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Abstract

In response to rising petroleypnices, the demand féwwer emissions standards for vehicles,

and betterehicle fuel economythe markefor hybrid and electric vehicles is expandifigese
systemsncorporateadvanced battery systemich store and provide energy in the vehicle.
Over time, though, cells degrade and lose capacity in accordance with two different aging
phenomena: cycling ancalendar agindt is imperative to understand how these degradation
phenomena occur as the loss in capaeylts in a loss in vehicle range. Through understanding

how these phenomena occur, mitigation efforts can be designed to prevent or lesséietiei

This thesis will focus primarily on studying the effects of calendar aging on commercial LiIFePO
cells. Cells are aged at varying temperatures and states of ¢B&@gto determine the extent
of capacity fadeind degradatiarAdditional testhg methods are then utilized to attempt to

determinewhich agingphenomenare promoting the losses within the cell

Capacity loss in cells stored at high temperature and fully charged conditions resulted in faster
degradation rates. Temperature had tlstreignificant role in the degradation of the cell and

then the cell s SOC. Comparing capacity | osse
with different SOCs, found that the cells with higher SOC experienced increased rates of
degradation irtomparison to their fully discinged counterparts. In addition, storage at high

SOC and high temperatures promoted such severe losses that the cells in question were unable to

recapture capacity that they had lost reversibly.

The primary degradation modier the cells was the loss of cyclable lithiuamd was found to

occur under all of the storage conditio@®lls stored at much more severe conditions, though,

also demonstrated a loss of active material at the aibde=xtent of the loss of the active

material was largely predicated on whether or not the cell was stored at fuigedhor

discharged condition&torage of lithiurion batteries at high temperatures has a dramatic effect
on the continual usage of the cells after stoyalitions havehanged. Despite shifting
temperatures or state$-charge to a lower value, the initial storage conditions leads to increased
degradation rates throughout the cell life. Thus, the history of storage for the cell must be also be

taken into account when csidering losses in capacity.



Utilizing the collected degradation data from taéendar agingxperimentsanctha nuf act ur er ¢
cycling data difetime degradation model was produceditmulatethe extent of aginrom

different geographic locations atmlcompare which degradation mode had the most influence

over a ten year lifespan. The model was validated using additional data not included in the non

linear degradation model and the results tabulated usingvoelnl temperature and drive cycle
data.According to the simulationsatendar agig plays a significant role in the loss of capacity

within the battery pack, due to the battery pack not being utilized on a constant basis in the

vehicle. Incorporating it into themulationresulted in the battery plareaching its EOL much

sooner than theargetedconsumer requiremenf ten years

Finally, to conclude the findings on the research of degradation of |timnrbatteries, a final
study was completed on the examinatiomaiv electric vehicle batteriesmn be repurposed. A
design process forr@purposed battery packpsoposedtakinginto account design steps from
initial market predictions to installatiasf the assembly at a residence, as well as an analysis of
the potentialrisks. This work estatished an understanding of the limitations of repurposing, as
well as the current codes and standards that affect repurposed battery pack designs. Utilizing
these requirements, a bench test setup was designed, built, and tested to determine feasibility.
This work also identified number of risks still evident in the design of a repurposed system as
the relevant codes andjislation have not beesritten and supply chain and testing of
repurposed packs currentlyunknown. More research needs to be congdeon the

establishment of stataf-health for battery packs and progeiidelines on installation need to be

refined.
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Nomenclature

15s3p.15 cells in series
and 3 f@rallel strings

A. Ampere

Ah. Amperehours

Al. Aluminum

ANN. Artificial Neural
Network

ANSI. American National
Standards Institute
AVTC. Advanced vehicle
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1 Introduction

Credit of the firsinternal combustion engine car is given to Jean Joseph Etienne Lenoir who
invented and patented a douhleting, electric sparlgnition internal combustion engine fueled

by coal gas in 186(Q1] Since then, improvements have been made upon this first primitive

vehicle to increase fuel efficiency, length of travel, and overall comfort, which have led to the
creation of present day vehicles. In relation to this, though, inteonatbustion engines (ICEs)

have remained the primary engine to be used to generate power for said vehicles and have caused

humanity to become reliant on fossil fuels in the process.

In 1901 Ferdinand Porsche developed the first gaselawric hybrid vehile.[1] It was not

until 1997, though, that the hybrelectric vehicle became widely available with the release of

the Toyota Prius in Japaj2] With increasing fuel prices, the need to decremsissions, and

c onsumer @mve thaeased feel economiestfweir vehicles, vehicle manufacturers

have begun to design, market, and sell more electrified vehicles, with a variety of architectures.
[3] There are seval varieties available to consumers includiBgttery Electric Vehicles

(BEVs), Hybrid Electric VehiclesHlIEVs), andPlugin Hybrid Electric VehiclesRHEVS), in

addition to conventional vehiclegl] Conventional vehicles astill the most prevalent type of
vehicles used by consumers, butititeoduction of electriedrive vehicles (EDVS) to the

consumer vehicle market offers the potential to reduce reliance on fossil fuels and by extension
reduce emissions. In order to acld@ehis EDVs have to accomplish significant market

penetration[3]

In EDVs the latteries are often the most expensive compoifgnBoth hybrid and fulelectric
vehicles use large batteries t@yide storage of onboard electrical eneryy.such, extensive
research and innovation is being completed in order to further rédtteey cost, weight, and
overallvolume,while extending range and reliability. Thisrsquiredin orderto make the
vehicles more attractive in the marketplaBased on the literaturthe fundamental requirement
for HEVs and PHEVs, and BEVHR) attain consumer approva,thatthey mustsustain
performance capabilities fapproximatelylO to15 years, obetweer20000to 30000cycles.

[6]



EDVs need to meet conser requirements in order to gain significant market penetration and to
become moreconomically viable, however, over tifmattery performancdecreases he

decrease in performa@ds a result of the degradation of the battBattery degradation
phenomenon is instigated by two different soufc¢$3] [9]:

1 Operating conditionsyhich is infuenced by a variety gfarameters
1 And engineoff storage conditiongith the main parameter® monitor being

calendar life performance, time, ateiperature.

With continual usage, throughout the day, cycling the cells will have a more dominant impact o
the degradatio of the battery, but generallgyehicle is not used on a constant basis throughout
the day|8]

On a typical day a vehicle is only used for the express purpose of getting the consumer to and
from their placeof business. In 2011, the most common mode of transportatiwark for
Canadians was car, truck or v@#.0% of commuters, or 11.4 million workgraith an average
commute time of 25.4 minutesdtethat 17.2% of commuters experience commute times of
more than 45 minutes)10] The vehicle cathenbe considered to hender engineff storage
conditions from the point the vehicle is shut down to when the consumer comes back and uses
his or hervehicleagainfor the commute dime, approximately 8 or more hours laters

estimated that personal cawill spendabout 95% of its life in parking mode making battery life
during storage seems particularly relev@ilt.As said previously, mder engineoff storage
conditions the system is undergoing degradation with respect to procdgtasteecalendar

aging, which are affected by temperature and stattharge (SOC)Thus, aghe vehicle usage
increases and the battery paages, the altelectricrange will begin to diminisH8] [11] [8]

In order to understand, how a battery pack will age over timeisage)ifetime assessment

models are designed to depict ttegradatiorand determine how long the battery pack will

sustain life.The endof-life point for a battery as declared hetUnited States Advanced Battery
Consortium (USABCis whenthe battery capacity delivered to the powertrain is less than 80%

ofte rated capacity, or i f the batteryods peak |
depthof-discharge (DOD)[12] The rate at which a battery degrades with time is crucial in

determining availabl&OCin the batteryThus it is very important to develop accurate battery



models that utilize degradation rétaships to model thavailable capacity in the battery at a

given time[11]

The most fundamental assessment method, and ¢éhesedl hesin, is to utilize a serrempirical
based model of the battery from experimental dédtery testing is conducted tmderstand

how the cells will degrade at different conditions aotlect the necessary data to fit the model
parametersAfter the modkis validated, simulations on various load profiles can be run to
predict battery performance and degradation. Integrating the battery degradation model into a
vehicle modetombines a real world simulation of driving to prediattery performance and
degradation on any drive cycle. In other words, battery performance and degradatios over it

lifetime can be determined by implementing different driving profiesariousdrivers

In order to be able to perforauch an analysis in this work, an A123 ARMPpouch battery of
LiFePQ: chemistry will be tested, modeled, and simulated to predict lifetime performance and
degradation according to tRsvironmental Protection Agency (EPédrive cyclesPhysical
expeiments will be performed on commercial cells to determine the degradation pathways
occurring within the cells, thereby improving the modelling of the battery pracking so, the
extent of degradation due to operating conditions versus aging duetto éésgprage can be
comparecdand thefactors affecting battery degradation will betefmined to create more
effectivecontrol strategies or preventative measuogsduce battery gk degradationFinally,

an assessment of potential secondary usestétee batteriewill be conducted to analyse the
potental for repurposing depleted electric vehicle battery packs in a stationary storage

application



2 Background

2.1 Batteries

Batteries are devices that convert stored chemical energy into electrical eiaemg oxidation
reduction (redox) reactiofil3] [14] [15] As the process is electrochemidals not subject to
thelimitations of the Carnot cycle (internal congbion engines restricted by this law), and

higher energy conversion efficiencies can be achie&d.

Batteries can be classified as primary batteries, secondary (rechargeable) bt flogy
batteries[16] Primary batteries can only be discharged once, but are composed of materials that
can attain high energy densities. Secondary batteries are used as energy storagesdbelzes
arecapable of rechargin@pyy connecting a power supply teet batteryand then subsequently
delivering the energy to a load on demdi@] [17] Finally, a flow batterycan be considered
similar tobotha fuel cell andan electrochemical accumulatttrutilizeschemical energy outside
of the batery ina fluid state. Théuid is passed through the battery, reacting electrochemically
to produce electrical energyl6] [17] Depending on their desidiow batteries cabe useds
primary batteries, h the fluid actingas a fuel that is spetd produceelectrical energy, or as
secondary batteriewjith the reversal of thelectrochemical process to st@temicalenergy in

the fluid once agairj16] To furtherdevelop and provide innovations to the automotive industry,

it is necessary to understand how these batteries work to determine their applicability

Secondaryatterieshave been typicallytilized to power small pdable devices such as tools,

toys, lighting, and consumer electronic devi¢&6] [18] As the fuel economy and emissions
requirements of vehicles has increased in the past few decadeg, tieoewednterest has

been given to the potential of electrifying vehicles by introducing secondary badieagsower
source[16] The automotive industry has taken advantage of this by applying secondary batteries

in oneof two scenariofl7]:

1. The secondary battery is used as an energy storage device. The battery is charged by a
prime energy source and then provides power only when demanded.

2. The battery is discharged and then recharged afteanllowing for conveniece and
overall cost savings as, opposed to primary battehiedatterycan berecharged rather

than replaced



The range that a user is able to drive avemmglecharge is greatly influenced by the choice of
battery Thus, vat amounts of research have been completed on determining the battery
chemistry with the best energy density, to extend distance and lower battery \eigtitle1, a
list of the batteries used by different vdaimanufacturers for their different vehigis given.

Table 1: List of vehicle manufacturers and the battery chemistries useth each electric vehicld2] [19] [20]

[21]

Company Vehicle Model Battery Technology
GM ChevyVolt Li-ion
Saturn Vue Hybrid NiMH
Ford Escape, Fusion, MKZ HEV N_il\_/IH
Escape PHEV Li-ion
Toyota Prius, Lexus NiMH
BMW Mini E Li-ion
Nissan Leaf EV Li-ion
Tesla Roadster Li-ion

2.2 Lithium -ion Batteries

There are a variety of second&atteries to be used for electviehicle applicationsThe Toyota
Prius uses a Nickel Metal HydrigdiMH) batteryas an energy storage source (E&8) the
TeslaEVs use lithiumion cells for their battery packg9] When these batteries are compared
in Figurel, the Liion cells are found to bable to attairhigher specific engies as welhs
higherspecific powes. As a resultlithium-ion batteries havachieved significant market
penetration irtheelectric vehicle markeis the most viable secondary battery for hybrid and
battery electric vehicle applicatiori8] [9]
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Figure 1: Ragone plot of various ESSs with time constants obtained through the division of energy density
with power density [22]
Lithium-ion (Li-ion) batteris utilize cells whose chemistries employ lithium intercalation
compounds in both the positive and negative electr¢@e3] During operation (cycling),
lithium ions are exchanged between the elaxtrodeswhich have resulted ithese batteries

being designated s fAr-okb &1 ng [LOR[19T er i es.

Lithium ion batteries come in many different varieties and are classified based arelheir
chemistries and electrode compositidrtypical lithium-ion battery is composed of three parts:

an anode (negative electrode), a cathode (positive material), and an electrolyte with a specialised
chemistry to mitigate the transfer of ions from antmeathode and vieeersa[16] [19] In

terms of electrode material the positelectrodes argypically composed of a metal oxide with a
layered structur€LiCo0,) or a material with a tunneledstture (LiMnOs4) on a current

collectorof aluminum foil.[16] [19] [24] As for the negative electrodethey araypically

composed ofraphitic carboradheredn a cpper airrent collector[16] [19] [24] Graphite is

the most widely used material for anodes because of its availability, cycling performance, and its
safety compared tathium. [18] [24]

During discharging, the lithium ions detercalate from the negative electrode providiregf
electrons to power a loadccording td=quation 2.1. [16] [19]
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000 aWQ ®»Q Equation2.1

The lithium ions are transported through the electrolyte to meet the electrons at the positive
electrode and intercalate into the metal oxide active matacedrding taEquation2.2. [16]
[19]

0QO00 a™Q a2 ©0"Q0 Equation2.2

2.3 Vehicle-grade Batteries

In order to meet the requirements émeration, vehiclgrade batteries are designed and built to
maintain the highest standardisr both safety and functiokVith time, though, the battery will
degrade to the point that it reaches its-efitife (EOL) and must be retired from its vehicle
application.[9] [25] This EOL point is typically when the battery pack has reached 70 to 80% of
its original energy storage capacity (loss of ~20 to 30% of its rajfa§g)Due to the possibility

of unexpectedncreased rates afegradationvehiclemanufacturers wilbversize the battery in
orderto account for this.n doing so, iincreassthe range of the vehicle &d in decreasing
consumer 6s [07hThegdownaidefithestthough, is that the price and mass of the
battery pack in the vehicle increases.

