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Abstract

Thermal runaway has been identified as the prevalent failure mddaiwi-ion
batteries which is in most cases, is instigated by applications outside the
manufacturer specification$he intricate exothermic reactions by reactive battery
componentsduring thermal runawayre usually accompanied by the release of
toxic and flammable gases, which in turn are susceptilfiestandexplosion upon

exposure tagnition source

Due to itsextensiveavailability and direct association with our daily liferecise
appraisal of th risk involved is imperativeThe proliferation of the applications
into high-voltage large capacity emergingareassuch as electrified vehicles and
stationary energy storage necessitates the understandinglefzinel behaviour at
large scale.

The studyis aimedat developng a numericalmodelto predictthermal runaway
hazard ina largecapacitybatterymodule The batterychosen for this study ia
cylindrical lithiumrion with lithium cobalt oxidecathode and graphite anodéhe
model was developedbased onthermal kinetic information of the pertinent
exothermic reactions as compiled from literatuigattery thermal runaway
behavioursunder thermally abusive situations and impaduced shoktircuit
were predicted The simulation results indicatbat thermal runaway temperature
for a full-charged battery falls within the range of 1%2i 175°C. The induction
time and severityof thermal runawaylependon the ambient temperature atfte
rate of heating procesAs the exothermic reactions involvade heatctivatedthe
temperature of the environment needs to be sufficiently high considerable
amount of exposure peridd overcome the activation enerddrolonged exposure
to 19 °C and below will notresultin thermal runawaylmpactinduced &ort
circuit, on the other hand, inflicts an immediate failure which in turn results in surge

of the battery temperature.

Thethermalkinetic model was further expanded to include heat transfer modelling
to simulate the propagation of thermal runaway imaterymodulecomprised of

nineidentical batteriesTwo cases were developed where the effetthe location
[



of failure initiation on thermal runaway propagatioereiexamined In both cases,

thermal runaway propagation was not observed.

Experimentalprogramme s conducted to support and subsequently validate the
numericalmodel. The batteries were tested under both adiabatic anddiabatic
conditions using Accelerating Rate Calorimeter and oven respectiVélg.
experimental results indicate thiermal runaway temperature for a falarged
battery falls within the range of 36C i 183°C. The experimental results indicate
that thethermalkinetic model was able to predict thermal runaway temperature as
reflected by the agreeable value betwebath numerical modelling and
experimental work, validating the model as a reliable tool for simulation of thermal

runaway.

In addition it was discovereffom the experimental testbat he effect ofbattery
electrical capacityon battery thermal runawaig profound Battery with higher
electricalcapacitydemonstrated a higher tendency to experience thermal runaway
with shorter induction time and resulted witha more energeticresponse, as
indicated byhighermaximum temperatunese The effecs of increasingthe battery

mass and total capacion thermal runaway featuresvefurther investigatedTwo
batteries packed together were more inclined to suffer thermal runaway, as reflected
by the shorterinduction time. Thepresence of parallel electrical connection that

doubled the total capacity further accelerated thermal runaway in the two batteries.

Destructive impact testgereconducted to simulate the loss of mechanical integrity

of the battery structure that mighésult in internal shottircuit. The impact
resulted in immediate energetic thermal runaway and led to a sustaineésfire.
measuredy thermal camera, the impact caused the ejected battery content to reach
845 °C due to the massive shaitcuit. Despiteexhibiting a violent response, the
heat transfer proces$s the surrounding batteries was not sufficient to cause thermal

runaway propagation in a battery module.
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Chapter 1: Introduction

1.1 Background

1.1.1 History of Battery Development

It has been postulated that batteriesrevinvented around 200 B.C. Nowadays,
batteries are widely available and play an important role in our dailses The
use of portable electronic devices and equipment in various areas stica as
military, medcine education, entertainment, aviation ahd automotiveindustry

is madepossible by the presence of batteries.

In nineteenth and early twentieth centuyrieariousgalvanic pairswvere proposed,
with nickel cadmium(NiCd), nickel metal hydride (NiMHandleadacid beingthe
most popular rechargeable batteridéowadays, ithium-ion battey (LIB) is
substituting convetonal batteries in the marketheir superior electrical energy
content long life cycle and lowselfdischarge propertieare highly desirable,
which render them agprospective candidatefor largescale and higitapacity

applicatiors such aslectric vehicles and grid energy storage

Many battery development projects aim at providing longer runtime for electronic
devices and extending driving range for electric drive vehicles (EDV), which can
be achieved by enhancing the energy con{®dughty and Roth2012. The
demand for compact and lightweight yet powefbakterieshas driven the rapid
development oLIB. It is reportedhat theenhancement afpecific energy inLIB is
occurringat approximately28% every year. It is projected that futurd8 will have
30%- 50% higher energy within the next few yefd®ughty and Pesaran, 2012

The rising interestin renewable and sustainable energy resouinege the
application of electrochemical energy storage into lsg@e and higltapacity
energy storage sectofdany countries around the world aneesting in alternative
renewable energy resources, particularly wind and solar power energy plants, which

are the most established technologies in this {i@tosati and Garche, 20MYang

1
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et al., 2012 These renewdb resources are however, intermittent in nature and
continual disruption in supply is expected. Therefore, measures to secure the quality
and availability of the power supply is necessary, witah beachieved by using
batteries(Vetter and Rohr, 2034 The utilisation of sustainable and renewable
energy resources requires gnod energy storingsystem with the ability of
discharging the energy upon demaniiccording to the Renewable Energy
Association,as of 2015,19 out of 32 of the installed energy storage plants in the
United Kingdomusebatteresfor energy storage purpes wherel2 of the projects

are based on lithiuson battery technology. Theapacity of thebatterybased
plantsrangedrom 5 kW to 50 MW (R.E.A., 2015.

Sustainability issues such as insecurity of fossil fuel supply and emission of
greenhouse gases expand the application of battetieth&automotive sectofhe
transportation sector has been reported to bentia contributor to carbon dioxide
emission, which is produced from the combustion process of fossil fuele in
internal combustion engine (ICE) of vehicléghe problem can be alleviated by
introducing zero or controlledmission vehicles, and shiffrom conventional
vehicles to hybrid and electric vehicles. This course of action will directly reduce
the dependence on fossil fuels and consequently diminish the emission of
greenhouse gases and criteria pollutaBandhauer et al., 20L1The vigorous
development of electric drive vehicles relies on the advancemkriattery
technology, which is the energy carrier in electrified vehi¢®ego, 200}

The projection made by Bloomberg for battery demand xt fesv years is shown

in Figure 1.1. The demarfcbm consumer electronics and stationary energy storage
is expected to increase gradually. The demfamch the automotive sector, on the
other hand, exhibits an exponential behaviour and witivim years, tie highest

demand will come from thisector due to the electrification of passenger vehicles.
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Global Battery Demand

(GWh)

160

140 +

120 +

100 +

80 +

60 + A

40 +

A Consumer electronics
® Electrified vehicles
4 Stationary energy storage

Introduction

20 +

*

*

P *

2018

Year

2019 2020 2021 2022 2023 2024

Figure 1.1:Forecasbf globalbatterydemand in three main sectofglapted from
Randall (201Y.

The cost ofLIB used to be very high, whictvas close to $1000 per kWh as
reported byVayrynen and Salminen (2012Market analysis by Bloombenrigew
Energy Finance (BNEF) reported a 35 percent plunddBnprices in 2015 anda

22 percent drop in 2016. According to their projection, the price will decrease
another 15 to 20 percent in 20Handall, 2017Randall, 201§ The forecast ofhe

price range folLIB within next few years, as made by Bloomhasgpresented in
Figurel.2.
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Lithium-ion battery cell price outlook ($/kWh)
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Figurel.2 Forecast of the lithiuAon battery pric€Randall, 201Y.

The decrease in tHdB price will in turn reduce the price of electric vehicles. The
team projected that the price of electric vehicles will be as compe#isiviheir
conventional internatombustionvehicle counterpag by 2022 Currently, the
battery constitutes the largesist in electric vehiclesthe drop in battery cost will
make the price of electric cars more affordabtel consequently boost market

demand.

1.1.2 Fire and Explosion Incidents Associated with Batteries
For the purposes of accident prevention anitigation of catastrophic failure

batteries are equipped with safety mechanisms at three different stages: cell
hardware, system hardware and system softwargbona and Snee, 2011
Satisfactory abuse tolerarsasan be achieved ldisposinga substantial amount and

typically excessive safety devic@eim et al., 2007.

Despite the multlayer safety mechanisms, in addition to the improved inherent
safety characteristic of batteries, undesirable incidents are still inevitable. Some of
the cases involve profodly reliable aviation field(Freed, 2014 Wald, 2014
BBCnews, 2018 This situation raises the concern about thetgadf this widely
available electrochemical energy storage system. In some events, gas was vented
(Freed, 201¥and dense smoke was obser(dtld, 2014.
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Fire and explosionnicidents in relation to batteriedespite being infrequenbave
beenreportedby the media. The recurrence afishaps tarnishes the reputation of
battery manufacturers and tairdsnsumerconfidence, whiclpotentially leads to
market loss and product withdrawal. Tablel presents some of the fire and
explosion incidents associated with ttedes that hit automotive, recycling,

consumer electronics and aviation sectors.

Table 1.1List of fire and explosionncidents associated with batteries

Date / Description Reference
Location

January 2014 Gas was vented amdleased from a battery Freed (201%

Tokyo, Japan °"@ Boeing 787 plane parked in Tokyo.

July 2011 Freight aircraft of Asiana Airlines crashed Brett (2012
into the sea due to the igniting lithium

Incheon, , . .
batteries, killing two pilots.

South Korea

3 September Freight aircraft othe United Parcel Service Lowy (2010
2010 crashed near Duabkilling two pilots due to
fire on-board. The large quantity of lithium

Dubai, United :

Arab batteries in the cargo was the source of the Garthwaite (2011
Emirates fire.

7 January Heavy smoke and fire were found coming Wald (2014
2013 from the front auxiliary power unitaitery

Boston case im Boeing 787Two distinct flames

with an approximate length of three inches BBCnews (2013
were observed and loud hissing sound was
heard. Attempt to extinguish the flaggsing
dry chemical fire extinguishavasdeemed
unsuccessful

United States

Lowy and Freed
(2013
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23 March
2014

New Holland,
United States

21 June 2006

Japan

Introduction

Consumer Electronics

A battery in a laptop exploded and caused i LancasterOnline
fire in an apartment in New Holland. The lo: (20149
wasestimated to be $55,000.

A Dell laptopcaughton fire andcaused
multiple explosiongor more than five
minutes at a Japanese conference.

Hales (200%

Recycling

July 2007

Preston,
United
Kingdom

November
2009

Trail, British
Columbia

February
2007

Thorold,
Canada

14 August
2002

Clarence,
New York,

United States

A fire broke out at a waste treatment plant ¢ HSE (2009
Red Scar Industrial Estatehich was caused
by ignition of lithium batteries.

A disastrous fire occurred at a lithium battel TMTV BCTV
recycling facilityin Trail. The fire wa too (2009
volatile and could not be extinguished usinc
water.Blasts like fireworks were heard and
projectile shooting from the bunker was
observedA poisonous sulphur dioxide gas
plume was released to the atmosphere.

CBCnews (200p

Explosions and uncontrollable fire damage« Robbins (200y
hazardous waste processing facility in

Thorold It was suggested th#tis disastrous

incident was caused hwater ingress intthe

storedlithium batteies.

