to 6.3–7.2% at medium SoC, and to 8–

12% at high SoC. Thus, a higher SoC has led to faster degradation. As this trend can originate to a 

certain extent from usage-independent calendar aging, the individual contributions of calendar and 

cycle aging must also be regarded.  
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Figure 81.  (a-c) Capacity fade and (d-f) resistance increase for 500 EFC without regenerative braking and with 
a cycle depth of 25% CN. For the usage-independent capacity fade, results from the calendar aging study are 
scaled in accordance with the 4 weeks of cycling between two consecutive checkups. 

Figure 81a-c demonstrates that the contributions of calendar and cycle aging vary substantially with 

temperature. For the cells tested at 40°C, calendar aging has a considerable impact on the overall 

degradation and is responsible for more than half of the capacity fade. The additional capacity fade 

owing to cycle aging amounts to 2.5% for low and medium SoC, and to 4% for high SoC. For the cells 

cycled at 10°C, the highest capacity fade is observed at all SoC levels. Since calendar aging is low at 

this operating temperature, the capacity fade is caused predominantly by cycle aging. The 

contribution from cycle aging, in addition to the 1–2.5% of capacity fade from calendar aging, 

amounts to 4.5% at low SoC, to 5.5% at medium SoC, and to 9.5% at high SoC. Hence, the 

combination of low temperature and high SoC exhibits the largest capacity fade. The lowest aging 

has been obtained at 25°C. With a capacity fade of 1.5–3%, calendar aging at 25°C is considerably 

lower than at 40°C. The additional capacity fade owing to cycle aging amounts to 4% at low and 

medium SoC, and to almost 5% at high SoC. Thus, cycle aging – as the difference between the overall 

degradation and pure calendar aging – is more severe than at 40°C, but lower than at 10°C.  

Due to the different impact of temperature on calendar and cycle aging, there is no steady increase 

or decrease of the entire capacity fade with temperature. The capacity fade increases toward higher 

and lower temperatures. 25°C has provided the best cycle life in this aging study. With higher 

temperatures, calendar aging increases whereas at low temperatures, the cycling operation causes 

substantial degradation. 

These results are in good agreement with other aging studies, which reported an optimal operating 

temperature around 25°C and increasing degradation toward higher and lower operating 

temperatures [72,260]. For higher temperatures, Arrhenius-driven reactions were reported as main 

driving forces of aging, which strongly correlates with calendar aging. For lower temperatures, 
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degradation is ascribed to lithium plating, which means the deposition of metal lithium during 

charging.  

Resistance Increase 

In addition to the capacity fade, battery aging leads to rising internal resistances. Figure 81d-f shows 

the resistance changes for the different operating temperatures and SoC levels. The increase in 

Rac,1kHz, representing the ohmic behavior, lies below 3 mΩ after 500 EFC for all cells, which means 

below 15%. The changes in Rdc,10s of up to 5.6 mΩ also lie below 15% after 500 EFC, where the largest 

resistance increase occurs at 10°C. Overall, the resistance changes are small compared to the 

resistance changes in the preceding aging study on charging protocols. The resistance changes do 

not exhibit strong dependencies on the operating SoC, as it has been observed for the capacity fade. 

In the beginning of the cycling study, Rdc,10s has even decreased for all cells cycled at 40°C and for 

the cells at 25°C that were cycled at the high or medium SoC level. Such reductions in internal 

resistances have not been observed in the calendar aging studies. Thus, they have to result from the 

cycling operation. The origin of the resistance reductions can be identified in the impedance spectra 

depicted in Figure 82. Figure 82a shows impedance spectra for the cell cycled without regenerative 

braking at 40°C and the medium SoC level. After the first 100 EFC, the width of the arc between 

1 kHz and 32 Hz has decreased considerably. This arc is part of the high-frequency capacitive 

semicircle ascribed to the SEI at the anode. Consequently, the decreasing internal resistances 

originate from the anode. Lower anode resistances after cycling were also reported in several 

studies in the literature [158,265,266]. With the capacitive effects decreasing, the vertical position 

of the impedance at 1 kHz shifts somewhat down, as the inductive effects are less compensated by 

capacitive effects in the kilohertz domain.  

 

Figure 82.  Impedance spectra before cycling, after 100 EFC, and after 500 EFC. The two cells were cycled at 
(a) 40°C and (b) 10°C without regenerative braking at the medium SoC level with a cycle depth of 25% CN.  

As a comparison, Figure 82b shows the cell cycled at 10°C and medium SoC. This demonstrates that 

there is no shrinking of the high-frequency capacitive semicircle at lower operating temperatures. 

Consequently, the impedances rise from the very beginning and, thus, the Rdc,10s values lie 

considerably above the values of the cells cycled at 25°C and 40°C. The increasing Rdc,10s values can 

be ascribed to the increasing arc between 30 Hz and 350 mHz. This indicates increased charge 

transfer resistances of the cathode.  
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6.5.2 Impact of Regenerative Braking 

For the test procedure with two consecutive runs of the US06 highway driving profile, the impact of 

regenerative braking on battery aging was examined with four different levels of maximum 

recharging currents during the braking periods. The four levels ranged from no recharging at all to 

unlimited recharging pulses. For up to 500 EFC, representing ca. 50,000 km, the impact of 

regenerative braking on energy efficiency, capacity fade, and resistance increase is analyzed for the 

different operating temperatures and SoC levels. The cells were always charged and discharged at 

the same temperature. 

Energy Efficiency 

Regenerative braking is known to increase the energy efficiency of an EV by recovering energy 

during braking periods. This can be seen in Figure 83a-c, where the energy efficiency of the cells 

cycled with regenerative braking is substantially higher. The efficiency curves lie up to 19 percentage 

points higher. The cells cycled with unrestricted regenerative braking exhibit a depth of discharge 

after the driving sequence which is only 84% of the depth of discharge of the cells without 

regenerative braking for the same driving distance. The reciprocal of this value is 119%, which 

corresponds well to the difference in the energy efficiency curves. Regenerative braking leads to 

efficiency values above 100%. This occurs because only the energy obtained from the charging 

station was considered in the efficiency calculations, as only this amount of energy has to be paid 

by the driver of an EV and has to be considered for emission calculations, e.g., of CO2. 

 

Figure 83.  (a-c) Energy efficiency and (d-f) modified energy efficiency during cycling with two subsequent 
runs of the driving load profile with unrestricted regenerative braking and without regenerative braking  

These side effects from charge recovery are compensated by the modified energy efficiency ηmod. 

Thus, the efficiency curves lie closer together in Figure 83d-f. The graphs exhibit only a small impact 
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of the SoC on the efficiency, but a strong impact of temperature. At 40°C, the efficiency is mostly 

above 95%. At 25°C, it ranges between 93% and 95%, which means that losses are 20–40% higher. 

A substantially lower efficiency is observed at 10°C. It ranges between 89% and 92%, which indicates 

a doubling of the losses compared to 40°C. Hence, the energy available to propel the EV decreases 

notably with lower temperature. This is one reason for reduced driving range of EVs at low 

temperatures. The lower efficiency for the larger cycle depth without regenerative braking results 

from higher voltage drops during the discharging sequence. Reduced electrolyte conductivity, 

decelerated charge transfer, and slow diffusion increase the internal resistances of the lithium-ion 

cell and, thus, reduce the efficiency. 

Capacity Fade 

For the nine combinations of operating temperature and SoC level, Figure 84 depicts the capacity 

fade for the four levels of regenerative braking. Again, the capacity fade is compared to calendar 

aging to identify usage-dependent and usage-independent aging contributions. 

 

Figure 84.  Capacity fade for 500 EFC (ca. 50,000 km) with different magnitudes of regenerative braking. Two 
subsequent runs of the driving load profile were performed before each recharging. The calendar aging 
curves are scaled in accordance to the ca. four weeks of cycling between two consecutive checkups. 

At 40°C, the cells cycled at the low and medium SoC level show almost no dependency on the 

magnitude of regenerative braking. All curves lie closely together in Figure 84a and Figure 84b. After 
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500 EFC, the cells cycled at low SoC exhibit a capacity loss of almost 6% and the cells cycled at 

medium SoC of almost 7%. The additional capacity loss at medium SoC can be ascribed to increased 

calendar aging. Thus, cycle aging in addition to the capacity loss from calendar aging is considered 

identical for both SoC levels and amounts to ca. 2.5% capacity fade after 500 EFC. Regarding the 

high SoC level at 40°C, Figure 84c demonstrates a dependency on regenerative braking as the 

capacity curves diverge. A trend becomes apparent: A higher level of regenerative braking reduces 

the capacity loss. After 500 EFC, the capacity loss in addition to calendar aging is ca. 2.5% for the cell 

with unrestricted regenerative braking and more than 4% for the cell with no regenerative braking. 

In contrast to 40°C, Figure 84d-f shows a dependency of battery aging on the level of regenerative 

braking for all three SoC levels at 25°C: Cells with a higher magnitude of regenerative braking exhibit 

lower capacity losses. In analogy to 40°C, the capacity fade increases with higher SoC level. At low 

and medium SoC, the capacity fade from cycle aging is comparable for the same levels of 

regenerative braking. At high SoC, intensified aging can be observed again: Capacity losses due to 

cycling are more than 1 percentage point higher than at medium and low SoC. Compared to 40°C, 

calendar aging is about 2 percentage points lower and cycle aging is about 1 percentage point higher 

at 25°C. 

At 10°C, Figure 84g-i again presents a dependency on the level of regenerative braking for all SoC 

levels. The most pronounced impact can be observed at the high SoC level, where capacity curves 

diverge markedly. Although calendar aging is low at 10°C, the cells exhibit substantial capacity 

losses. After 500 EFC, capacity losses owing to calendar aging amount to 1% for low SoC, 2% for 

medium SoC, and 2.5% for high SoC. For the low and medium SoC level, additional losses of 4–5% 

can be ascribed to cycle aging. At the high SoC level, the additional capacity fade owing to cycle 

aging amounts to 6% for the cell with maximum regenerative braking. For the cell with no 

regenerative braking, elevated cycle aging of 10% capacity fade results in a total capacity fade of 

12.5% after 500 EFC. This represents the most severe degradation of all load cases depicted in 

Figure 84.  

Analyzing the capacity fade with respect to regenerative braking reveals a common trend: A higher 

level of regenerative braking has reduced battery aging. This trend has been observed most 

pronouncedly for the high SoC and low temperature. As these operating conditions are those for 

which strong degradation owing to lithium plating was expected, the concern of regenerative 

braking causing more lithium plating in EVs is not affirmed. By contrast, regenerative braking has 

reduced the capacity fade. 

