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Abstract 

CYCLING FATIGUE INDUCED ON ELECTROCHEMICAL ENERGY  

STORAGE CELLS AS A RESULT OF  

HIGH C DISCHARGE  

 

Biju Shrestha, PhD 

 

The University of Texas at Arlington, 2013 

 

Supervising Professor: David Alan Wetz 

A number of electrochemical energy storage devices have been developed and 

used widely to power portable electronic systems. Lithium-ion batteries are extremely 

popular for use in portable devices as a result of their high energy density, which is 

higher than almost all other similar technologies available. Despite their high energy 

density, most commercial off-the-shelf (COTS) cells are only modestly power dense, 

limiting them from being used to drive high power or pulsed power applications. Recently, 

improvements in the electrode structures and electrolytes have led to the development of 

lithium-ion batteries which have a higher combined power and energy density than ever 

before. Cells with power densities as high as 28 kW/kg have been developed with energy 

densities near 52 Wh/kg [8]. In addition to lithium-ion batteries, advanced electrochemical 

capacitors, such as electric double layer capacitors (EDLC’s) and lithium-ion capacitors 

(LICs), have been developed with extremely high power densities making them a suitable 

candidate for use in high and pulsed power applications which do not require high energy 

density. There have been many previous research efforts aimed at understanding the 

aging of these devices when they are used at their nominal ratings. However, what is 

lacking is an understanding of how these cells age when they are used to source high 
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currents in either pulsed or continuous modes of operation. This knowledge is critical as 

high rate currents must be sourced if these devices are to be used in applications such 

as hybrid electric vehicles, renewable energy platforms, and even high pulsed power 

applications. The research documented here is aimed at understanding the limitations of 

these types of devices and to understand their future potential for use in continuous and 

pulsed high current applications.  A novel test stand has been constructed to characterize 

the performance of these types of devices when they are discharged at rates 10’s to 

100’s of times their rated C values in a high frequency pulsed fashion. Three identical 

high power Nickel- Cobalt-Aluminum-Oxide (NCA) lithium-ion batteries have been cycled 

at nominal, high C pulsed, and high C continuous rates respectively in order to 

understand the impact high rate cycling has on the aging of these types of cells. In-situ 

diagnostics have been used as a means of comparison between the different 

experimental methods.    
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Chapter 1  

Introduction 

Since the commercialization of lithium-ion batteries by Sony in 1991, a large 

amount of research and development has occurred. These batteries have gotten lighter, 

smaller, and hold more capacity.  Along with these advances in battery research, 

development, and manufacturing society has greatly increased the amount of wireless 

devices they possess. The need for high energy storage has become critical to keep up 

with the ever increasing demands of portable electronics. These devices have found their 

way into countless people’s everyday lives and have become a necessity for their daily 

productivity and entertainment. Prior to this advancement in digital technology, most 

batteries were designed with steady current draws in mind.  Because digital electronics 

as well as power inverters require switching at various frequencies, pulsed discharge 

profiles of batteries have increased in importance. Not all energy storage devices are 

created equally and for that reason, no one type of energy storage device technology can 

power every application. There has been an exponential growth in the capability of 

energy storage technologies in recent years. Researchers and manufacturers have 

increased both the energy and power density of electrochemical cells; however, a large 

improvement in one property most often comes at a cost to the other.  

Traditional lithium-ion batteries typically possess a high energy density, but only 

modest power density. Other technologies, such as electric-double-layer capacitors 

(EDLCs), often possess opposite properties than that of a lithium-ion battery. There are 

also lithium-ion capacitors (LICs), which  are a hybrid technology offering the same power 

density as an EDLC along with a slightly larger energy density. More about EDLCs and 

LICs will be discussed section II. The power and energy densities of these different 

devices are shown graphically in the Ragone plot found in Figure 1-1. 
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Figure 1-1 Ragone plot comparing the power and energy density of various conventional 

off-the-shelf energy storage technologies (typical values when these devices are used to 

power electronic systems in steady state operation) [2] 

In a typical portable consumer electronics application, such as a cellular 

telephone or a laptop computer, a lower power density does not usually cause too many 

problems and a lithium-ion battery fulfills the needs adequately. In specialty applications, 

such as a compact high pulsed power system, the prime power source must utilize 

energy storage devices, which offer a high combined energy density and power density. 

To meet the demands of this type of advanced system, researchers and manufacturers 

have been developing new specialty lithium-ion battery technologies which optimize the 

energy and power density as much as possible. These cells gain their higher power 

density from their lower internal equivalent series resistance (ESR) which can be less 

than 1 mΩ in some cases [6][8][9]. The decrease in the internal ESR has increased the 

available power density significantly and in many cases the power density of the specialty 

lithium-ion batteries can occasionally exceed that of EDLCs [6][8][10]. The increased 
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power density comes at the cost of a reduced energy density when compared to that of a 

traditional lithium-ion battery.  

Since lithium-ion batteries are so widely used in countless applications, they 

have been studied extensively and their aging mechanisms are well understood when 

they are cycled within their rated conditions [4][11]. Use of the new specialty cells in high 

power applications is very limited. However, as a result there is very little documentation 

of any experiments where these types of cells have been used to discharge high currents 

in a pulsed mode of operation. Chen et.al. showed that a single pulsed current in excess 

of 5 kA can be extracted from a Saft VL8V lithium-ion battery cell for time durations up to 

15 milliseconds [6], and while this proves that lithium-ion batteries are capable of 

achieving high power densities, it is still unclear how these types of cells perform and age 

when numerous successive elevated rate discharges are extracted in a pulsed form. 

Extracting current in a pulsed form at elevated rates is representative of the manner in 

which these types of devices are operated when their energy is conditioned through a 

power electronic converter. The converters regulate the power by either stepping it up or 

stepping it down for the intended application. However, it is unclear how the aging 

mechanisms and the operational safety of the cells are affected after continuous use in 

high pulsed modes of operation.  

In an effort to pave the way in this area of research, a novel experimental test 

stand, similar to that of Chen, et. al. [6], with an increased action capability, has been 

developed and used in the work documented here. The stand has been constructed to 

perform research aimed at understanding the operational capability, safety, and 

fundamental aging mechanisms of high power electrochemical energy storage devices 

when they are cycled at elevated rates in a pulsed fashion. The test stand will be 

discussed in Chapter 3. 
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The first development of a rechargeable battery dates back to 1800, as seen in 

Figure 1-2. In 1859, the lead acid battery was developed and it has truly withstood the 

test of time. This type of cell is still being used as the starting power source in countless 

automotive systems. In 1888, the alkaline battery was introduced with a higher energy 

density compared to lead acid battery. The higher energy density made it more portable, 

finding its way into portable power sources in the early wars. In 1970, the Ni-Cd battery 

was introduced into the market and it is still used today in many consumer power tools.  

 

Figure 1-2 Rechargeable battery evolution [1] 

In 1991, a turning point occurred with Sony’s introduction and commercialization 

of the lithium-ion battery. The lithium-ion battery packs an order of magnitude higher 

energy density than previous rechargeable technologies. This led to what has been 

referred to as the ‘wireless revolution’, forever transforming society’s use of portable 

electronics. In 1997, Toyota and Honda started using Ni-MH batteries in their hybrid 

electric vehicles (HEVs). Since that time, the lithium-ion battery has significantly matured 

and mass production of lithium-ion batteries by companies such as LG and Samsung has 

reached levels previously unthought-of. Current HEVs, such as the Chevrolet Volt, have 
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started using lithium-ion batteries as their renewable energy source. This is only the 

beginning of what is expected to be a revolution in the automotive industry. 

Ever since the introduction of the lithium-ion battery by Sony in 1991, research 

has continued to improve the energy density of these types of cells. Figure 1-3 shows the 

trend in increasing gravimetric energy density and volumetric energy density since 1991. 

A cell, which in 1991 offered a capacity of 860 mAh, can today offer 3000 mAh capacity, 

approximately 3.5 times higher, without any increase in size. 

 

Figure 1-3 Progress on lithium-ion battery [1] 

Lithium-ion batteries have become widely used in many devices for many 

applications, which directly or indirectly affect the quality of life. Figure 1-4  shows the 

market trends of rechargeable batteries. Batteries with capacities in the range of watt-

hour (Wh) are widely used for mobile IT devices. Batteries with capacities in the kWh 
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range are used in transportation sized systems such as electric scooters, hybrid vehicles, 

etc. Finally, those sized with capacities in mega watt-hour (MWh) range are used as 

power storage in wind farms, frequency regulation systems, uninterruptible power 

sources (UPS), etc. 

 

Figure 1-4: Market trends of rechargeable batteries [1] 

While these are the typical applications most think of when considering the use of 

energy storage systems, there is also a high demand for energy storage to be used as 

the prime power source of high pulsed power applications. Some of these include 

compact Marx generators, laser systems, electromagnetic (EM) launchers, and seed 

current sources for flux compression generators, among others. In these applications, as 

well as all the others previously discussed, power electronic converters are used to 

regulate the batteries unregulated voltage. These types of converters extract power from 

the energy storage in the form of pulse width modulated (PWM) current and voltage 

trains. As the power demanded by the application increases, it is critical that the power 

density of the energy storage increase as well. How lithium-ion batteries age when they 

are used to source high pulsed currents to power electronic converters is unclear and this 

UPS : Uninterruptible Power Source 
F/R: Frequency Regulation 
CES: Community Energy Storage 
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research aims to better educate the community about the aging of electrochemical 

devices in these types of conditions.  

There have been numerous studies performed on rechargeable batteries, 

including lithium batteries, to better understand their performance limitation and aging 

over time. These studies have been limited to devices typically commercially available off 

the shelf (COTS) and at nominal rates in continuous modes of operation. Few if any 

published studies are available which document how batteries age when they are 

operated in high C rate pulsed modes of operation. Furthermore, few, if any, studies are 

available documenting how specialty high power cells age when they are cycled at high 

current rates, the mode of operation for which they are specifically designed. This work 

aims to fill these technological gaps. 
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Chapter 2  

Background 

Pulsed power 

The work here is being performed to understand how batteries age when they 

are used to supply current, and therefore power, to a load in a high continuous and 

pulsed mode of operation. Among many others, the key applications that will utilize 

batteries in this mode of operation are HEVs, grid backup storage, and pulsed power 

systems. It is assumed that most readers will be familiar with the HEV and grid backup 

applications as these are commonly discussed and used in most everyday life. Pulsed 

power, on the other hand, is much more limited in scope and application. For this reason 

it will be briefly described here.  

Pulsed power is a scheme where energy is taken from a high energy source, 

which is almost always grid tied, and stored slowly in an intermediate energy storage 

device with a high power density. One stored, the energy is discharged rapidly as 

electrical energy, into a load, in a single short pulse or as short pulses with a controllable 

repetition rate. Figure 2-1 illustrates the transformation of power in pulsed power 

systems. As seen here, the energy is first stored slowly at modest voltage, current, and 

power rates. The energy is then discharged, often through a single or many stages of 

pulse compression, resulting in the same amount of energy being compressed into a 

pulse with a high peak to average power ratio.  
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Figure 2-1: Use of pulsed power as a method for pulsed discharge  

Figure 2-2 describes the typical architecture of a pulsed power system. Such a 

system is made up of prime power source which supplies energy to an intermediate 

energy storage system. Generally, the intermediate energy storage is a set of capacitors, 

inductors, or rotating machines. The intermediate energy storage is connected to a pulse 

shaping device through some sort of switch, which is usually either a gas or liquid break 

down switch, explosive switch, fuse, or solid state device. The pulse shaping device, as 

the name suggests, is used to shape the pulse’s rise time and duration. The output of the 

pulse shaping lines is finally connected to the load, often through some second form of 

switch but not always. There are many different types of pulsed power loads with a few 

listed in Table 2-1 and shown graphically in Figure 2-3. 

 

 

Figure 2-2 Pulsed power systems 
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Table 2-1 Pulsed power loads 

Military Civilian 

• Radar 

• EMP simulation and testing 

• Nuclear Fusion 

• Nuclear Radiation Effects 

• Electromagnetic Accelerators 

• High Power Microwaves 

• Compact and Explosive Flux 

Compression Generator Systems 

• Radar 

• Magnetic Forming of Metals 

• Materials and Surface Treatment 

• Liquid Shock Wave Application 

• Medical 

 

 

Figure 2-3:  Graphical representation of high power loads of interest 

As seen in the table most, though not all, of the pulsed power loads are used in 

military applications. In nearly all of the applications listed, grid connected power supplies 

are used as the prime power source. In civilian applications, where size and mobility is 

not of major concern, this is perfectly acceptable and does not limit the use of the pulsed 

power device. This is not the case in military applications, most of which must be 

portable, light weight, low volume, and as efficient as possible. These latter requirements 
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make batteries the only feasible option for use as the prime power source on board 

mobile applications. Often it is feasible to use a vehicles onboard electrical generation to 

recharge the batteries during any down time when the vehicle is not required to move 

quickly. During times when the vehicle’s on-board generation cannot supply power to the 

pulsed power system, the batteries must act as the sole prime power source and are 

used to supply energy to the intermediate energy storage at high rates through a high 

frequency DC/DC converter.  

Use of these types of applications is not new, though several challenges exist 

when attempting to develop rep-rate pulsed power systems, including input power 

management, DC-DC converter efficiencies, and thermal management. Each area of 

focus presents a large window of opportunity for increase in efficiency and optimization of 

hardware, volume, and mass. When it comes to input power management, the electrical 

power system utilized on a mobile, platform such as a ship, cannot typically handle high 

pulsed loads, like the repetitive charge of an intermediate energy storage capacitor bank 

[42]. In this application, it is most efficient to use batteries as an intermediate storage 

device in order to directly charge the capacitor on demand, thus presenting a smaller 

load to the ship’s electrical grid in the form of a battery charger system.  DC-DC 

converters are used to boost the lower voltage provided by the battery pack to a level 

sufficient to charge the high voltage capacitor. As the primary energy source is a limited 

store of chemical energy, an efficient converter will enable more capacitive charge cycles 

per battery charge. With any shipboard application, volume is a key metric. As the 

switching frequency increases in the converter, the required magnetic components, such 

as the transformer, can shrink in size. With current insulated-gate bipolar transistor 

(IGBT) technologies, the maximum switching frequency with hard switching is around 20 

kHz. Utilizing soft switching topologies can increase the maximum frequency to around 
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70 kHz. The US Naval Research Laboratories (NRL) is currently developing a 

demonstration system intended to charge a 4800 µF load to 5 kV within five seconds. 