Shorts between used lithium batteries caus Robbins (200y
a disastrous fire, burning a total of 68 tonne

of waste. Twethirds of themwere primary

lithium batteries.
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1 October Direct impact of large metallic object into or Abada et al.
2013 of the modules im 16-module battery pack (2016

Kent, caused fire ira Tesla Model S

Washington,

United States

17 October Speeding Tesla Model S ended up in crash Young (2013
2013 The car was engul fe
Merida, front end appeared to explode.

Mexico

1.1.3 Potential Fire Hazard in Battery Triggers the Recall of Consumer
Electronic Products
The number of recorded failure and recalls of batteriess relatively small,

compared to theolume of production. It is estimated that the probability for the
incidents to occur is less than one in a million cells, and possibly less than one in
ten million (Doughty, 201} The concers by the manufacturers regarding the
battey failure potential and the subsequdie and explosion hazasdhave
promptedsome product recalls from the market. The action is necessary to protect
consumers from any potential injuries and to keep the company integrity from
disrepute. Information aloib product recalls ithe United States can be foundtime
United States Consumer Product Safety Commig§i®18Q website.

In 2016 Samsung halted the production tbe Galaxy Note 7 and promptedl
worldwide recall programme of the model after more thab rEports of fire and
explosion(Lee and Kim, 2016Cao and Fenne£01§. The incident maimed the
brand image of Samsung: the company lost its sptteasost profitable Android
maker to Hawei in the final quarter of 2016, and cost the conglomerate $5 billion

of operating profi(Sin, 2016.

In 2014, BBC reported that Panasonic is recalling more than 43,000 laptop and
tablet battery packs. Th#aw in the manufacturing pcess contaminated the
batteryseals with coductive materials, causing them to overheat, and under rare

circumstances, to catch fifgelion, 2019.
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1.1.4 Thermal Runaway in LIB Leads to Fire and Explosion
Most of the disastrous incidents relatedlWi® are caused by thermal runaway,

which has been reported to be the common failure mode. This situation raises the
interest in understanding the underlying causes exjloring the prospective
techniques to alleviate the problefiorabi and Esfahanian, 2011 Thermal
runaway is triggered bwbusive environmentsuch as chargingnd discharging
beyond the specified limihigh temperature operaticaand subjection tophysical
impact which potentially entailsinduced internal shoxtircuit (Kim et al., 2008.

Abuse tolerance is a daunting technical barrierlfiid as it is related to safety
issuesUpon abuse mechanically, electrically or thermally, the battery exhibits
anomalous temperature hike, which could potentially lead to disastrous shatter of
the battery structur@/enugopal, 200)L Additional energy from overchargetivity

and external heatingxposureis expected to aggravate the severity of thermal

runawgy consequenagLarsson and Mellander, 20114

The heat generated frothe operation ofLIB outside the stability window will
induce the headctivated exothermic reactions inside the battery, which in turn will
generatea high amount of heatThe increase in temperature due to exothermic
reactions accelerates the reactkinetics and leads to further temperature rise
(Golubkov et al., 2014 In some reactions, the heat is releas¢mhgsidethe
emission offlammable and toxic gaseGase venting is an expected phenomenon
during thermal runawaywhich is an engineered safety mechanism to prevent
internal pressure build up inside the battbgyond its mechanical integriignd
consequently lead to catastrophic rupture of the cell calbigh temperature from
battery thermal runaway may ignite the flammable gases and combustible part of
the battery componentsesulting in fire The vented gases may accumulate within
any confined space or enclosure, anlar extreme event, the ignition of the

accumulated gases meguseexplosion.

Higher capacityLIBs inflict more severe consequences durthgrmal runaway.
This is demonstrated by higher energy reldas&IBs at higher electrical energy
contentduring irduced failureas measured byLyon and Walters (2036 The
impact isexpected to beven worse folarge scale applications such as automotive
and stationary energy storagece a copious amount batterieswith enormous

capacity and high voltagere packed together in a singleclosure
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Even though the.IBs produced are of high reliability, which is less than one
incident per one million, the number is still very high, especially for the automotive
sector.A big number of cells in the energy pack leads tramatic increase of the
failure rate by almost 1000 tim€Eshetu et al., 20)3In addition, the batteries
have to endure hsin conditions throughout thelifetime, where exposure to large
temperature variationsshock, vibration, as well as high levels of charge and
discharge is expected, which make them prorgufter thermal runawayLarsson

and Mellander, 201,90ughty and Pesaran, 2012

Failure of a single cell can lead to cascade faiameé complete destructiasf the
whole battery packLamb et al., 2015Feng et al., 2015aeng et al.,, 2015b
Spotnitz et al., 20Q7opez et al., 20150 The heat generated from thefective

cell can propagate to tlagjacent cells by convective, radiative and conductive heat
transport procegs The heat transferred from the hot cell will heat the
neighbouring cells gradually and eventually induce the-aetatated exothermic

reactions in thsecells, leading to themal runawaypropagation

1.1.5 Current Technique sin Evaluating LIB Thermal Runaway Hazard
The apprehension of the hazards involved hindersuse®f LIBs in applications

with zero tolerance for a catastrophic failure. Due to this reason, a numerical
indicator of the associated hazard is imperative to provide baseline for
understanding the hazards involved and the subsequent safety assessment. In
conducting quantified risk assessmenfQRA), the information pertaining
probability and consequence of the hazard is necessary. The odds of the incidents
are established from statistical data and the consequence is the numerical indicator
acquired from experimentalaluation or numerical modelling. The output from the
guantitative risk assessment can be utilised to establish credible fire and explosion
incidents related to battery for the subsequent emergency response and hazard

mitigation.
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1.1.5.1Experimental Characterisation of Battery Thermal Runaway
Failure behaviour and thermal hazaaodl LIBs have been studied by using purpose

built equipment and subjecting themabusive environment&.IBs are thermally,
mechanically and electrically subjected to-néfmnal conditions to gain valuable

insight into the odds and severity of thermal runaway under various situations.

The okygen depletion method a weltestablished technique and has beenl fme

a long timeto providea numerical indicator of traditiondire hazard The heat
release rate (HRR) is computed based on the Thornton principle, where the fire
behaviour is assumed to be diregilpportionalto the instantaneous rate of oxygen
consumption during combustiofihis techniquehowever,neglectsthe anount of
heatliberated fromJoule heatingluring shorcircuit that might add to total fire
hazard posedy LIBs (Ping et al., 2015Larsson et al., 20)4Moreover,the fire

safety concern okIBs stems from its components whexeombination of highly
reactive electrodes and flammahdeganic electrolytes is preseniThe ntrinsic
thermal instability of the metiad compoundghat form the battery active materials
inflicts batteries to selfeat & high temperature, where in most cases, uncontrolled
heat release from high rate exothermic decomposition reactions will lead to thermal
runaway. In additiondecompositionreactionof positive active materialin the
oxidised stateeleasesoxygen. Thisselfgenerated oxygen will interfere with the
oxygen quantifyingprocessand subsequently reduce the value of measured
consumedxygen(Chen et al., 2015

Adiabatic calorimetry techniques such as Accelerating Rate Calori(Ad®€l) and

VSP2 Calorimeter have been used to explore thermal runaway behaviour of various
available lithiumion battery chemistries under wide range of conditioms.
addition, custormade test rigs are also bulity researcherdor this purpose
Thermal hazard¢aused by the thermal instability of the active materials and other
componentat elevated temperatucan be well quantified by slowly inducing the
heatactivated exothermic reactions accorditay the heatwait-search mode as
programmed in the calorimetdn Vehicle Battery Safety Roadmap Guidance by
Doughty and Pesaran(22), a comparison of chemical instability as measured in
self-heating profile by ARC of cylindrical lithiuaon cells fabricated from different

cathode materials was presented.

10
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1.1.5.2Modelling of Thermal Reaction Kinetics for Thermal Runaway
Simulation
The behaviour and response lidhium-ion batteriesto thermal events can be

simulated bymodellingthermal decompositioreactionkinetic parametersbtained

from thermal stability study of battery component§he breakdown or
decomposition ofthe active materials can be described by specific reaction model,
activation energy and pmxponential factor, which are known the kinetic triplet.

The kineic study of the active materials that forms the basis for thermal modelling
of LIB full cell assembly is provided bRichard and Dahn (199PandMacNeil et

al. (200Q.

In eaty work by Richard and Dahn (1998coven exposureand shorcircuit
behaviour ofLIB was simulatedby exploiting thermal kinetic data from self
heating reactions at anodeater, Hatchard et al (200) included autocatalytic
exothermic reaction at cathodes part of the heat source temm the model
previously developed bRichard and Dahn (199R3Kim et al. (2007 reproduced
work done byHatchard et al. (20Q1and included high temperature electrolyte
decomposition reaction that was previously left out. The medskxpanded to be
threedimensional using finite volume riiod tocaptureheat distribution within the
structure ando investigatethe effect of battgr dimensios. Most of the work
pertainingto battery kinetic modelling reported in literaturefers to thekinetic
model andheat source established the prevously mentionecuthors, with some
modification to the kinetic parameters to fit the battery chemisindgsrstudy.

The information obtained fronthermal kinetic modelling enables researchers,
developers and manufacturers, among others, to predict the output of thermal
runaway without the necessity to perform dangerous,-tomsuming and capital
intensive abuse tes{®ing et al., 2014 It is a convenient way to gain insight of
unexplored conditions andthermal runaway triggerg events, allowing

preventative measures to be prepared based on the information.

11
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1.2 Scope and Objectivesof the Research

At the moment, rast of the work repored in the literature related tihermal
runawaystudy of lithium-ion batteries hae been concentrated on the impmaahd
failure consequences of a single cellhere are limited studies conducted to
quantify themal runawayhazards of lithiumion batteries beyond singular cell

level.

The application of theithium-ion batterieswhich previously circulating and
contained around small scale electronics is now expanding into emerging markets
such as electromobility and statiop&nergy storage. This situation necessstiie

the understandingf the hazard involves ialarge scale.

Therefore, lis study is aimed at experimental investigation and numerical
simulation of thermal runaway behaviourlidhium-ion batteryat bothsingular cell

and pack levels
The objectives of this project include:

1. To identifythermal runawapazards ofithium-ion battery

2. To establish the techniques qtiantifying and characterisingjthium-ion
batterythermal runawayazards

3. To establisha thermalkinetic database dhermal decomposition reactions
of lithium-ion batterycomponents

4. To develop a numerical model femmulaton of lithium-ion battery thermal
runaway based on thermal decomposition modbhttery components

5. To include heat tnasfer modelling in the thermal runaway model for
simulation of thermal runawgyopagation in a batterpodule

6. To experimentally characterise lithivion battery thermal runaway and
validate thenumericalmodel

7. To investigate lithium-ion battery thermal ruaway behaviour during
impactinduced shortircuit

12
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1.3 Research Approach

The research work consists of both numerical modelling and experimental
validation. The cell chosen for this study &18650 cylindrical lithiursion with
lithium cobalt oxide (LCO) cathode and graphite anod&hernophysical and
kinetic parameters required for thermalnaway modelling are collected from

literature.