Resistance Increase 

The resistance increase of Rac,1kHz and Rdc,10s did not reveal a dependency on regenerative braking. 

The results for all four levels of regenerative braking were similar to those presented in Figure 81d-

f for the cells cycled without regenerative braking. A decrease in Rdc,10s at the beginning of the cycling 

procedure occurred for all cells cycled at 40°C and for the cells cycled at 25°C with medium and high 

charging voltage. As the resistance changes were rather small, the capacity fade turned out to be 

the predominant aging effect for all the cells cycled with the low cycle depth resulting from two 

consecutive runs of the driving load profile. 
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Effects of Reduced Cycle Depth 

The lower capacity fade from cycle aging with higher levels of regenerative braking can be explained 

by the reduced depth of discharge after the driving sequences: The more charge recovered by 

regenerative braking, the higher the SoC remains at the end of the driving cycle. Thus, the overall 

cycle depth decreases and the subsequent CC charging period shortens. For the four load profiles 

with different magnitudes of regenerative braking, the overall charge throughput is similar. They all 

discharge the same amount of ampere-hours during the two subsequent runs of the US06 highway 

driving load profiles. Only the time points of recharging differ due to the microcycles generated by 

regenerative braking. With higher magnitudes of regenerative braking, more ampere-hours are 

recharged during the driving sequences and less ampere-hours have to be charged afterwards in 

the CC charging sequence. Without regenerative braking, the cells perform one large discharge-

recharge cycle with a cycle depth of 24.8% CN. With regenerative braking, the cells perform 

microcycles, in which charge is recovered during braking and discharged again in the subsequent 

acceleration period. The microcycles become larger with higher magnitudes or regenerative 

braking. Thus, these cells are less discharged after the driving sequences. The depths of discharge 

are 22.3% CN for 1 A and 21.1% CN for 2 A as maximum charging current during regenerative braking. 

For unrestricted regenerative braking, the depth of discharge is 20.4% CN. To analyze the impact of 

different cycle depths, Figure 85 depicts the capacity fade with respect to “equivalent full cycles 

without microcycles”. This excludes the charge throughput of the microcycles resulting from charge 

recovery during braking periods. As a consequence, this regards only the charge throughput of the 

main discharge-recharge cycle, which corresponds to the ampere-hours recharged during the CC 

charging period after the driving sequence.  

As expected, Figure 85 shows that the EFC without microcycles are considerably lower for cells with 

higher levels of regenerative braking. For cells with maximum regenerative braking, the cycle 

number reduces from 500 to 420, whereas it remains unchanged for cells without regenerative 

braking. Comparing Figure 84 and Figure 85, the adjustments owing to the different scale bases 

become apparent: At 10°C and 25°C, capacity curves lie closer together in Figure 85 for all SoC levels. 

At 40°C, this effect can also be observed at high SoC. This confirms the direct correlation between 

changes in cell degradation and changes in cycle depth under most operating conditions.  

As high SoC and low temperature aggravate lithium plating and as decreasing cycle depths with 

higher magnitudes of regenerative braking have reduced cycle aging particularly under these 

operating conditions, it is supposed that the lower cycle depth has reduced lithium plating. As the 

capacity curves lie closer together when the charge throughput of the microcycles resulting from 

regenerative braking are neglected, it is concluded that the CC charging sequence could be the 

driving force of capacity fade as it caused small amounts of lithium plating. Consequently, it is not 

the short recharging with high current rates during regenerative braking that promotes lithium 

plating, but the long-lasting charging periods when the vehicle is recharged by the grid, although 

current rates are considerably lower.  

Only for the low and medium SoC level at 40°C, the correlation between cell degradation and EFC is 

in better agreement. Under these operating conditions, lithium plating is unlikely to occur for the 

charging currents applied in this aging study. As Figure 84a and Figure 84b show, even under these 
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operating conditions, regenerative braking has not intensified battery aging. Thus, a high level of 

regenerative braking is beneficial to the cycle life of a lithium-ion battery in an EV.  

 

Figure 85.  Capacity fade versus EFC without microcyles, which excludes the charge throughput from partial 
recharging by regenerative braking. Same data as in Figure 84, but with a different values for the x-axis. 
Scaling of calendar aging identical as in Figure 84. 

6.5.3 Impact of Cycle Depth 

The results presented in the preceding sections have comprised 500 EFC for cycle depths between 

21% and 25% CN. To further examine the impact of cycle depth, larger cycle depths were tested by 

test procedures including four and six – instead of two – consecutive runs of the driving load profile. 

As regenerative braking had been identified as beneficial for the cycle life of the lithium-ion cells, 

the load profile with unrestricted regenerative braking was used in the test procedures for 

comparing different cycle depths. 

Figure 86 illustrates the capacity fade and the resistance increase for the three operating 

temperatures and six load scenarios with different charging voltages and cycling depths. The load 

scenario with two driving cycle runs and a cycle depth of 20% CN is shown for the high, medium, and 

low charging voltage. For the high charging voltage, additional cycle depths of 41% and 61% CN were 



Battery Aging under Driving Operation 

 

 125 

tested. The cycle depth of 41% CN was also tested in combination with the medium charging voltage. 

Figure 86 presents up to 1200 EFC, which correspond to a driven distance of ca. 120,000 km. 

 

Figure 86.  (a-c) Capacity fade and (d-f) resistance increase for up to 1200 EFC with unrestricted regenerative 
braking, different charging voltages, and depths of discharge of 20%, 41%, and 61% CN. (For 61% CN at 40°C 
and 10°C, the relative capacity curves were shifted 0.01 down, since the cells had already performed several 
cycles in another study so that their absolute capacity and the initial capacity fade was somewhat lower.) 

Capacity Fade 

Figure 86a illustrates that the capacity fade after 1200 EFC at 40°C ranges between 9% and 18%. 

The lowest capacity fade is observed for the low cycle depth of 20% CN in combination with the low 

charging voltage. The highest capacity fade is observed for the largest cycle depth of 61% CN. For 

the medium cycle depths of 41% CN, a higher capacity fade has occurred than for the cells with a 

cycle depth of 20% CN which have been charged to the same charging voltage.  

For an operating temperature of 25°C, Figure 86b reveals capacity fades between 7.5% and 12%. 

Again, the capacity fade increases with larger cycle depths and higher charging voltages. In the 

beginning of the aging study, the two cells charged to 4.1 V and discharged with cycle depths of 41% 

and 61% CN exhibit a similar capacity fade. After ca. 300 EFC, however, the slope of the capacity 

curve of the cell with 41% CN cycle depth flattens and the rate of the capacity fade becomes even 

lower than for the cell cycled at high SoC with a cycle depth of only 20% CN. This indicates that the 

capacity fade can decrease when the time the cell spends in the high SoC region shortens. 

The capacity curves depicted in Figure 86c reveal that a higher capacity fade has occurred at the low 

operating temperature of 10°C. The step at 800 EFC in the capacity graph of the cell cycled with a 

low cycle depth at high SoC will be explained in a subsequent section. Particularly for higher cycle 

depths, the capacity fade increases markedly. There have even been premature failures. The cells 

which were charged to 4.1 V and discharged with a cycle depth of 61% or 41% CN both failed in the 
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checkup sequence when the cells were charged to 4.2 V. This occurred after 400 EFC and 600 EFC, 

respectively. The current path inside these cells was interrupted and no voltage was available at the 

terminals any longer. This indicates a tripping of the internal current interrupt device (CID) which 

occurs in case of an overpressure inside the cell [267]. Overpressure inside the cell is typically a 

result of gaseous reaction products from electrolyte decomposition [97].  

      

Figure 87.  Cross-sections of positive cell terminals from (a) a new cell and (b) a failed cell after cycling with 
higher cycle depths at 10°C, where the two circles indicate the opening of the current interrupt device. 

Figure 87 compares the positive terminals from a new cell and a failed cell after cycling at 10°C. A 

continuity check between the positive pole, located at the top of the images, and the tab of the 

cathode current collector, depicted at the bottom of the images, confirmed that the current path 

was interrupted at the positive terminal. The red circles in Figure 87b show where the current path 

is interrupted, which confirms a tripping of the CID owing to overpressure inside the cell.  

Such a premature failure also occurred after 700 EFC at 10°C for the cell with a charging voltage of 

4.1 V and a cycle depth of 25% CN without regenerative braking. This demonstrates that it is not the 

short-time recharging from regenerative braking which causes the gassing side reactions. Instead, 

increasing cycle depths and high charging voltages accelerate the degradation at low temperature. 

At all three temperatures examined, the capacity fade has increased considerably with higher cycle 

depths, in particular at high SoC. The best cycle life has always been obtained for cycling with low 

cycle depths in the low SoC region below 50% SoC. In this aging study, no deep discharging of the 

cells occurred, which has shown to be detrimental to cycle life in the study on charging protocols. 

Resistance Increase 

The resistance developments, depicted in Figure 86d-f, show the changes in the internal cell 

resistances. The changes in Rac,1kHz, representing changes in the electrolyte conductivity, increase 

with higher temperature and larger cycle depths. However, the absolute changes remain small 

compared to the changes in Rdc,10s, which comprises the rising charge transfer resistances of the 

cathode. The later has, thus, a larger contribution to the increasing energetic losses. 

At 40°C, Rac,1kHz rises by 2–6 mΩ whereas Rdc,10s exhibits increases of up to 25 mΩ for the cycle depth 

of 61% CN. The initial reduction of Rdc,10s due to decreasing anode resistances is also observed for 

the larger cycle depths. Comparable results were also observed for 25°C. Rac,1kHz rises by 1.5–4 mΩ 

and Rdc,10s by up to 21 mΩ for the largest cycle depth. The two cells with a cycle depth of 41% CN 

exhibit similar resistance changes, although they have been cycled at different SoC regions. This 

confirms that the resistance increase depends mainly on the cycle depth and less on the actual SoC 

interval. 

At 10°C, only the cells with a cycle depth of 20% CN and the cell with a cycle depth of 41% CN in 

combination with the medium charging voltage were able to perform 1200 EFC. For the latter, 

Rac,1kHz has increased by 5 mΩ. For the cells with the low cycle depth of 20% CN, Rac,1kHz has increased 

by only 2 mΩ. As observed in the previous sections (see Figure 81d-f), there are no reductions in 

(a) (b) 
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Rdc,10s at the beginning of the cycling procedure. The increase in Rdc,10s after 1200 EFC at 10°C 

amounts to 18 mΩ for the cell with the cycle depth of 41% CN. For the cells with the low cycle depth 

of 20% CN, Rdc,10s has increased by ca. 5 mΩ. The other cells with larger cycle depths died before 

reaching a comparable resistance increase. As there are no suspicious marks in the resistance 

developments of Rac,1kHz and Rdc,10s, these resistance values cannot serve as early indicators for the 

premature failures in this study.  