The system is designed to repetitively charge the capacitive load at a rate of ten times a 

minute for five minutes. Lithium iron phosphate (LiFePO4) batteries are being used as the 

prime power source and a novel DC-DC converter, configured in an LLC configuration, 

will employ a soft switching topology to maximize efficiency. Despite ongoing 

development, the authors cite the need to better understand the capabilities of the battery 

source before success will be achieved. The work performed in this thesis has directly 

supplied knowledge to this ongoing NRL effort. 

Though railgun systems with muzzle energies larger than a few hundred kJ have 

not been developed or demonstrated which use electrochemical energy storage as its 

prime power source, a few small scale proof-of-principal ones have been documented by 

Sitzman [51] and Allen [17]. In Sitzman’s design, lithium-ion battery modules developed 

by Saft Americas are used to source 4 kA into an inductive energy storage element. 

Utilizing coupled inductors, the seed current is amplified into a roughly 20 kA current 

pulse, capable of driving a launcher with muzzle energy around 30 J. In the system 

developed by Allen, dry lead acid batteries act as the prime power source for a 2000 V, 

15 mF capacitive pulsed power source that drives a ~15 kJ launcher. A high current, 

solid-state based inverter and step-up transformer raises the low voltage DC source to a 

high voltage DC source capable of charging up the capacitors. Though the two systems 

discussed are conceptually very different, both utilize a form of electrochemical energy 

storage as their prime power source. This enables them to operate independent of an 

electrical grid or on-board generator. 

Marx generators, ranging in energies from a few J to a few kJ, have been developed 

using rechargeable batteries as their prime power source. For example, Applied Physical 

12 



 

Electronics L.C. developed a compact 1.8 kJ system that masses 170 kg and can deliver 

5 GW to a 25 Ohm HPM load with a peak pulse voltage of 300 kV [18].  The French 

Department of Defense (DGA) has sponsored research that lead to the development of a 

compact 1.4 J battery powered Marx generator that produces 1.5 ns pulses with an 

amplitude of roughly 200 kV [19]. In that generator, six lithium-polymer 7.2-V/1350-mAh 

battery units are connected in a series/parallel arrangement to create a 16.8 V / 1.5 kW 

DC primary source. The batteries are able to source enough energy for 35000 shots in 

this low energy configuration. In 2002, Peterkin, et. Al. of the Naval Surface Warfare 

Center (NSWC) Dahlgren reported on a testbed that they constructed to evaluate the 

performance of compact Marx generators [26]. In order to isolate the testbed from the 

main electrical grid, they utilized a battery pack as the prime power source from which 

two 50 kV power supplies drew their power to charge the Marx. In the development, they 

evaluated both lead acid and nickel cadmium (NiCd) battery technologies and ultimately 

chose to develop a NiCd system. The supply was made up of 264 Sanyo 1800 mAhr 

batteries configured in a 320 V configuration. The 2 MJ battery source was capable of 

sourcing 10 kW of average power for short periods of time which requires the batteries to 

be operated at 22 times their rated C value. Also in 2002, Dragt, et. Al., of Honeywell 

FM&T in Albuquerque, NM developed a compact battery-powered, 400 kV, 40 J Marx 

generator that fits in a volume of 6.44 L [20]. Two 12 V, 2.3 Ahr lead acid batteries act as 

the prime power of the generator which feed two 25 kV DC-DC converters operating in 

parallel that charge the Marx capacitors. Data presented by Dragt shows that the 

generator can source a roughly 100 nanosecond wide pulse with a risetime of 20 

nanoseconds, a voltage amplitude of 87 kV, and a current of 701 A into a 100 Ohm load.   

Another type of pulsed power source that can be used to drive a pulsed power load is 

one that employs a solid state semiconductor opening switch (SOS) diode to convert 
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energy stored intermediately in an inductor into a useable voltage pulse. As described in 

[21], an SOS diode is a p+-p-n-n+ structure that is fabricated to obtain an ultra-short 

reverse-recovery time. The SOS conducts reverse current for the specific characteristic 

period due to the residual charges in the p and n region of semiconductor structure. The 

residual charges are provided by the forward pumping current through the SOS diodes. 

Then, when the polarity of the voltage across the SOS diodes becomes reverse, reverse 

current flows through the diodes. The recombination of the residual charges in the diode 

structure results in fast current interruption. This current interruption phenomenon is 

called the SOS effect.33 

In 2000, Lyubutin, et. Al., presented the design of an SOS based quasi-rectangular 

pulse generator that can drive a 50 kV into a 4 – 5 Ω load for a pulse duration of 100 

nanoseconds [22]. The intermediate capacitive store of that design requires a prime 

power source voltage of 600 V, which can be supplied directly from a series stack of 

electrochemical devices. Their circuit topology is shown schematically in Figure 2-4.  

 

Figure 2-4. Circuit diagram of an SOS diode based pulsed power generator for driving 

low impedance loads [22]. 

In SOS based generators, the energy is initially stored in a capacitor, C1 in this case, 

and is transferred into the magnetic field of an inductive energy storage system, L+ and 

L-, via a closing switch, which in this case is a spark gap. Often the closing switches are 
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developed in the form of saturable inductors or transformers which combine both the 

inductive energy store and closing switch into one package. The saturable inductors use 

cores made of high permeability magnetic material so that the switching transition 

between the linear and saturation regimes is quick. The closing of the magnetic switch 

initiates the reverse SOS pumping process and the fast current interruption described 

above creates a very fast voltage pulse across the load that is proportional to the 

instantaneous rate of change of current (dI/dt) across of the SOS switch. 

In 2006, Bushlyakov, et. Al., documented the design of an SOS based generator that 

outputs a 400 kV to 1 MV voltage pulse into 50 Ω – 300 Ω loads at peak power levels of 4 

GW [23]. Operation at repetition rates of 1 kHz has been demonstrated. Tang, et al., 

have shown that compact SOS based generators capable of sourcing 4.5 kV for 20 ns 

and 7.5 kV for 5 ns at 20 Hz into 10 Ohm cuvette loads for medical applications [24]. The 

brief literature search just presented has shown that several different battery powered 

high voltage pulsed power sources have been developed that can drive time varying, low 

impedance loads. Despite this widespread use, no research has been presented to show 

how the battery energy storage performed and aged as the application was used. This is 

widely because most of these systems were developed as laboratory demonstration 

systems which are never widely used. When the work presented here is coupled with the 

previous work, a complete picture is available of how energy storage devices can be 

used and will perform in these types of unique pulsed power applications 

Energy Storage 

Some of the characteristics that are used to determine the applicability of an 

energy storage technology to an application include the nominal voltage, surge current, 

energy density, power density, cost per unit energy, number of available 
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charge/discharge cycles, self-discharge rate, and overall efficiency. A typical rating used 

to identify batteries is its C rating. For those unfamiliar, the C rating of a cell represents 

the continuous current that it is able to source for one hour. When current is extracted 

from a cell at its C rate for one hour, the voltage across the cell is decreased from its full 

rated voltage to its minimum safe operating voltage. If current is extracted at twice the C 

rated value, the discharge occurs at a rate of 2C and it will be able to supply that current 

for roughly half an hour. The trend of decreasing discharge time continues as the 

discharge rate continues to increase. As one may expect, the larger the C rating, the 

larger the battery. This is because the C rate scales directly to the size of the cell’s active 

electrode area.  

 Despite the exponential growth in the capabilities of energy storage 

technologies, it is still impossible to find one type of energy storage technology that can 

be used to universally power all applications. As seen in Figure 1-1 earlier, each different 

type of energy storage device has a unique combination of power and energy density. 

This stems from the unique combination of electrode materials and electrolytes that each 

technology utilizes. Among the most common types of devices either being used today or 

being considered for use in the future are lead acid (Pb-acid) batteries, nickel metal 

hydride (NiMH) batteries, lithium-ion batteries (LIBs), electric-double-layer-capacitors 

(EDLCs), and lithium-ion capacitors (LICs).  

Lead Acid Batteries (Pb-Acid) 

Lead acid batteries are the oldest secondary electrochemical cell.  They consist 

of a lead and lead oxide electrode, a separator, and sulfuric acid. The overall chemical 

equation is shown in equation (1) and (2). Because of their long history, the technology in 

lead acids is relatively mature and cost effective.  The largest drawbacks to these cells is 
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their mass.  Lead is one the heaviest elements on the periodic table, which limits its 

application space.  However, certain submersible applications such as submarines and 

undersea research vehicles make use of the large density as ballast. Lead acid batteries 

are one of the most economic batteries for larger power applications in which the weight 

is not an issue. It is used widely in hospital equipment, wheelchairs, emergency lighting 

and UPS systems. The half reactions of a Pb-Acid battery are given in equations 1 and 2. 

Negative electrode reaction: 

𝑃𝑏 + 𝑃𝑏𝑂2 + 2𝐻2𝑆𝑂4 ↔  2𝑃𝑏𝑆𝑂4 + 2𝐻2𝑂 (1) 

Positive electrode reaction: 

3𝐻+ + 𝑃𝑏𝑂2 + 𝐻𝑆𝑂4− +2𝑒−↔  𝑃𝑏𝑆𝑂4 + 2𝐻2𝑂 (2) 

Nickel Metal Hydride (NiMH) 

NiMH batteries use nickel oxyhydroxide (NiOOH) as a positive electrode and the 

negative electrodes use a hydrogen-absorbing alloy. The energy density of NiMH is less 

than that of a lithium-ion cell, typically operating around 1.2 V per cell. The demand of 

NiMH has fallen significantly with the evolution of LIBs. The significant drawback of NiMH 

is the high rate of self-discharge which is approximately 20% on first day and up to 4% 

per day of storage after that. Nickel metal hydrides have been used in the Toyota Prius 

hybrid electric vehicle. The half cell reactions are given in equations 3 and 4 below. 

Negative electrode reaction: 

𝐻2𝑂 + 𝑀 + 𝑒− ↔ 𝑂𝐻− + 𝑀𝐻 (3) 

Positive electrode reaction: 

𝑁𝑖(𝑂𝐻)2 + 𝑂𝐻− ↔𝑁𝑖𝑂(𝑂𝐻) + 𝐻2𝑂 + 𝑒− (4) 
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Lithium-ion Batteries (LiBs) 

LIBs have become one of the most common components used in consumer 

electronics. The LIBs electrodes are constructed from an intercalated lithium compound 

and graphite while the electrolyte is usually some sort of organic solvent, such as 

ethylene carbonate, dimethyl carbonate, or diethyl carbonate. During discharge, lithium-

ions move from the anode to the cathode. During recharge, the opposite occurs. This is 

shown graphically in Figure 2-5. 

 

Figure 2-5: Lithium-ion batteries in charging and discharging mode [25] 

There are several advantages to using LiBs making them a popular choice. 

These include having a high energy density, no memory effect, low self-discharge rate, 

high cell voltage, and high life time. There are several chemistries being used to make up 

LiBs and which one is used for a particular application depends upon its performance, 

cost, and safety. A few different chemistries include lithium cobalt oxide (LiCoO2), lithium 
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iron phosphate (LFP), lithium manganese oxide (LMO), lithium nickel manganese cobalt 

oxide (NMC), lithium titanate (LTO), and lithium nickel cobalt aluminum oxide (LNCAO), 

among others. The high energy density of LIBs poses several safety hazards and should 

be handled very carefully. In the work discussed here, cells made up of a few of the 

different chemistries just listed have been evaluated. The anode half reaction of a LiCoO2 

cell is represented in equation 5 while that at the cathode is represented in equation 6. 

Negative electrode reaction: 

𝑥𝐿𝑖+ + 𝑥𝑒− + 6𝐶 ⇔  𝐿𝑖𝑥 𝐶6 (5) 

Positive electrode reaction: 

𝐿𝑖𝐶𝑜𝑂2 ⇔ 𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒− (6) 

Electric Double Layer Capacitors (EDLCs) 

Conventional capacitors store energy electrostatically and are very power-dense. 

However, because of their limited electrode surface area, traditional electrostatic 

capacitors are not very energy dense. Electric double layer capacitors (EDLC’s), also 

known as supercapacitors, ultracapacitors, or symmetrical capacitors, are a different form 

of capacitor technology whose unique construction and materials enable them to have a 

higher energy density then conventional capacitors but also maintain a high power 

density. The electrodes used in ELDC’s are constructed from metallic conductors coated 

with a porous activated carbon which enables their surface area to be quite high. The 

electrodes are separated by an electrolyte, which can either be aqueous, non-aqueous, 

or a solid polymer [27]. While EDLCs provide nowhere near the energy density of lithium-

ion batteries their energy density is still quite high, 4.5 Wh/kg, and their power density is 

significantly higher,  6.94 kW/kg. Additionally, their cycle life has been shown to exceed 

100,000 cycles when used near their rated conditions [27]. 
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A simple schematic of an EDLC is shown in Figure 2-6 and Figure 2-7a. A 

photograph of a cell manufactured by Maxwell Technologies is shown in Figure 2-7b. 

When a potential is applied across the electrodes, the ions in the electrolyte are 

polarized. This creates an alignment of opposing charges along the electrode/electrolyte 

interface. It is important to notice that, like conventional capacitors, the electrodes on 

either side are identical. Since the area of the electrodes is so large and the charge is 

separated by an extremely short distance of a few nanometers, the capacitance of the 

cell is extremely high (100 F/g-1). The large electrode surface area coupled with their light 

weight (1000 m2g-1) gives them their high energy density. However, because the charges 

are separated by such a small distance, the potential the cell is able to provide is small. 

The potential can be as high as 5V but is normally less than 3 V, in order to prevent 

electrical breakdown of the cell. One component not shown in the schematic is a 

dielectric separator running down the center of the cell that prevents the plates from 

touching and current from flowing through the electrolyte. A number of different 

electrolyte materials have been tested with various conductivities to minimize the losses 

in the electrolyte and reduce the series resistance of the cells [27]. A plot of a cell’s 

steady state charge and discharge voltage profile is shown in Figure 2-8Figure 2-8. 

Since the electrodes are symmetrical, a potential is developed across each 

electrode/electrolyte interfaces that is equal and opposite to that of the opposing 

electrode. The output voltage of the cell is the differential voltage developed across the 

electrodes.     
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Figure 2-6: Electrochemical double layer capacitor 

                 

(a)                                                           (b) 

Figure 2-7. (a) Simple electric double layer capacitor schematic [1] and (b) sample 

Maxwell technologies K2 series cell [28]. 

 

Figure 2-8. Voltage potential profile of an EDLC [29]. 
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There are many types of electrolytes that can be used in ELDCs. The type of 

electrolyte used really determines the maximum working voltage of the cell. Roughly 1 V 

is achievable with aqueous electrolytes, 2.3-2.5 V with organic electrolytes, and 3-4 V 

with ionic liquids. The electrolyte should be resistant to electrochemical reduction and 

oxidation with carbon and produce high specific capacity at the interface with the 

electrode [27]. The ionic conductivity of the electrolyte determines the power available 

from the device. Increasing the temperature, up to the boiling point, strongly increases 

the conductivity of the electrolyte. It has been noted that in hybrid vehicle applications, 

heating the electrolyte using waste heat from the combustion engine is feasible [27].  