A numeical model of thermal runawayfor a single highcapacity lithiumion
battery isestablishedy modelling the kinetics ahermal decompsition reactions
of the battery componentén this work, four thermal reactions are considered.
There are two @actions at anodewvhich are the breakdown of solid electrolyte
interphase (SEl)and anodeelectrdyte reactios. Meanwhile, both cathode and
electrolyte have one reactioBach of the reaction possesses charactettsticnal
decomposition reaction model and paramet@&te numerical model is used to
predict thermal runaway behaviours of lithivom battery under constant high
temperature and constant heating rate conditions.

The rapid conversion of electrical energy into hieahcorporatednto the thermal
kinetic modelto simulate thermal runaway behaviour during impadticed short
circuit. Heattransfer modelling is further included in the shartuit model to
simulate the propagation of thermal runaway in a battery module consists of nine
identical batteries.

Experimental programmes are conducted to validate the numerical mdael. T
charactestics of lithiumion battery thermal runaway are experimentally
investigated by using Accelerating Rate Calorimeter and oMea.differences in
thermal runaway characteristics from these two approaches are comphaeed.
severity ofthermal runawaxt differentbattery capacity and massfisther studied

In addition,destructive impact tests are donevatidate the shostircuit model.The
propagation of thenal runawayin a 3x3-matrix battery module is examined.
Thermal imaging equipment is used to provide thermography of battery core and

flames developed during impact tests.

13
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1.4 Layout of the Thesis

Chapter 1introduces the uprising trend in battery demand for consumer electronics
and sustainable renewableeegy utilisation.Fire and explosioreventsassociated

with batteriesare presented, which provide the driving force and steer the direction
of this research. The aim and approach of this study are subsequently discussed.

Chapter 2 reviewsthe fundamentatoncept of batteryised inelectrochemical
energy storage devicand the types of battery chemistry are present8dfety

hazards and modes of battery failure that lead to thermal runaway are discussed.

Chapter 3 reviewsthe work donein experimentakvaluationof battery hazard and
modelling of battery behaviour during failufEhermal analysis and kinetgtudes
of battery componeatare discussed as they provide the fundamental base for

numerical modellingf batterythermal runaway

Chapter 4 de<ribes themodeldevelod in this study to simulateattery thermal
runaway duringfailure. Themal runaway propagation ia battery module is

simulated by couplinthermalkinetic and heat transfer modelling.

Chapter 5 describes the experimental programooaductedo validate the model
developed irthe previous chapter and to provide quantitative information of battery

thermal runawayazard.

Chapter 6 discussesind comparethe findings from both numerical modellingnd

experimental validation work.

Chapter 7 concludes the work done in this thesis and future work for the next stage
of the research programme in this area is suggested.

14
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Chapter 2: General Review of Battery and
the Associated Safety Hazards

This chaptelis aimed ata literaturereview of the fundamenta of energy storage
technology using electrochemical sglincluding the basic principle of battery
operation and battery chemistres that are widely available The discussion
pertaining to battery safety hazards is highlighted on e¢lshargeable lithiunon
technologyand the concern of fire and explosion hazard in the lithambattery is
elaborated. Conditions that lead to battery failure and result in hazardous
consequenceare identified Chemical reactiongollowing the batteryfailure are

discussed

2.1 Classification of Battery
Batteries are energy storage desideased on electrochemical reactions. The

chemical energy content in the active materials is converted into electrical energy
through electrochemical oxidatioeducton (redox) reactio® (Linden, 2001
Vayrynen and Salminen, 2012Even though there are various chemistries of

batteries available, tyeare all governed by the same fundamental concept to work.

Batteies can be optimised for either power or energy application. Bestéwr
power application, such as automotiwe designed to deliver high amosnof
energy rapidly and therefore draigithe energy content within a short tifdm the

other hand, mergyoptimised batteries can be found in computer and electronic
applications, where the electrochemical cell is expected to sustain the lifetime of
handhelddeviceqLarsson and Mellander, 20114

Batteriesare available in various geometriegylindrical, coin and prismatic. The
geometry and dimension are governed by international stagdand custom

designs are also available for special purpostst of the ells are constructed in
15
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accordance with International Electrotechnical Commission (IEC) Standard
CEI/IEC 61960. Cylindrical cells are oft@ssigned five-figure number where the
first two digits describe the cell diameter, and the rest representgltiength in

ters of millimetres(Mikolajczak et al., 201)1

2.1.1 Primary and Secondary Battery
Batteries can be classified into two main groups according to their rechargeability

(Levy and Bro, 1994

1. Primary battery
Primary batteries are not rechargeable and they are discarded once their
electrical charge has been spent. Partial charging is possible but this will
create hazardous catidns. Most of the primary batteries are the common

singlecell cylindrical and flat button batteries.

2. Secondary battery
Secondary batteries are rechargeable by supplying extgomar, which
will reverg the discharge process. There are two primary functions of

rechargeable batteries

i. The secondary batteries are used essentially as primary batteries, but
with the enhanced ability to be recharged. The batteries are being
recharged after drained insteadbafing discarded. The vast amount of
this kind of batteries can be found in portable consumer electronics such

as mobile phones, digital cameras, tablets and so on.

ii. The secondary batteries are used as energy storing devices
(Rezvanizaniani et al., 2014For this application, the batteries are
electrically connected to a main energy reeuThe system stores the

excess energy ardischargethe energy depositpon demand.
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2.1.2 Main Components of a Battery
The three fundamental components of a cell are anode, cathode and electrolyte.

1. Anode
Anode, which is also known as negative aetimaterial, is the reducing fuel
electrode. It gives electrons to the external circuit during the redox reaatin
undergoes oxidation

2. Cathode
Cathode, which is also known as positive active material, is the oxidising electrode.
It accepts electrons dm the external circuitduring the redox reactiorand
undergoesedudion.

3. Electrolyte
Electrolyte provides the medium for charge transfer between anode and cathode

within the cell.

17
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2.1.3 Redox Process in Battery during Reversible Chemical -Electrical
Energy Conversion
Figure2.l illustrates the operation of the cell duricigarge andlischarge. Note that

the figure on theight does not apply to the primary cell.

Electron flow Electron flow
% b

Power supply

&

Anion flow Anion flow
€« _—
Cation flow Cation flow
— -—
Electrolyte Electrolyte
Anode Cathode Cathode Anode

Figure2.1: Dischargeleft) and chargéright) processsin a cell. Adapted from
Linden (200).

During the disharge procesfleft), which is the conversion of the stored chemical
energy into electrical energythe anode material is being oxidised, releasing
electrons that flow toand accepted by cathode through the load. The cathode is
then being reduced. The cations and anions in the electrolyte flow to the cathode
and anode respectively and this ion flow, therefore, congtbeteelectric circuit.
During the discharge cycle, tl@mode is negative, and the cathode is positive. The

discharge process is illustrated in Figare (left).

Charging is a reversm the discharge process. The process takes place with the
supply of external powewhere the electrical energy is e@mted nto chemical
energy andstored in the batteryDuring the process, the current flows in the
opposite direction, from cathode to anode. While charging, the charge at anode and
cathode is reversed since it is determined by the reaction that occurs at the
electrode. The positive terminal is known as the anode, and the negative terminal is

known as the cathode. The charging process is depicted in Rigright).
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2.1.4 Capacity and Voltage of Battery

The energy required to drive the electrons is providetthégell voltage, which is a
measure of the tendency of donors to donate electrons and acceptors to accept

electrons. The cell voltage is the intrinsic property of active materials in the cell.

The amount of active materials in the cell determines itsréieal capacity,
expressed as the number of electrons takes part in the electrochemical reaction. The

theoretical capacity is expressed in Coulombs or Ampeuss(Ah).

The theoretical energy of a cell is the maximum energy that can be deligered
product of cell theoretical capacity and voltaged expressed in Watburs(Wh)
(Armand and Tarascon, 2008

In practice, theeal energy of the cell is much lower than the theaxktaoe to the

following reasongLinden, 200].

1. The battery requires many other a@active components such as current
collector, electrolyte, containers, seals and so on that contribute to the
volume and mass of the battery.

2. The battery is not normally dischargadly to zero vols and not charged
fully to the theoretical voltage. The former will lessen the delivered
capacity and the latter will lower the average voltage.

3. In normal practicethe stoichiometry balance is not achieved. This situation
leads to the xxess consumption of one of the active materials and thus

reduces the specific energy.
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2.2 Terminology in Battery Operation
This section defines some of the important terminology relatethadoattery

operation(MIT Electric Vehicle Team, 2008

C-rate: A measure othe batterycapacitydischargeand rechargeate relative to
the battery maximum capacity. @ implies that the discharge rate will drain the
whole capacity of the battery in one hour. For a battery ashpacity of 2.6Ah, 1

C will dischargethe entire2.6 A in one hour.

State of charge (SOC):An expression of the present battery capacity as a
percentage of maximum capacity. It is usually computed from current integration to

determine the change in battery capacity over time.

Terminal voltage: The voltage between positive and negatemninalswith load

applied.

Open-circuit voltage (OCV): The voltage between positive and negatamninak

without any load applied.

Cut-off voltage: The minimum voltage allowed and taken aainked state of the
battery.

Nominal voltage: The rormal voltage ofa battery and usually used aseference
voltage.

Capacity: The measure of eleatal chargeandexpressed in Amgre-hours (Ah).

Energy: A measure of total Wattours (Wh)available when a battery is discharged
ataspecified Grate from 100 percent SOC to et voltage.

Cycle life: The number of chargeischarge cycles of the battery duritglifespan.

Specific energy:Also known asthe gravimetric energy. It is the ergy per unit

mass and expressedWi/kg.
Specific power:The pwerof the batteryer unit massexpressed in W/kg.
Energy density: The energy of the battery per unit volunexpressed iWh/L.

Power density: The pwerof the batteryer unit volumeexpressed in W/L.
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Many worlks related tobattery safety investigate the potential hazard at different
state of chargéSOC) Therefore, the concept of SOC will be discussed here. A
review on the methods to determine SOC has been dooe étyal. (2013a

The authors define the SOC as the ratio of the remaining chaggeattery to the

total available charge after being chargedtte full capacity. The definition is
straightforward for single cell but complexity appears as we determine the SOC for
abatery module A battery module with cells parallelly connected is conceptually a
high capacity single cell. Due to the sk#lancing characteristic of the parallel
connection, determination of SOC for the battery module can be treated as for

single cell.

The SOC of battery module with series connection, on the other hand, can still be
estimated like a single cell. However, it is recommended to make a thorough
consideration due to the battery uniformity issue. Provided that the capacity and
SOC of eachingle celsin the battery module are known, the SOC of the module
can be calculated &sllows.

BSOC

where SO is the SOC of the battery modul80OG and G are the SOC and
capacity of thath cell respectively. The real SOC of the battery module depends on

the real performance and efficiency of the balancing device.