6.5.4 Long-Term Cycling at 25°C 

To analyze the long-term cycle aging of the lithium-ion cells, the test procedures for the cells cycled 

at 25°C with unrestricted regenerative braking were continued to 2000 EFC, which correspond to a 

driven distance of ca. 200,000 km. Figure 88 illustrates the capacity fade and the resistance increase 

for the different charging voltages and cycle depths.  

 

Figure 88.  (a) Capacity fade and (b) resistance increase for long-term cycling at 25°C with unrestricted 
regenerative braking for different charging voltages and cycle depths. The dashed lines represent capacity 
fade owing to calendar aging at low, medium, and high SoC, with the same time scaling as in Figure 84. 

Capacity Fade 

The strong dependency of capacity fade on cycle depth is also observed in the long-term aging data 

depicted in Figure 88a. After 2000 EFC, the cells with a cycle depth of only 20% CN exhibit a capacity 

fade of 10% at low SoC, 12% at medium SoC, and 15% at high SoC. The cells with a cycle depth of 

41% CN exhibit a capacity fade of 13.5% for the medium charging voltage and 15.5% for the high 

charging voltage. The largest capacity fade of more than 20% was observed for cycling with 61% CN 

cycle depth.  

After 1200 EFC, the cells cycled with the low cycle depth of 20% CN at medium or high SoC feature 

a step in the capacity curve of 2–3 percentage points. This corresponds to an interruption of the 

aging study lasting more than 5 months. The long pause led to a considerable capacity recovery, 

which will be further analyzed in the subsequent result section.  

The difference between the capacity fade of the cycled cells and the calendar aging curves reveals 

that the additional capacity fade owing to cycle aging for 200,000 km at 25°C can be estimated at 

7–16%. The lowest cycle aging is obtained for cycling with low cycle depth of 20% CN in the low SoC 

region below 50% SoC. With higher SoC and particularly with increasing cycle depth, the capacity 
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fade aggravates. In this study, the highest cycle aging is observed for the largest cycle depth of 61% 

CN.  

For even higher cycle depths, cycle aging will further increase. This has also been observed in the 

cycle aging study on charging protocols. For high cycle depths above 90%, it was difficult to reach 

more than 1000 EFC with less than 20% capacity fade. The cell which was CCCV charged and 

discharged between 4.1 V and 3.4 V exhibited a capacity utilization of ca 70% (see Table 9, p.91) 

and, thus, its cycle depth is comparable to the cycle depth of the cell in the driving study which was 

cycled with a cycle depth of 61% CN, which has been independent of the actual capacity. Comparing 

the degradation of these two operating scenarios reveals a similar capacity fade. Both cells exhibit 

a capacity fade of ca. 13% after 1000 EFC. This demonstrates that lithium-ion battery aging strongly 

correlates with cycle depth. Hence, a direct recharging after partial discharging – even after short 

driving distances – reduces the cycle depth and might be beneficial to prolong battery life, although 

the battery spends more time at a higher SoC. Thus, an appropriate compromise between cycle 

aging and calendar aging has to be found. 

Resistance Increase 

Also the resistance increase aggravates with higher cycle depth. For the cells with identical cycle 

depth, Figure 88b exhibits similar trends in the resistance increase. After 2000 EFC, the Rdc,10s has 

increased by 46 mΩ for the cycle depth of 61% CN. This means that the resistance has more than 

doubled. For the cycle depth of 41% CN, the increase of Rdc,10s is 14 mΩ and for the low cycle depth 

of 20% CN, it is below 6 mΩ.  

The resistance curves exhibit no signs of regeneration after 1200 EFC, as it has been the case in the 

capacity curves of Figure 88a for the cells with low cycle depth. Hence, there is no unambiguous 

correlation between capacity fade and resistance increase, which allows a robust estimation of the 

actual capacity fade by measuring the batteries’ internal resistances.  

Comparing these results again to the cell from the study on charging protocols with a capacity 

utilization of ca. 70%, the resistance rise of that cell has been even larger. This can be ascribed to 

the CCCV discharging in the previous aging study. The additional CV discharging phase appears to 

cause higher intercalation-induced stress in the NCA cathode. 

Further insights into the resistance changes of cells cycled at 25°C with cycle depths of 41% and 61% 

CN can be obtained from the impedance spectra depicted in Figure 89. For both cells, the impedance 

spectra exhibit right shifts, representing increasing ohmic resistances, owing to reduced electrolyte 

conductivity. For the cycle depth of 41% CN (Figure 89a), the right shift of the 1 kHz impedance 

amounts up to 3 mΩ and for the large cycle depth of 61% CN, it amounts up to 5 mΩ. Figure 89 also 

highlights that the rising charge transfer resistance of the cathode, identifiable by the arc between 

ca. 30 Hz and 350 mHz, constitutes the by far largest contribution to the resistance increase. For the 

cycle depth of 61% CN, the real part of the 10 mHz impedance more than doubles throughout the 

2000 EFC. 

The impedance spectra in Figure 89 also confirm that there occur no considerable changes in the 

vertical positions of the impedances in the high-frequency domain above 1 kHz. Consequently, no 

changes in inductivities occurred, as they would have altered the imaginary parts of the impedances 

at higher frequencies.  
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Figure 89.  Impedance spectra for cells charged to 4.1 V and cycled with unrestricted regenerative braking 
and a cycle depth of (a) 41% CN and (b) 61% CN.  

Energy Efficiency 

Due to the increasing internal resistances, the losses of the lithium-ion cells rise and energy 

efficiency decreases. Figure 90 shows the energy efficiency for the different cells cycled at 25°C with 

different cycle depths and charging voltages. Similar to the resistance changes, the energy efficiency 

decreases more pronouncedly with higher cycle depth. For the cycle depth of 20% CN, the changes 

are small. After 2000 EFC, the energy efficiency has decreased only by ca. 2%. For the cycle depth of 

41% CN, the efficiency has lowered by 2–3%. For the highest cycle depth of 61% CN, the efficiency 

has decreased markedly from 94% to 86% throughout the 2000 EFC. Consequently, losses rise by 

more than 130%, which is in the same order as the increase of Rdc,10s. This substantial increase in 

irreversible heat generation has to be considered when designing the cooling system for the battery. 

 

Figure 90.  Modified energy efficiency for cells cycled at 25°C with unrestricted regenerative braking and 
different charging voltages and cycle depths. 

6.5.5 Regeneration Effects 

In the previous section, capacity recovery has been observed after an interruption of the cycle aging 

study of several months. The capacity recovery occurred for the cells cycled with low cycle depth of 

20% CN at the high and medium SoC level. To further investigate the capacity recovery during 
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interrupts, the capacity development is analyzed over time and Coulomb Tracking is used to identify 

the origin of the reversible capacity fade.  

Capacity Fade over Time 

Figure 91 depicts the capacity development over time – instead of over EFC, as it was the case in 

Figure 88a. The markers represent the checkups, the continuous lines represent cycling periods, and 

the dotted lines indicate pauses with no cycling.  

 

Figure 91.  Capacity development over time. The markers represent checkups, continuous lines represent 
cycling periods at 25°C, and dotted lines indicate storage periods. This demonstrates the capacity recovery 
of cells cycled in higher SoC regions only. 

After the first 140 days, in which 500 EFC with a cycle depth of 20–25% CN were tested for various 

combinations of charging voltage, temperature, and magnitude of regenerative braking, the cells 

with the intermediate levels of regenerative braking were stopped. Their test channels were then 

used to examine further load scenarios, particularly those with larger cycle depths. Figure 91 shows 

that the three cells cycled with a low cycle depth of 20% CN had a pause of ca. 1 month after the 

first 500 EFC. As no capacity recovery had been expected, no additional checkup was performed 

after this pause. To estimate afterwards the capacity for these cells after the pause, it was assumed 

that the capacity fade between the checkups after 500 EFC and 600 EFC was similar to the capacity 

fade between the checkups after 600 EFC and 700 EFC. Hence, the difference in capacity between 

the checkups after 600 EFC and after 700 EFC was used to back-calculate to the capacity after the 

pause of 1 month. As illustrated by the dotted lines between 140 and 175 days, a capacity recovery 

can be observed for the cells cycled at the high and medium SoC level. However, no capacity 

recovery is observed for the cell with the low charging voltage.  

After 380 days, corresponding to 1200 EFC for the cells cycled from the very beginning and to 

700 EFC for the cells newly started after six months, the aging study was interrupted for more than 

five months. During this long interruption, the cells were stored at 10°C to minimize calendar aging. 

In all pauses, the cells were stored at 50% SoC, as this is the SoC of the cells at the end of each 

checkup. When the study continued ca. 160 days later, an additional checkup was performed to 

determine the actual capacity before starting the new cycling sequences. These capacity 

measurements reveal substantial capacity recovery for the cells cycled with low cycle depth at high 

and medium SoC. This capacity recovery caused the steps in the capacity curves which have been 

presented earlier in Figure 88a. For cycling with low cycle depth at high SoC, Figure 86a and 
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Figure 86c have also shown a capacity recovery at 40°C and 10°C. These two cells were also started 

later. As a consequence, the ca. 5 months of pause correspond to the regeneration at 800 EFC. All 

other cells depicted in Figure 86 were started at the very beginning and, thus, did not experience a 

longer pause within the 1200 EFC. 

For the cells cycled with the low cycle depth of 20% CN at low SoC, no capacity recovery occurs 

during the test interruptions. There is also no capacity recovery for the large cycle depth of 61% CN 

and for the cycle depth of 41% CN in combination with the medium charging voltage of 3.9 V. This 

indicates that all cells that reach the low SoC domain during the cycling procedure do not exhibit 

capacity recovery. For all cells cycled within the high or medium SoC range only, which means 

between 90% and 50% SoC only (see Figure 79a), a capacity recovery has been observed. 