Lithium-ion Capacitors (LiCs) 

A simple schematic of a lithium-ion capacitor is shown in Figure 2-9a. As seen in 

the schematic, a lithium-ion capacitor combines the anode of a lithium-ion battery with 

one of the electrodes of an EDLC which is why they are typically called asymmetrical 

capacitors. By doping the anode with lithium, the anode capacity is increased and its 

potential is held near zero while the potential across the cathode is identical to that in an 

EDLC. The differential voltage across the cell is therefore larger across a lithium-ion 

capacitor, seen in Figure 2-10. Due to the fact that the cathode in lithium-ion capacitors 

do not include an oxygen compound, no thermal chain reaction or thermal runaway 

occurs since the cathode cannot react with the electrolyte [2][1]. Over charge, over 

discharge, overheating, and nail punch tests performed by JSR Micro Inc. have shown 

that thermal runaway doesn’t occur as a result of any of these tests [2][1]. The model 

shown in Figure 2-9b is a prismatic flat pouch type of cell. As with supercapacitors, the 

capacitance of the cathode is extremely high due to the porous nature of the activated 
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carbon. Because this technology has only really hit the market within the last ten years, 

there has been very little research published on this technology.  

              

(a)                                                                  (b) 

Figure 2-9. (a) Simple lithium-ion capacitor schematic [2] and (b) sample 2200 F lithium-

ion capacitor [2]. 

 

Figure 2-10. Voltage potential profile of a lithium-ion capacitor [2]. 
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Figure 2-11: Structure of different electrochemical cell [2] 

 
The weight of lithium-ion capacitors is reduced ~66% over that of EDLCs and the 

volume is reduced by ~80%. The reported energy density of the lithium-ion capacitor is 

14.5 Wh/kg which is almost 3 times that of the EDLC (4.5 Wh/kg) [1]. Currently, JSR has 

manufactured Ultra-low Resistance cells with series resistances of roughly 0.8 mΩ. 

Despite the higher series resistance, the power density of lithium-ion capacitors is equal 

to that of EDLCs. In a full DC discharge comparison of a 2,700 F, 2.5 V, supercapacitor 

and a 2,200 F, 3.8 V, lithium-ion capacitor Lambert, et.al, found that because the 

supercapacitor could output a larger instantaneous current than the lithium-ion capacitor, 

±625 A versus ±250 A, the supercapacitor provided a larger actual instantaneous power, 

1.5 kW, than the lithium-ion capacitor, 950W. However, when both devices were 

discharged at the upper current level of the lithium-ion capacitor, the lithium-ion capacitor 

provided a greater instantaneous power over 87.5% of its voltage range compared to the 

supercapacitor [31]. One drawback about lithium-ion capacitors is that like lithium-ion 

batteries, they should not be completely discharged. Their working voltage is roughly 2.2 

V to 3.8 V rather than 0 V to 3.8 V as one might expect.  

24 



 

Self-discharge tests performed by JSR Micro showed >95% voltage retention 

after being stored at room temperature for over three months. Additionally, after over 

100,000 constant current charge and discharge cycles, at 100 A within the safe rated 

voltage range of 2.2 V – 3.8 V, the cell retained 90 % of its initial capacitance and the DC 

series resistance increased by ~15% [2]. 

High Power Electrochemical Cells 

As was mentioned earlier, the recent advances in electrochemistry has enabled 

manufacturers such as Saft, GAIA Advanced Lithium Battery Systems, Maxwell 

Cooperation, and JM Energy to develop electrochemical energy storage devices that are 

more power and energy dense than ever before. The ability to reduce the internal 

impedance below 1 mΩ in many cases has increased the power density and increased 

the likelihood of using these cells as the prime power source in HEVs, UPS, and pulsed 

power applications. Cells of varying chemical make-ups have been developed. For 

example, Saft and GAIA have both developed high power LiNiCoO2 and LiFePO4 

batteries that offer different levels of performance and safety. Internal impedances as low 

as 0.4 mΩ and operating voltages around 4 V are available [9].  As part of the research 

effort discussed here, a collection of different cells including LIBs, EDLCs and LICs, were 

experimentally validated using a test protocol in which the cells were each pulsed across 

a 250µΩ load for 100 ms. All of the cells tested are listed in Table 2-2. More about these 

experiments will be discussed later, though it is worth noting now that the primary cell 

evaluated in this research is the Saft Vl3A, which is listed in bold typeface in the table
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Table 2-2: Table Datasheet properties from many cells experimentally validated at high 

pulsed rates 

Storage Device Mass 
(kg) 

Cont 
Mass 
(kg) 

ESR 
(mΩ) 

Initial 
Cell 
Voltage 
(V) 

D.S. 
Energy 
Density 
(Wh/kg) 

D.S. Pwr. 
Density 
(kW/kg) 

GAIA 27 Ah LiNixCo1-xO2 LIB [9] 0.939 0.318 1.42 4.1 103.32 1.91 

GAIA 18 Ah LiFePO4 LIB [9] 0.918 0.318 0.58 3.8 62.81 2.12 

Saft 10 Ah LiFePO4 LIB (Super-
Phosphate™ VL10VFe) [16] 0.603 N/A 0.70 3.6 54.73 5.00 

Saft 3 Ah LiNixCoyAl1-x-yO2 LIB 
(VL3) 0.159 N/A 1.10 4.1 12.07 20.20 

Saft 22 Ah LiNixCoyAl1-x-yO2 LIB 
(VL22V) [16] 0.934 N/A 0.32 4.1 89.94 6.35 

Saft 34 Ah LiNixCoyAl1-x-yO2 LIB 
(VL34P)  [16] 0.904 N/A 0.35 4.1 132.74 1.32 

Saft 30 Ah LiFePO4 LIB (Super-
Phosphate™ VL30PFe) [16] 0.926 N/A 0.97 4.1 106.91 1.01 

Saft 5Ah LiNixCoyAl1-x-yO2 LIB 
(VL5U) 0.350 N/A 0.38 4.1 52.14 28.0 

2200 F Laminate LIC (STD) [29] 0.214 0.021 1.82 3.8 14.00 3.85 

2200F Laminate LIC (LR) [29] 0.265 0.021 1.28 3.8 11.00 5.98 

2200F Laminate LIC (ULR) [29] 0.278 0.021 0.61 3.8 10.00 12.0 

2000 F Maxwell EDLC [28] 0.414 0.059 0.34 2.7 4.90 6.94 

K2 Energy 2.6 Ah LiFePO4 LIB 
(LPF26650P) [15] 0.081 0.018 11.45 3.6 102.72 1.2 

K2 Energy 2.6 Ah LiFePO4 LIB 
(PK111230-2, 26650) [15] 0.083 0.018 11.37 3.6 100.24 0.75 

A123 Systems 2.5 Ah LiFePO4 LIB 
(26650m1-B Nanophosphate®) [56] 0.072 0.009 10.34 3.6 114.58 1.29 

A123 Systems 0.7 Ah Ah LiFePO4 LIB 
(AHR18700M1Ultra 
Nanophosphate®) [56] 

0.038 0.009 5.11 3.6 60.79 7.71 

Electrochemical Cell Aging Mechanisms 

Battery manufacturers define the end of a battery’s life as the point when it can 

only deliver roughly 80% of its nameplate capacity. As the reader may expect, each 

application imposes different requirements from the energy storage. Most manufacturers 

provide, on their datasheet, the cycle life a user can expect under conditions for which 
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the battery is notionally rated. For example, GAIA informs users that over 1000 cycles 

can be expected before the capacity of their 18 Ah LiFePO4 cell is reduced to 80% of its 

initial capacity when it is cycled to 100% DoD at 20oC under 1C charge and discharge 

conditions [9]. While this is informative, it provides no information to the user about how 

the cell will age when it is used in any other conditions that their application may require. 

This is especially true if the cell is intended to be cycled at high discharge rates. Though 

the capacity is reduced, a battery is still usable for many non-sensitive applications after 

end of life at the cost of lower capacity and degradation in performance. With this in mind 

there have been numerous research efforts performed to better describe the manner in 

which properties such as temperature, rate and level of charge, rate and level of 

discharge, and the DoD impact the cycle life of batteries [12]. There have been many 

research efforts performed in the past to understand the physical processes that occur 

inside of lithium-ion batteries as they are cycled and age at their nominal power ratings 

[32][33]. Many of the known causes and effects of various published aging mechanisms 

are shown in Table 2-3. 

Even under normal operation, a battery operates at a voltage range which is 

beyond the electrochemical stability window of the electrolyte components and the 

lithium-ion is consumed at interface layer when the system is at charged state [5]. As a 

result, aging occurs in the bulk electrode and electrolyte materials as well as at the 

interface between each respective electrode and the common electrolyte. At the 

anode/electrolyte interface, processes such as graphite exfoliation, electrode cracking, 

electrolyte decomposition, stabilization, expansion, dissolution, and conversion of the 

solid electrolyte interphase (SEI) layer, lithium plating, and corrosion are among the 

possible occurrences [5].  On the cathode side, micro-cracking, electrolyte 

decomposition, gas evolution, conductive particle oxidation, dissolution, binder 
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decomposition, surface layer formation, and oxidation are among the processes leading 

to capacity fade and power loss of the cell [5].  Graphics created by [5] briefly summarize 

these aging mechanisms at the anode/electrolyte and cathode/electrolyte interfaces 

respectively. Graphics highlighting the anode/electrolyte aging mechanisms are shown in 

Figure 2-12 and Figure 2-14. Similarly, the aging of cathode/electrolyte interface is 

summarized in Figure 2-13 and Figure 2-15 [5]. Though the properties summarized in the 

figures is representative of those occurring in all types of lithium-ion cells, the manner in 

which the anode and cathode materials age varies from chemistry to chemistry. 
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Table 2-3: Lithium-ion aging causes and effects [5] 

 Cause Effect Leads to 

1 
Electrolyte decomposition (SEI) 

(Continuous side reaction at low rate) 

Loss of lithium Impedance 

rise 

Capacity fade 

Power fade 

2 

Solvent co-intercalation, gas 

evolution and subsequent cracking 

formation in particles 

Loss of active material 

(graphite exfoliation), Loss 

of lithium 

Capacity fade 

3 
Decrease of accessible surface area 

due to continuous SEI growth 

Impedance rise Power fade 

4 
Changes in porosity due to volume 

changes, SEI formation and growth 

Impedance rise, 

Overpotentials 

Power fade 

5 

Contact loss of active material 

particles due to volume changes 

during cycling 

Loss of active material Capacity fade 

6 
Decomposition of binder Loss of lithium, Loss of 

mechanical stability 

Capacity fade 

7 Current collector corrosion 

Overpotentials, Impedance 

rise,  

Inhomogeneous distribution 

of current and potential 

Power fade, 

Enhances other 

ageing 

mechanisms 

8 

Metallic lithium plating and 

subsequent electrolyte 

decomposition by metallic Li 

Loss of lithium (Loss of 

electrolyte) 

Capacity fade 

(power fade) 
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Figure 2-12 Aging of anode materials [5] 

 

 
 

Figure 2-13 Aging of cathode materials [5] 
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Figure 2-14: Block diagram on aging of anode materials [5] 



 

 

32

 

Figure 2-15: Block diagram of aging of cathode materials [5]



 

When the cell is under use, there occur a chemical reactions and often results in 

electrochemical decomposition results in a layer formation between anode and an 

electrolyte. This layer is referred to as solid electrolyte interphase (SEI) layer [57]. At the 

anode/electrolyte interface, reductive electrolyte decomposition accompanied by 

irreversible consumption of lithium-ions takes place when the electrode is in the charged 

state (polarized to low potentials) [5]. As described by [5], the decomposition products 

build up “protective layers” that cover the electrode’s surface. This process occurs mainly 

(but not exclusively) at the beginning of cycling, especially during the first cycle and 

proper formation is critical for a long battery life. The layers, which form on the surface of 

graphite, may be principally divided in two types according to their different functions. At 

certain graphite surface sites (i.e., at the prismatic surfaces and defects in basal planes) 

lithium-ion transport into/from the graphite structure by intercalation/deintercalation takes 

place. Here, the protective layers have to act as a so-called solid electrolyte interphase, 

SEI [5]. The properties of the SEI layer are unique since they are in first approximation 

permeable for lithium cations but rather impermeable for other electrolyte components 

and electrons. Thus, normally the SEI reasonably protects (i) the electrolyte compounds 

from further reduction and (ii) the charged electrode from corrosion. At high rates, the 

rapid diffusion of lithium-ions out of the anode and into the electrolyte can cause hot 

spots at the interphase layer, causing long term damage. Buildup of the SEI layer over 

time can also lead to an increased cell impedance, decreasing the overall efficiency and 

capacity of the cell.  Many argue that it is changes in the SEI layer’s stability, 

structure/composition, and the presence of polluting agents which contribute most to the 

aging of lithium-ion batteries [11]. 

  On the cathode electrode side, the key factors seem to be material structure 

evolution and oxidation of the organic solvents [11]. As previously mentioned, the 
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development and use of new specialty high power lithium-ion cells is still quite recent and 

there have been no documented research efforts detailing the effect extremely elevated 

discharge rate cycling has on capacity and power fade. This research studies the effect 

of very high rate continuous and pulsed discharge coupled with 1C charge rate at room 

temperature without added cooling to the cells. 

Though desirable, there are many challenges which must be dealt with when 

utilizing lithium-ion batteries at high charge and discharge rates. Most simply, high rate 

operations contribute to an increase in heat generated internal to the cell. The heat is 

generated as a result of joule heating which is proportional to the square of the current 

passing through the cell. This means that even a high power lithium-ion battery’s small 

internal resistance can generate a significant amount of heat when large quantities of 

charge flow through them. Though elevated temperatures cause the ionic conductivity of 

the electrolyte to increase, the ratcheting effect of repeated high rate charge and 

discharge can cause the cell to reach its maximum safe operating temperature rather 

quickly. If the cell is continuously cycled at high rates and therefore operated at high 

temperatures, the capacity and cycle life of the cell is adversely affected [34] as the 

electrolyte is placed under higher stress and may experience decomposition at a faster 

rate. If it is allowed to get far too hot, it is possible for a non-reversible chemical reaction 

to occur, leading to either cell failure or even catastrophic damage. Also note that the 

temperature measured in the experimental results only models the external temperature 

of the cell.  It can be assumed that the internal cell temperature is significantly hotter, and 

the path of least resistance likely has enough thermal energy to break covalent and ionic 

bonds.   