Battery size is an important parametetief vehicle as the battery is one of the heaviest
components, with the amount thlaé battery is oversized by being dependent on the
unpredictability of the degradation effedi®7] By being able to accurately determine the battery
degradatiorthe extent to which the batteryasersized can be decreasectastrols can be put

in place toreducethe rates of degradatidar various aging phenomeria] Battery size

reduction will create significant financial benefits due to the high cost of the battengeddor

other structuracomponents.

Battery size, also, greatly affects the range of the vehicle and is dependent on the energy density
of the cells being used in the pack (in addition to the sitieedfattery pack)[26] The range the
vehicle is capable of travelling on a single battery charge is a very important parameter for the
consumer as it will dictate how far he or she can travel on a daily W&sen designing batteries

for vehicle applications, one must consitlex performance requirements and their impact on



battery degradatiofi9] [28] Over time the degradation of the lithium ion battery will impact the
drivable range of theehiclg limiting the rang that the vehicle can trav@lhus, it becomes an
optimization problem for vehicle manufacturers to select an appropriate battery chemistry to
maximize range while limiting the size of the battery pack in the vehicle to decrease cost and

overall weight.

2.4 Pouch cells

Battery packs are composed of battery cells linked togetlaesarnies or parallel arrangement, or
somecombination of the two. Combining cells in series and parallel allows manufacturers to
generatéiigher voltages and/or currerfte operation[17] Battery cells come in a variety of
configurations, including: button, cylindricgdrismaticandsoft-pouch.[16] [29] The various

cell configurations are displayed Fiigure2.
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Figure 2: (a) Cylindrical, (b) prismatic, (c) coin, and (d) pouch packaging for lithium ion batterieq29]

Of the four cell confjurations, the soft pouetell, also commonly referred to as pouch,

polymer, orLi-Po cellsjs the configuration that is most predominantly utilized for electric
vehicles[30] The major diference between the pouch cell and its other battery cell counterparts
is that fabrication of a pouch cell does not reqaingid metal enclosure, reducing the weight

Instead a pouch cell enclosure can be made from polgosed aluminum failThe powh cell
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makes the most efficient use of spade to its slender desigamd achieves a 90 to 95 percent
packaging efficiencyhie highest among battery packil] Despite these major benefits,

though, this form of the lithim-ion batteryhas a lower energy density and is less durable than its
cylindrical counterpartAlso, if thepouch becomepolarized it will likely corrode and rekun

cell leakage and swelling31] [32] Swelling s caused from the gases generatétin the cell

during charge and discharged it poses a dramatic concern for battery safféty [32] Since
pouchegffer limited mechanical tection to celklectrodes, protection of the cells must be

accomplished by surrounding materitidat enclose the cells

2.5 Battery Pack Construction

Battery pack construction must take into accauwariety of parameters includintdye volage

and runtine requirementshe loading conditions, and the size avelght limitations [33] In

order to better meet the pack requirements, the design of the battery pack must utilize the space
provided effectively. Thus, the selectiohtioe type of celld be used within the pack will decide

its overall packing cability. With higher packingcapability, agreater number of celisill fit

into the battery pack, extending vehicle raregpecially if the cell has high energy densities.

The A123 battery pack is composed of AMP20 Prismatic @éhsum iron phosphate cell
chemistry)that are tightly packed totieer, as indicated iRigure3.

Figure 3: Cross-Section of DeConstructed A123 Battery Pack

Although, extendingange with higher packgis an advantage of this battery pack design, the
system does suffer overheating problems due to a lack of space to promote proper cooling. Thus,

despite the cylindrical cell not being idedleto having lower packing capability compared to



the pouch cell, the empty spaces it creates in a4triltconfiguration allows for better
dissipation of heaf34] The battery pack designed by Tesla for tis8b EV uses ovef,000
18650 cell§ymodified Panasonic cells witiickelcobaltaluminum cathodesf the 18650
formad. [35] This battery pack configuratipalsg allows for more flexibilityin terms of losses
to the pack. Brinstancejf a cell in series wa open, there is minimal total power loss and if
one in parallel shorts thetegrateduse protectionwill remove (isolate)the cell from the circuit.
[34] [36]

EV marufacturersare certainly nolimited in their choices toneparticularcell type for battery

pack designbutthere is a tendency to migrate towards packs composed of largef3&lls

Using larger cells will reduce the need for suppertlectronics, which typically addip to20i

25 percent to the finished pa¢R5] Theseelectronic componentshough,become more

expensivas they have to endunggher current handlingrhus, despite the drop in complgxit

the increase in price can greatTabhe2lstctheect t he

prices of the battery packs for different EVs and HEVSs.

Table 2: Comparison of Battery Pad in Electrified Vehicles

Make and Model Cell Type Cost Per kWh | Specific Energy (Wh/kg)
Eq‘]e"ro'et Bit, 60 kWN(2016) | prismatic/Pouch | $145/kwh 138Whikg
Tesla S 85, 90kWh (201535] | 18650 $260/kWh 250Wh/kg
Best practices DoOE/AAB(35] | Pouch/prismatic | $350/kWh 150 180Wh/kg
['\gglsa” Leaf, 30kWh (2016) | b\ chyprismatic | $455/kwh 801 96 Whlkg

In terms of cost per KWIG h e v r o It leattedypaciBhad the least cost/k@fid they, along

with many other battery manufacturers are pursuing a cost per kWh of less tham$100.
pursuing this goathough, all battery manufacturers must first provide the necessary safety
design features tansure consumers will be protected from the possible failure modes that can
occur at the cell or pack levé\.variety of tests and regulations must be strictly performed and

adhered tdefore a cell or battery pacian be used by a consumer.
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2.6 Regulations and tests

In order to ensure the safety risks associated with the use of htbrubatteries are decreased
(or eliminated), a number of standards and testing protocols have been developed. These
standards aid in providing manufacturers with guidance ®@sdfe construction and use of
lithium-ion batteries[37] The subsequent tests ensure that the cells will be able to effectively
function in the potential environment that they are placed in or fail safely. Safety tests for
lithium-ion batteries are typically intended to assess specific risks from electrical, mechanical

and environmental condition&7]

The completed battery must be tested and registered to assure correct assembly and compliance
with safety standardf37] As set by the United Nations, tRecommendations on the Transport

of Dangerous Goods on lithiuran batteries outline the necessary test requirements that must be
fulfilled in order to transport a cqoleted battery[35] These verification andalidation testgall

under UN 38.3, which includ¢85] [37]:

T17 Altitude Simulation (Primary and Secondary Cells anddsgs)

T271 Thermal Test (Primary and Secondary Cells and Batteries)

T31 Vibration (Primary and Secondary Cells and Batteries)

T471 Shock (Primary and Secondary Cells and Batteries)

T571 External Short Circuit (Primary and Secondary Cells and Batteries)
T671 Impact (Primary and Secondary Cells)

T771 Overcharge (Secondary Batteries)

= =2 4 4 A4 A A -2

T81 Forced Discharge (Primary and Secondary Cells)

Additional testingexpectationgor vehiclegrade batteries havmeen created by a number of
standarderganisationsincluding: SAE, 1SO, ANSI, IEC, UN, and UI[37] All of the tests

developechr e meant t o as s e s sstandhdéferantdarnts efrayuesandare i | i t y
designedo ensure that the products fulfill all of the necessarytgaf@tocols A list of these

tests is povided inAppendix A: Regulation Test Criteria Table28. In order to have battery

packs, or simply the cells themselves, enter into the consuar&et they must be able to pass

all of the safety requiremen{87] If they do not pass the requirements the cells cannot be

utilized and will have to be destroyed.
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2.7 Battery Failure Modes

Despite the greatdvantages electitfation will bring to creating éuture for the electric vehicle

market, it should bkept in mind that the materials being used to create thesgyesterage

systems arbazardous to consumers. Should a battery fail it can do so in an uncontrolled.manner

[32] The destructive potential of LiBs has increased public awareness for battery safety,

especially sincéhe 2013ncident of the full grounding of the entire Boeing 787 fl§&8] This
wasaesult of many i nci dabatteriesariderdgoingcthembl saunagvayd | i t |
and catching fire during operatioBovernments have responded to the changing energy climate

with new policy, such aNatural ResourceSanadaroject for Developing Ectrical Safety

Standards to Introduce Electric Vehicles into Carf883 and companies haverther refined

the developmentf safetysystemson their batteries

Table3 describes sne examples of the potential failure modes of LiBs as defined by Hendricks
et al.[32]

Table 3: Examples of Failure Modes of Lithiumlon Batteries

Battery Failure Mode Failure Cause Failure Eff ects
Component
Anode . , Chemical side reactions | Increased charge transfer resistan
: Thickening of o . . .
(active between lithium, reduction of capacity, reduction of
. SEl layer
material) electrode, and solvent power
C(th]isge Particle Mechanical sess from Reduction of capacity, reduction of
; fracture intercalation of lithium ions power
material)
Hole in Dendrite formation. Perforation of separators in ce!l
Separator . causes electrolyte to leak making
separator external crushing of cell .
contact with other cell componts.
Organic Gas generatior High external temperature| Increased diffusion resistance, ang
and bloating of .
solvents cell casing overcharging of the cell may lead to thermal runaway.

Any of the battery failure modes determined through Failure Modesféext Bnalyses

(FMEAS) can result in the failure of the entire battery. Some failure modes, though, are less
severe and unavoidab[82] [40] For instance, the capacity fade occurring within tHeica
progressive failure mode and cannot be avoided. Other failure modes, though, can be potentially

disastrous and require mitigation strategji82]
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The failures described ifiable3 are presentefiom the view of the cell under operation. The

cell failures can be potentially caused by a number of other factors including: poor cell design
(electrochemical or mechanical), cell manufacturing flaws, external abuse of cells (thermal,
mechanical, or electrical), poor battery pack design or manufacture, poor protection electronics

design or manufacture, and poor charger or system design or manuf@&Li40]

2.7.1 Assessment of Batry Failure Modes Using DFMEA

Design Failue Modes and Effects Analysis FIMEA) is a method to assegstential failure

modesand identify the resultant effects on system operatiottse design[32] These

assessments can performed at the system, subsystem, assembly, subassembly or part level and
are, therefore, an essential assessment method for determining methods of failure for systems in
the workplace[41] These can then be mitigated by det®ming controls, detection methods, and
action plans to alleviate the risk of failutestablishing these mitigation actions help the systems
and the vehicle, in general, to be safer to use and operate on

In order to complete BFMEA on the battery pac&nd its associated componerdee must
becomeacquainedwith all of therespective parts to determine how they may potiénteil . A
significant amount ofesearch is required better understand the failure modes associated with

each component and etion.

After establishing each part and how they function within the system, each function and the

associated risk are assigned a number freifl for the following three categories:
Severity (SEV): Defined as thextent to how damaging a failure can be

Risk of Occurrence (OCC):Defined aghe probability of an incident occurring
Probability of Detection (DET): the extent to which a failure mode can be determined

TheRisk Priority Number (RPNgan then bealculated byisingEquation2.3. The higher the
RPN, the higher the risk ahefailure mode occurring

L YQO QIR @001 | QDRRQOO

YO O N R A Equation2.3
YOO Qe QYO Qe Q Ywo Qe ¢

Based orthe calculated RPN person can determitige hghest risks to t battery packBy

targeting the greatest risks, more attention can be given to these potential failure unioges d
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thedesign phasérhus, appropriate mitigation techniques and processes can be implemented to

prevent the failure fromevenoccurring.

2.7.2 Battery Safety Precautions

In orderto ensure safe operation for the consumaerarietyof safety precautions have to be
implementedat both the chemistigvel and in the design ebmpletel modules By having
proper cell and pack desi@gatures in plagananufacturers ensure that any potential faults
encountered during operation, can be mitigated, whether they be at the cell, patigler v
level.[42] It is also required to have masgfety redundandgpyers [34] [42] Shouldone of the
layers fail the additiondayers of safetyvill ensurethat if a potential fault ocurs,thefault

condition for the battery pack or cell can still be safely and effectively mitig@4]d.

2.7.2.1 Battery Pack Level

At the battery pack level there are a number of advanced safety systems that work inltandem
is important to have three levels of safety integrated into the design of thes|eationic
controls,electrical disconnects (also referred to as contactors) and electrica[42$&hould

one of the safety features of the pack fail to function properly, the other safety measures will be
able toidentify and address any patal faults in the battery packor instance, at thelectronic
controls levelthe Battery Management System (BM&)ntinuously monitors the voltage of

every cell, the temperature of numerous points in the pack and current at the padktheyel.

safdy algorithms determinthat a particular operating conditionast of rangewhich could

result in a hazard occurring, a fault code is recorded and transferred to the supervisory controller
[15] [33] The supervisory controller will initiate some form of mitigation to prevent the hazard
from occurring, or if thesystem does not respotwlthe fault within an appropriate amount of

time, the BMS can open the contactors to disconnect the batteryheowehicle[33] Should

the BMS fail though,the pack also has a hardwiredetgfprotection circuit with three layers of

fuses: one at thiadividual cell module and overall pack lev§B3]

In addition to electrical systems being able to provide mitigation of various faults occurring in
thebattery pack, the overall material construction of the battery pack needs to be selected based
on a criterion of providing safetj36] Choice of materiainust be done based on the requirement

of avoiding conditions that could lead to a path for low level current leakage (current that flows
through the protective ground conductor to ground) or direct short circuiting. To achg\theh
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proper insulating materials must be utilizbdt possess high insulation resistamceaddition,
the chosen materials surrounding the cells have to be strong and durable in order to sustain

abrasions or puncturing41]

2.7.2.2 Cell Level
At the cell level, battery manufacturers can affect a number of fagitbis the cell chemistry
and overall cell construction to increase its saf&tlyst of some of these factors, along with

their descriptions of wdt is affected is prodied inTable4.