The main challenge in deternmig SOCof battery modulas the measurement or
precise estimation of the cell SOC. There are several techniques available for
estimation oftell SOC as reviewed biyu et al. (2013pa

(1) Discharge test method

Despite providing the most reliable data, this method is-tomsuming. The
procedure involves discharging the teay under controlled discharge rate and
temperature. This methad only suitable for research purpose since the battery is
fully drained after the discharge and therefore not appropriate for instantaneous
estimaion of batteries SOC for battery managemsystem (BMS) in vehicles.
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(2) Amperehour integral (Coulomb counting) method

By using this method, SOC che mathematically expressed faiows.

t

1
SO@SO&;C— didt E®R. 2)
N 0
where SOGis theinitial value of SOC at timeyt Cy (Ah) is the rated capacity, is
the Coulombic efficiency, and (A) is the current. The Coulombic efficiency is

taken as 1 during discharge and less than 1 while charging.
(3) Open circuit voltage method

Since the amount of lithium ions in the active materiaslsommensurateo the

open circuit voltage, it is therefore possible to determine SOC fromahie This
time-consuming method provides highprecie SOC estimation and involves
measuring openircuit voltage at balance state after adequate resting time. Some
batterychemistries exhibit hysteretic chardescharge patterrmTherefore a careful
consideration isecessary when using this technique.
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2.3 High Voltage and Large Capacity Battery Pack

In electrochemical energy storage systdm, liasic unit is the cell, even though the
term fibattery is commonly used. The application of batteries is specific; one

battery cannot fit all purposévayrynen and Salminen, 2012).

2.3.1 Integration of Individual Cells in Battery System for High Voltage
and Large Capacity Applications
In large-scaleapplications such as automotive sector, the capacity provided by one

single cell is not sufficient teatisfythe high energy and powdemand Therefore,

it is necessary to build battery packs with a big amount of single cells packed and
connected togetheA module is assembled by electrically connectinguenber of
individual cellsby eitherseries or parallel or combination of both. A grooip
modules can be connected and placed together in a single enclosure to form a pack.
Battery pack with battery management system, electronic control and other safety

mechanismais known asasystem.

The common assembly of cells into a battery systemowisin Figure2.2.

Battery Battery
Module Module

Pack Protection
and Control
Battery . .
Module . .

Cell

Battery
Pack

Figure2.2: Schematic diagram of typical configuration of célls battery system
for high voltage and large capacdpplications Adapted fromDoughty and
Pesaran (20)2
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2.3.2 Hierarchy in High Voltage and Large Capacity Battery System
The relationship between cell, module, pack and system is described in ERjure

as defined by Vayrynen and Salminen (2012).

ABattery packs connected in
either parallel or series

S Stel I l Aincludes peripherals, battery
management and cooling
systems

AA group of modules
P aC k connected in series and

placed in a single enclosure

AA group of cells connected in

M d I series and / or parallel
O u e according to the desired

capacity and voltage

C I I AThe most basic element of
e batteries

Figure2.3: The relationship between cell, module, pack and system.

The intercells connection in a module is determined adicwy to the required
capacity and voltage. The series connection is implemented to achieve higher
voltage whilethe parallel connection is used to acquirgher capacity In some
cases, cells are connected in both series and parallel in order to mastape and
capacity requirement. The parallel connection offers better reliability and reduces

the impact of degraded cells.

The individual module is equipped wittsibwn battery management system for
monitoring of thermal and electrical parameters b tcells. The module level
battery management system restricts the number of cells that can be assembled in a
module(Saw et al., 2016

A battery pack is an assembly of battery modules, which is contained within a
metalic or plastic containefSaw et al., 2016 The demand for highnergy density
pack leads to compact design of battery pack with narrowdetes spacingLopez
et al., 2015h
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2.4 Types of Battery Chemistr y Available

Plenty galvanic pairs were proposedhe nineteenth anearly twentieth centuries,
with nickelcadmium and leadcid appeared to bthe most popular rechargeable
batteries(Armand and Tarscon, 2008 Table 2.1 presents some axtensively

used batterieand its associateindamentatomponents

Table2.1 Main components of widelgivailable batterie@_evy and Bro, 1991

Battery Anode Cathode Electrolyte
Zinc/ Carbon Zinc Manganese Ammonium chloride
(Zn/C) oxide solutions
Carbon Zinc chloride
solutions
Silver/ Zinc Zinc Silver oxide Potassium hydroxide
(Zn/Ag:0) solution
Dissolved zinc
oxides
Alkaline / Zinc Manganese Potassium hydroxide
Manganese oxide solution
(Zn/MnG,) Carbon Dissolved zinc
oxides
LeadAcid Lead Lead dioxide  Concentrated
(Pb/PbQ) Antimony  Various lead ~ SulPhuric acid
and / or salts solution
calcium
Nickel / Cadmium  Cadmium  Hydrated Concentrated
(NIOOH/Cd) nickel oxide potassiumhydroxide

embedded in a solution

porous nickel
matrix
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Nickel / Metal Metal Hydrated Concentrated
Hydride (NIOOH/  hydride nickel oxide potassium hydroxide
MH) embedded in a solution
porous nickel
matrix
Lithium Metallic Manganese Lithium salt
lithium dioxide dissolved in organic
solvens
Lithium-thionyl Porous Thionyl Lithium
chloride carbon chloride tetrachloroaluminate
material
Lithium-ion Lithiated Lithium Lithium salt
carbon transition dissolved in organic

metal oxide solvents

2.5 High Voltage Lithium -lon Batter y (LIB)
Most of the work reported in literature relatitggbattery safety is concentrated on

lithium-ion technology. Hence, the following discussion in this thesis is focussed on

lithium-ion battery (LIB), unless stated otherwise.

LIBs are substituting aoventional batteries in the market suahNiMH, NiCd,
alkaline and lea@cid batteriesand beconmg the prospective candidatasenergy
carrierin electric vehicles and grid energy storaggplications They can offer high
voltage 8.6 V), nearly dould the conventional batteried.2 1 2 V) and hidn
specific energy 240 Wh/kg), up to six timesigher than leadcid battery 40
Wh/kg) (Verma et al., 201,0v&yrynen and Salminen, 20[12n addition the use of

LIB is desirable due to its long life cycle and low sb#charge properties (Jhu et
al., 2012).The superior energy content of LIB compared to other rechargeable

chemistries is illustrated iRigure 24.
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Figure 24: Comparison of volumetric and gravimetric energy density of common

rechargeablbatteries Adapted froniVayrynen and Salminen (20112

The high voltage offered by lithiion chemistries, which is three times higher
thanthe one offered biNiMH technology,is highly degable since the number of
batteries required tmeetthe identical voltage requirement can be reduced te one
third. Since cells are commonly connected in series where the failure of a single cell
could deactivate the entire module, the reductiorthe number ofcells in the
moduleentailstremendous improvement to the reliability of the sys{&m et al.,

2007).

The development oLIB is a vital milestone in the area of energy storage and
conversion(Aurbach et al., 1997 LIB is constructed fromcarbon anode and
transition metal oxideathode(Doughty and Roth, 20)J2Anode and cathode are
surrounded by electrolyte bulhey are electronicallyisolated by a separator to
preventanyinternal shorcircuit. The separator is seipermeable to the electrolyte

so that the desiredmic conductivity is sustainddiinden, 200}.
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2.5.1 Various Chemistr ies of Lithium -lon Battery
Rapid development ibIB has been observed with various chemistriesnggyeen

introduced (Vayrynen and Salminen, 2012An extensie review & the LIB
chemistries has been done¥gng et al. (2006 The first LIB invented is based on
lithium cobdt oxide cathode by Sony, which has been commercialised since 1991
and many other chemistries have been developed ever @#&gynen and
Salminen, 201R Table2.2 presents thactive materials andoltage range ofome

commercially available lithiuanon cells.
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Table 2.2Electrodematerials and voltage rangévarious lithiumion cells(Huria, 2012.

Chemistry Commercial Cathode Anode Maximum Nominal Minimum
name material material voltage voltage voltage

Lithium iron LFP LiFePQy Carbon 3.65 3.3 25

phosphate

Lithium cobalt LCO LiCoO, Carbon 4.2 3.7 2.7

oxide

Lithium nickel NMC LiNiMnCoO, Carbon 4.2 3.6 3.0

manganese

cobalt oxide

Lithium LMO LiMn 04 Carbon 4.2 3.7 2.75

manganese oxids Spinel

Lithium nickel NCA LiNiCoAIO» Carbon 4.2 3.6 3.0

cobalt

aluminium oxide

Lithium titanate LTO LiCoO,/ LiIFeEPQy Li4TisO12 2.9 2.25 15
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Some of the battery chemistries employed for commercial electric vehicles are
shown in Table.3 as compiled byu et al. (2013a

Table 2.3 LIBs used in current electric cafisu et al., 2013p

Vehicle Battery Supplier Cathode Anode
Nissan Leaf EV Automotive Energy LiMn,0O4 Carbon
Supply (Nissan NEC
JV)
Chevrolet Volt Compact Power LiMn ;04 Carbon
(subsidiary of LG
Chem)
Renault Fluence Automotive Energy LiMn,0O4 Carbon

Supply (Nissan NEC

JV)
Tesla Roadster LiNiggC0p.15Al0.050, Carbon
Tesla Model S Panasonic Energy  Nickel-type Carbon
BYD E6 BYD LiFePQy Carbon
Subaru G4e Subaru Lithium-ion Carbon
Vanadium
Honda Fit EV Toshiba Corporation LiCoxNiyMn,O» LisTsO12
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2.5.2 Lithium lon Exchange during Reversible Chemical -Electrical Energy
Conversion in Lithium -lon Battery
Electrical work is done ithe LIB by the exchangegrocesf lithium ions between

anode and cathodbat occurghrough electrolyteUpon charging with the supply

of external power, lithium ions and electrons will move from cathode to anode
through elecwolyte and external circuit respectivefnd therefore complete the
electrical network lons and electrons flovin a quasireversible process with
insignificant change in the chemical structure of the cell compongsn and
Walters, 2015 The flowdirectionis reversed during discharge. The illustration of
this process is given in Figure52Due to the tweway movement of lithium ions
between anode and cathode, LIB is knowthagocking chair othe swing battery
(Wang et al., 2012

Discharge

X

o Power supply —

Charge

Electrolyte

Anode Cathode

Separator

Figure 25: Electrons and lithium ions move back and forth between the electrodes
during charging and discharge proas#dapted fromNishi (200).
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For LIB with lithium cobalt oxide cathodehe electrochemical reactions at both
cathode and anode during normal operatiorshoevn belowThe reactions proceed
to the right hand side of the equasoduring charging and the processes are
reversed to the left during discharge.

Cathode: LiCo@z  x'l+iLiixCoO, + € (Eq 2.3)

Anode: xLif'+ e + &£ 2z Li (Eq 2.4)

The overall reaction can be expressethe following equation.

LiCoO,+ 6 C 100k + LixCe (Eq 2.5)

2.6 Fire and Explosion Hazard of Lithium -lon Battery
Safety is a crucial feature of any energy storage device, including batteries

(Doughty and Roth, 20)2In a review byGoodenough and Kim (20p9safety
iIssues have been identified ashe primary challenge irLIB battery development.
Due to this reason, progressive development in safety technology is ¢@ifcsalki

et al., 2005 While safety mechanisms in the battery might be able to alleviate the
safetyconcernsthey might increasethe manufacturing cost and redube energy
densityof the battery

2.6.1 Source of Fire and Explosion Hazard of Lithium -lon Battery
As discussed bizarsson and Mellander (20)L.2hefire hazardin thebatterysystem

is a combination of both exothermic reactions and normal fin@ fcombustion of

combustible peripherals. This can be expressed as in Eq 2.6.
Battery fire hazard = exothermic reactions + combustible peripherals (Eq 2.6)

1. Exothermic reactions
Battery is constructed from highly reactive active materials aardrfiable
electrolyte. The reaction of the components with each other releases high
amounts of heat when initiated by abusive environmentsneSof the
reactions are accelerated process and the oxygen required for the
combustion is selproduced within the diteries. Consequentlya fire

incident due to this problem is difficult to handle. A discussion about the
32



Chapter 2 General review of battery and the associated safety hazards

chemical reactions that take place in batteries during thermal runaway is
presented in Section 23. The first category fire can incite the second
category fire.