The ionic diffusion rate is also a concern when high rate procedures are used. 

Overcharging occurs when a batteries potential exceeds its maximum rating during the 
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charge process. Batteries must be operated within a safe range of voltages, which is 

chemistry dependent. As expected, the cell’s potential is proportional to the amount of 

charge stored within each respective electrode. During recharge, ions are de-intercalated 

from the cathode and intercalated into the anode. While it would be great to be able to 

transfer 100% of the ions from electrode to electrode during each respective process, 

extracting too many ions form the cathode during recharge causes the cell to reach a 

state of irreversibility at which point thermal runaway events can start to occur. The 

extent of damage done during overcharge is dependent on how far the battery is 

overcharged. In most of the cases, excessive overcharging causes a significant rise in 

the cell’s internal temperature and a pressure buildup inside the battery due to gas 

formation [49][50]. As expected, an excessive pressure buildup can result in an explosion 

and release toxic chemicals and gases [12]. In one of the lab incident which included 

charging a lithium-ion battery module without battery monitoring system resulted in 

overcharging of the battery causing an explosion and release of toxic gases. For 

example, an experiment in which a Ni-MH battery was overcharged by 0.2 V resulted in 

roughly a 40% loss of cycle life [12]. 

When the charge or discharge current rate attempts to force the electrochemical 

reactions faster than the intercalation or de-intercalation rate of lithium-ions from the 

respective host material, it may not be possible to fully transition the ions in to and out of 

each respective electrode. In lithium-ion batteries, the presence of a solid-electrolyte 

interface (SEI) layer prevents ions from quickly diffusing in and out of the carbon anode. 

The inability of the ion to work its way into the structure can lead to phenomena such as 

lithium plating and dendrite growth [35]. In the case of lithium plating, a thin layer of 

lithium is formed on top of the SEI layer, which further prevents the intercalation of ions. 

Dendric growth refers to a physical structure that forms on the electrode surface. The 
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dendrite is essentially a concentrated buildup of lithium on the electrode surface. A 

scanning electron microscope (SEM) image of one such dendrite is displayed in Figure 

2-16. 

 

Figure 2-16 SEM image of dendric growth on a graphite anode [35]. 

If the dendrites are allowed to build long enough, the structures may pierce the 

separator leading to a possible short circuit of the cell internally. Diffusion also leads to 

another form of failure, known as salt formation.  In normal operation, the salt allows the 

ion to travel from the anode to the cathode. If there are too many ions present in the 

electrolyte, as the case with high rate cycling, the highly electropositive lithium cation will 

bond with a free anion. The type of salt formed depends greatly on what type of 

electrolyte is used.  Regardless of the salt formed, the lithium-ion is no longer available to 

intercalate, decreasing the overall capacity of the cell  

While material degradation may not typically be a primary cause of capacity 

fading in lithium-ion batteries, it plays a larger role at both electrodes under high rate 

cycling. Aging at the anode is enhanced by high cycling rates and is evidenced through 
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two primary results which will be discussed in Chapter 4. One source is the volume 

change that occurs at the active material due to intercalation/de-intercalation which can 

lead to material breakdown of the composite anode. This can result in contact loss 

between the carbon particles themselves, the carbon and the current collector, the 

carbon and the binder, and between the binder and current collector all of which result in 

a loss of active material. Secondly, the electrode porosity is also affected by the volume 

change of the active material resulting in an impedance rise of the cell [5]. High rate 

operation causes structural changes to both electrodes, especially in layered structures. 

The rapid insertion and removal of ions from the electrode forces the electrode to expand 

and contract more rapidly than they are notionally designed for. Any mechanical failure of 

the electrode can result in contact loss either within the electrode itself or between the 

electrode and the current collectors. In general, contact loss (mechanical or electronic) 

within the composite electrode results in higher cell impedance. Capacity fading at the 

NCA cathode is primarily caused by structural changes due to the insertion/extraction of 

lithium-ions which cause mechanical stress of the electrode. While the aluminum dopant 

helps lead to a stabilization of the structure reducing the total volume changes, the 

electrode aging is accelerated by high SOC and high cycling rates [41]. Due to the high 

cycling rate of this study, it is important to mention the resulting acceleration of the 

material degradation at both the anode and cathode. Similarly, the higher thermal, 

mechanical, and quantum-mechanical stresses felt on the SEI layer during high rate 

operation results in faster conversion or growth of the SEI layer leading to quicker 

impedance growth. 

Over discharging occurs when the battery’s potential is allowed to drop below its 

minimum rating during discharge. Similar to overcharging, this results in too many ions 

being removed from the anode and negatively impacts the life of a battery. In an 
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experiment performed where a Ni-MH battery was discharged to 0.3 V, a 66% capacity 

loss was observed [12]. The DoD at which a cell is cycled to has a significant impact on 

the cycle life of the battery. This is illustrated graphically in Figure 2-17 [12], where is 

observed that while a battery lasted for 5000 cycles when discharged to 10% DOD in 

each cycle, the same type of cell lasted only 500 cycles when it was discharged to 80% 

DOD at the same rate.  

 
Figure 2-17: Effects of DOD on cycle life [12] 

In-Situ Electrochemical Measurements 

Despite knowing the possible different changes that may be occurring internally, 

it is currently nearly impossible to quantify each of the respective mechanism’s 

contribution to the overall aging of a particular cell. The most conclusive analysis 

technique involves deconstructing the cell upon the completion of cycle life experiments 

for analysis under a scanning electron microscope (SEM). However this limits the number 
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of experimental parameters that can be studied, and the deconstruction process may 

alter the cell’s properties. Despite these difficulties, it is critical to be able to understand 

how lithium-ion cells age when they are operated at high rates and to be able to predict 

when the end of their lifetime is near before they can be widely deployed in directed 

energy applications. Several in-situ techniques are used to evaluate how cells are aging 

in real time. A few include simple measurement of the cell voltage and current, 

measurement of the coulombic efficiency over time, and electrochemical impedance 

spectroscopy (EIS).  

Voltage and Current Measurement 

As one may expect, analysis of how a cell is performing is easily evaluated by 

measuring the voltage across the cell’s terminals and the current sourced or sinked by 

the cell. The voltage measurement is as expected and is simply used to see how the cells 

voltage decreases as a function of the depth of discharge (DoD). Similarly, it is used to 

ensure the cell is operated within its safe operating limits. One of the most useful metrics 

used to evaluate a cell is its capacity, which was briefly discussed earlier when describing 

the C rating.  

Coulomb Counting and Efficiency 

As can be expected from the discussion above, coulomb counting is the 

procedure of measuring and integrating the current flow over time. As the capacity 

decreases, the coulombs counted will decrease as well providing an indication of the 

expected usable life of the cell.  

A cell’s capacity describes the number of coulombs which can be stored in it and 

then taken out of it to perform electrical work across the load. The capacity is often 

described in units of Ampere-Hours (Ah). For example a 3 Ah battery is able to supply 3 
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A across a load for 1 hour, i.e. its 1C rating is 3 Ah. Initially, the nameplate provides the 

user with the full capacity of the cell. As the cell is cycled, the capacity decreases as a 

result of the aging mechanisms described earlier. Once the cell’s capacity decreases to 

80% of the value it had initially, the cell is typically no longer considered usable. The 

capacity is calculated by measuring the current into and out of the cell and then 

integrating it with respect to time. This is shown in equation 3. 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = ∫ 𝐼𝑑𝑡𝑡
0   (5) 

The capacity a cell is able to release or accept is heavily dependent upon the 

rate at which it is extracted or applied. This is illustrated in Figure 2-18 which shows the 

discharge curves measured from a GAIA 18 Ah LiFePO4 cell at rates ranging from 0.5C 

to 35C. At the lower C rate, almost 19 Ah is extracted from the cell. At 35C, only 5.5 Ah is 

extracted. This variation is heavily determined by the internal voltage drop across the 

battery’s ESR. At higher rates, the lower cell voltage range is reached sooner, preventing 

the cell’s full capacity from being extracted.  
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Figure 2-18: Discharge capacity at different C rates for GAIA 18 Ah LiFePO4 [9] 

When evaluating the discharge capacity fade of a cell as a function of cycle life, it 

is critical that the coulombs always be counted at the same discharge rate and after 

same recharge procedure has been performed. The rate used should always be low, 

around 1C, in order to provide a fair metric of comparison. Simply evaluating how many 

coulombs the cell is able to supply as a function of cycle life provides a good insight as to 

what may be occurring and how long the cell can be expected to last under the conditions 

at which it is being cycled. In the work documented here, a variety cells are being 

discharged at high continuous and pulsed elevated rates. Periodically, 1C baseline 

procedures are run to evaluate how the cell’s capacity is fading as a function of the high 

rate procedure being performed. More about this will be discussed in the experimental 

results section later.  
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Electrochemical Impedance Spectroscopy (EIS) 

As mentioned earlier, batteries are a closed and sealed system. Thus, 

understanding the physical changes occurring inside the battery without cutting it apart is 

not entirely possible. From an electrical engineering perspective, the changes to the 

electrical parameters within the cell are often enough to model and design an application. 

EIS is one method, which can be used to help understand the electrical as well as the 

physical parameters changing within a cell. EIS is a non-destructive procedure in which a 

wide range of small amplitude, few millivolts, sinusoidal signals, across a wide frequency 

spectrum, typically varying from near DC to 10s of kilo Hertz, are applied to the terminals 

of the cell under test. The cell’s response to the applied signals is recorded and the 

frequency dependent response provides a feedback of the systems impedance and 

physical structure. For example, the Nyquist plot recorded from a lead acid battery is 

shown in Figure 2-19. As noted on the figure, the various changes in the curve’s shape 

reveal the effects of conductance, the effects caused by the charge transfer and the 

electrochemical double layer, and the effects caused my mass transport. 
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Figure 2-19 Nyquist plot for a lead acid battery 

Figure 2-20 shows the Nyquist plot obtained from a lithium nickel cobalt 

aluminum (NCA) oxide battery. Note that there are two semicircles observed in the EIS 

plot compared to one semicircle observed on the lead acid battery’s EIS curve above.  

The leftmost semicircle is known as the medium frequency semicircle representing the 

passive film formation on the electrodes, especially on the cathode [11]. The rightmost 

semicircle is known as the low frequency semicircle representing the internal charge 

transfer resistance (both the interfacial and surface film resistances of the cathode and 

anode) [11]. 
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 Nyquist plot of a battery can roughly be divided into three parts [11]. The high 

frequency part, with negative imaginary impedance, is caused by conductance in wires. 

The mid-frequency semi-circle can be related to charge transfer and the electrochemical 

double layer, representing the kinetics of the electrochemical battery reactions. The low 

frequency part, characterized by the 45° slope, is caused by limitations in mass transfer 

and diffusion. 

 

 

Figure 2-20: Nyquist plot for a lithium-ion battery 
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Previously Conducted Research 

There have been several studies performed to understand the fundamental 

manner in which lithium-ion batteries age. A few of those will be highlighted in the 

following sections. 

Pulsed Discharge of a Lithium-ion Battery 

In the wide literature search performed, there were no published works found in 

which high C rate pulsed discharge was evaluated as a variable impacting the cycle life 

of lithium-ion batteries. In their work to evaluate the high discharge capability of new high 

power lithium-ion batteries, Chen et al. developed two versions of a novel low impedance 

test stand utilizing high power MOSETs. The two versions of the stand, which are shown 

in Figure 2-21, were designed to discharge a single cell into a controllable low-impedance 

load. Chen’s work was focused on evaluating single high rate pulsed discharges from a 

cell rather than a full high rate discharge’s impact on aging. Figure 2-22 shows one of 

Chen’s single pulsed discharge waveforms recorded from a Saft VL8V into a 1.25 mΩ 

load. This work inspired the work being performed here, which will be discussed next. 

From the experiment, it was observed that the single high power 8 Ah lithium-ion 

cell could be used to perform a single pulsed discharge for 5 ms and get a current of up 

to 1.7 kA. The work shows that a new high powered lithium-ion cell is capable of handling 

a high C rate pulsed discharge. However, the work done here did not focus on fully 

discharging the cell at high C rates and no aging studies were conducted either. 
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Figure 2-21 Low impedance stand for single pulsed discharge [6] 

 

Figure 2-22 Pulsed discharge of a Saft VL8V into a 1.25 mΩ load [6] 

Nominal Rate Cycling of Lithium-ion Battery 

Murphy et. al. [11] performed cycle life experiments on a prismatic Sanyo 

UF653467 lithium-ion battery with a nominal capacity of 930 mAh. Cycling was performed 

using a 1C charge rate to 4.1 V, followed by 0.5 hours at open circuit, and finally 1C 

discharge to 3.0V. Cycling in this manner was repeated until the capacity reached 700 
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mAh. A curve of the battery’s capacity as a function of cycle number is shown in Figure 

2-23.  

 

Figure 2-23 Capacity vs. cycles [11] 

Murphy et. al. also obtained an EIS measurement from the cell after each cycle 

while it was in the discharge state. The EIS data collected after 0, 40, and 286 cycles are 

shown in Figure 2-24. Each of the EIS measurements were made after the cell had 

rested in an open circuit state for one hour, enough time for the cell to stabilize. The 

medium frequency semicircle is depressed and has no distinctive change with increasing 

cycles. The low frequency semicircle represents the internal charge transfer resistance 

(both the interfacial and surface film resistances of the cathode and anode) and the 

diameter of the low frequency semicircle is increasing with cycle life, indicating a 

significant increase in the total internal resistance of the cell. 
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Figure 2-24 Nyquist plot from EIS measurement after a) 0 cycles, b) 40 cycles, and c) 

286 cycles [11] 

High Rate Discharge Cycling of a Lithium-ion Battery 

Ning performed a high rate discharge cycling on Sony US 18650 Li-ion battery at 

ambient temperature [38]. The cycling was performed on three cells in which all of the 

cells were charged using a same nominal rates but each cell was discharged at different 

rates of 1C, 2C, and 3C, respectively. After 300 cycles, it was observed that the cell with 

1C, 2C, and 3C showed a capacity loss of 9.5%, 13.2%, and 16.9% respectively. The 

capacities of all three cells were measured after every 50 cycles using 1A constant 

current discharge method. The capacity fading of three cells discharged at different rate 

is shown in Figure 2-25. 
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Figure 2-25: Capacity fading of cells discharged at 1C, 2C, and 3C [38]. 