Table 4. Safety modification for lithium -ion cells[36] [37]

Battery Component Description of Safety Modification
Using a less reactive chemistryr by introducing sme form of chemical
Cell chemistry retardant. Eample substituting Lithium Cobalt age cells for Lithium
Manganese oxides aithium phosphate cells.
Electrolyte chemistrynodified to indude demical inhibitors. They make
the system seléxtinguishing or flame retardind,cell is abuse.
Cell Construction | Design cells taemow excess heaglselocalised hot spots can develop
A cell overheating can cause the separatodsstort or melt, leading to a
short circuit between the electrodes. Externaluiis cannot protect
againstnternal short circug but betteiseparatorsan be useahcluding
1 Rigid separators that do not distort even under extreme
temperature conditits.
1 Flexible ceramic powder coated plastic: prevents contact betw
the electrodes, resists penetration by impurities, reduces shrin
Separators at high temperatures and impedes the propagation of a short ¢
across the separator.
1 Shut dowrseparators: meltmplasticcloses up the pores avoidin
a short circuit, but iis irreversible. @Il will no longer function.
Once an internal short occurs, though, the occurrence can be detects
drop in cell voltage, triggering isolation of the battery from chaoger
load. This will not prevent the short, but the mitigation will prevent
further damage to neighbouring cells and the pack.
Circuit Interrupt | Should a cell reach an internal gas pressure that exceeds its manufa
Device (CID) specifications, the CIbvill interrupts the flow of current.
Side reactionganproduce gases and the active materials will also exf
due to the temperature rise. This expansion and gasuquildlIl lead to a
pressure increase inside the cell that may rupteredke or cause the c¢
Safety Vents to explode. Safety vents are installed on each cell to release pressur
prevent external air being absorbed into the cell, automatic release g
vents allow controlled release of excess internal pressure. This avoig
potential for leakage and prevents uncontrolled rupture of the cell cas

Electrolytes
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The above safety precautions are only beneficthledfjuality of thebattery manufacturing
processs maintainedhroughout productigrotherwisethey will be uséess. Burrs on the
electrodes, misaligned or out of tolerance componamidcontaminated electrode coatings or
electrolytes can all cause short circaitenetration of the separatf86] [37] These conditions
mayresultin the thermal runaway of the cellhus, the entire manufacturing process needs to be

well maintaned and continually monitoref86] [37]

2.7.2.3 Battery Management Systems

To reiterate the disussion on safety systems provided ingh&vious section, protecting the
consumer from the battery pack undergoing a potentially catastrophic failure is of the utmost
importanceAs a result, there have been vast developments in the area of battergmeantag
systems (BMS) to increase consumer safd3] [44] These systems are used to manage
rechargeable batteries, order to prevent them from operatiogtside of their safe operating
limits. Overcharging the lithiurvion battery can have very damaging effects on the cell, so a
BMS system is required for any battery pack to monitor each individualXgl[32] The BMS
will monitor the stée of thecellswith time, using the collected data as parameters to make
calculations to determine if it is outside of its threshold. If this occurs then the BMS will take
steps to control the system aatbg communicate the results to a higher leveitoaller through
CAN-bus signals[17] [43]

Depending upon the specifications, a BMS may monitor many different parameters in a battery
pack, includind15]:

Voltage: meauring total voltage, as well as theltages of individual cells
Temperaturebe it theaverage temperature, coolamput and outputemperaturs, or,
once again theemperatures of individual cells

1 Capacity: to measure the remaining capacity withnltittery, or celldp calculate state
of charge (®C) or depth of discharge (DOD)
State of health (SOH)he overall condition of the battery
Coolant flow and

Current: current in or out of the battery
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By being able to monitor these parameters, theSRin determine if a problem will arise in the

battery and apply the necessary controls to mitigate the issue.

Despite being able to analyze all of these parameters, thBatiery Management Systems still
do not possess an accurate and dependable nfethaetermining the SOJ15] In comparison

to its counterpart, the internal combustion engine, attempting to determuesrtai@ing energy

in a battery isnuchmore complex thareading the level of liquid fuel in a gas taaukd the rate

at which it is being transferred to the engifiBe most prominent problem is trying to assess the
flow in and out of coulombas the battery agem order to assess tisate of Health (SOHnd
capacity fade of the batteryl5] BMS systems do have the capacity to providermgtion on

the SOHof the batteryout, in order to remain computationally efficient they have lost accuracy

in their assessmen{g4]

2.8 Modelling Battery Degradation

As described previously, a battery will degrade over time via a variety of different pro¢@psses.
[24] Being able to understand and quantify these different processes is paramount taishetermi
the state of health of a battery over ifstime.[15] Thus, lifetime predictioomodels are

developedn order to better understatite design and operational consequences on performance
degradation of L-ion batteries[11] [46] With these mode|gredictions are madegarding
specificproperties of the battery as it ages, such as its resistance, capacity, or flosver.
degradation model developed for the aggtion can be: empirical, chemistry/physiessed, or
some combination of both. This has led to the creation to a wide variety of model[fidins.

The specific form that the model takes will, most likely, depend on the partteahnology that

is used and the set of stress factheg are being monitored for degradation analy4ig. [48]

2.8.1 Electrochemical Modelling

Electrochemical models are used to optimize theipalyaspects of batteries and characterize

power, voltage and current parametg49] The models are based on the chemical processes that

occur within the cellusing a combination of electrical and physical properfiee gal of these

types of models is to capture all key behaviours within a cell, including characterizing power,

voltage and current paramet@9]. The models utilize equations that are based on the chemical
processes that occuithin the cell using a combination of electrical and physical properties.

These equations include: F-Vaineréasd Tafel eéqua@inand s | a w
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The models are highly accurate and can describe the cell parameters in an enormousfamount
detail[50].

Although highly descriptive, the level of detail that is incorporated into these models results in
them being very complex and difficult to configure requiring significant memory and
computatiori49] [50]. In terms of time to reach a solution, the solver may take hours to solve the

nortlinear differential equations with a large number of unknown paranié&jrs

Furthermoreanother issue arises when attempting to measure the physical parameters over time
and use, as the battery usage and the battgngcauses them to chandgBg0] Thus, it is

difficult to obtain an accurate model and apply ivéhicle applicationsAs a simplifying

measure to decrease the experimental and computational costs, a single source of degradation is
assumed limiting the number of dimensions involved in the equations and, in doing so, the

general complexity[49] [50] This will help limit the calculation tim, which is very important.

In battery management systems for vehicles, Bged electrochemical models are not
desirable and are mostly only used in reseaettings. As these models are too computationally
intensive to run for a long duration simulation, it would not be advantageous to pursue modelling

the battery pack from the electrochemical schgtfg

2.8.2 Electrical-basedModelling

Electrical based models utilize equivalent circuit components to predict the terminal
characteristics of the batteries (i.e. current and voltfs@]) An equivalent circuit for a battery
represents as arelectrical cirait containing components that capture ¥eious phenomena
within the battery during operatiof26] For instancebased orFigure4, theRo represents the
internal resistance of theell while the resistecapacitor (RE components represent the
impedance from each electrodénese models can then be extended and becomecomopex

by including more electrical components with different circuit aechiire§49]
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Figure 4: Equivalent Circuit Model Example [48]

The equivalent circuparametershange with operatg conditions (i.etemperature, SOC,

current) and athe battery age$49] [50] Thus,when performing both performance aging
analyses for batteries, &#PPCtest is required to defintgow theychange under different

operating conditionand theirdegradation trend$49] [50] Predictions, through extrapolation of
the degradation trends, can then be made in regavdsi¢h battery componentsléctrolyte,

anode, cathodestc) are degradingnd the rate of degradation. Using these pieces of information
thelifespan of the battergan be predictedis extrapolation attempts to predict the future health
of the battery, the model is inherently inaccurate as it is unknown what possible degradati

events may occur.

2.8.2.1 Rint Model

The Rnt model is the simplest equivalent circuit, using a resistor to model the internal resistance
of the battery[51] The parameters this modelvary with SOCtemperatee, and the directin

of current flow(dependent on whether thetteay is darging or dischargingligure5 displays

the equivalent circuit of the /&t model.

R
ANA———
& "
Voc Vgr

Figure 5: Rint Model Equivalent Circuit [51]
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2.8.2.2 Thevenin Model

The Thevenin Model is an extension of the Rint model, wborinects a parallel RC network in
serieswith the resistor from the Rint mod¢h1] By having the additional equivalentacuit
components, thmodelis capable oflescribing the dynamic characteristics of the bat{&y.

The new equivalertircuitis displayed irFigure®.

RTH
R, — "\ NN/
| |
e 1| .
Voo —— Crn Ver
— |

Figure 6: Thevenin Model Equivalent Circuit [51]

2.8.3 Empirical Modelling

As opposed to electrochemical models, empirical models use experimental data from cells to
interpret the battery degradation over a testing period for specific operatingasidi®]. With

the fitted modelfuture behavior can be extrapolated without the consideration of
physicochemical principles that would require large computing requirements. Their simplicity
allows empirical models to be aliteperform fast computations and be able to look at much
larger aging timespang26] Unfortunately, since the models are based on fitting experimental
data for only a small subset of potential operating conditions, prediatambe very poor for
other battery condition®2]. This is a fatal flaw for empirical models attempting to predict
battery degradation emoard HEVsS, PHEVs, and BEVs, because operating conditions are
constantly in flux{49]. In addition extrapolating data, from 1 year of aging experiments, all the
way to 10 or even 15 years of operation, can be quite risky agjitmgphenomena can change
over time[49] [52].

To alleviate some of the problems from using empirical models, aesapirical approach can

be taken to describe the aging phenomena occurring within cells. In some cases, this approach
relies on combining some of the @ychemicabspects of cells witeimple neuronal network
modek (an aspect of empirical modets) create the combined modgélL]. Ecker et al. used this
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particular approach to develop a seampirical model to describe the calendar gginocess
within LiFePQ; cells.

Based on the research completed by Ecker et al., they were able to develoempeival
model for the calendar aging of lithivion batteries, utilizing the parameters of: temperature,
aging period, and potential which lielated to the SOC of the c¢ll1] The following equations
can be derived to fit the measured calendric aging data:

0 ) e o .
5 p 0 Yw 2700 Equation2.4
WhereC is the new capacity of the cell following degradatiom,@ the nominal capacity, B is

a function of temperature apdtential and F is a function of aging tim@d.1]

These functions B and F can be described by theAdwilpequations:

y

6 Yo w” &) Equation2.5

00 o Equation2.6
Where g, cr, and ¢ are fitting parametemdetermined through a regression analysiarnd \b
are a reference temperature and voltage and
collected calendar aging data for the cells is then used to fit the paramgtessdod ¢) and

develop araging equation.

2.9 Drive Cycles

A drive cycle is a series of data points of vehicle speed versus time that resembles actual driving.
[53] It is produced in order to assess the performance of vehicles, especially in regastls to fu
consumption and release of emissioltse driving cycle is performed on a chassis

dynamometer, where tailpipes emissions of the vehicle are collected and analyzed to assess the
emissions rateg.he Environmental Protection Agen(&PA) utilizes a varist of different drive

cycle series for investigating each vehidliable 5describes the characteristicssoime of the

drive cycles run by the US EP/53] [54]
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Table 5: US EPA Drive Cycle Characteristics

Drive cycle UDDS HWEFT US06
. . - " . . o High acceleration aggressiv
Description City driving conditions Highway driving conditions driving schedule
Duration (s) 1369 765 596
Distance (mile) 7.45 10.26 8.01
Average Speed (mph) 1959 48.3 48.37

Two of the drive cycles most frequently used for tesnthe Federal Test Procedure (FTP)
cycle, and the Highway Fuel Economy Test (HWFE[BB] [54] The FTP cycle represera
commuting cycleContained within the cycle are periaafsurban driving frequent stopsand a
part of highway drivingThis cycle utilizes th&rban Dynamometer Driving Schedulé¥DS)
cyclefollowed by the first 505 seconds of th@me cycle[53] Figure7 depicts the FTP cycle.

Federal Test Procedure
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Figure 7: Drive Cycle Federal Test Procedure (FTP)53]

TheHWFET is used to assess fuel economyrdvghway driving cycleThe speed of the
vehicle is less than sixty milggr hour for the entire cyclf3] [54] Figure8 depicts the

highway fuel economtestdrive cycle.
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Figure 8: Highway Fuel Economy Test Procedurg53]
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Drive cycles are also used is in vehicle simulati@fgizing a series of drive cyclean annual
schedule can be developedstmulate vehicle operation and determine information on the
diagnosics of the vehicle over a year or for even longer durationthe case of this work,
simulations will berun over the course of ten years (the consumer required lifespan of a battery

[6]) to determinenformation on the degradation of the battery.

2.10Degradation Mechanisms for Lithium lon Batteries

Li-ion batteries provide one of the best endgweight ratios, exhibit no memory effect, and
have low seHdischarge when not in usgl6] These aspects have spurred the adoptidithaim

ion batteries as the main power source for most electronic devices, and by consequence they
have also aided in spurring the development of hybricbatteéry electric vehicle§55]. In order

to make an impact on the existing vehicle market, largely composetiofal combustion

engine [CE) vehicles, these battery powered vehicles have to satigfing performance
requirements and last long enough for consumer acceptaffijtipue to these requirements,
rigorous research has been completediitermining and quantifying the processes by which the
battery will degradd9] [24] [49] Limiting these degradative processes will increase battery life

and thereby increase consumer acceptability.