Identifying the Origin of the Reversible Capacity Fade by Coulomb Tracking 

To further study the capacity recovery effect that took place when the cycling procedure was 

interrupted, the cells cycled with no regenerative braking at 25°C were examined by Coulomb 

Tracking. For these cells, the cycling procedure was discontinued after 1200 EFC. After the last 

checkup, an additional test sequence was performed, in which the cells were CCCV charged to 4.2 V 

with 700 mA, discharged and recharged with 100 mA to 2.5 V and 4.2 V, respectively, and finally 

discharged to 50% SoC. After this test, the cells were stored 15 months at 50% SoC. Then, the 

described test sequence with low-current discharging and charging was repeated. Based on the two 

measurements before and after the storage period, Coulomb Tracking was performed. Figure 92 

shows the low-current charging sequences of the two measurements versus a continuous ampere-

hour balance.  

 

Figure 92.  Capacity recovery after 15 months of storage at 50% SoC examined by Coulomb Tracking for the 
cells cycled 1200 EFC without regenerative braking in the (a) low, (b) medium, and (c) high SoC window with 
a depth of discharge of 25% CN. The x-axes are scaled identically for all three cells.  

As shown in Figure 92b and Figure 92c, the length of the charging sequence after the long storage 

period differs considerably for those cells that were cycled in the medium and high SoC cycling 

window. This corresponds to a capacity recovery, which occurs most pronouncedly for the cell 
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cycled in the high SoC window. The charging voltage curves are almost identical over a wide SoC 

range and differ only in the very low SoC region. Here, the slope of each pair of charging curves 

differs notably. As this steep section of the voltage curve can be ascribed to the large changes of the 

anode potential (see Figure 18, p.36), the graphite anode is identified as the origin of the capacity 

recovery.  

The mechanism that leads to the recovery of cyclable lithium was described by Gyenes et al. [197] 

and Lewerenz et al. [198]. Overhang areas of the anode, which face no cathode counterpart, can 

become a location of inaccessible lithium. Due to potential gradients between the active areas, 

which face a cathode counterpart, and the overhang areas, lithium can diffuse into overhang areas 

and become inaccessible for the regular charge-discharge cycling. When a cell is operated at high 

SoC most of the time, the potential of the anode active area mostly lies within the low voltage 

plateau of lithiated graphite. This leads to a larger amount of lithium diffusing into the overhang 

areas and a lower potential in these areas. When the cells are then stored for several months at 

50% SoC, the potential of the anode active area lies within the medium graphite voltage plateau. As 

a consequence, lithium from the overhang areas diffuses back into the active areas and becomes 

accessible again. 

After the storage period, more lithium can be extracted from the anode again, which causes a left-

shift of the discharging endpoint. The longer the cell was operated at high SoC, the more capacity is 

recovered during the storage period. As the cell depicted in Figure 92a was operated only at SoCs 

below 50% during cycling, the storage period was performed at a minimal higher SoC level than the 

cycling sequences. Thus, a small amount of lithium has diffused into the overhang areas. This 

explains why this cell exhibits a small right-shift of the discharging endpoint after the storage period, 

which corresponds to a somewhat lower capacity. The dashed lines in Figure 92 illustrate the left-

shift of the discharging endpoint of the cell previously cycled in the high SoC window. This shift 

amounts to 36 mAh and leads to a reduction of the capacity difference between the first and the 

third cell depicted in Figure 92 from 2.9% CN to 1.6% CN. It has to be noted that these regeneration 

effects differ considerably from the short-term capacity regeneration after extensive lithium plating, 

where a notable capacity recovery has been observed already after one checkup sequence. 

6.5.6 Comparison of Dynamic Discharging and Constant-Current Discharging 

The US06 driving load profiles used in this study changed the load current every second. To 

determine the impact of these frequent load changes on battery aging, additional cells were tested 

with a CC discharging procedure, which featured the same cycle depth and the same mean 

discharging current as the load profile with unrestricted regenerative braking. The dynamic driving 

load profile contained load currents between –5.5 A and +4.5 A with a mean discharging current of 

–1.714 A. Four repetitions of the driving load profile led to a cycle depth of 41% CN. For both load 

cases, the charging procedure was CC charging with 700 mA to 4.1 V. Figure 93 compares the 

capacity fade, resistance increase, and energy efficiency of the two load scenarios at different 

operating temperatures. Charging and discharging took place at the same operating temperature. 
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Figure 93.  Comparison of battery degradation for the dynamic driving load profile and constant-current 
discharging with the same cycle depth of 41% CN and the same mean discharge current of 1.7 A. (a) Capacity 
fade and (b) resistance increase obtained from the checkups; (c) energy efficiency during cycling.  

Capacity Fade 

Figure 93a shows that the capacity fade of the two cells cycled at 40°C is similar. At 25°C, the capacity 

fade is somewhat lower for discharging with the constant current. However, the differences are 

small and the additional capacity fade due to the dynamic driving load profile with its multiple peak 

pulse loads lies below 0.4 percentage points. After 700 EFC, where the aging study has been 

interrupted for more than 5 months, a similar capacity recovery has been observed for both load 

conditions. The differences in capacity fade between 25°C and 40°C can be ascribed largely to the 

increasing calendar aging with higher temperature. 

For cycling at 10°C, Figure 93a exhibits a substantially faster degradation than for 25°C and 40°C. 

Moreover, there is a considerable difference in capacity fade between both load scenarios. The 

dynamic driving load profile has led to a faster capacity fade. At this low temperature, both cells 

exhibit an accelerated degradation after 400 EFC. As premature failures had been expected after 

the rapid degradation throughout the last 100 EFC, the cycling of these cells was stopped after 500 

EFC. 

Resistance Increase 

Figure 93b illustrates the resistance increase for the different combinations of load scenario and 

temperature. For all three operating temperatures, the resistance increase is similar for both load 

scenarios. This demonstrates that lithium-ion battery aging exhibits a certain low-pass behavior, 

which means that the resistance increase is driven by the mean load current and the cycle depth 

and not by short peak loads.  

The resistance increase for cycling at 25°C and 40°C is similar, although the capacity fade differs by 

3 percentage points after 1200 EFC. This confirms the assumption that the higher capacity fade at 

40°C can be ascribed to calendar aging. As shown by the preceding results on charging protocols 

and driving operation, the resistance increase aggravates with larger cycle depth.  

Energy Efficiency 

Although degradation was similar for continuous and dynamic discharging, Figure 93c exhibits large 

differences in energy efficiency. As the resistances of the cells increase similarly and as the charging 
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procedure is identical for both load cases, the differences in energy efficiency can be ascribed to the 

different discharging procedures. The energy efficiency of the driving load profile is 1.6–2.0% lower 

at 40°C, 2.0–2.5% lower at 25°C, and 2.5–3.2% lower at 10°C. As resistive losses usually depend on 

the square of the current, high peak currents lead to disproportionate losses. As a consequence, the 

energy efficiency is lower for load profiles with higher dynamics.  

6.5.7 Alternating Operating Temperatures 

All results presented so far were obtained from cycling at constant operating temperatures. Hence, 

the individual contributions of the charging procedure and the discharging procedure on battery 

aging could not be separated. As this is of particular interest for identifying aging mechanisms, 

especially for the intensified degradation at low temperatures, an additional aging experiment with 

alternating operating temperatures was performed. For every switchover between charging and 

discharging, the operating temperature alternated between 25°C and 0°C. This was realized by a 

climate chamber which changed its operating temperature every 2.4 h. In this climate chamber, two 

sets of cells were tested: The first set was charged at 0°C and discharged at 25°C, and the second 

set was charged at 25°C and discharged at 0°C. Figure 94 depicts exemplary beginnings of the cycling 

procedure of one cell of each set.  

Figure 94c and Figure 94d show that it takes 15–20 min after every temperature change until the 

cell’s temperature, which was measured at its surface by an attached temperature sensor, has 

adapted to the new operating temperature. 

 

Figure 94.  Exemplary test results for both sets of cells. (a) Voltage and (c) surface temperature of one cell of 
set 1, which was charged at 0°C and discharged at 25°C. (b) Voltage and (d) temperature of one cell with 
inverse operating temperatures.  

This study was also intended to further investigate the impact of charging peaks from regenerative 

braking on battery aging. The applied test procedures with four consecutive runs of the US06 load 

profiles led to depths of discharge of 41% CN and 49% CN. Previously, it has been shown that 

regenerative braking reduces battery aging, as it lowers the depth of discharge. However, it remains 
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unclear whether there are differences in aging when the cycle depth is identical but the recharging 

peaks from regenerative braking differ. This question is examined by using the load profile without 

regenerative braking and applying an explicit limitation of the depth of discharge to 41% CN. For the 

three load scenarios with different levels of regenerative breaking and/or different cycle depths, 

Figure 95 exhibits the capacity fade and resistance increase for the two sets of cells. 

 

Figure 95.  (a, b) Capacity fade for both sets of cells for different levels of regenerative braking and cycle 
depths. Representation versus charge throughput in (a) EFC and (b) EFC without microcycles generated by 
charge recovery from regenerative braking. (c) Resistance increase. 

Capacity Fade 

Figure 95a and Figure 95b illustrate the capacity fade for the two sets of cells, each containing the 

three different cycling scenarios. In Figure 95a, the capacity fade is depicted versus the overall 

charge throughput. In the end, the cells had performed up to 240 EFC. Due to the explicit cycle 

limitation of the cells with a cycle depth of 41% CN and no regenerative braking, the total charge 

throughput of these cells is ca. 16% lower. For the first set of cells, which was charged at 0°C and 

discharged at 25°C, the capacity fade lies between 5.8% and 6.2% at the end of the experiment. For 

the second set of cells – with inverse operating temperatures – the capacity fade lies between 7.9% 

and 9.7%. 

In analogy to Figure 85, Figure 95b uses the charge throughput without microcycles as x-axis, which 

excludes the microcycles resulting from charge recovery by regenerative braking. This leads to a 

horizontal rescaling of the capacity curves for the two cells with regenerative braking. Naturally, the 

curves of the cells without regenerative braking are identical in Figure 95a and Figure 95b. In this 

representation, the capacity curves of both sets lie closer together. For set 1, the three curves are 

almost identical. 

Both capacity graphs show that the cells discharged at 0°C age substantially faster than the cells 

charged at 0°C. At first, this appears counterintuitive, since aging at low temperatures is usually 

ascribed to lithium plating, which occurs during charging only. However, the charging current has 

been rather low (700 mA, C/4) in this study. Hence, it is not supposed to cause substantial lithium 

plating. The discharging procedure with the driving load profiles led to an average discharge current 

of 0.6–0.7 C with peak discharge pulses up to 2 C. Thus, this study demonstrates that discharging 

with higher currents at low temperature can also provoke substantial battery degradation.  
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Neglecting the charge throughput resulting from the charge recovery by regenerative braking, 

Figure 95b shows that for charging at 0°C, the capacity fade of all three cycling scenarios of set 1 is 

similar. Hence, it directly depends on the charge throughput of the main cycles. In fact, the cells are 

all charged by the same CC charging procedure. This shows that for charging at low temperature, 

the degradation correlates with the long-lasting charging periods after the driving operation. The 

short recharging periods during driving operation at 25°C have revealed no considerable effects on 

battery aging.  