2. Fire of combustible peripherals
The second category of fire in thmttery system is the traditional fire,
which means the fire acquires the oxygen from the environtoesiistain
thecombustion process. This kind of fire da@ due to, foinstances, firen

plastics, cables and housiafithe battery pack

Batteries are constructed in a unique way where both fuel (anode) and oxidiser
(cathode) are placed together in a sealed contéurghty, 2011 Thefire safety
concern of LIBsstems from its components whereombination of highly reactive
electrodes and flammablarganic electrolytes is presentn addition, there is an

immense amount of energy stored within the small device.

Under normal operatiorthe stored chemical energy within the electrochemical cell
is convertednto electrical energy. However, if the fuel and oxidiser are allowed to
react in any undesirable waybe energydepositis descended ta high amount of
heat and accompanied by theelease of toxic and flammablgass under the
process called thermal runawayhermal runaway is triggered bwgbusive
environmentssuch as chargingnd discharging beyond the specified lintitgh
temperature operatioand subjection to physical impacivhich potentially entails

induced internal shoistircuit.

The heat generated frothe operation of battery outside the stability window will
induce thechainof chemicalreactions inside the battery, which in turn will generate
a high amount of healn some reactions, the heat is released concurrently with the
emission offlammable and toxic gaseku et al. (2013p reportedthat the gases

generateatouldcause the pressure inside the ceBuogeup to 120 bar

Gasesventing is an exped phenomenon during thermal runaywesich is an
engineered safety meghism to prevent pressure buig inside the battertyeyond

its mechanical integrityand consequently lead to catastrophic rupture of the cell
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casing High temperature from battethermal runaway may ignite the flammable
gases and combustible part of the battery componemtsult in fire.The vented

gases may accumulate within any confined space or enclosure, and under extreme
evens, the ignition of the accumulated gases neayise explosionA study by
Somandepalli et al. (20)3ound that the explosion severity of vent gas from the

LIB wasbetween those of methane and propdie team predietda more severe

consequence for overchargeslls.

2.6.2 Hazard Consequence Classification of Battery Safety Tests
The fire event fronbatteriesabuse tests considered as severe (rated as 5 ¢ot6

of 7) according to hazards rating schemes bgex by various organisations
(Ribiere et al., 2012 The description of the hazard level as outlinecEbyopean
Council for Aubmotive R&D (EUCAR), Society of Automotive Engineers (SAE)
and International Electrotechnical Commission (IEE}resented in TableZ.

Table 24: Description of hazard levelccording to varioumstitutionsas compiled
by Ribiere et al. (201

Overall EUCAR SAE J2464 IEC Toxicity
hazard level description description description issue
0 No effect No effect No effect
1 Passive Passive Deformation
protection protection
activated activated
2 Defect / Defect / Venting Yes
damage damage
3 Leakage Minor leakage Leakage Yes
( @mas s [/venting
4 Venting Minor leakage Leakage Yes
( @ma s s [/venting
5 Fire or flame  Rupture Rupture Yes
6 Rupture Fire or flame  Fire Yes
7 Explosion Explosion Explosion Yes
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2.7 Thermal Runaway as Mechanism of Lithium -lon Battery
Failure
The recorded failure and recall LIB incidentsare small in number, compared to

the production volume. It is estimated that the probabdftyhe incidents is less
than one in a million cells, and possibly less than one in ten milDawughty,
2011). Most d the reported battery failures are due to thermal rungWwasabi and
Esfahanian, 20)1 As previously mentioned, thermal runaway is triggetsd
operating the battery beyonithe designspecificatios and outside the narrow
thermal and electrical stability windewwhich leads to a surge in battery

temperatur€Kim et al., 2008.

2.7.1 Initiation of Thermal Runaway by Abusive Conditions and the
Propagation in a Battery Pack
Abuse tolerance is a daunting technical barrier for batteries as it is related to safety

issues(Kim et al., 200J. Abusve conditiors may lead to hazardous situat®n
especially for large systems, whicis one of the main reasons deferring

commercialisation ofIBs in the transportation sect(@Bandhauer et al., 2011

In general, perating the batteries beyond tiséability window leads to heat
generation and consequently triggearious chemical reactions in the batteries.
Additional energysupply from overchargng and external heating is expected to
exacerbatehe severity of consequerscguring the undesirableapid release of the
battery energyleposit(Larsson and Mellander, 20l4Heat and gas generationais

typical response of batteries to abusive environments (Doughty and Roth, 2012).

Charging the batteries beyond the specififekimum voltage and vice versa casise

the excessandirreversibleextraction of lithium ions from thactive materialsThis
procesdeads to permanent crystallographic change in both electrodessuits in

higher oxidation potentiglDoughty and Roth, 20)2The preess of lithium ion
removal gets harder at almost 100% overcharge due to the increasing cathode
resistanceand cell impedance. The battery heats up due to the Joule effect and
consequentlynducesthe heatactivatedreactions(Ohsaki et al., 2005 The same
processtakes place during shectrcuit and thermal abuséhe heat releasing

reactions are initiate@nd being dragged further into thermal runavigyJoule
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heatng during shortircuit and externathermal energy supplguring operation

under thermally abusive environments

The failure of a single cell can lead cascade failure and complete destruction of
the whole battery pacK he heat generated from tbefectivecell can propagate to
the adjacent cells by convective, radiative and conductive heat transport @socess
The thermal energyransferred from thdot cell will heat the neighbouring cells
gradually and eventually induce the haativated exothermic reactions inote

cells, leading taetrimental thermal runaway propagation

Thermal runaway propagation in a battery module has been simulatetiadeh
developed bySpotnitz et al. (2007 The occurrence of the cascade failure in the
adjacent ells dependon the relative faulty cell position within the module and
heat transfer coefficient. This simulation, however, does not specify the initial mode

of failure that leads to this catastrophic event.

Even though theravasno validation made for the model déyged by Spotnitz et

al. (2007), thermal runaway propagatwasobserved by other researchers such as
Feng et al. (2015bandLamb et al. (201p6 In both studies, thermal runaway was
initiated ina single cell by using mechanical nail penetration. Quantificaticthef

heat transfer process through the pole connector, battery shell and fire scorching has
been performed bifeng et al. (2015b The analysis found that the heat transport
through tle battery shell dominated the heat transfer process. Heat transport due to
fire scorching is negligible for thermal runaway propagation but may cause
significant damagéeo the accessories located above the battery module. The same
conclusionwas drawn in he study byLamb et al. (201p The impact of &rge
contact surface between cedigpears to be prominent foeat transfer process even

though electrical connectiaaimpactful for cells with limited surface area.
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2.7.2 Heat Generation and Dissipation in Battery during Thermal
Runaway
Battery is a small reactathat operates under different boundary and working

conditions and hostseveral exothermiceactions Battery safety is determined by
its operating and storage temperature. Battery thermal response to abusive
conditions depends on its ability to dissipate heat to the environment.

Poor heat dissipation to the surrounding, along with heat accumulation ihside t
cells can further accelerate the exothermic reactions between the cell components
rather than the desirable electrochemical reactions, leading to detrimental event
thermal runaway. Once triggered, there is no wagdterthe reactions, and the

reactiors will proceed to completion

The process of heat exchanigebatteryduring thermal runaway is illustrated by
using Semonov plot in Figure@2.
Rate of heat

generation /
dissipation

Temperature
TNR

Figure 26: Semonov plot for thermal runawafdapted fromVang et al. (2012

Three different heat exchange situations are demonstrated in this disctigsabn.
dissipation to the surrounding is representedhipgestraight linesLine 1, 2 and 3
The heat dissipatiomprocess is assumed¢oo mp|l y wi t h Newt onos

Meanwhile, he exponentiaCurve 4 denotes the dat inputfrom external sources,
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Joule heatingand chemical reactionsassumed to comply with Arrhenidaw
(Stull, 1977%.

In order to provide sufficient cooling for éhbattery and consequently deterring
thermal runaway from occurring, the ambient temperature has to be sufficiently
low. This case is depicted in Line The line intercept€urve 4 atPoint A andB
wherePointA is a stable point. In case of temperature rise or drop, the system will
return to the stable poinMeanwhile, Point B is not stable. If the temperature
decreases, it will keep fallingp reachthe stablePoint A. If the temperaturgets
higher thanPoint B, thermal runaway is expectdd. case of Line 2,he battery is
experiencing equal heat generation and ligsdipationat the temperature of no
return, Tyr, Which is marked by the tangential point C. Thermal control of the
battery temperature is not ggble in case where ambient temperature is high to
bring about the cooling effect, as represented in Line 3.

2.7.3 Heat-Induced Exothermic Reactions during Thermal Runaway
As previously mentioneih Section 6.2, the fire hazard of.IB stems fromits

components wher@a combination of highly reactive electrodes and flammable
organicelectrolytes is presenDue to the complex nature &iB assembly, there
might be numerous sources of heat and exothermic reactions during thermal
runaway. These reaotis are heaactivated which are sgiigated by abusive

conditions.

According to Tobishima and Yamaki (1999the heat release during thermal

runaway originates frorthe followingexothermic reactions

Positive and negative activeaterials thermal decomposition
Electrolyte thermal decomposition
Electrolyte reduction at anode

Electrolyte oxidation at cathode

ok~ 0N PF

Internal siort-circuit due to themeltdown of separator
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A review by Spotnitz and Franklin (2003roposed the following heat releasing

reactions during abusedting ofLIB.

Breakdown of slid electrolyte interphase (SEI)

Reaction between intealated lithium and electrolyte
Reaction between fluorinatdéiihder and intercalated lithium
Breakdown of electrolyte

Decompositbn of positive active materials

o a0k 0N PE

Reaction between metallic lithium, whieh formed gpon overcharged and
electrolyte

7. Reaction betwen binder and metallic lithium

8. Ohmic resistance,werpotential and entropy change from battery discharge

process

Wang et al. (2012made an additional remark that the listed reactions may not
necessarily take place according to the proposed sequentact, some of the
reactions are overlapped and difficult to catego® of the possible methods for
reaction detection is by easuringthe heat flowby using calorimetry technigee
This method however provides limited information about th&pecies involved in
the reactionsFurther component identification is necesstmy postulation of the

chemical reaction mechanism

Section 2.73 describes some of the fundamental reactionsLliB that can
potentialy cause thermal runawayhe discussion is organised based on the battery
main componentsThe understanding of the reactions involved in thermal runaway
is importantfor improvement of LIB tolerance to abusive conditigB®ughty et

al., 2002.

2.7.3.1 Solid Electrolyte Interphase (SEI) Decomposition
The exfoliation ofSolid Electrolyte Interphasé&El) is the first exothermic reaction

that occurs during thermal runawaand was discovered byichard and Dahn
(19994. SEI is a stface film at anode, composed a variety of salt and solvent
reduction product$rom the first charging procesSEI is made up of metastable

(ROCGLI, ROLI, (CH,OCO,Li), and polymers) and stable §00; and LiF)
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components.Usually alditives such as wylene carbonate (VCare added to
improve thermal stability of SEEndhenceconstitutes a portion of SEI composition
(Golubkov et al., 2015 The major component is (GBCO,Li),, an outstanding
passivating agent, which is a reduction pridof ethylene carbonate (EC)
(Aurbach et al., 1996

SEI serves as an ionic conductor that allows the transport of lithiundisimg the
intercalation and deintercalation processes. The film also worls atectronic
insulator that prevents further electrolyte decomposition at negative electrode as
certain thickness is achievg&dstrom et al., 2006 SEI breakdown dictates the
thermal respaose in cell chemistries with little or no oxygen release (Doughty and
Roth, 2012).