Battery lifetime is theneasure of battery p@rdmance and loreyity. The value can be

guantified in several wayas run time on a full chargegtimated by a manufacturer in
milliamperehours or amperbours)or as the number of charge cycles until it degrades

irreversibly and cannot hold a useful chai§é] For vehiclegrade batteries the Esul-Life

(EOL) point has been defined as the point in the life in the battery that it has degraded to 80% of
its original SOC[12]

It was found that the performances$oof these batteries is caused by various mechanisms, and
depends on the electrode materif@$.The aging mechanisms within batteries are often difficult

to identify and quantify due to the many different and complex reectiad physical changes

that are taking place within theii®] The capacity fade and impedance increase are distinct and
vary depending on the conditions at which the battery is stored at, cycled at, and what materials

makeup the batterieqd6]
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2.10.1 Calendar Aging:

The aging mechanisms can be classified as one of two types: cycling and calendar aging.
Calendar aging ithe degradation of the battewyer timewith the battery being stored under
Open Cirait Potential (OCP) condition§3] [13] [23] With time lithium+ion cells will lose
capacity, evemhen it is not being utilized. Calendar aging losses are smallethibsa
experienced by cycling aging losses in the cell, but a personal vehicle is in park (OCP

conditions) for most of its service liff8] While parked the battery pack is undergoing calendar
aging.

The largest capacity losgthin lithium-ion cells, due to calendar aging, occurs early in the life

of the battery (when lithium concentration in battery is at its highest) and then they continue to
lose capacity at a much more gradual rate from that poifi28hThe loss of capacity can be

quite detrimental for the lifespan of the battery and its overall effectivenessn a cell there

are two sets of processes that result in capacity loss in the cell witfctilaedar aging)They

arereversibleand irreversibleapacity loss[24]

2.10.1.1Reversible Capacity Loss

Reversible capacity loss in lithiuion cellsis the result of the spontaneousnercalation of

the lithiumions from the electrolyte into the framework of tmstable ddithiated cathode, and
electrochemical process [8] [57] This phenomenoaccurs when the cell is fully charged. This
is due to the high potential ofidon batteries at a completely ¢gad state increasing the
likelihood for the lithiated graphite negative andlidaiated positive electrode to be oxidized or
reduced by the electrolyte, respectivélyl] The lithiumions that are exposed to the electrolyte
can deintercalate from the graphite electrode and be shuttled to the positive electrode (same
species at both electrodeld}4] This process is the result of a diffusilomited transfer of

lithium across the twphase interfee that increases with increasing current den&8). The

side reactions at both electrodes occur simultaneously with equal amounts of dittiaiohe

ions being exchanged between the electrodes and electrolyte at both etefddld

Identification of what species is shuttling the lithioms has been difficult to determine. Some
researchers have suggested that the reaction of acidic impurities generated at the cathode with the
SEl is an examplef a shuttle mechanisifb9] Sloop et al. proposed that the Li&alt within
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EC-containing electrolytes acts as a Lewis acid generating transesterification products, PEO
polymers and C® The CQ produced becomes reduced & #mode to form oxalate or CO. The

oxalate moves through the electrolyte to the cathode where ibisdieed back to C@ [14]

Safari and Delacourt found that the main contributor to the reversible capacity loss of the cell
(resulting in a decrease of the OCP) was mainly due to the LFP electrode. The LFP electrode is
very sensitive to small variations of lithium content at a completely charged $t4tEven

though there is only a minor uptakglithium ions from a side reaction of the cell, there is a
substantial contribution to the OCP decrease. In order for this to happen though, there must be
another side reaction at the graphite electrode to release the lithdinihus, the cell is

balanced.

In lithium-ion cells the reversible capacity loss is typically very [6@], however, lithiurion

cells are not capable of enduring overchard@tj. Thus, they g not able to bear extra battery
recharge that is typically used to balance thedisttharge losses in the cells, unless some form

of charge control is in placg0] Also, when a number of cells are connected in seriesto &

battery, recharge of each cell to the desired voltage level cannot be done unless the cells remain
perfectly matched in voltage and capacity, or unless some form of charge control is provided.
[60] The amount of selflischarge experienced by the cell under OCP conditions is directly

related to the temperature and SOC at which the cell is stored at. These two variables have a
direct influence on irreversible losses but, Safari and Delacourt found that the temperature has
less effect than the SOC on reversible losHey.

2.10.1.2Irreversible Capacity Loss

Theother set of processes ameversibleas they arehemical in naturand thdosses in
capacitycannot be reclaimed he irreversible processaéaused fronside reactions occurring
within the cell [24] [49] The predominant mode of decomposition is dugide reactions

occurring at the negativand positiveelectrods and is governed bihe electronic conductivity

of the SEI layerwith a larger extent of side reaction at the graphite negative eled®p{z4]

[49] Electrolytedecomposition decreas the wgailable lithiumconcentration in the electrolyte

that can be utilizethe cell and th extent of degradatiaa influencel by a variety of factors,

such as: purity of the active material or electrolyte, the specific surface area of the electrodes,
conductors, binders or separat¢égl]
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Research completed by M. Kassem et al. found that cells aged under stored conditions
experienced increases in impedance resulting in cutoff potentials being reached sooner for the
individual cells. In addition, the cells experienced a decline in rate capa8ijityhe main

factors affecting capacity fade and impedance increase in cells under OCP conditions is the
temperature at which they are stored a,3OC at which the cells are stored, and the length of

storage.

2.10.1.2.kEffect of Temperature

The most predominant cause of degradation under OCP is the storage temperature of the cell.
When the temperature is high, secondary reactions such as corrosion peatéersing losses of
the cyclable lithium[6] M. Kassem et al. determined through rate capability, impedance and
PITT tests that the loss of cyclable lithium is the main source of fgjintn regarch performed

by Grolleau et al., 15 Ah Lion cells aged at three different storage temperatures resulted in the
following capacity fades: cells stored af@Gexperienced less than 10% capacity loss after 450
days of storage whereas, af@5capacityfade wa20% for fully charged cell]. In

comparison, fully charged cells stored a!@0reached a 20% capacity loss within only 60 days

[8].

To counteract this manufacturers store the celevatemperature conditions to limit the
development of these phenomena but even storage at these conditions can cause other problems
for the cells due to the loss of material diffusion and the altering of the battery chg6jistry

2.10.1.2. Effect of State of Charge (SOC)

Testing of various cells at different SOCs but under the same temperature storage conditions has
led to the determination that SOC plays a major role in cell degradation. From Ohue et al. results
of cells stored at equeemperatures but for different SOCs were found to not age in the same
mannelf61]. The cells stored at elevated SOCs experienced increased battery degradation
compared to those stored at lower SQ&13. SOC represents the proportion of ions present on
either electrode, thus, for high SOC there is a significant number of |Hiolsravailable at the

graphite electrode to partake in potential side reactions with the electrolyte.
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2.10.1.2.3Vlorphology of Electrodes

In order to determine the impact of aging on the electr8dasning Electron Microscopy

(SEM) can be used to find possible changes of the electrode morphology after storage. Based on
the research done by Kassem and Deleacourt, aging leads to thesappeh roundghape

particles that vary in size depending on the temperature of st¢t8p&he particles were found

to be rich in fluorine, and that the atomic percentage of fluorine within these particles becomes
larger wth the severity of the storage conditi¢t3] In terms of aging at the positive electrode

under OCP conditions, Koltypin et §.2] found that the cells experienced decreased

performance, increas@sthe electrode resistance, as well as the Fe dissolution at elevated

temperatureq62]

Kassem and Delacourt also analyzed the graphite electrode using SEM. Storage temperature
influenced the electrode by causing a changbeglectrode color. At 6C it was found that the
dark brown colour becomes bluish, but for cells aged @ 45 less thergvereno changes in
colour.[13] The colour of the graphite electrode plays a big role in undersgtite degree of
lithiation. Graphite electrode colour depends on the lithium corftie3jt[63] Despite being fully
discharged the graphite electrodes sampled were found to still be lithiatedth&ISEM studies
found that aging leads to some roughening of the particle facets, likely related to the growth of

the SEI film (becomes fluffy as it increasg4)3]

Analysis of the SEM found that there is no change in peusize distribution, however, the
researchers did find that the atomic percentage of oxygen in aged electrodes is relatively larger
than those of the fresh electrode. Kassem and Delacourt believed that it was related to the
presence of SEI compounds, sashLpCOz or lithium alkylcarbonates, at the particle surface

that are Grich. [7]

2.10.2 Cycling Aging

The term cycling aging refers to aging mechanisms that occur within the cell while the cell is in
operation (cycled under load)he losses that occur under these conditions are typically
irreversible and are attributed to a number of procefgeshese include: (i) loss of capacity in

the formation of the Solid Electrolyte Interface (SEI) layer whadhig first formed and

continually throughout its lifespan (occurring at both electrodes), (ii) loss of active materials due
to: material dissolution, structural degradation, particle isolation, and electrode delamination, as
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well as, (iii) impedance inease from the formation of the SEI layer that passivates the active

particle surface.7]

As previously described, aging can occur at both electrodes, but many researchers have
determined that the most prominent loss of avilabpacity occurs at the anofied] Negative
electrodes of LIBs are typically composed of graphite, carbon, titanate, or silicone. Of these
materials, though, graphite is the most commonly used anode material in-itmuetteries,
thus, many degradation models are based off of grabaged celld.18] Experimental data

from the literature is difficult to analyze as each lithiion cell system has its own chemistry
and manyagingeffect are influenced by the nature of the cell components. To simplify
equations, this study will therefore focus on only the domiagimgmechanisms of graphite

anodes.

There are a variety of mechanisms which result in the degradation of the carbonadedat ma
many of them considered to be the primary components in litioarbattery degradatiofic4]
[23]These aging mechanisms can predominantly be attributed to changes of the electrode and

electolyte occurring at the interface between the 28]

2.10.2.1Aging of Negative Electrode:

Negative electrodes of LIBs are typically composed of graphite, carbon, titanate, or sifone
these materials, though, graphite is the tnsosxmonly use@node material in lithiuaon
batteries, thus, many degradation models are based gfipiitebased cell§18] Experimental
data from the literaturis difficult to analyze as each lithiuran cell sysem has its own
chemistry and manggingeffects are influenced byemature of the cell components. To
simplify equations,His studywill therefore focus omnly the dominanagingmechanisms of

graphite anodes.

There are a variety of mechanisms whiebuit in the degradation of the carbonaceous material,
many of them considered to be the primary componerithimm-ion batterydegradation. As
explained previously there are two forms of aging, cycling and calendar aging. For the electrode,
calendar aigg in the cell is primarily caused by parasitic reactions occurring at the
electrode/electrolyte interface that develops an irreversible passivation film on the surface (solid
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electrolyte interface (SEI)). Cyclic aging is the result of several degragmtioasses caused

from mechanical stress and continual SEI formation.

2.10.2.1.1Degradation of Electrode due to Solid Electrolyte Interface Formation

The formation of the solid electrolyte interface is the primary souraginfat the anode. The
reduction of corpounds in the electrolyte leads to formation of this solid élmthe negative
electrode. The interphabas the role of acting as a barrier between the electrolyte solution and
the electrode, preventing solvent decomposition and graphite exfoliatiofacitetes the
movement of lithium ions from electrolyte to electrode surface (and vice vErea).a safety

point of view, the SEI limitshe reactivity of the celby decreasing the dendritic nature of the
lithium that could potentially cause an imat short circuit. This safety feature aids in promoting

lithium ion batteriegor usein consumer applications

As the cell is cycled, thougthe SEI continues to increase. The electroate potentially become
damagedluring cycling, as it exposes theaghite to the electrolyte resultimgthe utilization of

more lithium to form an SEI layer over the exposed surfahas, there is both a lossmfclable
lithium from thecell and an increase in resistance on the electrode from the increase of thicknes
of the SE] leading to capacity fade (from the loss of lithium) and power fade (from SEI

thickness increase)

Throughout the life of the cell, the resistance of the electrode continues to rise resulting in
significant power fading. The increase in remiste is caused from thickening of the SEI and
continual chemical changes of the SEI. The growth of the SEI creates resistance to lithium ion
flow as it reduces the number of active sites available for intercalation antkomlation to

occur. Also, withthe growth of the SEI, the number of available lithium ions in the electrolyte

decreaseresulting in reduced capacity.

Formation of various SEI components is characterized by the following reg@=8jns

B
2Lit+ 2e + O% Li 2C03+ C2H4 .
Y ( Equation2.7

(CH,0CO,Li),
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Lirte+ =0 ——> CH;CO,LI+CH," Equation2.8
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R Q Vi @B®O b Qo "cg"o Equation2.9
0Q0 '@ QO T 0 Equation2.10
C
c0Q c¢cQ ¢60 O DWW 060 Equation2.11
¢ &Q 000 ) QAW U0 Equation2.12

In addition to the lithium ions and etealyte components, mechanisms at the cathode, also
occurs resulting in the dissolution of the cathode electrode metal from the[23jicEhe metals

are subsequently incorporated into the SEI.

2.10.2.1.2Anode Mechanical Failure

As intercalation, and subsequently-idéercalation, of the lithium ions occurs during the

charging and the discharging of the battery, there is the potential for the anode to fracture. This is
due to the fact that a large volume change occurs during the groekesred to as diffusien

induced stresses (DIS$23] Cycling the battery at high-€ate and high state of charge (SOC)

will induce higher mechanical strain on the graphite lattice of the anode electrode due to the

steep gadient of lithium ions.

In addition to the mechanical stresses placed on the anode caused from the intercalation process,
electrolyte reduction and gas evolution inside the graphite also causes a rapid decay of the
electrode. Gas evolution inside the ¢&ls been known to have a large influence on cell

operation, resulting in accelerated aging through degradation of active maf28ials.