When the cells are discharged at 0°C, the capacity fade is substantially higher and the differences in 

regenerative braking lead to a larger spread among the different load conditions. This demonstrates 

that discharging with higher (peak) loads has a considerable impact on battery aging at low 

temperature. This reveals that there are aging mechanisms besides lithium plating that degrade 

lithium-ion cells discharged at low temperatures. Again, the curve for maximum regenerative 

braking exhibits the best cycle life. Hence, this study also reveals no necessity for limiting the 

currents during regenerative braking. 

Resistance Increase 

Figure 95c illustrates that also in this aging experiment, there are only small increases in the ohmic 

resistances, represented by Rac,1kHz. The Rac,1kHz values were extracted from three EIS measurements 

at 50% SoC, performed before the cycling procedure, after 180 charge-discharge cycles, and after 

480 charge-discharge cycles. These cycle numbers correspond to 90 and 240 EFC, respectively, for 

the cells cycled without explicit limitation in cycle depth. Notable changes in the internal resistances 

can be observed in Rdc,10s, depicted in Figure 95c. These values were computed from the pulses at 

the end of each checkup. Similar to the cells cycled at constant 25°C and 40°C, the Rdc,10s values 

decrease slightly at the beginning of the cycling procedure.  

  

Figure 96.  Impedance spectra of the two cells of the alternating temperature study with (a) the lowest and 
(b) the highest degradation. Characteristic frequency points are highlighted. 

The impedance spectra depicted in Figure 96 reveal that performing the discharging sequence at 

0°C leads to a larger impedance rise than performing the charging sequence at 0°C. From the six 

load conditions examined in this experiment, Figure 96a shows the impedance measurements for 

the best cell (unrestricted regenerative braking, set 1: charging sequence at 0°C) and Figure 96b 

shows the results for the worst cell (no regenerative braking with 49% CN cycle depth, set 2: 
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discharging sequence at 0°C). The characteristic frequencies highlighted are used to separate 

different resistance components. Rac,1kHz exhibits small changes in the ohmic resistance, which can 

be ascribed to a reduced electrolyte conductivity. The difference in the real part of the impedances 

at 32 Hz and 1 kHz, representing mainly contributions from the graphite anode, has decreased for 

all six cells. The diffusion resistances, represented by the sloping line between 350 mHz and 10 mHz, 

reveal only minor changes. The most pronounced changes can be observed again for the capacitive 

semicircle between 32 Hz and 350 mHz. The growing diameter illustrates increasing charge transfer 

resistances of the NCA cathode.  

Differential Voltage Analysis 

Additional checkups with a low-current charging sequence were performed at the beginning and at 

the end of the aging experiment on alternating operating temperatures. DVA was performed with 

the low-current charging data to disclose the origins of capacity fade.  

 

Figure 97.  Differential voltage spectra of the cells in new condition and after the cycling experiment with 
alternating temperatures. The location of the central graphite peak of the new cells is highlighted. The 
spectra of the aged cells contain vertical offsets for more clarity. 

Figure 97 shows the differential voltage spectra for the cells at the beginning and at the end of the 

aging experiment. For the cells in the new condition, all spectra are similar. The initial location of 

the central graphite peak is highlighted by the dotted vertical line. The two sets of aged cells are 

plotted with vertical offsets for more clarity. The first set, containing the cells charged at 0°C, 

exhibits a shift of the central graphite peak to the left. This indicates a reduced storage capacity of 

the anode, since the state of 50% lithiation of the anode is reached already at a lower capacity. This 

anode degradation is also illustrated in Figure 98, where the Q1 capacity represents the position of 

the central graphite peak. Thus, charging at 0°C causes notable anode degradation. However, this 

active material degradation does not directly affect the cell capacity, as the anode is oversized. 

Instead, it is the loss of cyclable lithium owing to side reactions with the electrolyte that causes the 

capacity fade. Only if the Q1 capacity drops to about 50% of the actual cell capacity, the anode 

becomes the limiting electrode when charging the lithium-ion cells to 100% SoC. Due to the changes 

in Q1, Q2 can no longer be used as a direct indicator for the loss of cyclable lithium owing to changes 

in the electrode balancing. The Q3 capacity values for the first set of cells exhibit very minor changes, 

which demonstrates that there is not much cathode degradation.  
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Figure 98.  Actual capacity Qactual and degradation indicators Q1, Q2, and Q3 at the end of the cycling 
experiment with operating temperatures alternating between 0°C and 25°C. At 0°C, the set 1 was charged 
while set 2 was discharged. 

In Figure 97, the differential voltage spectra of the second set, containing the cells discharged at 

0°C, exhibit almost no changes in the position of the central graphite peak. Hence, the Q1 values in 

Figure 98 remain rather unchanged. Thus, charging at 25°C and discharging at 0°C does not lead to 

intensified anode degradation, as it has been the case for charging at 0°C. Although these cells 

exhibit only minor anode degradation, the overall capacity fade is considerably higher than for the 

first set. Small changes in the Q3 values indicate some cathode degradation. The higher cathode 

degradation for set 2 is in good agreement with the impedance measurements shown in Figure 96. 

The cell from set 2 has revealed a substantially stronger growth of the charge transfer resistances 

of the NCA cathode than the cell from set 1. 

The marked changes of the Q2 values in combination with stable Q1 values demonstrate that the 

capacity fade originates largely from a shift in the electrode balancing, which is caused by a loss of 

cyclable lithium. Hence, discharging at 0°C must provoke side reactions which consume cyclable 

lithium. The typical side reactions presented in the literature describe an electrolyte reduction for 

low anode potentials and an electrolyte oxidation for high cathode potentials. During discharging, 

the overpotentials at the anode and at the cathode lead to an increasing anode potential and a 

decreasing cathode potential. This reduces the above mentioned side reactions. Hence, additional 

types of side reactions occur during discharging at low temperature. They could be further 

characterized by coulometry. However, this requires high precision battery test systems and could 

not be performed with the battery test systems available for this thesis, as small offsets in the 

current measurements led to a drift in the ampere-hour integration and inhibited a localization of 

the lithium loss.  

 

Overall, the aging experiment with alternating operating temperatures has enabled an identification 

of individual contributions of charging and discharging on the overall capacity fade of the lithium-

ion cells operated at low temperatures. It has confirmed that charging at low temperature leads to 

anode degradation. However, the reduced storage capabilities of the anode do not directly affect 

the cell capacity as long as the anode remains oversized. A dominant part of the capacity fade can 

be ascribed to side reactions consuming cyclable lithium. Particularly for discharging at low 
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temperatures, where the anode remains intact, this is the major cause of capacity fade. The side 

reactions effect an irreversible shift of the electrode balancing, which reduces the utilization of both 

electrodes. It has to be noted that low-temperature discharging does not generally lead to faster 

degradation than low-temperature charging. This was only the case in this study because the applied 

discharging currents were considerably higher than the charging currents. For the same charging 

and discharging current, low-temperature charging causes higher degradation due to lithium plating 

at the anode. 

6.6 Conclusions 

This experimental cycle aging study has provided valuable insights into battery degradation under 

EV driving operation. 

Cycle Aging Decreases with Temperature 

Comparing different operating temperatures has revealed that the capacity fade from cycling that 

occurs in addition to calendar aging decreases considerably with temperature. This is opposed to 

calendar aging which increases with higher temperature. At low temperature, lithium plating 

becomes the driving force for capacity fade, as it entails a loss of cyclable lithium. When cycling at 

10°C, accelerated degradation has been observed, which even led to a tripping of the CID in several 

cases. This has been caused by a rise of internal cell pressure, which can be related to gaseous 

reaction products from side reactions between plated lithium and the electrolyte. Overall, the study 

has demonstrated that a warm battery is beneficial during driving operation. 

Regenerative Braking Improves Cycle Life 

The comparison on different levels of regenerative braking has demonstrated that the short 

recharging periods during braking do not increase battery degradation – even at low temperatures 

of 10°C and 0°C. By contrast, regenerative braking has reduced degradation, in particular at high 

SoC and at low temperature which are typical conditions that intensify lithium plating. The reduced 

degradation has been ascribed to the reduced depth of discharge when the battery is partially 

recharged during braking periods, which leads to shorter durations of the subsequent recharging 

periods. It has been shown that the capacity fade depends more on the amount of charge recharged 

at the charging station than on the overall charge throughput. Thus, a high level of regenerative 

braking is beneficial for an EV. Moreover, no hybridization of the battery system with additional 

supercapacitors for buffering load peaks is necessary for today’s lithium-ion batteries, as typical 

driving load profiles do not excessively stress the EV batteries. 

Cycle Depth as Dominant Factor for Cycle Life 

Cycle depth has been identified as a major influencing factor for battery degradation. With higher 

cycle depths, capacity fade and resistance increase are aggravated. In particular, the resistance 

increase has revealed a strong dependency on cycle depth and only a small dependency on SoC. 

Moreover, the resistance increase is mainly caused by rising charge transfer resistances of the NCA 

cathode. The increasing resistances lead to higher losses and a lower energy efficiency. This has to 

be considered when designing cooling system for EV batteries. Similar to the calendar aging studies, 

no direct correlation between resistance increase and capacity fade could be identified. Regarding 

the resistance contributions from the anode, there has even been a reduction at the beginning of 
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the cycle aging study when the cells were cycled at 40°C or 25°C – although the capacity was 

decreasing. 

Recovery Effects due to Stored Lithium in the Anode Overhang Areas 

Capacity recovery effects without changes in the internal resistances were observed during longer 

pauses of several months for cells cycled at high SoC. Coulomb Tracking analysis has revealed a left-

shift of the discharging endpoint, which means that more lithium could be discharged from the 

graphite anode again. Such a reversible capacity fade occurs due to lithium diffusing into the 

overhang areas of the anodes, which face no cathode counterpart. When cells are kept a high SoC, 

corresponding to the plateau of lowest anode potential, for a longer time, a considerable amount 

of lithium diffuses into the side areas and becomes inaccessible during the cycling sequences. To 

avoid an accumulation of inaccessible lithium, prolonged times at high SoC should be avoided and 

longer times at medium or low SoC help to recover parts of the inaccessible lithium by reversing the 

potential gradients between active areas and overhang areas of the anode active material. 