The breakdown of SEI reactiomas discovered byRichard and Dahn (199Pas
theyinvestigated theelf-heatingbehaviourof mesocarbon microbead (MCMB) in

1M LIPFRJ/EC:DEC (1:2)at varying leved of lithiation using accelerating rate
calorimeter (ARC). Identical selfeating peaks were observed at £@0for all
samples irrespective of thelegree of lithiationThe peaks appeared frodepletion

of the reacting species and the subsequent decrease in the ratehehtpfjafter

the highest reaction rate was reachBuae equal selheating curve for all samples
indicatal that lithium dd not take part in the reaction during the peak heat release.
It was previously reported that the electrolyte breakdown occurred afQ,90
rendering the reaction to be crossed out from the potential reactions that could

possibly explain the observation.

The identical peaksimplied that the observation was necessarily instigabgda
reactant thatvas present in approximately the same concentration in all anode
samples.Due to the constant concentration of SEIl even at varying degree of
lithiation, the team prposed that theobservation wasattributed to the

decomposition ofhe SEl layer.

In separateworks, Zhang et al. (1998 conducted a Differential Scanning
Calorimetry (DSC) test omhixCs in LIPF/EC:DMC (1:1) at differentdegree of
lithiation. Exothermic peaksvith identical intensityvere observed at approximately
130°C regardless ofhe lithium contentThe same trend was observedRyth and
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Nagasubramanian (2000n anode of commercidllB. The exothermic peaks of
both charged and partially charged celisre almost identicalIn both studies, the

authorsassociatedhe observatiomwith the breakdown of the passivation layer.

The SEllayeris unstable at high tegperaturePhysical penetratigroverheatingand
overchargecompelthe SEI to decompose. Thieactionis exothermic and takes

place at temperature between’@and 120C.

According toYang et al. (2006)the possible reaction mechanisms during the

breakawn are as follow
(CH,OCOuLi), Y bkdO3+ GHs+ CO, + 0.5G (Eq 2.7)

According to Richard and Dahn (1998athe reaction proceededt a higher
temperature to produ@ehigher selfheating rate while the pattern of identical peaks
observed previously remained unchangeem the curve of In dT/dt versus 1/T,
reaction kinetic of SEI breakdowmas determined. The activation energy and the
frequency factoof the reactioraredetermined to b&.4+10% eV and 1x*0min*

respectively.

As the samples stald)yg SEI decompositin reactiorabatesin aDSCtest,Richard
and Dahn (1999adetecteda reduction in the intensity of the first exothermic peak
near 140°C in a sample subjected to extended storage af@Owvhich was not
observed ina fresh sample The same pattern was observed Bgth and
Nagasubramanian (20P6n the carbon anode of the aged commercial delboth
studies, the investigators suggested thattgeng process causes partial conversion
of metastable SEI into stable specighjchis held responsible for the reduced heat

intensity.
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2.7.3.2 Reaction between Negative Active Materials anHlectrolyte
The breakdown of the protective passivating layer exposes the anode surface to the

electrolytes and provides an opportunity for the twomponentgo react(Abraham

et al., 2008 Electrolytes in LIB usually contain a combination of organic solvents
such asthylene carbonate (EC), propylene carbonate (PC) and dimethyl carbonate
(DMC). The presence of diffent combinatiosof organic solvents inflicts a variety

of reaction productdntercalated lithium reacts with EC, Rtbd DMC as follows
(Lopez et al.,, 2015a All the listed eactions have LCO; (one of the SEI

components) as a mutual product, in additiotheflammable hydrocarbons.

2Li + C3H404 (EC) Y Li CO; + CoHy (Eq 29)
2Li + C3HgO3 (DMC) Y Li 2COs3 + CoHg (Eq 2:0)
2Li + C4HeO5 (PC)Y Li,COs + C3Hg (Eq 2]1)

The amount of lithium content inthe graphite has a profound effecton the
reactiors. As observedby Wang et al. (2006 the reactios onset temperature
exhibited a falling patternwhile the amount of heat generated demonstrated an
incrementasthe amount ofintercalated lithium increadeln addition, the kinetic of

the reactionis determined by the structural form of the solventase Interaction
between lithiated carbsrandcyclic carbonates recordacigher onset temperature
and a lower heat generation compared to linear carbonates. The strong binding
energy of covalent bond in cyclic carbonat#ails higher temperature for the
reaction to be triggere@WWang et al., 2009 In both studies,he authos presented
activation energy and frequency factor tbe eaction at each odlition under
investigation. As concluded bwang et al. (201)1 the ratio of loading in the
electrolyte compositions has negligible impact on the reactidestical thermal

response was observedall samples at elevated temperature.
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2.7.3.3 Fluorinated Binder Reactions
The polyvinylidene fluoride (PVDF) binder is amponentof both positive and

negative active materigland carpossiblycontribute to thermal reactions in a cell.
Thereaction between intercalated lithium and PVDF occurred atG@Biensan et
al., 1999.

Pasquier et al. (199%roposed that lithium and fluorinated binder react adngrd

to thefollowing mechanism, where LiF is the majoimorganicproduct from the

reaction
-CH,-CF-+ L Y-CH=ICF + 0t5H, (Eq 212)
2Li+RRY 2Li F,+ 0. 5R (Eq 213)

Thermal analysis b\aleki et al. (1999 andBiensan et al. (199%ound that the
reaction between fluorinated binder and lithiisrexothermic According toRoth
and Nagasubramanian (2QPBigher amount of lithium content in the carbon anode
results in higher exothernespite the findings by the investigators, simulation by
Spotnitz and Franklin (2003concluded that the redon between lithium and
fluorinated binder does not play an important role during thermal runsiwes the
amountof heat liberated from the reaction is relativébpv compared to other

reactiors.

2.7.3.4 Electrolyte Decomposition
Electrolyte inLIBs is a blend of lithium salt, usually LiRRand organic solvents.

DSC scan of LiPgsalt byRoth and Nagasubramanian (2D0@icated that the salt
decomposed at 19%C. In a separate thermogravimetric an@ygTGA), it was
found that the mass loss pattern shdwagood consistency with the heat flow
curve. There were no other thermal reactions eleskeabove the melting point.

The decomposition of the LiRHs endothermic and takes place adoog to the

following mechanism.

LIPFsY Li Fs + PF (Eq 214)
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The produced RJcan furtherreact with water according to the following

mechanism.
PR+ H,O YOFR+ 2HF (Eq 215)

The salt can react with water according to the following chain readli@ansson et
al., 2014.

LiPFs + H,O Y LiF + POR + 2HF (E6)2.

POR; + H,0 Y POR(OH) + HF (Eq 2.17

2.7.3.5 Positive Active MaterialDecomposition
A selection of positive active materials is available f¢éBs. The materialsare

chosen by manufacturersbased on the materials electrochemical and safety
performance. Thesarly-commercialisedLIBs are based on lithium cobalt oxide
(LIC0o0O,). In general, the positive active material decomposes in the oxidised state
to produceoxygen.Excesslithium ions deintercalation from the cathodegrades

the electrodestability and consequentlypromotes oxygen releasg¢Dahn et al.,
1994.

The decomposition reaction of the oxibased cathode materials raishe safety
concern of thelLIBs. The releasedoxygencan react exothermically with organic
materials withinthe cell promoting combustion process and consequently leads to
fire. This reaction is the most energetic reaction during thermal run@aghty

and Roth, 201p

For theLiCoO,, the cathode decompasaccording to the followingnechanismso
produce oxygeliWwang et al., 2012

.1 1 1
Li G®,Y ELiOZG'éCQO4+éOZ (Eq 2.18)
. 1
Ca0O4Y 3005):)2+ (Eqg 2.19)
Cof ¥ Co0,+ (Eq 2.20)
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As reported byRoth and Nagasubramanian (2D0@resh LiCoO, was inert.
However, LiCoQ used for battery assemblgxhibited a weak exothermic
behaviourover the temperature range250°C and 350C, with reducingintensity

and higher onset temperatwae the lithium content increakelhe team concluded
that the lithium removal from the cathode increases the oxidation potential of the
electrode and consequently enhances solvent breakdothie sdlvent / electrode
interface. Thus, thermal stability of the positive active material is not of great
concern aadischarged state.
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2.8 Summary

It has been identified thatahardous situations are initiated by operating the
batteries beyond ficdtias, leadimguoftheromal tunawaylsed s p e c |
heat generated frothe abusive situationsill induce a chain of chemicateactions
inside the battery, which in turn will generate a high amount of heatome
reactions, the heat is released concurrently with the emissidlanofiable and

toxic gases High temperature from battery thermal runaway may ignite the
flammable gases and combustible paftthe battery components, resulting in fire.
The ventd gases may accumulate within any confined space or enclosure, and
under extremecircumstancesthe ignition of the accumulated gases may cause
explosion.The tranfer of heat from the defective cétl the neighbouring cellwill
eventually induce the heactivated exothermic reactions irotiecells, leading to

thermal runaway propagation and cascade failure of the whole battery pack.

In the next chapter, the work done to evaluate the fire and thermal runaway hazards

of lithium-ion battery will be reviewed.
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Chapter 3: Literature Review of Evaluation
Techniques of Battery Hazard s

The hazard posed byLIB have been discussed {@hapter 2 The conditions
inflicting catastrophidhermal runawayave been identifiedAs the applications of
LIB are ubiquitous and becomeincreasingly importantprecise apgisal of the
associated hazasds imperativefor hazard quantificatianThe spur of lithiuntion
technology in emerging applications necessitates the understanditig wisk

involved.

Batteries are susceptible to standard safety evaluation before being allosveerto

the market. The tests are developed with input from representatives from
consumers, authorities, manufacturers and academicians, and are governed by
international bodiesuch asUnderwriter Laboratories (UL), Institute of Electrical

and Electronic Engines (IEEE) and International Electrotechnical Commission
(IEC) (Mikolajczak et al., 201,1Biensan et al., 1999

In this chapter, studiedoneto evaluatelLIB thermalhazard are reviewed.The
discussion is organised into two main sections, which are experimental and
modelling. Due to the diverse nature of the available lithiwm chemistries and
manufacturersthat entails significant variéion in battery energy and safety
performancean attempt has been made compile information on the batteries

used, particularly active materials, voltage and capacity.
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3.1 Experimental Investigation of LIB Hazard

Failure behaviour and thermal hazafdLIB have been studied by using purpose
built equipment and subjectirtig abusive environments. Batteries auéjected to
thermal, mechanical and electrical -afiminal conditions to gain valuable insight
into the probability and severity of thermal runaway under various situations. The
hazard ofLIB has been studied at both component level and complete cell assembly

using \arious calorimeters.