2.10.2.1.Degradation from Lithium Plating

Under the right conditions, lithium can become plated ¢im¢ active material of the anode,
instead moving into the carbon intercalation sites. The graphite electrode materials are
susceptible to lithium plating and lithium dendrite growth because of the close proximity of its
reversible potential to that of 1Li. [23] This leads to loss of capacity from the loss of lithium
ions andncreaseshe potential for a short circuit to occur due to accumulation of conductive

metal in the separatowhile also changingell compressior65]
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This form of deposition can be caused by a number of factors. When fully charged, lithium ions
are unable to intercalate any further as the graphene layers are filled. If the system becomes
overcharged, further lithium degpition will result in lithium plating. In electrified vehicles,
overcharging can occur when charging current is very high, as might occur during regenerative
braking.[23] [65] Lithium plating is aso promoted when the cell is operating at low

temperatures because the normal intercalation kinetics (diffusion of lithium within the SEI and
graphite) into the graphite electrode becomes too slow and Li plating becomes the dominant
process[23] The depositing of metallic lithium can continue to grow within the cell forming
dendrites between the polymer separator and the anode. This will lead to an internal short circuit

occurring, which then can lead to thermal runway ancbatailure.[23]

2.10.2.2Aging of Positive Electrode

Selection of the cathode materials will have a significant impact on determining the performance
of lithium-ion batteries, but also their calendar and cycle lij@3.The aging mechanisms

occurring at the cathode will differ when assessing different electrode chemistries as the physical
nature of the cathode is dependent on its composition and structure. As is the case with the
negative electrode, theage a variety of mechanisms that can cause aging in the battery via the
positive electrode. Results from Bourlot et al. found that the positive electrode went through the
following degradative changes after accelerated cycle life: less active lithitne inaterial, and

some binder or conductive carbon dissolut[66] Figure9 from J. Vetter et al. is a schematic

diagram that displays the different aging phenomenon for cathode rsateria
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Figure 9: Cathode Degradative Processd48]

Several of the degradation mechanisms are similar between the two ele@sottesbatteries
tested were composed of LiFeP&ztive materialtheagingmechanisms being discussed will

focus on degradation of this type of electrode.

2.10.2.2.1Structural Factors

The cathode, much like the anode, is susceptiblertagda when the cell is operatirihe
intercalation and detercalation of lithium ions fronthe cathode material causes changes in the
molar volume. These changes result in mechanical stress and strain on the metallic oxide
particles that form the crystal lattice structure. In addition, when cell operation takes place at
elevated temperaturesdmoltages, dissolution of oxide particles into the electrolyte is
promoted, which as previously stated can become incorporated within tHe 3 K]

Loss of the metal in the cathode and itssegfuent incorporation increases cell impedance. In
addition, the loss in active material causes a reduction in the cell capacity. The most significant

of issues, though, is the phase change will cause even higher mechanical stresses on the cathode,
and ifthe stress is too great for the cathode material to handle-fmactares will begin to
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occur. In comparison to the anode, though, the aging rate of the cathode material is much lower,

depending on the chosen matef&l

As depicted inFigure9, the materials that make up the cathode are: the current collector, cathode
material, and a chemical binder. Changes at the surface of the cathode material can become
severe enough that thezan be a loss of contact between binder and material and/or current
collector and binder. The loss of contact between the binder and the current collector can be

caused from the binder degrading through decomposition.

2.10.2.2.250lid Electrolyte Interface (SEI) Formation

An SEI layercanalso buildup along theathodeformed from the decomposition of the
electrolyte.This SEI is formed from oxidation of compounds in the electr@pticontaminants
in the electrolyte that catalyze polymerization reactions. Isis ausceptible to damage from
gaseous products also produced by the contamifEdjtsGases can also cause damage to the
active materialAgain as with thenode, the formation and overall stability of the SEl is
dependentemperature, SOC, and voltage only a thin SEI film is formed, vg few lithium

ions are consumed, thus the overall effect on the battery degradation is maigraEl film
products can, alsaffect ionic motion due to pore plugging, or could contribute to resistive

electrical @ths to parts of the cathode structure.

2.10.2.3Aging due to Degradation of the Electrolyte

The electrolyte, within the cell, provides the medium by which lithium ions can be shuttled from
the anode to the cathode during discharge (andwacsa during chargingl'he most widely

used salt in the electrolyte is LiPéissolved in a mixture of several liquid organic solvents,
including: EC (ethylene carbonate), also a widely used compound, PC (propylene carbonate),
DEC (diethyl carbonate) and DMC (dimethyl carb@)d64] The basis for why LiP§Fand EC

are so widely used is because:

() LiPFe passivates and protecds (used as the current collector for the cathpde)

(i) EC has high dielectric constantgopply high ionic conductivityand

(i) Their presence favotte formation of atableSEI layer on thgraphiteanode
[64].
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In addition to these compoundéC (vinyl carbonate) or VEC (vinygthyl carbonateill

sometimesheused, as additigeto increasehelife of the battery.

Although these compounds are necessaregrisuring the proper flow of electrical charge
between the cathode and andatiey have the capacity to react, undesirably, in the cell at
relatively low voltagesThe partial reduction of many congunds within the electrolyte can
resultin theproduction of gasousand/or insoluble specieBor instance, at elevated
temperatures and high SOC, oxidation of the electrolyte comporantsccur at the positive
electrode interfaceesulting in the prodttion of CO; and ethylene gaShis is demonstrated in

the following reaction equatisnEquation2.13 andEquation2.14. [67]

006 ¢Q ¢0QO 000 W LTQ 00 00 Q Equation2.13

000 @ 0"Q "O0 O OB 0000 060 Q Equation2.14
Equation2.13 andEquation2.14 is not the only method by which carbon dioxide ban
producedn the cell. CQ can also be produced from reactionsseslifrom:the presence of
tracesof HF (with the presence of Lithium Carbonate as wblf)the thermally driven
decomposition of the SBby deterioration of the LiRfsalt oroxidation of EC These reactions
aredescribd in Equation2.15 throughEquation2.21. [67]

v .
AW OQ IWE 0 60 Q 60 Q gﬁ "Q Equation2.15
YOO 0 'QO® YlO606 0'QO Equation2.16

y .
0O 00 ¢h QBO OO0 Equation2.17
0 QDO O Q@O Equation2.18
0’0 'Y '© '0°0 'Y'O 0 0O Equation2.19
000 i & & 0oQalio N'@ @6 Q Equation2.20
06 25 adh OO Equation2.21

C

There can also be the presence of,EHs, CsHs, and GHg in the cell. Additional hydrocarbon
species, except for-84, are produced from the reduction of DMC, EMC, or EDC, and radical
reactions. Thiside reaction is also referred to as ester exchadrgereactions to produce these

gase are described iBquation2.22 throughEquation2.25, from K. Kumai et al[68]
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YOO 0Q0Q QO 0™WO YO Equation2.23
YO g"o "QO0 5 0 wQl Equation2.24
YOYZ®Y Y Equation2.25

The products of these reactions can have very damaging effects on the cells. They can cause
obstuction of the electrode and separator pores and cause the reduction of available lithium ions.
[64] With fewer lithium ions available for electrochemical reactions to take place, there is a

decrease in the capacity of the cell

The production of gaseous species in the cell will, also, increase the internal pressure of the cell
and cause it to swell outward84] Cell swelling may force electrodes apart, effectively

curtailing the transfer of iorand interrupting charging, or internal pressures can reach values

that may lead to the triggering circuntterruptdevices (CIDs)[32] [69] Triggering the CID will
permanently disable operatiofitbe cell within the module (or battery pack) and the pressure
exerted by the cell will cause damage to the battery pack enclosure. The most dangerous hazard
mode is that the swelling of the cell can result in enhanced cell leakage rates, with gaseous and

liquid species venting and seeping out, respectively, and potentially igip@&jg
2.11 Battery Testing

2.11.1 State of Charge Estimations

State of charge (SOC) is the measure of available capacity, in percent, of the battery that is
available for operation of a device. SOC is equivalent to a fuel gaugeblattery pack system in
electricdrive vehiclesThe units of SOC argiven agpercentage points (0% = empty; 100% =
full). Unfortunately, there is no way to directly measure S&d, therefore must be estimated

using other quantities.

Coulomb counting is most commonly used, in whichtdtal number otoulombs entering and
exitingthe battery over a given period are summgt&al. This then leads tdegiven

expression of:
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0 ‘0Qo Equation2.26

Wherel is thecurrent in coulombs per secondihich is then integrated over the time peripith
orderto providethe total number of coulombN,. The total nurber of coulombs can also be

expressed as a capacify,Using this relationthe SOC can be estimate@iven an initial SOC
for the battery systen§OG, and the capacity processed during the period of usiefi@edas a
percentage of the maximum battegpacity Qmax

"YO O "YU O z zp b Equation2.27

Unfortunately this expressidras an unfortunate drawbacktirat there maypossiblybe a lack
of information as to the initial SOC at a given pointime. [15] The SOC measuremeiihough,
is an effective quantitjor controlling batterypowered systemasspecially for Liion batterieslt

is also a useful measurement for dynamic power management and battery schHe@éliling.

With this expressiorfor accurate SOC measuremeiitsieeds to be taken into account tteet
releasable charge from a battery pack will always be less than the stored charge in a
charging/discharging cycle. This is duehe cycling losses that occur during charging and
discharging, as well as the calendar losses. These losses can cause accumulating errors to the
SOC estimatethus n order to accuratelguantify SOC modifications have to be made to the

method usedb acount for said losse$70]

2.11.2 C-Rate

C-rate is a measure of the current ttetbattery isbeing charged atischargeat For instance,
if a battery is chargear dischargedat 1C and it has a capacity of 1,000mAh, then tmeeat
required at this rate is 1,000 nahd the duration of time needed to carry it out is one. Hthe
capacity, ofAh rating is typically marked on the battery.

. 0
Y = Equation2.28
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2.11.3 Reversible Capacity Determination Self-Discharge Test

In order to measure the percentage-deltharge of the battery, alsdischarge test is

completed. The selfischarge test consists of cycling the battery for five consecutive cyeles at
corstant current atCnom rate (this is the nominal-€ate of the battery when first discharged).

The first initial discharge provides the amount of capacity remaining in the cell after the storage
period. Several cycles over thel00% stateof-charge rangean then be used to detect

permanent cell capacity log60]

The test procedureonsiss of a constant current discharge atrb2lown to 2 Vwith a decrease
in current until the system reaches, Iéllowed bya 1 hour restand aconstant current coresit
voltage (CCCV) chargelCnom) up to 3.65V and potential hold at 3.65V until a-offtcurrent
(IN=Chonf20), and another 30 min rest periddis continues for four more cyclés pre

condition the battery for the subsequeate capability test

2.11.4 Rate-Capability Tests

A rate-capability test cycles the cell at varyingr&esin order to generate rate capability curves
[7] As the cell agesmpedance increasessulting incutoff potentials to & reached much sooner
for thecell. Also, the rate capability of the calkeclines. [7] Thus,over time the rate-capability
curves are expected to show a change in slope as a resultofrgretdependence othe
polarization effects withinthe cell[7] Af t er per f ®i michg@arage@Selefst ,
capability test is performed, cycling the battery at variowat€s ranging from £/20 to 3Gom,

for a total of 8 charge/discharge cycles.
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3 Experimental Procedures

Experimental studies were performed on graphite/Likefes producd by A123 Systems

which are designed for pow&ype applicationgdepicted inFigure10). [71] These cells consist

of Ci LiFeP(Os cathode and graphite anode with a nominal capacity of 20 Ah and cell dimensions
of 227mm long, 160mm widend 7.25mm highyith amassof 496 g on average FP has a

theoretical capacity of 170mAhgand a redox poteiall around 3.43 V ersusLi electrode[71]

The reason LFP is used as a cathode material in industry is because it has a high thermal stability
making it a safe choice, and has a low toxicity and a low cost compared to catchlas

LiCo0O:s. [9] The salt used for the electrolyte is LE?But the solvent solution was not

determined

)
pors L BB
o g e

Figure 10: Commercial 20Ah LiFePO4/graphite prismatic battery manufactured by A123 Systes[71]

3.1 Calendar Aging Studies of LFP Cells

The cells were stored at varying conditions over their lifecycles. There are three different
temperatures which the batteries westored at35(C, 50C, and ®IC, and at two diffeznt
states of charge (SGE 0% and 100%k-or each set of experimental conditions selected for the
respective cellsat leastwo cells were storedt the same conditions in order to have
reproducibility between the resuliable 6andTable7 depict the storage conditions of each cell
tested.
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Table 6: Cells stored at constant temperature and constant state of charge (SOC)

State of Charge (SOC)

Temperature 0% SOC 100 % SOC
35°C - P37, B8
50°C P05, P06 P45, P46

P09, P11, P12, P13, P14, P19, P23, P~

60°C P26, P30, P31, P32, P35

P27, P28

Table 7: Cells that underwent a shift intemperature of state of chargeconditions

Cell Initial C onditions (Storage Period) | Modified Storage Conditions
P36 60°C/0% SOC (7 months) 35°C/100% SOC
P07, P08, P16, P1] 60°C/100% SOC (3 months) 60°C/0% SOC
P21, P22 60°C/100% SOQ3 months) 35°C/100% SOC
P33, P34 35°C/100% SOQ15 months) 50°C/100% SOC
P18, P39 35°C/100% SOC (13 nmtths) 50°C/0% SOC

In total, 32 A123 20AH cells underwent calendar aging t€sHs would be periodically

removed from their storage conditions after a period of tordetermine the effects of tlaging

on the cells. The length of storage was at icste on a monthly basis, with the cells being
removed to reach ambient temperature conditions before cycling. As time progressed, however,
the length of storage increasedattalyze the effect of longer storage times for cells stored at less

arduous condiions.

All the experiments were conducted using a MACCOR 4200 Series multichannel testery
Aging of the cells was achieved a temperatureontrolled environment;lienatic chambers
(VWR 1410, Cincinnati SuZzero micro Climate, and VWR 1305U) wersed for this purpose.
The bench seatip of the test station and agichamber is displayed Figurellthrough to
Figurel3.
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Figure 11: MACCOR 4200 Series multichannel battery tester

Figure 13: Climate Chamber
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3.1.1 Non-destructive Testing

Before performing the rate capability tests, a-dedthargdest was runrgéfer to Sectior2.11.3
Self-Discharge (SD) Test for procedure) to precondition the cells. Running this test allows for
the removal of possible outliers and establishes the degreeastible capacity logkecell

underwent while being stored.