Degradation under Dynamic Loads Mostly Similar to Constant Loads 

The comparison between the dynamic driving load profile and a constant load profile with identical 

mean current and cycle depth has revealed that degradation is similar in most cases. Only for the 

low temperature of 10°C, the driving load profile has led to faster degradation than the continuous 

load. This result, together with the results from different magnitudes of regenerative braking, has 

demonstrated that lithium-ion batteries exhibit a certain low-pass behavior, which means that the 

degradation is determined largely by the average load and not by short peak load events. Only for 

the low temperature of 10°C, fluctuating discharging currents have appeared to be more 

detrimental than a constant discharging procedure. 

Effects of Charging and Discharging at Low Temperature 

The aging experiment based on an alternating operating temperature has enabled to study the 

impact of charging at low temperature and discharging at low temperature separately. DVA has 

confirmed that charging at low temperature leads to anode degradation. However, the overall 

capacity fade was lower than for discharging with the driving load profile at 0°C. In that case, no 

anode degradation occurred for charging at 25°C. Although a certain cathode degradation was 

observed, the major cause for the capacity fade was a loss of cyclable lithium. As this observation is 

hard to explain with the current understanding of lithium-ion battery degradation, further research 

is necessary to better understand the aging mechanisms occurring during discharging at low 

temperatures. It has to be noted that the discharging currents were considerably higher than the 

charging currents in this experiment. If the charging currents had been as high as the discharging 

currents, more lithium plating and a faster degradation would have occurred for charging at 0°C. 

Operating Conditions for Long Cycle Life  

For cycle life estimations for an EV, cells have been cycled up to 2000 EFC, which is far beyond the 

USABC development goals for future EV batteries of 1000 cycles. The 2000 EFC could be achieved 

at 25°C with less than 20% capacity fade for cycle depths up to ca. 60%. Overall, the best cycle life 

has been obtained for a low cycle depth in combination with a low average SoC. In general, avoiding 

the SoC regimes of lowest anode potential reduces calendar aging and also the susceptibility to 

lithium plating. 
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7 Strategies for Maximizing the Battery Life in Electric Vehicles 

To maximize battery life, calendar aging as well as cycle aging has to be minimized. The results of 

the experimental studies presented in the three preceding chapters have revealed valuable insights 

into the predominant mechanisms of battery aging under different operating conditions. Based on 

the findings of the three aging studies, ideal operating strategies are deduced in this chapter. 

Moreover, battery life estimations are made that demonstrate under which operating conditions, 

the USABC development goals of 15 years battery life and 1000 cycles for 2020 EV batteries [7] can 

already be reached with today’s battery technology. 

7.1 Reducing Calendar Aging 

The calendar aging studies have shown that the capacity fade results predominantly from a loss of 

cyclable lithium owing to side reactions at the anode. Keeping the SoC at a low or medium level and 

lowering the battery temperature minimizes calendar aging. 

Avoiding the SoC Regime Corresponding to the Lowest Anode Potential 

The side reactions at the anode have shown a strong dependency on the anode potential and 

aggravate with lower potentials. As the anode potential exhibits certain plateaus, a reduction of the 

storage SoC does not automatically reduce these side reactions. Instead, SoC regions covering more 

than 20–30% of the cell’s nominal capacity, exhibit a rather constant degradation. As the LiC6/LiC12 

two-phase regime represents the lowest voltage plateau, an SoC in this regime leads to the fastest 

capacity fade. As a consequence, the degree of lithiation of the graphite anode should be kept below 

50% when the cells are kept at the same SoC for a longer time, e.g., during parking.  

The low-voltage plateau of the anode typically starts at 55–80% SoC, depending on the electrode 

balancing of the cell. To identify the beginning of the low-voltage plateau of the graphite anode in 

the full-cell, a DVA measurement should be performed. The characteristic central graphite peak 

indicates directly the beginning of the LiC6/LiC12 two-phase regime which is associated with a higher 

rate of side reactions. DVA measurements should be repeated from time to time because the 

balancing of the electrodes often changes with the aging of the cells. 

For a battery at 25°C, a capacity fade after 15 years of 8–9% has been projected for low and medium 

SoCs. By contrast, a capacity fade of 16% has been estimated for 15 years of calendar aging at a high 

SoC within the LiC6/LiC12 two-phase regime. 

Keeping the Battery Temperature Low during Nonoperating Periods 

As the side reactions at the anode aggravate with higher temperature, the EV battery should be 

kept cool when the battery is not operated. For the cell type examined in this thesis, lowering the 

battery temperature from 25°C to 10°C has decreased the capacity fade in the 15-years projections 

by ca. 40%.  
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Avoiding Very High States of Charge 

For SoCs above 80%, an increasing cathode degradation has been observed. This has led to coupled 

side reactions and a marked increase of the charge transfer resistance of the NCA cathode. If the 

SoC cannot be kept in the low or medium SoC regime during long-lasting nonoperating periods to 

avoid accelerated side reactions at the anode, at least the very high SoCs of 80% and above should 

be avoided to reduce cathode degradation. However, the beneficial effects of this mean remain 

limited as the anodic side reactions remain the dominant driver for capacity fade. 

Timing of Battery Charging 

As a low SoC reduces calendar aging, the battery life can be improved be an intelligent timing of 

battery charging. When the battery is always recharged directly after driving, it spends the 

subsequent nonoperating periods at higher SoCs. Thus, a delayed charging, which keeps the battery 

at a low SoC as long as possible and completes the charging procedure shortly before the next 

driving period, also helps to reduce calendar aging.  

7.2 Reducing Cycle Aging 

The aging owing to charging and discharging the EV battery is substantially more complex than pure 

calendar aging. In addition to SoC and temperature, charge throughput, cycle depth, and current 

rates have a considerable impact on cycle aging.  

Less Cycle Aging at Higher Temperatures 

Cycling cells at different temperatures with a highway driving load profile has revealed that the 

capacity fade in addition to that owing to calendar aging decreases with higher temperature. This is 

in contrast to calendar aging, where a higher temperature generally accelerates degradation. As a 

consequence, the battery should be kept warm during cycling. This means that a battery does not 

have to be cooled down to 25°C during driving or charging. Instead, a heating of the battery to 40°C 

can reduce the stress and degradation caused by the intercalation and deintercalation processes. 

When the EV is parked after a driving sequence, the battery should cool down again to minimize 

calendar aging during the nonoperating periods. As the operating periods are rather short compared 

to the nonoperating periods for a typical passenger car, a higher battery temperature during 

charging or discharging does not have a considerable impact on calendar aging. 

Applying Reasonable Charging Currents 

High-energy lithium-ion cells are typically more susceptible to lithium plating due to their thick 

anodes with low porosity. High charging currents should be avoided, particularly at low 

temperatures and high SoCs, which correspond to the lowest anode potential. But even when higher 

charging currents are applied only at low SoC, this usually leads to considerably higher stress for the 

battery cells. Charging with high currents leads to a degradation of the anode active material and 

lithium plating. Thus, fast-charging protocols should only be applied occasionally and not be used 

for every-day charging, unless the cell is explicitly designed for high charging currents. In the latter 

case, however, the required electrode design is generally associated with a lower energy density. 
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Standard CCCV charging protocols typically provide a reasonable compromise between charging 

duration and cycle life. The study on charging protocols has shown that below a certain current 

value, lower charging currents do not further improve battery life. 

Lowering Cycle Depth Reduces Resistance Increase  

The resistance increase of the lithium-ion cells examined in this thesis has originated largely from 

rising charge transfer resistances of the NCA cathode. Particularly for large cycle depths and deep 

discharging, the resistances have increased markedly. When reducing the typical cycle depth to 20–

40%, the resistance rise of an EV battery can be minimized. This maintains a higher power capability 

of the battery also for an aged battery.  

Hence, a frequent recharging of the battery can be beneficial as it reduces the average cycle depth. 

However, this keeps the average SoC at a higher level, which might provoke a faster calendar aging. 

The combination of a low cycle depth and a low average SoC leads to the longest battery life. 

However, performing only partial charging is only applicable when not the entire driving range of 

the EV is needed.  

Deep discharging is typically not such a critical issue for EVs as the drivers typically do not drive until 

the battery is completely discharged, but recharge the vehicle much earlier under most operating 

conditions. Moreover, the vehicle manufacturers usually program their battery management 

systems in such a way that a certain capacity reserve remains which is not accessible during the 

driving operation to prevent a deep discharging and an overdischarging of the battery. 

Maximum Utilization of Regenerative Braking Beneficial for Battery Life 

The extensive investigations on the impact of regenerative braking on battery aging have shown 

that regenerative braking always had a beneficial effect on battery life. As a consequence, high 

recharging peak currents during braking periods should be tolerated, also at low temperatures of 

10°C or even 0°C, as they did not harm the battery but reduced the overall cycle depth. The 

improvements in battery life owing to regenerative braking have been observed particularly at low 

temperatures and high SoCs. It has been concluded that the shorter recharging sequences at the 

charging station helped to minimize lithium plating.  

Optimizing Capacity Utilization 

The aging study comparing different charging protocols has demonstrated that a lower charging 

voltage reduces the relative capacity fade at the cost of a lower absolute available capacity, which 

represents the driving range of the EV. After 1000 EFC, the cell with the maximum charging voltage 

specified in the datasheet still provided a higher remaining driving range than the cells with a lower 

charging voltage. 

From the viewpoint of mathematical optimization, there is no advantage of reducing the charging 

voltage when it does not retain a higher driving range for aged batteries. However, when taking also 

effects from psychology and behavioral economics into account, a reduced charging voltage can yet 

have its benefits. According to the endowment effect, there is the tendency for people who own a 

good to value it more than people who do not [268,269]. Transferred to battery degradation, this 

means that losing part of the driving range possessed at the beginning of the vehicle life can be 

perceived as a more severe loss than a reduced driving range from the very beginning. Such a 

reduced driving range can result from a restricted utilization of the available battery capacity by a 
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lower charging voltage; this represents an unused driving range the customer has never possessed. 

This demonstrates that defining the charging protocol for an EV is not only a mathematical 

optimization problem but also has to take the psychological perception of the customers into 

account. 