Pulsed Discharge Cycling of a Lithium-ion Battery 

Williard [36], performed a pulsed discharge test on a lithium ion battery with a 

discharge profile that pulsed between 1C, 0.5C, and 0C each for 30 seconds effectively 

giving an average discharge level of 0.5C. For comparison, other two test was performed 

on similar cell with a constant discharge rate of 0.5C and 1C. The capacity fade 

comparison between pulsed discharge, 0.5C constant rate discharge, and 1C constant 

rated discharge is shown in Figure 2-26. It was observed that the capacity fade of the 

combined current pulses degrades slower than either one of the constant discharge 

current profiles. Williard concluded that these phenomena could be due to the 30 second 

rest period that occurs between each pulse which may allow the battery to remain close 

to a stable electrochemical equilibrium. 
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Figure 2-26: Capacity fade comparison between pulsed discharge, 0.5C discharge, 1C 

discharge [36] 
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Chapter 3  

Experimental Setup 

In the aging study performed here, several unique experiments were performed 

using two different types of experimental battery cyclers. The experiments performed will 

be discussed in the following sections. 

Custom Built Discharge Stand 

As already mentioned in the introduction, an experimental test stand, similar to 

that of Chen, et. al. [6], has been developed and fabricated so that electrochemical 

energy storage devices can be pulse discharged at elevated rates well in excess of their 

rated C value. The stand can conduct peak pulsed currents of 10 kA, and has the 

flexibility to vary the load’s series inductance and resistance. A CAD model of the stand is 

shown in Figure 3-1 and a photograph of the constructed stand is shown in Figure 3-2. 

The primary difference between this stand and that of Chen’s is the electrical action 

capability, which thermally limited the earlier test stand to handle single pulse discharges, 

and the variability of the stand’s resistance and inductance. An altered configuration of 

the stand, which will not be discussed in detail here, is being using to recharge the same 

types of electrochemical energy storage devices at high pulsed rates [7]. 

The cell under test is housed in a thick walled stainless steel chamber to ensure 

that any thermal runaway events are safely contained. The positive terminal of the cell is 

oriented downward and is connected directly to a 1.58 cm diameter C11000 copper rod, 

which is one of four conductors that makes up the variable inductor. The variable inductor 

is essentially a two turn inductor that is varied by adjusting the vertical location of two 

saddle clamp conductors over the conductor length of 0.1 m to 1.5 m, providing a circuit 

inductance range of 0.1 µH to 2.3 µH and resistance of 10 µΩ to 425 µΩ when copper 
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rods are used. Alternative materials, such as steel or aluminum, can be used to increase 

the adjustable resistance while not changing the inductance range. The output of the 

inductor is terminated into the aluminum plate located below the cell. From the lower 

aluminum plate, the current is fed into a total of sixty Semikron SKM111AR MOSFET 

modules that are all connected in parallel. The sixty MOSFETs are grouped in six sets of 

ten, and each set feeds current into its own 2.54 cm diameter C11000 copper bus bar 

that conducts the current into the aluminum bus plate above the cell. The center of the 

upper plate has a circular cutout in it that is big enough to remove the steel chamber. 

This cutout breaks the electrical path back to the cell. In order to reclose the circuit, a 

circular disk of aluminum that is larger than the cutout, as well as a 2.54 cm diameter 

stock of copper that extends upwards from negative terminal of the battery, is firmly 

pressed against the upper aluminum plate as well, using four hold down clamps. This 

portion incorporates the second safety feature of the test stand. The circular disk of 

aluminum is connected to two vertical springs that pull the disk upwards breaking 

electrical contact if it is not held down with the clamps. Four electrically activated 

solenoids are used to mechanically pull back the clamps, thus allowing the upper 

aluminum disk to rise and break the circuit in the event of thermal runaway. From the 

center aluminum disk, the current is fed through a ~48.9 µΩ custom made current 

viewing resistor (CVR), and finally back to the negative terminal of the battery. The size 

of all of the bus bars as well as the number of MOSFETs, were chosen to both increase 

the electrical action capability of the stand as well as reduce the series resistance of the 

stand to a low enough value, so that in most cases the cell’s ESR is the dominating 

impedance of the circuit. Each SKM111AR module has a nominal on-state resistance of 

roughly 8 mΩ, giving a parallel on-state impedance as low as 150 µΩ when all sixty are 

conducting. An equivalent circuit schematic of the stand is shown in Figure 3-3. 
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Figure 3-1 CAD model of a stand in discharge configuration 

 

Figure 3-2 Photograph of the constructed test stand 
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Figure 3-3 Equivalent circuit diagram of stand in discharge configuration 

In order to monitor the voltage across the cell and the MOSFETs, three Fluke 

high voltage differential probes are used. The voltage across the CVR is monitored and 

used to back out the current that is extracted from the cell. As a backup measurement, a 

Rogowski coil made by Power Electronic Measurements Ltd. is used. All of these 

measurements are made using a National Instruments PXI-e chassis equipped with 

PXIe-6361 differential voltage acquisition cards. Because the I2R losses are quite high 

and the temperature rise of the cell is a key parameter regarding its performance and 

aging mechanisms, a 0.076 mm K-type thermocouple is attached to the cell and 

monitored using a 16 channel NI-9213 thermocouple module in an NI CompactDAQ data 

acquisition system (CDAQ). The NI-9213 is a multiplexed device capable of sampling at a 

rate of 1200 samples per second.  
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Figure 3-4: Data acquisition system 

MACCOR System 

In addition to the custom made test stand, a 4000 series battery cycler 

manufactured by Maccor Incorporated, shown in Figure 3-5, is also used in the work 

performed here. The cycler offers five simultaneous channels which can charge and 

discharge cells at potentials between 0 V and 5 V with current rates as high as 240 A per 

channel. When operated in that range the cycler has a measurement accuracy of ±125 

mA and ±2 mV. In addition, the cycler has two channels which can be used to charge and 

discharge cells/modules at potentials between 0 V and 60 V with currents as high as 100 

A per channel. The cycler also offers four digital input/output channels for communication 

with other experimental hardware, as well as thirty two Type T thermocouple inputs for 

real time thermal monitoring. Though not used in any of the work performed here, two 

thermal chambers are also available for use. One is an ESPEC BTZ-133 with a usable 
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space of 1.5 ft3 and the other is a BTX-475 with a usable space of 4.5 ft3. Both operate 

over a temperature range of -70oC to 180oC. 

 

Figure 3-5: Maccor inc. 4000 series battery cycler 

Potentiostat 

All of the EIS measurements are made using a MetrOhm PGSTAT 302N/FRA 

and 20 A current booster, shown in Figure 3-6. As explained earlier, EIS is a method 

whereby the frequency dependent impedance of the closed battery system can be 

determined by measuring it’s response to the application of a sinusoid with a magnitude 

in the few mV range across a wide frequency spectrum. This measurement has been 

reported on by a wide number of authors as a type of in-situ technique that can be used 

to hypothesize what may be occurring within a battery’s bulk materials and interface 

layers [4][5][11]. Despite widespread use, to date there have been no concrete 

breakthroughs that enable EIS to absolutely define what is occurring inside the cell. 

Regardless, EIS remains as one of the best techniques available to produce qualitative 

data. Due to the non-invasive nature of this measurement technique, evaluation of the 
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periodic changes measured is used to gauge the impact each elevated rate procedure 

has on the aging of the cell. The current booster is needed to ensure enough current is 

available when low impedance cells are tested. In a typical EIS measurement, a 

frequency varying sinusoid with an amplitude between 1 mV and 10 mV is applied to the 

terminals of the cell under test. When cells with an ESR in the 10’s of mΩ are tested, 

currents on the order of 1 A are required from the potentiostat. Therefore, when the high 

power cells being considered here are used, having ESR values as low as 300 µΩ, 

currents on the order of 17 A are required if a 5 mV signal is applied. Because of this, a 

current booster is required to ensure adequate measurements can be made. 

 

Figure 3-6: Metrohm PGSTAT 302N/FRA potentiostat with 20 A current booster 
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Figure 3-7: Potentiostat connected to the terminal of the cell 

Test Setup 

When the stand is used, the cell is enclosed in a steel chamber to ensure safe 

operation can be maintained at high rates. When using the Maccor cycler, it was thought 

that enclosing each of the seven possible cells under test in its own steel chamber would 

not be cost effective. As a means to provide both safety and ease of operation, custom 

rolling experimental platforms were made for each of the seven channels. Each platform, 

seen in Figure 3-8, was outfitted with quick disconnect ports for the cycler’s sense 

voltage leads, high current cables, and thermocouple. The high current connections are 

made using SB-350 gray connectors. Each cell is placed in a passive thermal isolation 

cooler on top of each platform. This was done for both safety and to maintain a steady 

ambient temperature around each cell.    
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Figure 3-8: Experimental setups in a utility cart with quick connect/disconnect  

59 



 

Chapter 4  

Experimental Results and Analysis 

While the primary results to be discussed here involve the high rate testing of 

three 3 Ah NCA lithium-ion batteries, other tests were also performed early on in the 

stand’s development to understand the capabilities of these new high power cells, to 

commission the test stand, and to develop the correct experimental procedures. A few of 

those experiments, as well as those conducted on the three NCA cells, will be discussed 

now.  

Single Pulse Discharge Characterization 

Using the custom built test stand discussed previously, several different types of 

cells were pulsed discharged for 100ms to understand the capability of each type of cell 

as well as characterize their ESR. The results display the wide range of energy and 

power densities available from today’s high power energy storage devices. Fifteen 

different cells, listed in Table 4-1, have been pulsed discharged for 100 ms using the test 

stand, which acts as a roughly 0.26 mΩ to 1.07 mΩ load, depending on the contact 

resistance which varies from cell to cell. The measured conduction current and voltage 

from each cell tested is shown in 

Figure 4-1 and Figure 4-2 respectively. It is important to note that each cell 

possesses uniquely impressive properties and capabilities. The intent of these 

experiments is to measure cell ESR values at high conduction rate and to measure the 

power densities available from the vastly different types of cells in a single pulsed 

discharge of 100ms pulse width. 
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Figure 4-1 : Current measured during each 100 ms discharge. 

 

Figure 4-2: Voltage measured during each 100 ms discharge. 

In the Figure 4-1, it can be seen that the conduction current for the Saft VL34P is 

the highest with a peak current of 6.75 kA and the conduction voltage of the Saft VL22V 
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is the highest with approximately 2.08V. The power sourced from the cell and dissipated 

across the impedance of the stand, is calculated by multiplying the conduction voltage 

and current, is plotted in Figure 4-3. Powers in excess of 10 kW are sourced by the Saft 

VL22V, Saft VL34P, and SaftVL5U. A calibrated Rogowski coil manufactured by PEM UK 

Ltd. is used to measure the cell current. 

Initially the reader may look at the data presented in Figure 4-1 and Figure 4-2, 

and make the wrong initial assumptions about the cells due to the wide differences 

between the lowest and highest conduction currents and voltages. Along with the 

measured data, it is important for future designers to consider the cell cost, lifetime, 

capacity, and mass when designing a prime power source.  

 

Figure 4-3: Power sourced by the cell and dissipated across the stand impedance during 

each 100ms discharge. 

The cells’ capacity and mass are interrelated properties since increasing the cell 

capacity requires it to have a larger electrode surface area. Since EDLCs and LICs are 

being plotted alongside LIBs, normalization with respect to capacity is not really a valid 
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comparison. It is also important to remember that like ELDCs and LICs, LIBs also have 

an electric-double-layer capacitance component that contributes to their current and 

power capabilities. Larger electrodes result in higher capacity batteries, which increases 

the double-layer capacitance. This property contributes significantly to their higher current 

and power sourcing capabilities. For those reasons, the current and power curves have 

been normalized with respect to cell mass. These new curves are plotted in Figure 4-4 

and Figure 4-5 respectively. 

In the new plots, the Saft VL5U has the highest steady state gravimetric current 

density and highest gravimetric power density. Keep in mind that the data plotted is from 

the original version of the Saft VL5U and not their newer low temperature version known 

as the VL5U-LT [8]. The JM Energy Ultra Low (UL) resistance LIC displays a gravimetric 

current density that is 50% larger than the 2000 F Maxwell EDLC and a power density 

that is roughly 30% higher. These results show that there is no single cell that is ideal in 

every category, thus researchers must consider all of the different properties when 

choosing a particular cell or technology. The difference becomes slightly clearer when the 

data is compared in the different Ragone charts seen in Figure 4-8 through Figure 4-10.  

Figure 4-6 plots the energy density that each manufacturer lists on their cell data 

sheet when the cell is discharged at its rated C value versus the power density obtained 

experimentally. Keep in mind that this energy density is almost certainly less than the 

energy density that would be obtained if the cell is repeatedly pulsed or continuously 

discharged at these elevated rates. Though it is hard to imagine that weight is not an 

issue, in the extremely rare case it isn’t, the raw energy stored value listed on the data 

sheet is plotted versus the experimentally obtained power in Figure 4-7. The conduction 

voltages versus the conduction currents are plotted in Figure 4-8. 
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Figure 4-4. Gravimetric current density. 

 

Figure 4-5. Gravimetric power density. 

The cells conduction ESR versus the raw cell power is plotted in Figure 4-9 and 

Figure 4-10. The reason for two plots is due to the wide difference between the smaller 

and larger capacity cells. All of the results presented are provided in Table 4-1. Notice 
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that when almost all of the cells were tested, the load resistance was roughly 300 µΩ with 

the only exceptions being the smaller 26650 and 18700 cylindrical cells, which connect to 

the stand in a very different manner than the large format cells. It is also worth noting that 

in most cases, this low impedance does not result in the maximum achievable power 

from the cells. The maximum power would be achieved when the load resistance is 

equivalent to that of the source impedance and can be easily calculated using the data 

presented here. In many instances, the power delivered from the cells is higher in earlier 

published data where the contact impedance of the stand was higher [18]. The 

experiments presented here were aimed at showing the peak pulsed currents and 

conduction voltages that could be obtained from these cells into an extremely low 

impedance load.  

Though not factored into the gravimetric plots seen earlier, it is also important to 

take into account the mass of the containment in which the different cells are housed. 