After completing the SD test, atecapability test wasun on the celith varying C-rates

between cyclegefer to Sectior2.11.4Rate Capability (RC) Test for procedur€he test aids in
determiningthe impact of storing the battery at various conditidnsariety of analyses can be
completed by utilizing the data from the RC curves, including: determimangersible capacity

fade differential voltagecapacity curvesresistance of batteriesnd capacitypetween cycles.

Once the cell had completed the necesswgcling tests, the electrode leads were enclosed in
insulating tape to prevent shanitcuiting and placed back in the appropriate oven for further
storageThis process of aging and monitoring, with scheduled testing was completed until the
cells reached their respective EOL points, whether it be by the capacity of the cell dropping
below80% of its nominal capacity, the cell shoitcuiting, or by the cekwelling. After the

cells have degraded to their eofdlife point, they can no longer be cycled atehse being

stored under higher temperature conditions

3.1.2 PostMortem Analysis (Destructive Testing)

Opening of each pouch cell needs to be completed wodénmolled conditions in a glovebox

filled with Argon gasExposure of the lithium to the water vapour in thecam cause a highly
exothermic reaction to occur and result in damage to equipment and personnel, thus the glovebox
must be purged of all watgapour and oxygen gg86] [72] Before opening the cellbe fresh

and calendaaged cells were fully discharged undenstant currenttmstant voltage (CCCV)
conditions down to the lower cutgibtential of the cell (2.0V) at a current of 1C, which is then
followed by a potential hold at 2V with discharge occurring decreasingurrentuntil the

values reaches a@te of approximatelZ/20.

When opened, the electrodes within the cell caartadyzed using a variety of techniques to
quantify, and qualitatively analyze, the extent of degradatitmmthe aged and fresh cells.
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3.1.2.1.1 Optical Microscopy

Optical microscopy is a technique used to analyze materials at the micron angtsublevel.
[73] For this experiment the technique was used to analyze the aged electrode materials to
determine the extent of degradation #mel presence afrack formation. Thecaleof the images

is shown in the lower right corner of eaafithe images.

During postmortem analysis, samples of the degraded electrodes were taken and placed under a
microscope to determine from optical microscopy defects in the electrode from the aging effects.

These optical micrographs were taken with an M Rlikon Eclipse microscope.

3.1.2.1.2 Scanning Electron Microscope (SEM):

Scanning electron Microscopy (SEM) is an experimental tool used to view the surface of
materials of interest at the nanometer rafig$.[75] The procedure utilizes a focused electron
beam to interact with electrons at the surface of the material and delivers information about
morphology. The scanning electron microscope used for the experiments is a Zeiss Leo 1530
unit. The voltagdor the experiments was set to 10 kV. The machine was equippedrwith
energydispersive Xray (EDX) analyzeto perform atomic composition analysis of the surface
of the electrode sampld34] [75] [76]

The lateral resolution can be in the nanometer range while different detectors can be used
including the secondary electron and bachttering detectof74] Secondary electrons are
electrans from the material itself which were excited by the incident electron beam giving
different intensity depending on the tilt of the measured surface. Backscattering electrons
originate from elastic scattering of the beam electrons on the surface oftth&@haad travel
back to a detectof74] [76] They contain often more information of the material composition
since they interact with the material directly. Additionally, they can often deliveore
topographic image of the surface when they are mewgstrom the side of the samp[&6]

In general, the material needs to be conducting. Otherwise, local charging can occur creating an
electric field thus decreasinige resolution drastically. Conductive additives like carbon or gold

sputtering onto insulating materials can help to overcome this chal[@bge.
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3.1.2.1.3 Energy Dispersive Xray Spectroscopy

Energy Dispersive Xay Spectroscopy is amnalytical technique used to perform an elemental
analysis or chemical characterization of a sanj@ld. The technique relies on principle that
each element has a unique atomic structure. When stimulated using a high eaergyf b
charged particles, such as electrons, protons;rays a sample will releaserays that are
characteristic of the elements in the sample. Fheeys emitted produce a unique set of peaks on

an electromagnetic emission spectrum for each of greexits[77] [74]

The process by which these characteristiays are released from the atoms is as follows. When

at rest, an atom in the sample contains unexcited electrons that are at discptestates, also
referred to as electron shellg7] [74] The focused beam can excite an electron in an inner shell

to rise to a higher energy state (higher electron shell) creafingi@ An electron at a higher

energy state camen drop down to a lower energy statdiltah e opening create{74] In the

process of moving from a higher to a lower state, the difference in energy may be released in the
form of an xray. To measure the number and energy of theys an energdispersive

spectrometer is utilizedi77]
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4 Resultsof Calendar Aging Studies

4.1 Degradation of Cells

Batteries stored under the conditions describeskiction3.1, experienced varying degrees of
capacity fade, resulting in either fast or slow degradation to their EOL pajotel14 describes
cells that have degraded to their EOL ppihe lengtlof timein months and the conditions that

the cells were stored at.

36

0 18
S.IIR .
till Running
L ] —\
/
2

= P05, P06 (20 months)
* 35°C-100%, 50°C-0%

(1] 4] 7]  10] 8] 36 ) . P38 (36 months)
{ } ( \ l \ { ] { \ * 35°C-100%, 50°C-0%
60°C-0% 60°C-100% 60°C-0% 60°C-100% ‘ ’ [35:&100% 35°C-100% . P18 (3:]6 months)
PO9,P11, SUICI00% e [ T S "o C;4150{Il/406 (6 ths)
/P11, P27, P28, . , months
P12, P13, PO4 P16, P17 | [ P22 ] ez Ll P34 l P39 . 259C —100%
P19, P25,
:5: :3? 60°C—100% \ * P40 (4 months) /

* Cell removed before reaching its EOL to perform post-mortem analyses

Figure 14: End-of-Life points (measured in months)for testedcells

Cells stored at 6 regardless of their SOC, reached their EOL very prematurely, only being
able tosustain aging in the storagonditions for a maximum dfmonths.Cells tested at 5C
displayed a much slower rate of declineapacity and those stored at ®showed only a
marginal decreaseven despite being stored at high S@ffer 28 months of storage a cell
stored at 3% and 100% SOC was only removed in order to performmpostem analysis for

comparison with other cells.

4.2 Analyzing cells stored at 100% SOC adlifferent temperatures

The two variables that most affect degradatiomiviti-ion cellsunder OCP conditions are
temperature and SO(®] The most predominant cause of degradation under OCP is the storage
temperature of the cell. When terage temperature for the celhigh, secondary reacis
proliferate causingcceleratedbsses of the cyclable lithium (the main source of losses within

the cell).[6] Testing of various cells at different SOCs but under the same temperature storage
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conditions has, also, led te determination that SOC plays a major role in cell degradation.

[14] Cells stored at elevated SOCs experienced increased battery degradation compared to those
stored at lower SO($1]. SOC repreants the proportion of ions present on either electrode,

thus, for high SOC there is a significant number of lithioms available at the graphite

electrode to partake in potential side reactions with the electrolyte.

In addition to the irreversible caphclosses that can occur at high SOC, the degree to which
reversible capacity will occur is also affectédcomparison to the irreversible losses that can
occur within the cell, reversible losses were found by Safari and Delacourt to be more affected
by SOC than by temperaturfd4] Li-ion batteries do experience the lowest reversible capacity
losses, but that can be heavily influenced by the storage temperbaliredils are stored at the
same SOL

Cells kept at 100% SOduring storage were separated into three chambers at three different
temperatures: 3&, 50C, and 60C. Many different metrics were calculated from the captured
results to understand the extent to which the cells degraded and the various differeiatidagra
phenomena that would occur for cells stored at these conditions.

4.2.1 Capacity Fade:

Capacity losses occurring within the cells wgeekedovertheir storageFigurel5 andFigure

16 shows the charge and dischaogevesfor 4 different cellsat different storage periods at a
fully charged state (SO€qual to100%) and at temperatures (af@5(b) 60C, (c) 6CC shifted

to 35°C, and(d) 35°C shifted to 58C. The chargalischarge curves depicted in the figures in this
section were achieved by cycling the cell atea@ of Gon/20 and T = 2%C.
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Figure 15: Charge and discharge curves over aging period for cells stored at 100% SOC and’@5left), and

60°C (right)
The profiles generated for the cells stored 8C6emonstrate the severe capacity loss
occurring.After only a small period of storage the cells had reached their EOL and could no
longer be cycled safely. Storage at this sewenditioncauses theells toreach the discharge
limits much more rapidlylue to the critical decline in capacity. Cells stoB&¥C, though,do not
reveal a major decrease in capaddespite the long duration of storage, the capacity charge and

discharge voltage curves only showed a small decrease in capacity.
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Figure 16: Charge and discharge curves over aging period for cells stored at 100% SOC and6Qshifted to
35°C after three months of storage (left), and cellsstored at 100% SOC 38C, shifted to 50C after 15 months

(right)
In order to determine the impact that storage has on cell degradation certain cells were shifted
between storage temperatur€slis initially stored at the most severe condition dXBvere
shifted to 38C, and cells initially stored at 86 were shifted to the 3G storage chambeFfhe
reasorthe cells were shifted to a dhitly lower temperature than 8D, was due to the fact that it
was already known what would happen at that tenperso the goalf the tesivas to see if

the same phenomena would occur slightly lower temperature condition.

a7



The charge/discharge curves yielded results that, calislly stored at harsher temperature
conditions can have their cell life exteadby shifting them to a lower temperature condition.
The severity of the degradation occurrungder the initial storage conditiomsthin the cels,
though,leads tacontinued decline of theell capacity and the celeaching its EOL prematurely

In response to the high degradation being observed at 8edghdition, a third temperature
condition was established for testing. Cells were stored°@ & 100 SOC to see if a similar
phenomenon would be observ&iurel7 displays the charge and discharge curves of a cell

stored at these conditions for 6 months.

Voltage (V)
Voltage (V)

0 5 10 15 20
Capacity (Ah) Capacity (Ah)

Figure 17: Charge and discharge curves over aging period for cells stored at 100% SOC andG0

After 6 months of stoge at this condition the cell had reached approximately 16 Ah. The
degradation was not as severe as tiR€ &forage condition and the loss in capacity appears to

be fairly similar between storage periods.

Cells initially gored at a lower temperature tlaaethenshiftedto a higher storage temperature
(after a period of timeyill experience an increased rate of degradatibmis is to be expected,
as the cells stored at®Dand 60C experienced higher degradation rates.

4.2.1.1 Remaining Capacity
In terms ofpercent capacity lodsigure18 depict the actual calculated capacity loss for the cells

at each of the condition¥he capacity loss is given as a percentage of the remaining capacity of

48



the cell from its initiaimeasured capacity. Capacity loss is calculated from using the rate

capability test data for the dischargedte of C/20.
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Figure 18: Capacity fadesover time for different cell conditions; top left 60°C 100%SOC shifted t035°C
100% SOC, top right 60°C 100%SOC, bottom left 33C 100% SOC, and bottom right 383C 100% SOC shifted
to 50°C 100% SOC
Cells stored at higher temperature conditions experienced severe degradation, resulting in the
endof-life point for the cells to be axhed prematurely. Cells stored at®&@nd 100% SOC
experienced almost 90% loss in capacity after only four months of storage, whereas cells stored

at 38C only experienced just over 10% loss in capacity despite being stored for over two years.

Shiftingthe storage temperature conditions for the cells played an interesting role in cell

degradation. Cells initially stored at®Dand then shifted to 36 experienced decreased
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degradation rate after the shift, increasing the longevity of the batteiywas unsustairide.

Storage of the cell at the initial highmperature condition caused irreversiuel damaging
degradation within the cells that resulted in much higher rates of capacity fade throughout its life
than if the cellsvere simply storedt885°C. This makes understanding the history of storage for

a cell important when considering its capacity fade.

Finally, the cells that underwent a shift to a higher storage temperature condition experienced
higher capacity fade and tkells reach thelEOL point faster than if they had been kept at the

initial conditions.

4.2.1.2 Loss of Capacity due to Reversible and Irreversible reactions:

Under OCP conditions lithiuson batteries will experience a reduction in stafteharge due to

the transfer of cyclablithium ions from the anode to the cathpdeloss of them from side
reactions occurring within the cell. The former process is a reversible one with the lost capacity
being able to be recovered after subsequent cycling, the latter, however, is peandribat

capacity cannot be recovered from further cycling of the cell.

In order to determine the reversible and irreversible capacity loss, at each storage point, the
following protocol was put into place to establish how each should be calculatedthésdaja
from the seHdischarge test, the capacity at the end of theO¥Qlischarge for both the first and
secondestcycles were subtracted from each other to obtain the reversible capacity loss.
Irreversible capacity loss was obtained from the-capbilitytests, utilizing the ending

capacity (CGCV) atthe Grate of C/2(for the current storage point and the capacity for the
previous storage point. Subtracting the two values yields the irreversible capacitisiagsthis
protocol, the two variales can be tracked over the storage period to determine the effect of

storage conditions on the capacity losses.