7.3 Battery Life Estimations 

For EVs in 2020, the USABC development goals demand a cycle life of 1000 cycles and a battery life 

of 15 years. For a battery operation at 25°C, different battery life projections can be made based on 

the results from the aging studies on calendar aging and driving operation. Moreover, the impact of 

higher and lower temperatures on battery life is discussed. 

Cycle Depth of 60% in Combination with Storage at Medium SoC 

According to the results of the aging study on driving operation for a cycle depth of 61% CN at 25°C, 

1000 EFC have been achieved with ca. 13% capacity fade (see Figure 88a, p.127). Together with ca. 

10% capacity fade from calendar aging after 15 years, when the battery is kept at medium SoCs 

during nonoperating periods (see Figure 44b, p.69), a total capacity fade of about 23% is obtained.  

Cycle Depth of 40% in Combination with Storage at High SoC 

When the battery is operated with smaller cycles of only up to 40% CN but is kept at high SoC during 

nonoperating periods, Figure 88a has shown that cycle aging decreases by ca. 2 percentage points 

whereas calendar aging over 15 years increases by ca. 5 percentage points in Figure 44. Thus, the 

long times at high SoC decrease battery life more than the smaller cycles can prolong it. This 

demonstrates that always recharging to a high SoC after every short drive does not maximize battery 

life, although it is beneficial for keeping the resistance increase low.  

Cycle Depth of 40% in Combination with a Medium/Low SoC 

Only when a reduced cycle depth is combined with an operation predominantly at medium and low 

SoCs, battery life improves notably. A cycle depth of ca. 40%  CN at medium and low SoCs leads to 

10% capacity fade from cycling, as illustrated in Figure 88a, plus ca. 10% of capacity fade owing to 

calendar aging, as shown in Figure 44b. With this way of operation, a battery life of 15 years and 

1000 EFC can already be reached with the cell type examined in this thesis. Moreover, the resistance 

increase can be kept low 

Impact of High Battery Temperatures 

High battery temperatures increase calendar aging by accelerating parasitic side-reactions. Thus, 

the battery temperature should be kept low during the long nonoperating periods. During charging 

and discharging, a warm battery reduces cycle aging. As long as the battery is only at higher 

temperatures during operation and cools down again for the nonoperating periods, no 

disadvantages for the battery life have to be expected. Instead, the battery life prolongs by reducing 

the cycling-induced degradation. As a consequence, the USABC development goals can also be 

reached without a strict cooling of the EV battery during operation. 

Low-Temperature Operation Remains Critical 

While the USABC development goals for future EV batteries can already be reached today for 

operating temperatures of 25°C and above, low-temperature operation still remains a critical issue. 
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Operating at temperatures of 10°C or lower does not only reduce the available capacity but also 

accelerates aging when the cells are cycled. This thesis has demonstrated that not only charging at 

low temperature, but also discharging at low temperature can cause severe degradation of the 

lithium-ion battery of an EV. Although the contributions to capacity fade from calendar aging 

decrease when lowering the battery temperature to 10°C, the contributions from cycling operation 

increase substantially more. Considering the cycle depths of 60% CN and 40% CN in combination with 

a high charging voltage, only 500 EFC and less have been achieved before a failure of the cells 

occurred owing to internal overpressure caused by side-reactions releasing gaseous reaction 

products. Only for low cycle depths of about 20% CN or a medium cycle depth of 40% CN at a low or 

medium SoC, no failures have occurred and more than 1000 EFC have been achieved. 

To improve the battery life, the lithium-ion batteries should be heated in winter when there are 

subzero temperatures. Furthermore, high discharging currents should only be drawn from the 

battery after a certain warming of the cells.  
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8 Outlook 

Based on the results of the aging studies presented in this thesis, the following topics have been 

identified as interesting fields for further research.  

Low-Temperature Degradation  

For the accelerated degradation when discharging the lithium-ion cells with a driving load profile at 

low temperature, no proper explanation has been found in the literature. Thus, further research is 

necessary to identify the occurring aging mechanisms that are responsible for the accelerated 

capacity fade. Applying high-precision coulometry is considered as a promising approach for the 

separation of anodic side reactions, cathodic side reactions, and losses of active material. With a 

better understanding of the degradation effects, the low-temperature operation of EVs can be 

further optimized. Moreover, battery users should become more aware that not only charging but 

also discharging at low temperatures degrades lithium-ion batteries. 

Post-Mortem Studies to Analyze Resistance Changes 

Severe degradation of the cathode material has been observed for large cycle depths and deep 

discharging. These operating conditions have led to marked increases in the charge transfer 

resistances of the cathode which deteriorates the power capability of the battery. Further post-

mortem studies might be beneficial to better understand the mechanisms of mechanical 

degradation that cause the structural degradation of the cathode materials. Moreover, post-

mortem studies can also help to identify the mechanisms behind the resistance decrease ascribed 

to the anode when cycling at 25°C or 40°C. 

Recovery Effects 

Different recovery effects have been observed in the three aging studies presented in this thesis. 

The capacity recovery of cells stored or cycled at high SoC only could be explained by lithium 

diffusion into the overhang areas of the anode. The amount of lithium stored in the overhang areas 

becomes inaccessible for charge-discharge cycling. However, a considerable amount of lithium 

returns when the cells are at low or medium SoC for a longer time. In contrast to this regeneration 

mechanism, the recovery effects after severe degradation owing to lithium plating have not been 

fully understood yet. The mechanisms behind short-term capacity recovery and long-term recovery 

of electrode-specific storage capabilities should be subject to further research. 

Battery Aging on System Level 

Based on the experimental results presented in this thesis, aging models for the battery system of 

an EV can be derived and parameterized. As this thesis has examined aging solely on cell level, 

further research should be performed on system level, where inhomogeneous current distribution 

among parallel-connected cells can also affect the aging of the individual cells. For online aging 

diagnostics performed by battery management systems of EVs, advanced diagnosis routines based 

on DVA appear promising to obtain deeper insights into the actual degradation of the individual 

electrodes of the lithium-ion traction battery. 
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Appendix 

A.1 Frequency Set Used for Impedance Spectroscopy Measurements 

Table A-1 lists all test frequencies together with the respective number of maximum repetitions. It 

shows the reduced number of frequencies per decade and the reduced number of repetitions for 

lower test frequencies. This set of frequencies enables a fast measurement time of ca. 10 min. 

Table A-1.  Frequencies and maximum number of repetitions 

Nr Frequency Maximum Repetitions 

1 10.0 kHz 100 

2 7.50 kHz 100 
3 5.62 kHz 100 
4 4.22 kHz 100 
5 3.16 kHz 100 
6 2.37 kHz 100 
7 1.78 kHz 100 
8 1.33 kHz 100 
9 1.00 kHz 100 

10 750 Hz 100 
11 562 Hz 100 
12 422 Hz 100 
13 316 Hz 100 
14 237 Hz 100 
15 178 Hz 100 
16 133 Hz 100 
17 100 Hz 100 

18 75.0 Hz 100 
19 56.3 Hz 100 
20 42.2 Hz 100 
21 31.6 Hz 100 
22 23.7 Hz 100 
23 17.8 Hz 100 
24 13.3 Hz 100 
25 10.0 Hz 100 

26 7.50 Hz 4 
27 5.11 Hz 4 
28 3.48 Hz 4 
29 2.37 Hz 4 
30 1.61 Hz 4 
31 1.10 Hz 4 

32 750 mHz 4 
33 511 mHz 4 
34 348 mHz 4 
35 237 mHz 4 
36 162 mHz 4 
37 110 mHz 4 

38 75.0 mHz 2 
39 34.8 mHz 2 
40 16.2 mHz 2 
41 10.0 mHz 2 
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A.2 Test Protocols Used for Initial Characterizations and Checkups 

This sections presents all test procedures in detail. It provides the test protocols with explicit 

current, voltage, and time settings for all characterization and checkup procedures applied in this 

thesis.  

Table A-2.  Initial characterization procedure used for the cells from the first production lot 

Step Parameters Termination 

1 Pause  t > 1 min 

Loop start   

2 Pause  t > 15 min 

3 Charge CCCV I = 1 A  

V = 4.2 V 

I < 275 mA 

4 Pause  t > 15 min 

5 Discharge CC I = –2.75 A  V < 2.75 V 

6 Discharge CV V = 2.75 V I > –275 mA 

Loop end 2 repetitions  

7 Charge CC I = 1 A  SoC > 50% 

8 Pause  t > 60 min 

Pulse sequence at 50% SoC:  

9 Discharge CC I = –1 A  t > 10 s, V < 2.75 V 

10 Pause  t > 30 min 

11 Charge CC I = 1 A  t > 10 s, V > 4.2 V 

12 Pause  t > 30 min 

13 Discharge CC I = –3 A  t > 10 s, V < 2.75 V 

14 Pause  t > 30 min 

15 Charge CC I = 1 A  t > 10 s, V > 4.2 V 

16 Pause  t > 30 min 

17 Discharge CC I = –5 A  t > 10 s, V < 2.75 V 

18 Pause  t > 30 min 

    

Table A-3.  Initial characterization procedure used for the cells from the second production lot 

Step Parameters Termination 

1 Pause  t > 6 min 

2 Charge CCCV I = 1 A  

V = 4.2 V 

I < 50 mA 

3 Pause  t > 6 min 

4 Discharge CC I = –3 A  V < 2.5 V 

5 Discharge CV V = 2.5 V I > –100 mA 

6 Pause  t > 6 min 

7 Charge CC I = 1 A  SoC > 30% 

8 Pause  t > 30 min 
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Table A-4.  Checkup procedure used in the first calendar aging study 

Step Parameters Termination 

1 Pause  t > 20 s 

2 Calculate Once Vstart = V  

3 Pause  t > 20 s 

4 Voltage Ramp V1 = Vstart 

Slope = 3 mV/min 

V2 = 4.2 V 

V > 4.2 V 

5 Charge CV V = 4.2 V I < 100 mA 

6 Voltage Ramp V1 = 4.2 V 

Slope = –3 mV/min 

V2 = 3.0 V 

V < 3.0 V 

7 Voltage Ramp V1 = 3.0 V 

Slope = 3 mV/min 

V2 = 4.2 V 

V > 4.2 V 

8 Pause  t > 15 min 

9 Pause  t > 15 min 

10 Charge CCCV I = 700 mA  

V = 4.2 V 

I < 100 mA 

11 Pause  t > 15 min 

12 Discharge CC I = –3 A  V < 2.75 V 

13 Discharge CV V = 2.75 V I > –100 mA 

14 Pause  t > 15 min 

15 Charge CC I = 700 mA  SoC > 50% 

16 Pause  t > 60 min 

Pulse sequence at 50% SoC:  