Where available, the masses of the cell containments are listed in Table 4-1 under the 

header Cont. Mass. Some cells possess heavy military grade housing, while other cells 

have thin aluminum pouches. If high currents are not needed, and therefore high 

electromagnetic forces do not need to be contained, researchers may be able to work 

with manufacturers to reduce containment mass to make a particular cell more 

applicable.    
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Table 4-1: Tabular form of the experimental results from the 100ms pulsed discharge experiment 

Storage Device 
Mass 
(kg) 

Cont 
Mass 
(kg) 

ESR 
(mΩ) 

Initial Cell 
Voltage (V) 

Cond. 
Voltage 

(V) 

Cond. 
Current 

(kA) 

Load 
Imp. 
(mΩ) 

D.S. 
Energy 

(Wh) 

Cond. 
Pwr. 
(kW) 

D.S. Energy 
Density 
(Wh/kg) 

Cond. Pwr. 
Density 
(kW/kg) 

GAIA 27 Ah LiNixCo1-xO2 LIB [9] 0.939 0.318 1.42 4.10 0.69 2.40 0.29 97.02 1.66 103.32 1.76 

GAIA 18 Ah LiFePO4 LIB [9] 0.918 0.318 0.58 3.44 1.12 4.02 0.28 57.66 4.50 62.81 4.90 

Saft 10 Ah LiFePO4 LIB (Super-
Phosphate™ VL10VFe) [16] 

0.603 N/A 0.70 3.94 1.17 3.94 0.30 33.00 4.61 54.73 7.64 

Saft 22 Ah LiNixCoyAl1-x-yO2 LIB 
(VL22V) [16] 

0.934 N/A 0.32 4.10 2.08 6.31 0.33 84.00 13.12 89.94 14.05 

Saft 34 Ah LiNixCoyAl1-x-yO2 LIB 
(VL34P)  [16] 

0.904 N/A 0.35 4.09 1.84 6.50 0.28 120.00 11.96 132.74 13.23 

Saft 30 Ah LiFePO4 LIB (Super-
Phosphate™ VL30PFe) [16] 

0.926 N/A 0.97 4.07 1.11 3.06 0.36 99.00 3.40 106.91 3.67 

Saft 5Ah LiNixCoyAl1-x-yO2 LIB 
(VL5U)  

0.350 N/A 0.38 4.05 1.77 6.03 0.29 18.25 10.67 52.14 30.49 

2200 F Laminate LIC (STD) [29] 0.214 0.021 1.82 3.72 0.46 1.79 0.26 3.00 0.82 14.00 3.85 

2200F Laminate LIC (LR) [29] 0.265 0.021 1.28 3.78 0.65 2.44 0.27 2.92 1.59 11.00 5.98 

2200F Laminate LIC (ULR) [29] 0.278 0.021 0.61 3.79 1.16 4.32 0.27 2.78 5.01 10.00 18.03 

2000 F Maxwell EDLC [28] 0.414 0.059 0.34 2.68 1.20 4.40 0.27 2.03 5.28 4.90 12.75 

K2 Energy 2.6 Ah LiFePO4 LIB 

(LPF26650P) [15] 
0.081 0.018 11.45 3.63 0.31 0.29 1.07 8.32 0.09 102.72 1.11 

K2 Energy 2.6 Ah LiFePO4 LIB 
(PK111230-2, 26650) [15] 

0.083 0.018 11.37 3.30 0.23 0.27 0.85 8.32 0.06 100.24 0.75 

A123 Systems 2.5 Ah LiFePO4 LIB 
(26650m1-B Nanophosphate®) [56] 

0.072 0.009 10.34 3.60 0.29 0.32 0.91 8.25 0.09 114.58 1.29 

A123 Systems 0.7 Ah Ah LiFePO4 

LIB (AHR18700M1Ultra 
Nanophosphate®) [1] 

0.038 0.009 5.11 3.60 0.48 0.61 0.79 2.31 0.29 60.79 7.71 

Table Abbreviations – Cont. = Containment, Cond. = Conduction, Imp. = Impedance, D.S. = Data Sheet, Pwr.= Power 



 

 

Figure 4-6. Manufacturer’s 1C rate data sheet energy density versus experimentally 

obtained 100 ms power density. 

 

Figure 4-7. Rated data sheet stored energy versus experimentally obtained 100 ms 

power. 
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Figure 4-8. Conduction voltage versus conduction current recorded during the 100 ms 

pulsed discharge of each cell. 

 

 

Figure 4-9: ESR value calculated when the cell is discharged for 100ms. 
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Figure 4-10: ESR value calculated when each cell is discharged for 100ms. 

Aging of Two 26650 - 2.6 Ah LiFePO4 Lithium-Ion Batteries 

In the experiments discussed here, two identical 2.6 Ah LiFePO4 batteries 

manufactured by K2 Energy have been cycled to understand the impact current rate as 

well as the DoD on the cycle life of the cells. A photograph of the cell along with a listing 

of its datasheet properties are shown in Figure 4-11 and Table 4-2 respectively. During 

discharge, both of the cells have been discharged using the Maccor cycler at 28 A (11 C) 

in a pulsed manner with 5 s of continuous conduction followed by 1 s of rest. This pulsed 

discharge operation is repeated until the cell voltage decreases to the experiment’s lower 

defined voltage minimum. One of the cells was cycled with a minimum voltage of 2.0 V, 

which is the absolute safe minimum voltage of the cell, while the other was cycled to 2.5 

V, the manufacturers recommended discharge voltage. Both cells were recharged using 

a 9A CC procedure till the voltage reached 3.65 V after which a CV procedure was in 
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place till the current decreased below 0.1 A. During a first fifty cycles, a baseline 

procedure was performed after every ten cycles. After the completion of fifty cycles, the 

baseline procedure was repeated after every fifty subsequent cycles. During the baseline 

procedure, each cell is cycled using a 1C CC - CV charge and discharge procedure in 

order to measure the capacity fade of each respective cell as a function of cycle number. 

The 1C CC-CV charge/discharge procedure is used to ensure each of the two cells are 

being compared using a fair metric. Also as part of the baseline procedure, 

electrochemical impedance spectroscopy (EIS) measurements are made for use in 

hypothesizing what may be occurring inside the cells. The experimental procedure is 

highlighted graphically in Figure 4-12 to Figure 4-15. 

 

Figure 4-11: K2 26650 form LiFePO4 battery 
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Table 4-2: Datasheet properties for K2 26650 form LiFePO4 battery 
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Figure 4-12: Elevated rate cycling 

In Figure 4-12, the elevated rate cycling procedure is shown. In the two tests 

performed, all the test procedures and parameters are kept the same except for the lower 

discharge voltage during elevated cycling of the cell. The elevated rate discharge 

procedure used in the cycling of the cell down to 2.5 V is given in Figure 4-13 while that 

for the one cycled down to 2.0 V is given in Figure 4-14.  Figure 4-15 displays the 

baseline procedure which is used in the periodic evaluation of each of the two cells. The 

current and voltage profile obtained from the elevated cycling procedure are shown in 

Figure 4 16 to Figure 4 19. 

 

Figure 4-13: Elevated cycling of cell procedure for cell discharged to 2.5 V 
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Figure 4-14: Elevated cycling of cell procedure for cell discharged to 2.0 V 

 

Figure 4-15: 1C baseline procedure 

 

Figure 4-16: Current waveforms recorded during one complete 28 A elevated pulsed 

discharge cycle, between 1,100 s and 1,500 s and 9 A CC-CV charge, between 1,850 s 

and 3,000 s. This experiment was performed on the cell discharged to 2.0 V. 

73 



 

 

Figure 4-17: Voltage waveforms recorded during one complete 28 A elevated pulsed 

discharge cycle, between 1,100 s and 1,500 s and 9 A CC-CV charge, between 1,850 s 

and 3,000 s. This experiment was performed on the cell discharged to 2.0 V. 

 

Figure 4-18: Voltage waveforms recorded during one complete 28 A elevated pulsed 

discharge cycle, between 10,300 s and 10,900 s and 9 A CC-CV charge, between 11,300 

s and 12,300 s. This experiment was performed on the cell discharged to 2.0 V. 
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Figure 4-19: Zoomed in view of the current and voltage waveforms recorded during one 

of the elevated pulsed discharge experiments. 

 
Figure 4-20 plots the capacity los versus cycle number for each of the two 

respective cells tested. Notice that after 420 cycles, the cell discharged down to 2.0V has 

experienced a capacity loss of roughly 20%. The cell discharged down to 2.5 V is able to 

be cycled just over 700 times before it reaches a capacity loss of 20%. The lower 

discharge voltage of 2.0 V  forces more lithium ions out of the anode than the discharge 

to 2.5 V does. The result in higher stress placed on the anode and the SEI layer resulting 

in a faster capacity fade.  
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Figure 4-20: Normalized Capacity of 2.6 Ah LiFePO4 lithium-ion cell under different test 

scenarios 

The impedance analyses from the EIS Nyquist plots are used to help understand 

what may be occurring in the different cells. These are plotted in Figure 4-21 to Figure 

4-23. The plots from the cell which was pulsed discharged to 2.0 V, indicate that the 

capacity fade is caused by an increase in electrolyte resistance and charge transfer 

resistance. Despite the fact that each cell has experienced the same 20% capacity fade, 

the total change in electrolyte and charge transfer, between the initial cycle and final 

cycle of each respective cell, is not the same as seen in Figure 4-23. However, the cell 

with lower discharge of 2.0 V could have aged earlier due to graphite exfoliation and 

cracking causing gas formation and reducing electron count in the cell system [5][49][50]. 
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Figure 4-21: Nyquist Plot at 100 % SOC and 3.4 V for the cell discharged to 2.0 V 

 

 

Figure 4-22: Nyquist Plot at 100 % SOC and 3.4 V for the cell discharged to 2.5 V 
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Figure 4-23: Nyquist Plot Comparison at 0% and ~20% Capacity Loss 

Aging of three 3 Ah LiNiCoAlO2 (NCA) Lithium-Ion Batteries 

In the experiments conducted here, three identical 3 Ah LiNiCoAlO2 (NCA) 

lithium-ion cell are used. The datasheet properties of the cell are shown in Table 4-3.  

and a photograph is shown in Figure 4-24. One of the three cells was studied to 

independently observe the impact of high pulsed rate discharge on its cyclic aging. To 

achieve this, the cell was discharged at high pulsed rates, but recharged using a nominal 

1C, constant current (CC) – constant voltage (CV) procedure. The novel test stand was 

used to discharge the cell at a peak C rate of roughly 85C. Because the test stand is 

unable to vary its resistance as the cell is discharged, the discharge rate also decreases 

proportional to the cell’s voltage. The discharge frequency is 10 kHz with a 50% duty 

cycle. The second of the three cells was cycled at a continuous elevated discharge rate, 

equal to the average C rate recorded in the high pulsed discharge rate experiment, in 

attempt to discern the impact which the pulsed nature of the discharge has from the 

average high C rate itself. That particular cell was discharged using a 25C CC procedure 
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and recharged using a 1C CC – CV procedure. Finally, the third cell was considered to 

be the control cell since it was both charged and discharged using a 1C, CC – CV 

procedure. As part of the experimental process, periodic 1C baseline procedures, 

identical to the manner in which the control cell was cycled, were performed to measure 

the capacity fade of each respective cell as a function of cycle number. The 1C 

charge/discharge procedure was used to ensure each of the three cells was being 

compared using a fair metric. Also, as part of the baseline procedure, electrochemical 

impedance spectroscopy (EIS) measurements were made for use in hypothesizing what 

may be occurring inside the cells. The experimental procedure performed on each of the 

three respective cells is detailed in Figure 4-25 in Table 4-4. 

Table 4-3: Datasheet properties of the 3 Ah LiNiCoAlO2 (NCA) lithium-ion battery 

Capacity Weight Specific Power 
Density 

Specific Energy 
Density ESR 

3 Ah 0.21 kg 17.3 kW/kg 71 Wh/kg ~1.5 mΩ 
 

Thermocouple placement labels 

Near terminal 

 
At center 

 
Near base 

 
 

Figure 4-24: 3 Ah LiNiCoAlO2 (NCA) lithium-ion battery with a thermocouple placement 

label 
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Table 4-4: Experimental test procedure for high rate pulsed discharge variable cell, high 

rate continuous discharge variable cell, and control cell 

 

Cell 1 
High Rate Pulsed 

Discharge Variable 
Cell 

Cell 2 
High Rate 

Continuous 
Discharge Variable 

Cell 

Cell 3 
Control Cell 

Recharge 
Parameters 

1. CC at 3 A (1C) until 
V equals 4.1 V 

2.  CV at 4.1 V until I is 
less than 0.3 A 
(C/10) 

1. CC at 3 A (1C) until 
V equals 4.1 V 

2. CV at 4.1 V until I is 
less than 0.3 A 
(C/10) 

1. CC at 3 A (1C) 
until V equals 
4.1 V 

2.  CV at 4.1 V until 
I is less than 0.3 
A (C/10) 

Discharge 
Parameter 

1. 10 kHz discharge 
with a 50% duty 
cycle across a 1.4 
mΩ load until V = 
1.5 V – 2.0 V 

1.  CC at 75 A (25C) 
until V equals 3.0 V 

1.  CC at 3 A (1C) 
until V equals 
3.0 V 

 

 

Figure 4-25: 1C baseline procedure 

As indicated, EIS measurements were made in the periodic baseline procedure 

as an in-situ measurement technique aimed at understanding how the cell changes as a 
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function of cycle life. EIS measurements were performed after the cell rested for at least 

1 hr after a respective charge or discharge procedure, providing sufficient time for the 

cell’s diffusion process to reach its steady state. The MetrOhm potentiostat applied a 

sinusoidal signal with amplitude of 10 mV over a frequency range of 20 kHz to 10 mHz. 

Elevated Rate Pulsed Discharge Cycling Induced Aging 

Elevated rate pulsed discharge cyclic aging is the focus of the experiments 

performed on this first cell. The cell underwent an elevated pulsed discharge coupled with 

a 1C nominal rate recharge along with the baseline measurement performed after every 

10 cycles, as described by Figure 4-26. The manufacturer has stated that the cell can 

withstand more than 1000 cycles when used at nominal rates. The nominal cycling rate is 

3 A with the operating voltage range of 3.0 V to 4.1 V at continuous rate and 1.5 V to 4.1 

V at pulsed rates [1]. The objective is to understand the induced aging when the pulsed 

discharge is performed at high C rate.  To avoid any contributions of early aging 

contributed by recharging the cell, the cell was recharged using a standard constant 

current and constant voltage (CC – CV) method with 3 A (1C) of constant current and 4.1 

V of constant voltage until the current falls below 0.3 A (C/10). A capacity loss of 20% 

was observed after 400 elevated rate discharge cycles had been performed. The flow 

chart shown in Figure 4-26 describes the test procedure the elevated rate procedure that 

was performed on the cell. 
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Figure 4-26: High rate pulsed discharge variable cell 

The voltage and current profile for complete high rate pulsed discharge rate is 

shown in Figure 4-27 and Figure 4-28. In the those plots, the zoomed in area shown on 

the right side of each figure highlights the voltage and current profile for first 400 µs and  

comparative data recorded from discharge cycle 3 and 400. In the figure, the cell voltage 

during cycle 3 and 400 started at same potential of 4.02 V.  Discharge 3 lasted roughly 

140 s, at which point the cell’s voltage had decreased to approximately 1.6 V. After the 

discharge is completed, the cell’s voltage stabilizes with an open circuit potential (OCP) 

of just over 2.5 V. The lower conduction voltage and higher current in cycle 400 as 

opposed to cycle 3 indicates that contact impedance within the stand was slightly less in 

cycle 400 than in cycle 3. It is also possible that the ~1 mΩ variable resistance had been 

slightly altered between these two discharge cycles.  
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Figure 4-27: Voltage profiles measured during discharge cycle three on the left and 

zoomed plot shown on the right with data from cycle three and four hundred. 