3.1.1 Hazard Evaluation of LIB under Abusive Environments
Abuse tolerance is a daunting technical barrier for batteries as it is related to safety

issues. The operation of batteriestside the design specificatiopsompts cell
heatingand ©ncernarises adazardous situati@nare created if the temperature
exceeds the criticgoint (von Sacken edl., 1994. Characterisation and evaluation

of battery componentand full assembliedbehaviourunder abusive environments

are important to provide baseline information on safety and abuse tolerance of a
given cell chemistryDoughty and Roth, 20)2

Abuse testing @n be characterised into three main categories: thermal, mechanical,
and electrical(Biensan et al., 1999Tobishima and Yamaki, 1999 Different
abusive environments result in different avesteethermal runaway and distinctive
failure behaviourSone example of the evaluation techniques are shown in Table
3.1
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Table3.1 Evaluation techniquesf thermal, mechanical and electrical abuse
tolerance Adapted fromBiensan et al. (199%ndTobishima and Yamaki (1999

Category Evaluation techniques
Mechanical Crush
Vacuum
Nail penetration
Pressure
Vibration
Drop
Electrical Forced discharge
Abnormal voltage charging
Overcharging
Abnormal current charging
External short circuit
Thermal Oil bath
Fire exposure
Heating
Hot plate
High and low temperature
cycling

A survey by Spotnitz and Franklin (2003dentified five prevalentassessment

methods to evaluate abuse tolerance of lithiomcells.

(1) Shortcircuit: A low resistance is connected across the terminals of the

battery.

(2) Nail penetration: A nail is forced through the battery at a specified speed.

This test is considered assimulation to internal shouircuit in the cell,

which might becaused bydefectin the manufacturingprocess

(3) Oven: The battery is exposdd a higher temperaturfom some initial

temperature. This test ascertainscbithermal stability.

(4) Crush: The battery is crushed by using a bar. This assessment is considered

as crucial and the survival of cell to this test is mandatory since there is no

electronic device can provide protection from crush.

(5) Overcharge: Current is forced through the cell up to some limiting voltage.
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A summary of some abusive evaluation test®ntel in literature is given in Table

3.2

Table 3.2.Summary of some prevalent assessments of abuse behasmolucted

by researchers.

Test Battery Active materials  Reference

specification

EiG ePLBFOO7H LiFePQ, cathode Larsson and

3.2V, 7Ah and carboranode Mellander
(2019

EiG ePLBFO07A

3.2V, 7 Ah

European Batterie:

Overcharge | EBattery

3.2V, 45Ah

Prismatic battery LiCoO, cathode  Belov and

0.72 Ah and MCMBanode Yang (2008

Prismatic battery LiCoO, cathode  Ohsaki et al.

0.65 Ah and graphiteanode (2009

ANR26650M1A  LiFePQ,cathode Dubaniewicz

3.2 Ah and DuCarme
(2019

Crush Saft MP 174565 LiC0O, cathode
4.8 Ah
4.13V, 0720 Ah  Details are not Tobishima and
made available by Yaméi (1999
authors
18650 LiCoO, cathode Lopez et al.
Oven test 43V 2.8 Ah and graphit@node (20153
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E-One / Moli

LiCoO, cathode

Energy ICR 18650 and carbon anode

4.2 V,1.65Ah

Hatchard et al.
(2009

18650 Samsung

18650 Sanyo

18650 K2 Energy

LiCoO, cathode

LiCoO, cathode

LiFePQ, cathode

Larsson and
Mellander
(2012

413V, 1.270 Ah

Detailsare not
made available by
authors

Tobishima and
Yamaki (1999

Nail penetration

NGK battery LiMn 0,4 cathode  Kitoh and
3.8V, 25 Ah and carbon anode Nemoto
(1999
NGK battery LiMn,O, cathode  Kitoh and
3.8V, 25 Ah and carboranode Nemoto
(1999

4.13 V,0.835 Ah

Details are not
made available by
authors

Tobishima and
Yamaki (1999

Panasonic LiCoO, cathode Lamb et al.

CGR18650CG and graphig anode (2015

2.2 Ah

AA Portable LiCoO; cathode

Power Corp. and graphitanode

model 70351390

10C

3 Ah

3.8V,25 Ah LiNi xCo/Mn;O, Feng et al.
cathode and (2015H

graphiteanode
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4.1V,1.5Ah LiCoO, cathode  Leising et al.
and graphiteanode (200J)

Short circuit

NGK battery LiMn ,O4 cathode  Kitoh and
3.8V, 25Ah and carboranode Nemoto
(1999

3.1.1.1 Overcharge
As a foreseeable misuse thean possibly arise from failure of the charger or

electronic contrqglthe understanding of potential hazapbsed byovercharges
important.In a study bytarsson and Mellander (20)4he overcharge behaviour of
high-power and higkenergy LiFePQ, batteries produced by two different
manufacturerswas compared The highenergy and higipower batterieswere
overcharged at € and 10C up to 153V respectively In generalall cells swelled
but no thermal runaway was observdthe cels temperature increased from room
temperature and reached a moderate temperature betw8&ran@l 80°C without
any incident except fora batteryfrom European Batteriethat erupted in fames
The fire observed was not reproduced in othestteriesand the team believed that

the incident was due tbe inherited defect from thmanufacturing process.

Belov and Yang (2008investigated the effect of applied current ratebattery
temperatureThermal runawayoccurredunder all current rageand inflicied the
cells to shatter. The increase applied current rateresuled in lower thermal

runawayonset temperature and higher heat generation.

Ohsaki et al. (2005examinedthemal developmenand gas emissiom battery at
different state of overchargklydrogen, carbon dioxide, ethane, carbon monoxide,
ethylene and methane gases were released from the overcharge reaction and the
amount of gasesvas proportional to the state of overchargearbon monoxide
formedthe major constituent of the emitted gases at cathode. On the other hand, the

biggest portion of the gasreleased at anodeashydrogen.
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3.1.1.2 Crush
Loss of mechanical integrity of the battery structure is a contemplated prttdaem

might arise from heavy load and high impact. Thihestudyof batteryresponse to
crush is important to providen insightinto the hazard involved in this situation.
Dubaniewicz and DuCarm@014) conductedcrush teston LIBsin an explosion
containment chamber. The chamber viiled with 6.5% CH-air to simulate the
hazardus conditios in a mining field. The batteries testeth their work were
composed of LiCo@and LiFePQ cathodeThe cells were crushed using flat plate
and plastic wedge and the severity of the failimféicted by both methos was

compared

LiCoO, cell crushed using plastic wedge recordednare perilous behaviour.
Thermal runaway inflicted theell temperature teoar up to 427C. The ignition of
the chamber atmosphere by the crushed cells procarcederpressure up to 676
kPa.On the other handas for the LiCo@® cell crushed using flat platehermal
runaway was notletectedand ignition of the flammable atmusere was not
observedCrushed LiFeP@Qcells using plastic wedge produced no chamber ignition

and the overpressure recorded a reading lower than 20 kPa.

Tobishima and Yamaki (199@pnducted a crush test using a 10 mm diameter bar
halving the initial thickness of the batterieBhe response of batteries to the
invasive test at different charge stateas studiedNo smoke wageleasedor the

cell charged according to its specification. However, fire waserved for

overcharged de

3.1.1.3 OvenTest
Oven test is a standard evaluation technique to assess tlagenal instabilityat

high ambient temperature. The test provides important informatioh as
activation and maximum temperature of thermal runaway under the specified
environment. Lopez et al. (2015ainvestigated the effect of differendbven
temperaturg on thermal runawaylevelopment irLIB. At temperature of 148C,
the battery temperature recorded a gradual increadsubsequentlylateaued at

the oven temperature. No thermal runaway was obserlied. occurrence of
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thermal runawayat oven temperaturef 150 and 155°C caused the battery
temperature tsurge and subsequentigduced to andustained at the preset oven
temperature after the completion of the chain reactidnsincrease in the oven
temperature resudt in a decrease in thermal runaway onssmperatureThe same
pattern was observed mwork by Hatchard et al. (20Q1In both studiesmodebk
were developed to describe the thermal behavidData provided by model
showed a good agreement with the experimental data and valitatetbdes as a
reliable method for temperature prediction.

Larsson and Mellander (20L@xamined thermal stability of commercial cylindfica
LIBs by continuou$y heatingup thebatteriefrom ambient temperature to the onset
of thermal runaway. Temperature sgikeere recorded for Sanyo and Samsung
batteriesand thebatteriesignited due to the high reactivity dfiCoO, cathode. On
the other hand, K2 Energy battery, whighsbased orLiFePQ, cathode exhibited

a mild temperature increase.

Heating test performed byobishima and Yamaki (199%n commercialLIBs
found that thebatteriessurvived at 156C but smoked at 15%. In a separate study

by Kitoh and Nemoto (1999t 130 °C, thebatterytemperaturenmaintainedat the
oven temperaturdor the first 80 minutes and increased to 1WD thereafter.
Venting was observed, but no ignition. Approximately 40 minutes after the test
commencedan abruptrise in internal resistanagas observedwhich was inflicted

by shortcircuit during separator meltdown

3.1.1.4 NailPenetration
The heatliberatedfrom Joule heating during internal shaitcuit can trigger heat

activated exothermic reactions and consequently lead to thermal runaway.
Thereforethe nail penetration test is performed to simulatenternal shorcircuit
and to provide an insight @he potential hazarslinvolved during theundesrable
electrical conductionTobishima and Yamaki (199%®erformed a nail test usiray
nail with 2.5 mm diameter to investigate the effect of battery charge atatiee

internal shoHcircuit. Smoke wageleased fronthe overchargd cells. Nevertheless,
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no smoke was observedfrom cells charged according tdhe manufacturer

specification.

Kitoh and Nemoto (1999conducted a stainless steel nail invasiestat 1 mm/s

into the central part of cylindrical battery body. The penetration resulted in
venting of electrolyte vapour arike oftemperature up to 38tC. Mechanical nail
penetration studies were performedfsng et al. (2015band Lamb et al. (2016

on battery modules. Both teams observed the propagation of thermal runaway from
the punctured ingidual cells to the whole batteries in the pack, leading to
catastrophic cascade failure of the whole module.

3.1.1.5 Shortcircuit
Faulty batterywiring and connectiorcan lead to shouircuit. The severity of the

shortcircuit event depends on thetesnal shoHcircuit resistanceHigh resistance

will render asa simple load while low resistance will inflict sdiieating of the
battery.Leising et al. (200)Lobserved an increase in the internal temperature of a
shortcircuited battery up to 13Z atexternalshoit i r cui t r es Thet ance
cell gradually cooled down to ambient temperatilvereafter.Kitoh and Nemoto

(1999 examined the impact of sherircuit resistance on selfeating ofLIB with

i nternal r e sNo significant temperdturechikenwés observed for short
circuit resi stance of 0. 2 -owfuit dimest byt o t he
battery current fuseAt 6 mY, the battery t&nmapdkerat ur
slight venting of electrolyte vapour was observed after 80 s. The battery discharged

normally at 11 mY and reached’maxi mum t e
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3.1.2 Study of Thermal Runaway Characteristic sin LIB

As previously discussed, fisafety concemof theLIB stem from its components
wherea combination ofenergeticelectrodes and flammabteganicelectrolytes is
presentwhich in turn entails thbatterythe ability to selfheat Self-heating at high
temperatures an indicator ofhermal instability Calorimeters and reactors arged
to drive LIBs into thermal runawayand the resulting failure profiles are
comprehensively studiedor safety assasnent Hazard originaing from the
intrinsic reactivity and instabilityof battery componentsan be well quantified
using those methods. Some of the studs done as reported in literature is

summarised in Table 3.3

Table 3.3 Examples obatterythermal runaway hazaappraisatonduced by

researcherasing purpos#uilt equipment.