17 Discharge CC I = –1 A  t > 10 s, V < 2.75 V 

18 Pause  t > 30 min 

19 Charge CC I = 1 A  t > 10 s, V > 4.2 V 

20 Pause  t > 30 min 

21 Discharge CC I = –3 A  t > 10 s, V < 2.75 V 

22 Pause  t > 30 min 

23 Charge CC I = 1 A  t > 10 s, V > 4.2 V 

24 Pause  t > 30 min 

25 Discharge CC I = –5 A  t > 10 s, V < 2.75 V 

26 Pause  t > 30 min 

27 Charge CC I = 1 A  t > 10 s, V > 4.2 V 

28 Pause  t > 30 min 

Connect cell to galvanostat  

 Impedance 
Spectroscopy 

fmax = 10 kHz 

fmin = 10 mHz 

Iac,rms = 50 mA 

 

Reconnect cell to battery tester  
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Table A-5.  Standard checkup procedure used in the second calendar aging study 

Step Parameters Termination 

1 Pause  t > 1 min 

2 Impedance 
Spectroscopy 

fmax = 10 kHz 

fmin = 10 mHz 

Iac,rms = 50 mA 

 

3 Pause  t > 1 min 

4 Discharge CC I = –1 A  V < 2.5 V 

5 Discharge CV V = 2.5 V I > –100 mA 

6 Pause  t > 15 min 

7 Charge CCCV I = 100 mA  

V = 4.2 V 

I < 95 mA 

8 Pause  t > 15 min 

9 Discharge CC I = –2 A  V < 2.5 V 

10 Discharge CCCV I = –2 A  

V = 2.5 V 

I > –100 mA 

11 Pause  t > 15 min 

12 Charge CC I = 700 mA  SoC > 50% 

13 Pause  t > 60 min 

14 Impedance 
Spectroscopy 

fmax = 10 kHz 

fmin = 10 mHz 

Iac,rms = 50 mA 

 

15 Pause  t > 15 min 

 

Further procedure depending on storage SoC 

 

Case A: Storage SoC < 50%  

16 Discharge CC I = –1 A  V < 2.5 V 

17 Discharge CV V = 2.5 V I > –100 mA 

18 Pause  t > 15 min 

19 Charge CCCV I = 1 A  

V = 4.2 V 

SoC > SoCStorage 

20 Pause  t > 15 min 

Case B: Storage SoC > 50%  

16 Pause  t > 1 min 

17 Pause  t > 1 min 

18 Pause  t > 1 min 

19 Charge CCCV I = 1 A  

V = 4.2 V 

SoC > SoCStorage 

20 Pause  t > 15 min 
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Table A-6.  Extended checkup procedure used in the second calendar aging study 

Step Parameters Termination 

1 Pause  t > 60 s 

2 Calculate Once Vstart = V  

3 Pause  t > 2 s 

4 Voltage Ramp V1 = Vstart 

Slope = 3 mV/min 

V2 = 4.2 V 

V > 4.2 V 

5 Charge CV V = 4.2 V I < 100 mA 

6 Voltage Ramp V1 = 4.2 V 

Slope = –3 mV/min 

V2 = 3.0 V 

V < 3.0 V 

7 Voltage Ramp V1 = 3.0 V 

Slope = 3 mV/min 

V2 = 4.2 V 

V > 4.2 V 

8 Pause  t > 1 min 

9 Charge CV V = 4.2 V I < 100 mA 

10 Pause  t > 15 min 

11 Discharge CC I = –100 mA  V < 2.5 V 

12 Pause  t > 15 min 

13 Charge CCCV I = 100 mA  

V = 4.2 V 

I < 95 mA 

14 Pause  t > 15 min 

15 Discharge CC I = –1 A  V < 2.5 V 

16 Discharge CV V = 2.5 V I > –100 mA 

17 Pause  t > 15 min 

18 Charge CCCV I = 700 mA  

V = 4.2 V 

I < 100 mA 

19 Pause  t > 15 min 

20 Discharge CC I = –3 A  V < 2.5 V 

21 Discharge CCCV I = –1 A 

V = 2.5 V 

I > –100 mA 

22 Pause  t > 15 min 

23 Charge CCCV I = 700 mA  

V = 4.2 V 

I < 100 mA 

24 Pause  t > 15 min 

25 Discharge CC I = –4 A  V < 2.5 V 

26 Discharge CCCV I = –1 A 

V = 2.5 V 

I > –100 mA 

27 Pause  t > 15 min 

Pulse sequences every 10% SoC  

Main loop start   

28 Set Ah-Set = 0 Ah  

29 Pause  t > 30 min 

  Loop 1 A start   

30 Discharge CCCV I = –1 A 

V = 2.5 V 

t > 10 s 

31 Pause  t > 1 min 
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32 Charge CCCV I = 1 A  

V = 4.2 V 

Ah-Set > 0 Ah 

33 Pause  t > 1 min 

  Loop 1 A end 3 repetitions  

  Loop 3 A start   

34 Discharge CCCV I = –3 A 

V = 2.5 V 

t > 10 s 

35 Pause  t > 1 min 

36 Charge CCCV I = 1 A  

V = 4.2 V 

Ah-Set > 0 Ah 

37 Pause  t > 1 min 

  Loop 3 A end 3 repetitions  

  Loop 5 A start   

38 Discharge CCCV I = –5 A 

V = 2.5 V 

t > 10 s 

39 Pause  t > 1 min 

40 Charge CCCV I = 1 A  

V = 4.2 V 

Ah-Set > 0 Ah 

41 Pause  t > 1 min 

  Loop 5 A end 3 repetitions  

42 Discharge CCCV I = –3 A 

V = 2.5 V 

t > 10 s 

43 Pause  t > 15 min 

44 Discharge CCCV I = –3 A 

V = 2.5 V 

Ah_set < –10% Cactual 

I > –100 mA 

Main loop end 10 repetitions   

45 Pause  t > 15 min 

46 Charge CC I = 700 mA  SoC > 50%, U > 4.2 V 

47 Pause  t > 120 min 
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Table A-7.  Checkup procedure used in the cycle aging study on charging protocols 

Step Parameters Termination 

1 Pause  t > 2 min 

2 Discharge CC I = –1 A  V < 2.5 V 

3 Discharge CV V = 2.5 V I > –100 mA 

4 Pause  t > 15 min 

5 Charge CCCV I = 100 mA  

V = 4.2 V 

I < 95 mA 

6 Pause  t > 15 min 

7 Discharge CC I = –2A  V < 2.5 V 

8 Discharge CCCV I = –1A  

V = 2.5 V 

I > –100 mA 

9 Pause  t > 15 min 

10 Charge CC I = 700 mA  SoC > 50% 

11 Pause  t > 120 min 

Pulse sequence at 50% SoC:  

12 Charge CC I = 333 mA  t > 0.5 s 

13 Charge CC I = 1 A  t > 10 s 

14 Charge CC I = 333 mA  t > 0.5 s 

15 Pause  t > 30 min 

16 Discharge CC I = –333 mA  t > 0.5 s 

17 Discharge CC I = –1 A  t > 10 s 

18 Discharge CC I = –333 mA  t > 0.5 s 

19 Pause  t > 30 min 

20 Charge CC I = 333 mA  t > 0.5 s 

21 Charge CC I = 3 A  t > 10 s 

22 Charge CC I = 333 mA  t > 0.5 s 

23 Pause  t > 30 min 

24 Discharge CC I = –333 mA  t > 0.5 s 

25 Discharge CC I = –3 A  t > 10 s 

26 Discharge CC I = –333 mA  t > 0.5 s 

27 Pause  t > 30 min 

28 Charge CC I = 333 mA  t > 0.5 s 

29 Charge CC I = 5 A  t > 10 s 

30 Charge CC I = 333 mA  t > 0.5 s 

31 Pause  t > 30 min 

32 Discharge CC I = –333 mA  t > 0.5 s 

33 Discharge CC I = –5 A  t > 10 s 

34 Discharge CC I = –333 mA  t > 0.5 s 

35 Pause  t > 30 min 

Connect cell to galvanostat  

 Impedance 
Spectroscopy 

fmax = 10 kHz 

fmin = 10 mHz 

Iac,rms = 50 mA 

 

Reconnect cell to battery tester  

  



Test Protocols Used for Initial Characterizations and Checkups 

 

 156 

Table A-8.  Checkup procedure used in the cycle aging study on driving operation 

Step Parameters Termination 

1 Pause  t > 20 s 

2 Calculate Once Vstart = V  

3 Pause  t > 20 s 

4 Voltage Ramp V1 = Vstart 

Slope = 3 mV/min 

V2 = 4.2 V 

V > 4.2 V 

5 Charge CV V = 4.2 V I < 100 mA 

6 Voltage Ramp V1 = 4.2 V 

Slope = –3 mV/min 

V2 = 3.0 V 

V < 3.0 V 

7 Voltage Ramp V1 = 3.0 V 

Slope = 3 mV/min 

V2 = 4.2 V 

V > 4.2 V 

8 Pause  t > 15 min 

Loop start   

9 Pause  t > 15 min 

10 Charge CCCV I = 700 mA  

V = 4.2 V 

I < 100 mA 

11 Pause  t > 15 min 

12 Discharge CC I = –3 A  V < 2.75 V 

13 Discharge CV V = 2.75 V I > –100 mA 

Loop end 2 repetitions  

14 Pause  t > 15 min 

15 Charge CC I = 700 mA  SoC > 50% 

16 Pause  t > 60 min 

Pulse sequence at 50% SoC:  

17 Discharge CC I = –1 A  t > 10 s, V < 2.75 V 

18 Pause  t > 30 min 

19 Charge CC I = 1 A  t > 10 s, V > 4.2 V 

20 Pause  t > 30 min 

21 Discharge CC I = –3 A  t > 10 s, V < 2.75 V 

22 Pause  t > 30 min 

23 Charge CC I = 1 A  t > 10 s, V > 4.2 V 

24 Pause  t > 30 min 

25 Discharge CC I = –5 A  t > 10 s, V < 2.75 V 

26 Pause  t > 30 min 

27 Charge CC I = 1 A  t > 10 s, V > 4.2 V 

28 Pause  t > 30 min 

Connect cell to galvanostat  

 Impedance 
Spectroscopy 

fmax = 10 kHz 

fmin = 10 mHz 

Iac,rms = 50 mA 

 

Reconnect cell to battery tester  
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