50



15 20

—a— P
—.a-—Mean 80 e Mean !-f —-5-—Mean o)
--.6-—Replicate 1 TorRepleatell g o~ Replicate 1 L
--6-—Replicate 2 P P i/ 151 | -.6-—Replicate 2 y
3 10 o < 60 /i 9 -~
- o < s / = /@ -
e, A e /oL T 10 Vo
"-H:: 553‘ "-Ht 40 ""I/'! ! -n.t //'/./@1
g 5 E,-"’ o i g ,’%
o P 20 -é;’_,_@.’ 5 . 4"/_,0
@f;, “.ﬂ&, -/:'/ .
0 0&~ 0&=
0 500 1000 0 50 100 150 0 50 100 150 200
Storage Time (days) Storage Time (days) Storage Time (days)
6 20 8
i —--&-—Mean
5 g —.e-—Replicate 1 @
10 —-&-— Replicate2 6 @9 [—6-—Mean
< 4 e < Lesilgn 3? 740 —o-- Replicate 1
o o Pid TeN, o %7 3| --e--Replicate 2
g 3 & g o¢” he C 4 # 5 7
"-HE !:g o Eealn y "-HE ﬁ‘\ -‘“‘E ’l.j:@;! ‘:\G%\ /.a’
o 2t/ —re-repica o] \ e i N
» : --e-- Replicate2 10 \\\ 2 7 5 \\b,-”
1 !
j ® i
0& -20 04
0 500 1000 0 50 100 150 0 50 100 150 200
Storage Time (days) Storage Time (days) Storage Time (days)

Figure 19: Irreversible capacity loss of cells stored at 3% and 100% SOC (top left), reversible capacity loss
of cells stored at 35C and 100% SOC (bottom left), irreversible capacity loss of cells stored at D and
100% SOC (topcenter), reversible capacity loss of cells stored at 80 and 100% SOC (bottomcenter), and
irreversible capacity loss of cells store@dt 50°C and 100% SOC (top right), reversible capacity loss of cells
stored at 50C and 100% SOC (bottom right)

The graphs depicted Figure19 show the reversible and irreversible capacity losses for cells
storedat 3%C, 60°C, and 50C respectively. The cells stored at the higher temperature corglition
experienced much higher capacity losses in a much shorter period of time. This is to be expected
as increased temperatures at high SOC will promote irreversibiaddgign reactions to occat

a faster rate

The increased temperature storage condition, also, promoted the increaseveriible

capacity losses within the cell. After only one month of storage the reversible capacity losses for
cells stored at 6€ and 50C were approximately 7.5%nd 6% respectively. Comparitgcells

stored at 3%, they experienced a reversible capacity los®poly 1% (maximum reversible

capacity loss for this condition only ended up being 5.%%) cells stored at 36 and50°C the
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reversible capacity losses occurring went through increases and decreases over the storage

period, but remained positive. For cells stored &C6€hough, this was not the case.

In addition to the increase in the reversible capacity loss fipgreenced by the calln the first
month of storage, another interesting phenomenon that occurred wietheatersible capacity
lossreached a maximum peak and then started to fall. Eventually the reversible capacity
observed ended up goifrym a postive recaptureof capacityto a negativerreversible loss
Storage of theellsat this condition causezlich drastic degradation thadter three months of

storagethe cells no longer gained back capacity during the cycling tesjrbpty lost capacit

The graphs depicted Figure20 show the reversible and irreversible capacity losses for cells
stored at 6@C shifted to 38C and 35C shifted to 58C. Shifting the cells from a higher

temperature condition @ lower onaloes preventhe cell from failingimmediately after a four

month storage period (storage at@®@or three months). The rate of capacity loss decreased
significantly when the cell was shifted to°85 but the cell degradatia@aused from thetorage

at the higher temperature conditions prompkedcell to continue to degrade and reach cell

failure. The initial storage of the cells at the high temperature condition leads to increased
capacity fade, but can also promote further degradationddutitional phenomenon. One of the

two cells (seen irigure20) actually experienced the same rate of degradation as if it were still
being stored at the B0 condition.The graph depicting the reversible capaoityhese cells

shows once again the storage at the initial condition can have some dramatically different effects
on the capacity loss and is most likely dependent on the quality of manufacturing of the cell. One
of the two cells experienced heightenedersible capacity loss leading up to its failure while the
other cell experienced lower reversible capacity losses during storage. This more falls in line
with the prediction that when shifted to a lower storage condition the extent of capacity loss

shoulddecrease.

On the opposite end, the cells that underwent a shift fréd@ 8650C experienced very

predictable results. Shifting the cells to a higher temperature condition led to higher rates of
irreversible capacity loss cell failure. Also, the revdesdapacity of the cell continued to

increase with the duration of storage, until finally the cell was no longer able to recapture the lost

capacity and only experienced irreversible capacity loss and ultimately cell failure.
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Figure 20: Irreversible capacity loss of cells stored at 6@ shifted to 3%C (top left), reversible capacity loss

of cells stored at 6€C shifted to 3%C (bottom left), irreversible capacity loss of cells stored at 38 shifted to

50°C (top right), reversible capacity loss of cells stored at 3& shifted to 50C (bottom right)

4.2.2 Comparison of capacity between cycles dfattery tests
The storage of cells differentaging conditions promptkethe loss of cyclable material gnd

potentially active material los, demonstrated through the loss of capacity in the cell. Prolonged

storage at high temperatures eventually caused the cells to lose the capakitigino capacity

lost reversibly. Thus, with repeated cycling the cell would instead lose capacityliobtea

regaining it. This was demonstrated in how the reversdgbacity losses at each of the aging
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points of the cells eventually becomegative values for certain storage condition®rder to
further support this, the following section presents ithe Capacity values after certain cycles in
the SD and RC tests

In Figure21the capacities of the cells stored at@@nd 100% SOC for the first, second, fifth,
and last RC discharge are tracked over the géopariods.
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Figure 21: Loss of recapture of reversible capacity loss of cells stored at%Dand 100% SOC

After a period of four months the cells can no longer gain capacityrashergodrastic cycling
aging.At this point thecells have failed and can no longer be cycled safely. Once again, it is
demonstrated that there is a possible phenomenon occurring at high temperature conditions that
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is resulting in the cells losing their capability to retain or regain capacity antséead

undergoing drastic cycling aging after storage. This results in theeatking their EOL point

at amuchfaster rate.

Forcells stored at 3& and 100% SOUHgure22), the reversible capacity lost dogi storage is
being reclaimed even wilbnger storage timesat this temperature conditiohhe drastic

degradation that occurred at’°@0is not seen in these cells and the capacity can continue to be

recaptured with cyclingAs seen in the figure, thougthere is a decrease in the amount of

reversible capacity being gained after an extended storage pertisds most likely due to the

irreversible losses in capacity occurring affecting the amount of potential reversible capacity

losses that can occur.
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Figure 22: Gain of reversible capacitythrough cycling of cells, forcells stored at 35C and 100% SOC
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Cells stored at € and 100% SO(Figure23) were able to recover reversible capabilss

with cycling over their entire lifespan, unlike their’@0counterparts. Towards the end of

cycling, though, it can be seen that on the fayale of testing, after being stored for almost 200
days, the cell started to experience capacity lossglegcling. The aging phenomena that
occurred at 6%, may be demonstrated by this final data collection. It takes almost twice as long

for it to occur, though, and the cell has already almost reached its EOL point.
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Figure 23: Gain of reversible capacity through cycling of cells, for cells stored at 3G and 100% SOC
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Cells stored at 3& and 100% SOC and shifted to°60and 100% SOC experienced increases in
reversible capacity loss and then recapture upon cycling when shifi®QoFigure24 depicts

the capacities of the celld these conditiongyver their respective storage periods.
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Figure 24: Decrease irecapture of reversible capacity loss of cells sted at 3%C and 100% SOC shifted to
50°C and 100% SOC

Continual storage at 80, though, eventually led to the cells experiencing degradation in
accordance with cells stored a60Cycling of the cells after storage began to simply
experience capacity fadUp until the cells reached their EOL point they were able to gain back
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some initial capacity, but further cycling ended up causing further degradation and the cell was

no longer able to be cycled.

Finally analysis of the capacity for cells stored &and 100% SOC shifted to ®5and 100%
SOC Figure25) found that the cells were able to regain some capacity lost over their storage

periods, but the initial storage of the cell at®&bad a lasting impact ongleell life.
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Figure 25: Loss of recapture of reversible capacity loss of cells stored at®Dand 100% SOC shifted to 35C
and 100% SOC
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As it can be seen iRigure25, evenafter the cel have changed storage conditions (occurring at
approximately 90 days) the capacity within the cells continues to decline with cycling. The
degradation that has occurred within the cell has affected its continual perforaraheéthough
storing it at aéss severe temperature condition can prolong itghigecell ultimately fails.

4.2.3 Incremental Voltage Analysis,Differential Voltage Capacity Curves:

In addition to analysis of capacity fade, incremental voltage analyses of cells during aging can be
complaed, which involvegomputing the differential voltage capacity (dV/dQ) for the cells at

each of their aging point¥arious pieces of information regarding the degradation of the cell

can be derived over the aging period. Based on previous studies @erfonthe aging of

lithium-ion batteries, the plots of ddQ versus Capacity will be able to yid¢lte degree to

which the cell undergoes loss of cyclable lithium and whether or not there is the presence of

active material loss occurring within the cell.

In each of the figureshetotal cell capacity is divided into 3 regie (denoted a®gions A, B,

and Q with the corresponding capacities in each region being calculated by measuring the
distance in betweedistinctpeaksin the dV/dQ versus Capacity e For a fresh cell the

notation is given as 6, Qos, and Qc. Using the initial capacity in each of the regions,
comparisons can be made between the capacities for these regions at all aging points over the

storage life of the cell.

For the cells storedt the condition ifFigure26 there was very little change in sections B and C
of the dV/dQ versus capacity curvea @d undergo minor decreases with aging time, which
denotes a loss of cyclable lithium conternihm the cell, however, since there was no visible
decrease in the value ok@r Qc over the aging time it can be concluded that there was not a
large degree of loss of active material at the negative electrode. As this is the lowest storage
temperatureondition the rate of degradation is much less than that of the cells stored at higher

temperatures. Thus, it is understandable that only cyclable lithium loss occurred.
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Figure 26: Discharge dV/dQ curve at a rate of C/20 for ciés stored at 33C and 100% SOC

For the cells stored at the conditionFigure27 the capacity in sections A and B, of the dv/dQ
versus capacity curve, displayed drastic decline. The severe storage conditied iasabth the
drastic loss of cyclable lithium content within the cell (seen by the decreag¢ ama large

degree of loss of active material at the negative electrode (seen by the decredsB&aspns

for the loss of active material can stermfrpossible dissolution of the active material into the
electrolyte[9], or that the SEI layer had become so thick that the active material became
electrochemically inactive at the carbon negative electf8fiéfter three months of storage at

these conditions, the number of visible peaks dropped demonstrating that there were now fewer

phase transitions in the cell.

60



o
na
—

dv/dQ (V/Ah|)
o

Fresh

— | TR0 th

2 months

—— 3 months

! Dﬂ 4 months
D i i
0 5 10 15 20
Capacity (Ah)
< 100677 T -- ' -
Dg'ﬂ: 50 | L o .
"--.q: ~—
C 0 ' B o
® 100 =TT T -4 ' | :
% 50! R -
"--.m fe
c 0 ' : &
E? 1006 T T I T T o@ I Im g T T T T . e sy - .
c:c’u 50 L 1
o
g o0 ' :
0 50 100 150
Time (days)

Figure 27: Discharge dV/dQ curve at a rate of C/20 for ells stored at 60C and 100% SOC

As this is the highest storage temperature condition the rate of degradation is increased and the
presence of large concentrations of lithium intercalated into the anode increases the rate at which

degradative side reactisican occurThus, it is not surprising to see the degree of degradation

that had occurred.

Figure28 depicts the differential voltage capacity curves for the cells stored@tas@ 100%
SOC.After the 6 monthsfostorage the intercalation phase transitions were still maintained in the
cell. There was a decrease in &d ¢ over the life of the cell depicting both a loss in cyclable
lithium, as well as active material loss occurring at the an®tle.losses in Qaremuch greater

than the losses ingQwhich means that the primary aging phenomena in the cell are losses of

61




cyclable lithium. As there is only a slight decrease gro@er time active material loss is not a

major degradation mode at this temperatanmeddion for this length of storage time.
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Figure 28 Discharge dV/dQ curve at a rate of C/20 for cells stored at 3G and 100% SOC

The active material loss was not as drastic as the losses observed by cells sté&dat &0

can be postulated that this is the most likely reason for the loss in reversible capacity in these
cells. The extreme active material losses occurring at the anode are causing the cells to be unable
to regain capacity, and if the cells depictedrigure28 had continued to be stored afGGhey,

possibly, may have demonstrated the same losses.
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For the cells stored at the conditionFigure29 the capacity in sections &nd B, of the dV/dQ

versus capacity curve, displayed a similar decline to that of the grapligine27. The severe
storage condition resulted in both the drastic loss of cyclable lithium content within t(eeeall

by the decrease inApand loss of active material at the negative electrode (seen by the decrease
in Q). The storage of the cell at the highest storage temperature condition caused the initial
decrease in Qand @, but after the cell had shiftexdnditions to the lowest storage temperature

the rate of degradation levelled off.
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Figure 29: Discharge dV/dQ curve at a rate of C/20 for cells stored at G and 100% SOC for threemonths
and then shifted to 35C and 100% SOC
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For the cells stored at the conditionRigure30there was very little change in the capacity of
sections B and C over the time the cell was stored’@ 8bd 100% SOC. Once the cell storage
condition was changed 50°C, though, @ displayed a small decrease in size, demonstrating the
loss of active material at higher temperatures.
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Figure 30: Discharge dV/dQ curve at a rate of C/20 for cells stored at 36 and 100% SOCfor after 15
months of storage and thershifted to50°C and 100% SOC

Qa once again displayed minor changes in value at th@ 8§ing condition, but when shifted to
the 50C storage condition there was a significant drop in the value of Rus, the shift to
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higher tempeature conditions prompted a much greater degradation of the cell, resulting in
larger losses of cyclablghium. In addition, after 24 months of storage, the number of visible
peaks decreased and there were now fewer phaseaitnassiccurring within theell. This is

indicative of active material loss occurring within the cell.
4.3 Analyzing cells stored at 0% SOC at different temperatures

4.3.1 Capacity Fade:

As with the cells stored at 100% SOC, capacity losses occurring within thetoedid at fully
dischar@d conditions (0% SOGjyere tracked oveheir storage period&igure31 shows the

charge and dischargegfiles of 4 different cellstored at 68 and (a) a fully discharged state
(SOGiom0%), and (b) a fully carged state (SQfm 100%)and then shifted to alfy discharged

state after thremonths. The charge/discharge curves depicted in the figures in this section were

achieved by cycling the cell at ar@te of Gon/20 and T = 2%C.
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Figure 31 Charge and discharge curves over aging period for cells stored at 0% SOC and°60(left), and
cells stored at 100% SOC 6%, shifted to 0% SOC and 60C after 3 months (right)
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As seen with the cells stored180% SOC and 6C, there is acelerated capacity loss occurring
within cells stored @% SOC and 61C. Although this loss is not as prominent as depicted in the
fully charged cells, aftewnly a small period of storage the cells had reached their EOL and could
no longer be cycled safelThis severe degradation was not seen, though, in the cells initially
stored at fully charged state and then shifted to being stored at a fully discharged state.
Although there is a visible decline in the capacity it is not as drastic with the cejlddge to

sustain storage at 8D for 14 months.