The observed peak discharge current is approximately 83C (250 A) and the 

average equivalent continuous discharge current was approximately 25C (75 A). In the 

zoomed plot of Figure 4-28, the comparative current data from discharge cycle 3 and 400 

for the first 400 µs is shown. The peak current for cycle 400 is slightly higher than cycle 3, 

again as a result of the slightly varied stand impedance. The plot shows how the current 

magnitude decreases along with the voltage of the cell. 

    

Figure 4-28: Current profiles measured during discharge cycle three on the left and the 

zoomed plot shown on the right with data from cycle three and four hundred. 

The coulomb counting results, recorded during baseline procedure, are used to 

calculate the cell’s capacity (Ah) and capacity loss in percentage as the cycling 

83 



 

progresses. These results are shown in Figure 4-29 and Figure 4-30 respectively. The 

decrease in capacity measured with increasing cycle number shows how the cell ages as 

a function of cycle life. Before cycling began, the measured cell capacity was 3.13 Ah. 

After 400 elevated rate pulsed discharge cycles, the capacity had decreased to 2.45 Ah, 

equating to a roughly 20.48% capacity loss. The coulomb counting shows how the cell 

ages but does not tell why it ages. The steady increase in capacity loss fits a second 

order polynomial curve with a coefficient of determination (R2) value of 0.95. The capacity 

of the cell as a function of cycle number (N) can be estimated with an equation 1 which 

has a roughly 5% error. The sinusoidal nature of the capacity loss curve is believed to be 

a function of rest time between cycles. The time between cycling could often go a few 

days or even weeks depending up on the laboratory schedule. It was observed that if a 

long period of time had lapsed between cycles, the capacity extracted from the first cycle 

performed after the rest would actually give more capacity than the cycle previously 

conducted. This is believed to be due to the cell having time to fully stabilize and for 

lithium to fully intercalate into the anode. Also, the long rest period allows the soluble 

precipitate on the surface of the electrodes deposited during cycling to dissolve back into 

the electrolyte [36]. This causes the lithium on the precipitate to return back to 

electrochemical process increasing the capacity [36]. This fluctuation causes most of the 

error in the curve fit of equation 4. 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝐴ℎ) = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦∗(100 +6−5∗ 𝑁2−0.0735∗𝑁) 
100

  (6) 
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Figure 4-29: Cell capacity measured during baseline procedure after elevated rate pulsed 

discharge 

 

 

Figure 4-30: Capacity loss percentage as a function of cycle number during elevated rate 

pulsed discharge 
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The Nyquist plots obtained from periodic EIS measurements are shown in Figure 

4-31. The EIS measurement on the cell was done periodically after every 10 elevated 

pulsed discharge cycles. The plot shown is obtained by performing the frequency sweep 

from 20 kHz to 10 mHz with an amplitude of 10 mV when the cell is at 100 % SOC. The 

plot shown can be divided into four parts – the inductive tail, mid frequency semi-circle, 

low frequency semi-circle, and Warburg impedance. Inductive tail is a higher frequency 

response shown on the left hand side of the graph below the zero of y-axis. In the 

battery, the inductive tail is of little interest to the aging study, therefore the complete tail 

recorded during the higher frequency response is not shown. The displacement along the 

x-axis, where the curve crosses x-axis, represents the electrolyte resistance [36]. From 

the Nyquist plot, it was observed that the electrolyte conductivity increased at the 

beginning due to the cell settling in. The plot shows that the electrolyte conductivity 

increased until roughly 110 cycles had been performed. After that, the electrolyte 

conductivity started to decrease significantly. Despite the growth, the electrolyte 

conductivity after cycle 400, at which point the cell has 20% less capacity, is still higher 

than that of initial. The width and height of the medium frequency semicircle decreases 

slowly, indicating that there is an increase in passive film formation on the electrodes. 

The width and height of low frequency semicircle increases with cycle number, indicating 

an increase in the internal charge transfer resistance (both the interfacial and surface film 

resistances of the cathode and anode).  
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Figure 4-31: Nyquist plot at 100% SOC and 4.1 V 

In Figure 4-32, the maximum temperature near the terminal, at the center, and 

near the base are shown as a function of cycle number. The placements of 

thermocouples are shown in Figure 4-24. The missing data point refers to the cycles in 

which the respective data points were not collected. Initially, not all three temperatures 

were measured. The plot shows that the maximum temperature never crosses above 

50°C which is below the peak operating temperature as mentioned in datasheet [16]. 

Thus, the aging effect that could have been caused by temperature is neglected. On 

comparison, the temperature near the base is higher when compared to the temperature 

at the center and the temperature at the center is higher than the temperature near 

terminal. This is because the terminal of the battery is connected to large copper 

conductor which acts as a heat sink. On the other side, the base of the battery is in 

contact with an insulator limiting the rate of heat loss and thus resulting in a higher 

temperature. 

87 



 

 

Figure 4-32: Maximum cell temperature attained during elevated rate pulsed discharge  

Elevated Rate Continuous Discharge Cycling Induced Aging 

Through the results obtained in the elevated rate pulsed discharge cycling, it was 

clear that the elevated pulsed discharge significantly ages the cell. In order to determine 

the difference in the aging rate when pulsed and continuous high rates are discharged, a 

second identical cell was discharged at an elevated continuous discharge rate. Only 400 

cycles were performed as the desire was to compare the results from this cell to those 

obtained from the first cell. The flow chart detailing the experimental procedure is shown 

in Figure 4-33. 
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Figure 4-33: High rate continuous discharge variable cell 

The discharge rate was chosen so that the continuous discharge rate is equal to 

the average equivalent continuous discharge rate extracted during the pulsed discharge. 

The average rate of the pulsed discharge was calculated to be approximately 25C or 75 

A. The discharge current profile used in these tests is shown in Figure 4-34 and the 

corresponding voltage profile is shown in Figure 4-35. The cutoff discharge voltage was 

set to 2.0 V. It was observed that the elevated continuous discharge lasted for 122 s 

when compared to 140 s in elevated rate pulsed discharge because of the difference in 

the two cell’s initial capacity, which were measured to be 2.98 Ah for cell 2 vs. 3.13 Ah for 

cell 1 respectively. 
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Figure 4-34: Cell current during elevated continuous discharge at 25C rate 

 

 

Figure 4-35: Cell voltage during elevated pulsed discharge at 25C rate 

The cell’s capacity and capacity loss percentage obtained through periodic 

coulomb counting is shown in Figure 4-36 and Figure 4-37 respectively. The steady 

increase in capacity loss percentage is shown in Figure 4-37. The increase in capacity 
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loss fits a third order polynomial curve, with a coefficient of determination (R2) value of 

0.88. The capacity of the cell as a function of cycle number (N) can be estimated with an 

equation 5 which has a roughly 12% error. Mathematical model are fairly inaccurate with 

an error of 10% to 20% [53], so an error of 12% is can be considered normal. 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝐴ℎ) = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦∗(100−1−7∗ 𝑁3+1−4∗𝑁2−0.0426∗𝑁) 
100

 

  (7) 

 

Figure 4-36: Cell capacity measured during baseline procedure after elevated continuous 

discharge at 25C rate 
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Figure 4-37: Capacity loss percentage as a function of cycle number during elevated 

continuous discharge at 25C rate 

The Nyquist plots obtained from The EIS measurements are shown in Figure 

4-38. The EIS measurements were obtained periodically after every 50 elevated 

continuous current discharge cycles. The plot shown is obtained by performing the 

frequency sweep from 20 kHz to 10 mHz with an amplitude of 10 mV and the cell at 

100% SOC. From the Nyquist plots, it is observed that the electrolyte conductivity 

remained fairly consistent. The width and height of the medium frequency semicircle 

decreases at an almost negligible rate, indicating that there is not much of an increase in 

the electrodes’ passive film formation. However, the width and height of low frequency 

semicircle is increases with the increase in cycle number indicating an increase in 

internal charge transfer resistance (both the interfacial and surface film resistances of the 

cathode and anode). 
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Figure 4-38: Nyquist plot at 100% SOC and 4.09 V 

Figure 4-39 shows the peak cell temperature reached during the elevated rate 

continuous discharge cycles. The peak temperature during all of the experiments never 

went above 34°C which is within the operating temperature range of the cell. Thus, the 

aging effect that could have been caused by temperature is neglected. 
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Figure 4-39: Maximum cell temperature observed during elevated rate continuous 

discharge 

Nominal Rate Cycling Induced Aging 

Nominal rate cycling, performed on a third identical 3 Ah NCA cell, consisted of a 

1C charge and 1C discharge cycle with baseline measurement performed after every 50 

cycles. This procedure is shown in Figure 4-40. The cycling was performed for 400 cycles 

for comparative analysis with the other two cells. After 400 cycles, the cell showed no 

significant aging. The measured cell capacity, as shown in Figure 4-41, showed no 

decrease in the cells 1C capacity. Similarly, the ES measurements, shown in Figure 4-42, 

shows negligible changes between cycles. In scrutinizing the Nyquist plots, it can be 

observed that there is a change in the electrolyte conductivity and charge transfer 

resistance but the change is so small that it does not have any effect on the capacity of 

the cell. The ambient temperature during nominal rate cycling was 25°C and the cell 

temperature was not monitored because of the low rate cycling, the temperature rise will 

be almost negligible. 
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Figure 4-40: Nominal rate cycling control cell 

 

 

Figure 4-41: Cell capacity measured during nominal rate cycling 
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Figure 4-42: Nyquist plot at 100% SOC and 4.09 V 

Aging Analysis 

Figure 4-43 shows the comparative capacity loss observed from the three cells 

just discussed, those being the elevated rate pulsed discharge cell, the elevated rate 

continuous discharge cell, and the nominal rate cell. From a coulomb counting aspect, it 

can be concluded that the elevated rate pulsed discharge has a greater impact on aging 

compared to elevated rate continuous discharge if the average discharge rate is 

maintained. The nominal cycle shows no indication of aging after 400 cycles, thus it can 

be determined that the aging observed during elevated rate pulsed discharge cycling and 

elevated rate continuous discharge cycling is only due to the discharge profile. This 

means that the charge profile has not significantly contributed to aging of the two high 

rate cells. Further, the comparative capacities of three cells are listed in Table 4-5. 
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Figure 4-43: Normalized capacity of 3 Ah LiNiCoAlO2 (NCA) lithium-ion cell under 

different test scenarios 

Table 4-5: Capacity comparison between three 3 Ah LiNiCoAlO2 (NCA) lithium-ion cell 

before and after cycling 

 Initial Capacity 
(Ah) 

Capacity after 
400 cycles (Ah) 

Capacity lost after 
400 cycles (%) 

Cell 1: High Rate Pulsed 
Discharge Variable Cell 3.13 2.49 20.48 

Cell 2: High Rate Continuous 
Discharge Variable Cell 2.98 2.81 5.68 

Cell 3: Control Cell 3.10 3.10 0 
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Chapter 5  

Modeling and Simulation 

Modeling Background 

Modeling a lithium-ion battery is a complex task and often users must empirically 

derive a model of the battery they are using as no one model is universal. There are 

several types of models which can be used based on the situation needed. There are 

electrochemical models which use time-varying partial differential equations and these 

can be computationally extensive [52]. This type of model is often used in the physical 

design of electrodes and electrolytes. Mathematical models are good for predicting 

runtime, efficiency, and capacity using a stochastic approach or empirical equations but 

they often come with an error of approximately 5% to 10% [53]. This model bears no 

relationship between the model parameters and I-V characteristics of the batteries which 

makes it of less value in simulation software [54]. Electrical models as shown in Figure 

5-1 use Thevenin equivalent, impedances, or runtime models [55]. A Thevenin model 

uses some assumptions such as open-circuit voltage is constant is normally constant 

along with use a series resistor with RC parallel network for transient response of the 

load [54]. In addition, the accuracy of the battery’s response prediction can be increased 

by simply increasing the number of parallel RC networks. Impedance models are fairly 

accurate for predicting DC response and the battery runtime provided that the SOC and 

temperature remains constant. Impedance spectroscopy uses Thevenin models with  

time constants parameters obtained by fitting an equivalent network to the measured 

impedance spectra [13]. In runtime-based electrical models, continuous or discrete time 

is implemented to simulate battery runtime and DC voltage response for constant current 

discharges [13].  
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Figure 5-1: Electrical battery models: (a) Thevenin, (b) Impedance, and  

(c) Runtime-based [54] 

Using a combination of different circuit models, Kroezee [13] proposed a generic 

battery model as shown in Figure 5-2, which can accurately represent lithium-ion battery 

behaviors including a prediction of its state of charge, determination of the I-V 

characteristics, and determination of its dynamic behavior. However, this model is 

accurate for constant temperature and capacity. 
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Figure 5-2: Generic battery model for battery at a constant temperature [14] 

In another effort, Tremblay [14] developed a non-linear battery model as shown 

in Figure 5-3, which can be used to accurately represent the discharge curves of a 

battery. The model is simple and uses only the battery’s state of charge as a state 

variable. The model’s parameters are easily extracted from the manufacturer’s discharge 

curve. 

 

Figure 5-3: Non-linear battery model [15] 

Impedance Model of 3 Ah LiNiCoAlO2 (NCA) lithium-ion cell 

An impedance model of the 3 Ah NCA cell tested here was derived based on the 

Nyquist plots obtained from the cell’s EIS measurements. The equivalent circuit model of 

the 3 Ah LiNiCoAlO2 (NCA) cell is shown in Figure 5-4. The circuit elements such as 
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inductance (L), resistance (R), capacitance (C), constant phase element (CPE), and 

Warburg impedance (W) can be arranged to get the required impedance model. The 

constant phase element is nothing but is an equivalent electrical circuit model which 

behaves as a double layer capacitor. Warburg impedance on the other hand is an 

example of a constant phase element for which the phase angle is 45° regardless of 

frequency. 

 

Figure 5-4. Equivalent impedance model for the 3 Ah LiNiCoAlO2 (NCA) lithium-ion 

battery 

Figure 5-5 to Figure 5-10 shows a comparison of the measured and simulated 

Nyquist plots before and after 400 cycles had been performed on the three cells tested. 