4.3.1.1 Percentage Capacity Loss
In terms of percent capacity loss the following graphs depict the actual calculated capacity loss

for the cells at each of the conditions. Capacity loss is calculated from ushagetivapability
test data for the discharger@te of C/20.

Capacity Fade (%)

0 50 100 150 200
Time (days)

Figure 32: Percent remaining capacityof cells stored at 6@C and 0% SOC

Figure32 depicts the percent remaining capacity elfsstored at 61C and 0% SOCAfter
approximately seven months of storage, cells stored at discharged conditions experienced a
capacity fade of approximately 20%. It should be noted, though, that only two cells stored at
these conditions were able to ceahe seven month storage point. A majority of the cells were
unable to withstand the conditions for four montirseven one montim some cases.hls is

why there is digh standard error at the four month period.
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Other cells, which experienced a simiftheir storage conditions, were able to survive in these

conditions fomuch longer period$:igure33 andFigure34 depict remaining capacity curves

for cells that expéenced a change in storage conditions
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Figure 33 Percent remaining capacity of cells stored at 6C and 100% SOC for three months, shifted to
60°C and 0% SOC
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Figure 34: Percent remaining capacity of clls stored at 60C and 0% SOC for seven months, shifted to 3&
and 100% SOC

Cells inFigure33were initially stored at 6C and fully charged conditionéfter three months
theywere shifted to fully dischargedanrditions This shift halted the high rate of degradation
that was taking place and in the cell at fully charged conditions. The rate of decline in capacity

decreased significantly and the cell did not reach its EOL pointauntiich later storage time

point.
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Cells inFigure34 were initially stored at 6C and 0% SOC. After seven months they were
shifted to 38C and 100% SOC. Based on the figure, despite the rate of degradatioslbeied)
the cell continued toefyrade quite drastically throughout its storage period. Comparing to the
figures generated for cell stored only at@G%nd 100% SOC, the rate of decline in the cells is
much more gradual. Initially storing the cells at@®0though, caused severe degremtato the

cell that persisted throughout its storage life.

Thus, it can be seen thabsng the ceb at 60°C, whethethey be fullycharged or discharged,

results in the acceleratioof aging within the cells. Shifting the cells to a lower temperature
condition will prolong the cellfudhserintreaséee, but ul
degradation. This makes understanding the history of thé&opbsation and storage very

important for the study of battery degradation.

In order to better undeend the proliferation of this particular aging phenomenon, testing was
completed at a third storage condition for fully discharged cells. The temperature of this chamber
was set to 5. Since, this aging phenomena is so pronounced at tesbrage catition the

goal was to see if the same aging would take place atea kiorage temperaturgigure35

displays the remaining capacior cell stored at 51C and 0% SOC.
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Figure 35: Remaining capacity of cells stored 58C and 0% SOC
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At the time of writing this, ells in Figure35 have been stored for approximately 16 moiatid

have only lost approximately 10% of their capacity. Since they haweached their EOL

points they are still being stored undefG@emperature conditions.

Despite the cells being stored for more than twice the amount of time than the cells stored at

60°C, the aging phenomenaeen in cells stored at @was not obserd Initially, the cells

showed an increase in capacity until the fourth month of storage. Fronthbexls

experienceé steadyslow loss in capacitgver storage timeand not a sharp decline

4.3.2 Incremental Voltage Analysis, Differential Voltage Capaity Curves:

The incremental capdyg curve, depicted ifrigure36 presented a picture of the degradation that
had occurred within the cell over its storagé®C and 0% SOC
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Figure 36: Discharge dVv/dQ curve at a rate of C/20 for cells stored at 68 and 0% SOC
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Based on the figure, it can be noted that there was very little change in section C of the dv/dQ
versus capacity curve.AQinderwent a drastic decrease with aging time, denotseyere loss of

the cyclable lithium content within the cellzgQalso, experienced a declirepresenting a small

loss of active material at the negative electréddethere were still two peaks present, though, at
the end of the testing for the cells tember of phase transitions for lithium intercalating into

the graphite did not change.

The storage at 8C promotes the loss of active material within the cell at both charged and
discharged conditions, and is most likely the reason for why theseezlsaching their
respective EOLs prematurely. Cells stored &C58nd 0% SOC did not demonstrate this active
material loss.Figure37 displaysthe differential voltage capacity curvesthe degradation that
had occurred within the cell over its storage atG@and 0% SOC.
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Figure 37: Discharge dV/dQ curve at a rate of C/20 for cells stored at 3G and 0% SOC

Despite being at only a slightly lower temperature condition, the resultstehbthere is not a

visible active material loss present in the cell. The cells stored at these conditions only

experienced a loss of cyclable lithiyseen by the decrease iR)Q

Incremental capacity curves were also generated for the cells that undarsveft in storage

conditions.Figure38 andFigure39 depict the results of the analysis of these cells.
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Figure 38: Discharge dV/dQ curve ata rate of C/20 for cells stored at 6% and 100% SOC for three months,
then shifted to 60C and 0% SOC

Storage of the cell at fully charged conditions resulted in a swift decli@g. dfter the change

in conditions to fully discharged, the downward swpf Qu declined. Thus, the degree at which

the loss otyclablelithium was occurring in the cell became decreased. This is in accordance

with literature as cells stored at low states of charge do not incur as high capacitj@lades.

After the initial decline in the value @Js (from storage at fully charged conditions and high
temperatures) the value o&(0QBo remained relatively constant until the cell finadgached its
EOL. The shift to a discharged state limited theeptal for severéoss of active material at the
negative electrode.
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Figure 39: Discharge dV/dQ curve at a rate of C/20 for cells stored at 8C and 0% SOC for seven months,
then shifted to 35C and 100% SOC

Once again, the prianylosses of capacity within the cell asaused by the loss of cyclable
lithium, as noted by the decrease in @fter the change in conditions (to fully charged and
35°C) the downward slope of {Zlecreasednd the degree at which the loss of cyclalleum
was occurring increasei.he st orage of the cell at the
swift decline. he graph of @/Qao (from seven months onward) igure39 does not resemble
the graph of @/Qao in Figure26, in which the cell was only stored at°85and 100% SOC.
Despite being in a discharged state, storage at high tempeizdramatic consequences on
LiFePQ cells even if they are shifted tdawver temperature condition. The shift can delay the

cell from reaching its EOL, but ultimately the cell will fail.

73

nit



The value of @ remained relatively constant until the cell finally reached its EOL. The shift to a
lower temperature condition had a pogteffect on the cell in terms of limiting the extent of
degradatiopfrom loss of active material at the negative electr@ige to the celinitially being
stored at high temperature conditiotigugh,continualstorage, foccalendar agingestingof the

cell, resulted in a steady loss in capacity

4.4 PostMortem Analysis
As described in the previous section, cells that have reached their EOL point are removed from
storage and prepped for pasbrtem analysis. The commercial cells are opened inside of an

argontfilled glovebox and the aged electrode matemaéssampled tandergo various analyses

4.4.1 Qualitative Analysis of Electrode Material
Images of the poghortem removabf theelectrodes from their respectigells can be found in

Appendix B:lmages of posiortem analysis of LiFeP ells

The first cell to undergo poeshortem analysis was a cell that had been stored under 100% SOC
and 60C temperature conditions. Once the outer metal casithden removed to expose the
folded electrode sheets beneath, it was discovered that the liquid electrolyte had completely
evaporated and substance hddrmedonto the graphite electrode and the separator. The loss of
the wetting capability of the electrolyte and the severe mechanicahddion of the entire cell,

as a result of gas formation, causeddleetrode materials teecome very brittle and
subsequentlgelaminate from the current collectors of both the anode and cathode. This made
the possibility ofperforming various analyseonthe electrode material to be increasingly

difficult.

Similar substances that had adhered onto the graphite electrode in the cell stot€dat60
100% SOC, were seen on the graphite electrodes of the cell storé@ angl00% SOCbut not
as prevaintly over the whole area of the electrot@liee cell also showesimallbuild-ups of

material on the LFP electroaéhich wasnot seen in the previous cell.

Finally, the cell stored at 86 and 100% SOC was opened. Both electrodes did not show any
signs of liild-up of material on thenT.here was not a visible difference between these

electrodes and the fresh unaged ones.
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Additional analyses were then conducted on all of the cells to determine more pertinent
information, such as: imaging the electrodes at hglnification (optical microscopy and
scanning electron microscopy (SEMghdcomposition of species on the surface of the electrode
(EDX analysis and ICP)

4.4.2 Scanning Electron Microscopy (SEM)

4.4.2.1 SEM Resultsfor Graphite Electrodes
Figure40throughFigure45 compares SEM micrographs of samples of fraslagedgraphite
el ectrodes with the electrodes from cells aft

fully charged conditonand 60 UC and fully discharged cond

Width =11.43 ym 9 Apr2013  Time :16:40:47
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Figure 40: SEM micrographs of unaged graphite electode at 1Kx mag.(left) and 10Kx mag.(right)

The SEM micrographs iRigure40 depict samples of fresh graphite electrodes. As the battery
has not been cycled as of yet, there is no SEI layer-bpiloresent on theurface of the graphite

grains. Grain features are clearly defined in the micrographs

Figure41 depics the SEM micrographs of graphite electrodes stored“@ 68d 0% SOC.

Based on the image$e buildup of material on the electrods clearly its own layer adhered

onto the graphite electrode. The material has not embedded itself into the bulk graphite material
and is not evenly dispersed over the entire sampladdition to the buitup of foreign material

on the electrode, the surface of the bulk graphite matriagh magnifications (10000000x)

shows the SEI filniorming unevenly over the graphite graiBackscattering images Figure

42 show that the padies within the SEI appear to be conductive materidie particles appear

brighter than the surrounding materials using this analysis technique
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Figure 41: SEM micrographs of aged graphite electrode (6 and 0% SOC) at50x magnification (top left),
1000x magnification (top right), 5000x magnification (bottom left), and 10,000x magnification (bottom right)
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Figure 42. Back-scattering SEM micrographs of aged graphite electrode (6 and 0% SOC) at 3000x

magnification (left), and 5000x magnification (right)

Figure43 depicts the SEM micrographs of graphite electrodes stored@ta@ 100% SOC.
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Figure 43 SEM micrographs of aged graphite electrode (6 and 100% SOC) at 50x magnification (top
left), 200x magnification (top right), 2Kx mag. (bottom left), and 5Kx mag.(bottom right)

The SEM images showed a similar builg of foreign material on the graphite as to toaid
on the graphite samples aged at discharged conditions. Once again, it can be seen that the
material is its own distinct layer adhered onto the graphite electrode. Looking at the graphite
grains at high magnifications, it appears that the SEI filmriming more evenly over the grains,
in comparison to the previous graphite images. The edges of the grains, also, appear to be much
smoother in comparison to unaged graphite, possibly owing to the formation of the SEI layer.
The reason for this more eve&ISlevelopment could be due to this SEI layer being much
thicker than the SEI layer developed in the other cell. If this is the case the SEI layer could be
more Q rich incorporating LiCOs and alkylcarbonates into the layEk3]

The SEM images also appear to show very small particles that are ingrained into the layer. The
electrode samples at the other conditions do not show the proliferation of these tiny particles.
Analyzing these particles under a back scattering diffradéins, the particles within the SEI

appear to be conductive materidtgure44).
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Figure 44: Back-scattering SEM micrographs of aged graphite electrode (6C and 100% SOC) at 1008
magnification (left), and 5000x magnification (right)
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Figure 45: SEM micrographs of aged graphite electrode (3% and 100% SOC) at 200x magnification (top
left), 1000x magnification (top right), 2000x mag(bottom left), and 5000x mag(bottom right)

Comparing the unaged graphite and graphite age&d &d 100% SOCgure40andFigure

45), there are only small differences between thedmmaples in terms of the shape of the

graphite. On the surface the graphite grains appear to be very similar in shape, but at the edges
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the graphite appears to have become smoother during the aging period. The unaged graphite
grains have very rough edg@sdomparison. The passivating SEI layer that forms on the
graphite is the most likely reason for this difference as it isaemauctive and does not provide
the same image quality if it were not present.

4.4.2.2 SEM Results for LFP Electrodes

Figure46 throughFigure49 compares SEM micrographs of samples of fresh unaged LiFePO

with the electrodes from cells after aging in storage chambers at the same conditions as the
graphite etctrodesThe active material particles are the oblong shaped objects, and the degree to
which the particles are conductive can be determined by the overall brightness in the image.

Lighter particles contain more conductive species, such as Iron. Thesialageshow carbon

black fibers that are contained within the electrode to increase its condu¢ti8]t\.FP has a

|l ow conductivity and requires the addition of
in its abilityto transfer electron$78] The fibers appear as long filaments in the SEM

micrographs.

Figure 46: SEM micrographs of unagedLFP electrode at 20,000x magnification (left) and 5000x

magnification (right)
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Figure 47: SEM micrographs of aged LFP electrode (6% and 0% SOC) at 5000x magnification (top left),
10,000x magnification (top right), 14,050x magnification (bottom left), and 10,000x magnification (bottom
right)
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Figure 48 SEM micrographs of aged LFP (60C and 100% SOC) at 200x magnification (top left), 5000x
magnification (top right), 20000x magnification (bottom left), and 10000x magnification (bottom right)
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