The equivalent circuit’s component parameter values, including the inductance, 

capacitance, resistance, constant phase element, and Warburg element, are calculated 

using the EIS Spectrum Analyzer software. The data collected using this method as a 

function of cycle number is shown in Table 5-1 to Table 5-3. 
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Figure 5-5 Comparison of the impedance curves, both measured and simulated, 

performed before any cycling was performed on the elevated rate pulsed discharge 3 Ah 

LiNiCoAlO2 (NCA) lithium-ion battery 

 

Figure 5-6: Comparison of the impedance curves, both measured and simulated, 

performed after 400 cycles were performed on the elevated rate pulsed discharge 3 Ah 

LiNiCoAlO2 (NCA) lithium-ion battery
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Table 5-1 Parameters of impedance model at different cycles at 100 % SOC for the cell with elevated rate pulsed discharge cycle 

Cycle C1 C2 C3 R1 R2 R3 W P1 N1 P2 N2 L1 

Initial 247.51 2.73E+04 3.24E+04 3.95E-04 4.18E-10 3.06E-03 3.95E-04 2.16E+01 2.76E-01 7.74E+03 1.89E-14 7.74E-08 

1 3.30E+00 1.65E+04 9.40E+04 2.60E-04 3.71E-04 2.47E-03 4.03E-04 1.66E+02 1.87E-01 1.05E-07 1.07E+00 1.05E-07 

50 1.36E+02 1.00E+06 1.00E+06 2.64E-03 8.26E-12 1.20E-03 8.48E-04 6.92E-13 1.03E+00 2.72E+04 1.50E-03 1.44E-09 

110 3.92E+03 1.67E+04 1.39E+05 6.93E-04 3.97E-03 1.58E-03 5.83E-04 9.89E+00 4.16E-01 1.52E+02 9.79E-01 6.08E-08 

180 1.16E+03 4.52E+04 5.28E+04 1.38E-03 3.48E-03 1.68E-03 7.69E-04 7.30E+00 4.11E-01 1.73E+02 1.00E+00 6.23E-08 

200 4.10E+03 1.66E+04 7.22E+04 8.36E-04 4.34E-03 1.86E-03 5.84E-04 9.10E+00 3.71E-01 1.51E+02 9.72E-01 4.88E-08 

250 1.93E+03 2.34E+04 1.50E+05 1.15E-03 4.39E-03 1.86E-03 7.81E-04 6.00E+00 4.02E-01 1.62E+02 9.89E-01 7.34E-08 

300 4.41E+03 1.38E+04 2.33E+04 1.19E-03 5.74E-03 1.89E-03 4.62E-04 9.32E+00 3.54E-01 1.44E+02 9.55E-01 4.56E-08 

330 4.98E-13 5.11E+01 8.59E+03 3.73E-08 3.35E-11 3.92E-03 1.40E-04 1.20E+02 9.79E-02 5.86E-07 1.99E+00 5.16E-08 

360 9.18E-13 5.65E+01 1.06E+04 2.57E-04 5.36E-05 3.72E-03 2.97E-04 1.21E+02 8.72E-02 4.24E-13 2.00E+00 2.60E-08 

400 6.28E+00 6.87E+01 5.31E+03 9.22E-05 2.83E-04 2.76E-03 3.54E-05 9.71E+01 1.06E-01 4.82E+02 8.49E-01 2.54E-08 

 



 

 

Figure 5-7: Comparison of the impedance curves, both measured and simulated, 

performed before any cycling was performed on the elevated rate continuous discharge 3 

Ah LiNiCoAlO2 (NCA) lithium-ion battery 

 

 

Figure 5-8: Comparison of the impedance curves, both measured and simulated, 

performed after 400 cycles were performed on the elevated rate continous discharge 3 

Ah LiNiCoAlO2 (NCA) lithium-ion battery 
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Table 5-2: Parameters of impedance model at different cycles at 100 % SOC for the cell with elevated rate continuous discharge 

cycle 

Cycle C1 C2 C3 R1 R2 R3 W P1 N1 P2 N2 L1 

Initial 3.91E-02 1.08E+00 1.20E+04 7.30E-04 2.69E-04 6.13E-06 2.79E-04 9.23E+02 1.19E-01 1.49E+02 1.11E+00 4.82E-08 

50 3.81E-02 1.08E+00 1.17E+04 7.56E-04 7.20E-04 1.04E-05 4.01E-04 9.28E+02 1.12E-01 1.55E+02 1.03E+00 2.99E-08 

100 2.78E+00 1.52E+01 8.25E+03 2.54E-04 5.77E-18 3.31E-03 1.90E-04 3.92E+02 1.04E-01 1.26E-16 7.88E-10 2.61E-08 

150 2.92E+00 1.33E+01 1.08E+04 2.13E-04 1.91E-18 3.37E-03 2.83E-04 4.90E+02 7.72E-02 4.39E-15 2.82E-09 1.86E-08 

200 2.92E+00 1.68E+01 9.95E+03 2.06E-04 1.89E-18 3.07E-03 2.66E-04 4.35E+02 8.81E-02 5.40E-15 8.24E-10 1.86E-08 

250 3.05E+00 2.04E+01 1.16E+04 1.96E-04 5.75E-19 2.77E-03 3.09E-04 4.08E+02 8.99E-02 9.65E-15 1.62E-09 3.46E-08 

300 3.47E+00 2.59E+01 7.29E+03 1.86E-04 4.37E-20 2.66E-03 8.90E-05 2.84E+02 1.27E-01 1.01E-16 5.54E-09 2.42E-08 

350 3.44E+00 2.23E+01 1.07E+04 1.63E-04 8.02E-09 2.73E-03 2.86E-04 3.96E+02 8.90E-02 1.90E-15 3.36E-07 3.69E-23 

400 3.19E+00 2.32E+01 1.04E+04 1.74E-04 3.19E-18 2.73E-03 2.82E-04 3.80E+02 9.32E-02 1.56E-16 2.26E-10 2.39E-08 



 

 

Figure 5-9: Comparison of the impedance curves, both measured and simulated, 

performed before any cycling was performed on the nominal rate 3 Ah LiNiCoAlO2 (NCA) 

lithium-ion battery 

 

Figure 5-10: Comparison of the impedance curves, both measured and simulated, 

performed after 400 cycles were performed on the nominal rate 3 Ah LiNiCoAlO2 (NCA) 

lithium-ion battery 
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Table 5-3: Parameters of impedance model at different cycles at 100 % SOC for the cell with nominal rate cycle 

Cycle C1 C2 C3 R1 R2 R3 W P1 N1 P2 N2 L1 

Initial 1.02E-12 7.05E-02 9.63E+03 8.93E-04 4.50E-08 4.42E-03 1.36E-04 4.15E+02 1.11E-01 3.68E-15 3.21E-06 2.46E-07 

50 6.94E-03 1.70E+02 8.76E+03 9.60E-04 2.35E-20 2.06E-02 1.61E-06 4.11E+02 1.31E-01 1.47E-14 3.18E-05 2.11E-07 

100 3.59E+00 3.76E+00 1.43E+04 2.18E-04 1.77E-04 1.13E-02 3.59E-04 4.17E+02 3.51E-02 1.05E-11 5.70E-04 1.64E-07 

200 3.11E+00 6.98E-11 8.59E+03 1.06E-04 1.39E-03 6.95E-11 3.54E-18 5.62E+02 1.92E-01 1.74E-12 1.09E-04 2.10E-07 

300 8.12E-01 6.51E+00 1.08E+04 2.44E-04 3.31E-20 1.20E-02 3.15E-04 3.09E+02 5.47E-02 1.25E-11 3.65E-06 1.59E-07 

400 2.04E+00 5.65E+00 1.35E+04 1.84E-04 2.57E-05 1.18E-02 3.73E-04 3.41E+02 3.74E-02 7.81E-19 5.20E-23 1.48E-07 

 



 

Impedance Model of K2 26650 2.6 Ah LiFePO4 Lithium-Ion Cell 

An impedance model of the K2 26650 2.6 Ah LiFePO4 lithium-ion cell tested here 

was also derived based on the Nyquist plots obtained from the cell’s EIS measurements. 

The equivalent circuit model is shown in Figure 5-11. 

 

Figure 5-11: Equivalent impedance model for K2 26650 2.6 Ah LiFePO4 lithium-ion cell 

Figure 5-12 to Figure 5-15 shows the Nyquist plot comparison of an impedance 

model between measured and simulated values. Further, parameter values of the 

components, including the inductance, capacitance, resistance, constant phase element, 

and Warburg element, are calculated using the EIS Spectrum Analyzer software and the 

data are listed in Table 5-4 and Table 5-5. 
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Figure 5-12: Impedance comparison between measured and simulated initially before 

elevated cycling with a lower discharge voltage of 2.0V 

 

Figure 5-13: Impedance comparison between measured and simulated after 420 cycles 

and 20.12% capacity loss with a lower discharge voltage of 2.0V 
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Table 5-4: Parameters of impedance model at different cycles at 100 % SOC for the cell 

with lower discharge voltage of 2.0 V 

Cycle C1 R1 R2 W1 P n L 

Initial 1.81E-11 9.10E-03 6.34E-03 7.68E-03 2.24E+00 6.68E-01 3.71E-08 

10 2.59E-01 3.18E-03 9.81E-03 1.43E-02 3.97E-09 8.98E-01 7.42E-08 

60 6.96E-06 1.11E-02 5.05E-03 8.53E-03 3.43E+00 6.11E-01 7.37E-08 

100 1.19E+00 1.38E-03 2.84E-02 6.13E-03 1.48E+01 7.36E-02 8.73E-08 

160 1.09E-12 1.61E-02 6.65E-03 7.74E-03 5.92E+00 4.96E-01 7.82E-08 

200 1.18E+00 1.46E-03 2.43E-02 7.28E-03 9.35E+00 9.87E-02 8.69E-08 

260 3.01E-04 1.48E-02 6.61E-03 9.25E-03 4.52E+00 5.35E-01 1.14E-07 

300 1.03E+00 1.77E-03 2.06E-02 9.14E-03 3.09E+00 1.66E-01 9.43E-08 

360 1.81E-04 1.88E-02 6.48E-03 8.61E-03 4.44E+00 5.41E-01 9.23E-08 

400 2.26E-04 1.81E-02 7.17E-03 9.18E-03 4.76E+00 5.13E-01 1.15E-07 

420 2.14E-04 1.87E-02 7.42E-03 9.32E-03 4.84E+00 5.02E-01 1.20E-07 
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Table 5-5: Parameters of impedance model at different cycles at 100 % SOC for the cell 

with lower discharge voltage of 2.5 V 

Cycle C1 R1 R2 W1 P n L 

Initial 1.36E-06 8.66E-03 6.56E-03 5.07E-03 1.10E+00 7.80E-01 7.22E-08 

100 2.14E-07 9.09E-03 7.67E-03 3.80E-03 3.16E+00 6.21E-01 7.68E-08 

150 1.81E-06 1.01E-02 3.26E-03 1.29E-02 5.63E-01 9.05E-01 8.62E-08 

300 1.72E-10 1.01E-02 6.57E-03 7.95E-03 3.11E+00 6.21E-01 8.55E-08 

350 7.65E-10 1.09E-02 5.60E-03 9.09E-03 2.49E+00 6.60E-01 8.38E-08 

400 2.34E-09 1.07E-02 3.85E-03 1.24E-02 1.08E+00 7.91E-01 6.76E-08 

450 1.41E-09 1.10E-02 5.27E-03 9.88E-03 1.95E+00 7.05E-01 7.96E-08 

500 2.82E-11 1.14E-02 6.62E-03 8.72E-03 3.86E+00 5.78E-01 6.84E-08 

550 4.81E-13 1.20E-02 6.25E-03 8.64E-03 2.85E+00 6.43E-01 6.04E-08 

600 3.90E-11 1.26E-02 7.80E-03 7.06E-03 5.70E+00 5.11E-01 7.89E-08 

650 3.24E-07 1.26E-02 7.80E-03 7.06E-03 5.70E+00 5.11E-01 7.90E-08 

700 3.38E-07 1.38E-02 6.85E-03 8.78E-03 4.32E+00 5.54E-01 8.31E-08 
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Figure 5-14: Impedance comparison between measured and simulated initially before 

elevated cycling with a lower discharge voltage of 2.5V 

 

Figure 5-15: Impedance comparison between measured and simulated after 700 cycles 

and 20.81% capacity loss with a lower discharge voltage of 2.5V 
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Chapter 6  

Summary and Conclusions 

This thesis presents the aging study performed on to different types of high 

energy and high power lithium-ion batteries when they were cycled at high pulsed and 

continuous current rates. The study is focused on the aging induced by high C rate 

loading. The analysis of the aging was carried out using in-situ diagnostic methods 

including coulomb counting and electrochemical impedance spectroscopy (EIS). The 

capacity as a function of cycle number was periodically analyzed for each cell to evaluate 

the progression of the state of health. 

The aging study performed on three 3 Ah LiNiCoAlO2 (NCA) lithium-ion batteries 

shows that when the cell is discharged within a high C pulsed rate manner, the cell aging 

is accelerated when compared to the manner in which a similar cell ages when cycled 

with a high C rate continuous discharge rate which has the same average C rate as the 

high pulsed discharge experiment. The cells evaluated under high C pulsed discharge 

rates, high C continuous discharge rates, and nominal rate cycling saw a capacity fade of 

20.18%, 5.67%, and ~0% respectively after 400 cycles each. 

A similar study was performed on two K2 26650 2.6 Ah LiFePO4 lithium-ion 

batteries where it was observed that if a cell is discharge to 2.0 V, the aging is quickly 

accelerated as compared to an identical cell which was cycled in a similar manner but to 

only 2.5 V. The cell discharged to 2.0 V lost 20.12% of its initial capacity after 420 cycles 

whereas the cell discharged to 2.5 V lost 20.81% capacity after 700 cycles. 

From an electrical engineering perspective, modeling the electrical response of a 

cell as a near perfect voltage source in its continuous voltage range is often enough for 

the design of an application. Characterizing the aging and further postmortem analysis of 

the cell, where it is taken apart and studied, is often beyond the scope of an electrical 
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engineering. Thus, an EIS method has been used to help better understand the electrical 

as well as the physical parameters changing within a cell without taking it apart. The EIS 

results obtained from the 3 Ah LiNiCoAlO2 (NCA) lithium-ion batteries show an increase 

in the lithium loss rate when the cell is subjected to high C rate pulsed discharge cycling. 

In the study of two K2 26650 2.6 Ah LiFePO4 lithium-ion battery, the EIS results show an 

increase in electrolyte resistance and charge transfer resistance. However, the cell with 

lower discharge of 2.0 V could have aged earlier due to graphite exfoliation and cracking 

causing gas formation and reducing electron count in the cell system [5][49][50]. 
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