Equipment Battery Chemistry and Specifications Reference

{ LiCoO, cathode and graphite anode Mendoza
Hernandez et al.

1 LiMn ,0,4 cathode and graphite anod« (2019

1 LiNixCo,Mn,0, cathode and graphite Feng et al. (2014

anode
25 Ah, 3.8V
9 Panasonic CGR18650E Ishikawa et al.
Accelerating Rate  2.55Ah, 3.7 V (2012

Calorimeter
1 LiCoO, cathode and graphite anode

1 LiCoO, cathode Doughty and
Pesaran (2032
1 Gen2i LiNigsdCn.15Al 0,050, cathode

1 Gen3i Li1.1(NiyzC015MN1/3)0.902
cathode

9 LiMn 0,4 cathode

9 LiFePQ, cathode
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118650 Sony cell Roth andDoughty
(2009

N LiCoO, cathode and carbon anode

1 Gen 1 (Argonne National Laboratory
Design)
LiNi o.85Cp 160, cathode and graphite
anode

1 Gen 2 (Argonne National Laboratory
Design)
LiNi 0.80C0p.15Al 0,050, cathode and
graphite anode

VSP2 Adiabatic
Calorimeter

7 Sony SE US18650GR Chen et al. (2016
LiCoO, cathode
2.6 Ah, 3.7V

1 Sanyo UR18650F Jhu et al. (2010a
LiCoO, cathode
2.6 Ah, 3.7V

1 Sony SE US18650GR
2.6 Ah, 3.7V

1 Samsung ICR 1865R6D
LiCoO, cathode
2.6 Ah, 3.7V

LG LGDB218650
LiCoO, cathode
2.6 Ah, 3.7V

1 LiCoO, cathode Jhu et al. (2012
2.6 Ah, 4.2V

{ LiNiCoMnO,
2Ah, 42V

118650 cell Wen et al. (201p
LiFePQ, cathode
1.1 Ah, 3.3V
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118650 cell Lu et al. (2013p
LiFePQ, cathode

118650 cell
LiCoO, cathode

7 Sanyo UR18650FM Jhu et al. (2010)b
LiCoO, cathode

C80
Microcalorimeter

1 Sel-assembled coin cells Ping et al. (2014
LiCoO;, cathode and graphite anode

Heatable reactor

1 LiFePQ, cathode and graphite anode Golubkov et al.
3.3V, 1.1 Ah (2014

11 Li(Ni 9.49MNg 45C 0 10O, cathode and
graphite anode
3.8V, 15Ah

ﬂ LIC002/ LI(NI 0.50Mn0.25COo.25)02
cathode and graphite anode
3.8V, 2.6 Ah

1 LiFePQ, cathode and graphite anode Golubkov et al.
1.1 Ah (2015

1 Lix(Nio.sdC 15Al 0,050 cathode and
graphite anode
3.35 Ah

Confinement
apparatus

1 US14500LiCo0, cathode Hsieh et al. (2014
0.58 Ah, 3.7V

T UR14500 LiCoQ cathode
0.80 Ah, 3.7V

1 LC14500 LiMnO4 cathode
0.90 Ah, 3.6V

N IFR14500 LiFeP@cathode
0.90 Ah, 3.2V
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{ LiCoO, cathode and graplkittnode = Somandepalli et al.

2.1 Ah (2013
Combustion | TLICoO;, cathode Maloney (2016
chamber 2.6 Ah

9 LiNiCoMn cathode

9 LiFePQ, cathode

3.1.2.1Accelerating Rate Calorimetry (ARC)
ARC is an adiabatic calorimetersed toevaluatethe selfheating behaviourof

batteries at both component and full cell assenialels. The small size of the
standard ARC restricts the work in safety evaluation of Idoyenat battery.
Recently an expandedersion of ARC was introduced by Thermal Hazard
Technology, which is known as Extended Volumé&RC (EV-ARC). The new

equipment allows the study of hazadd large size batteriggeng et al., 2004

The concept of ARC is shown in FiguBel. A thermocouple is attached to the
sealedbattery which is placed withirthe calorimeter. A controller is programmed
to raise the tempemate of the calorimeter to a @&t temperature T. THheattery
heats up due to the heat transpimdm the heating elemenOnce thebattery
temperature approachdise preset temperaturg the temperature of the wall is
maintained at . Thesmallvalue of- renderghe heat transfer from thmatteryto

the wall negligible and hence sustains the adiabaticity within the bomb.

Thermocouple

T
Wall
temperature

T-¢
Bomb

Figure3.1l: Schematic drawing dheadiabatic calorimeteAdapted fromRichard
and Dahn (1999a
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The adiabatic selfieating rate ot batterycan be measured as a function of time
and temperatureFrom the plog, the onset temperature atite maximum seH
heating rateof thermal runawaygan be determine(Doughty, 2011 The wdth of
the peak during thermal runaway gives information altbetenthalpy ofthe
reaction(Doughty and Roth, 20}2

ARC operates according tthe heatwait-search (HWS) mode which allows
determination of the onseemperatureof the selfheating profile (Roth and
Doughty, 2004 In this mode, e ARC raises the temperature in discrete
predetermmed steps. Each step raises the temperaturésdatfiowed by a waiting

period to allow thermal transients to decay and to achieve adiabatic thermal
equilibrium between the bomb atitk calorimetric jacke{dos Santos et al., 20114

The temperature is increased by another step and the process is repeated if the cell
temperature rise does not reach a threshold value, uslGI§@Imin.

If any exothermic reactiortakes place, thebattery temperature will increase.
Subsequently,hie ARC shifts tothe exotherm modeand the heating process is
stoppedif the cell temperature increasesaatateequalto or above the threshold
value. In order to maintain the adiabaticity of the experimental operation during the
exotherm mode, the ARC temperature clpsehtches the cell temperatuexen at

high heating rates. During normal operation, the ARC terminates<perimenif

the rate falls below the detection limit endpoint temperature is reachéthe

algorithm of ARC operation idlustratedin Figure3.2

The ARC experiment closely simulates a thetynalbusve environment that
includes moderately high tgraraturefor relatively long periods of timgRoth and
Doughty, 2004 One major disadvantage of ARC is that it is not suitable for

investigating endothermic reactiof@Golubkov et al., 2014
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Start Test |
IFT> T,

a

| Cool |—>| End Test

dT/dt < onset:

sl

it |
ek
dT/dt < onset_@ﬁ

Figure3.2: Algorithm of ARC operationAdapted fomdos Santos et al. (20114

MendozaHernandez et al. (201®omparedhe effect of charge stati the self
heating behaviouof two differentbatterychemistrieausing ARC Theonsetof the
seltheatingtemperaturedecrease as the state of chargecreasd for LiCoO,-
based batteriesLiMn0,-based batteries, on the other hand] dot display
significantdependency on the charge stdte.conclude,LiCoO, batteries are more
reactiveand thermally unstableompared td.iMn,O, as reflected byigher self

heating rateat all stats of charge.

Ishikawa et al. (207)2utilised ARC toexaminecharacteristic of batterthermal
runawayat 87%SOC An abrupt esdation in the battery internal resistance at high

temperature caude¢he open circuit voltage to drop suddenly.

Feng et al. (204used ARC toinvestigatethermal runaway feature a large
format LIB. The battery mternal temperature recordedreaximumtemperature of
870°C, whichoccurred aftethe collapse ofhe separator at 268C. The meltdown
of theseparator lé to internalshortcircuit which in turn inflictedthe descending of
the batteryelectrical energy inta massivemount of heat.

Roth andDoughty (2004 assessedhe thermal abuse response of tadvanced
battery chemistries developed by United States Department of Energy astpart of
Advanced Technology Development (ATD) Prograand the finding were
compared with commercial Sony 18668@lls. In general, allbatteriesrecorded a

higher selheating rate at higher state of char§eny battery, which is based on
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LiCoO, cathode, demonstrated the highest thermal instability among the trio and its
behaviour at lower temperature is compagabl the Gen2 cell$\n ageingprocess
rendes the batteries more thermally stabds the batteries capacity gradually
deteriorates with time.

Doughty and Pesaran (20Q1&ported setheatingbehaviour ofLIBs and safety
performance of five different cathode materials was compdr€tbO, battery
recorded the lowestnset temperaturehighest maximum seklheating rate and
widesttemperaturgange implying that this chemistry ithe leastthermally stable
compared tathers.

3.1.2.2VSP2 Adiabatic Calorimeter
The functions of this equipment are almost similar RCA(Feng et al., 2014). This

equi pment has been used by Jhubés group f
hazard ofdifferent LIBs under various conditioné/Nen et al., 2012Jhu et al.,
2012 Jhu et al., 2011Rhu et al., 201)a

Chen et al. (20D6characterised thermal runaway feature&l@fs at varying SOC
using VSR calorimeter Half-charged andhigher batteries demonstratedtwo
apparent phasehiring failure (1) thermal runawagtage and (2) thermal explosion
stage Activation energy and prexponential factor as per Arrhenius relationship at
both stages ere determined. Temperature increment and the associated energy
releaseat both phasewere established he seltheating behaviour dbtage 1 was
mathematically reproduced by using the kinetic parameters and pzewgslorder
reaction model witha reasonableagreement with the experimental daldNT-
equivalent of the totaheatreleasedwas determined according to the following
equation.

GaElhattery

MrNT ——773 (EqL)3.
TNT

where mnt (g) is the TNT-equivalent masse is the empirical mass of TNT,
aHp 4 ¢ 1(kJ) is the totalheatreleased by battery andr@ (kJ/g) is the explosion
energy of TNT, usually taken as 4.602 kJ/g.
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Jhu et al. (201J)anvestigated thermal and séiéating profile of commercial 18650
cylindrical LIBs with LiCoO, cathode produced by four worldwide consumer
battery producerat two different voltage Activation energy and prexponential
factor of the failure process weestablished by using Arrhenius equation

Jhu et al. (201Rreplicated the same test procedures to compare different positive
active materials in commerciatylindrical LIBs while the voltagewere kept
identical The cathodes of concern were LiGo@nd LiNiCoMnG. LiCoO,
chemistry exhibid higher temperature and séléating rate with lower onset
temperature. Activation energy and frequency factor of both chemistries were

calculated by Arrhenius relationship using the-belating profils.

Jhu et al. (201D)bcompard thermal hazard oSanyo batteries at half andlifu
chargeA battery with 100% SOC podea biggerhazardas reflected bjower onset
temperature and higher temperature and pressure profile&en et al. (201
investigated thermal runaway features fafl-chargedand overcharged 18650
cylindrical LiFePQ, LIBs. Overchargedatteryexhibited a more violent behaviour
during failure as reflected bpwer onset temperatui@nd highertemperature and

pressure profiles

Lu et al. (2013pbexaminedthermalhazard featuresf LIB under fulkchargedand
storagestate The cells were composedt LiFePQ, and LiCoQ cathode materials.
Thermal response was more reactive under-cludirged condition for both
chemistries. Under bbtstorage state and fudharged condition, violent response
was observed for Li@0, chemistry. The team calculated the TNT equivalent and

found thatLIBs with LiCoO, cathode posesgreater hazard than LiFeRO

3.1.2.3C80 Microcalorimeter
While some of the calorimetry instruments are unable to déteatabsorbing

reactiors, C80 Microcalorimeter comes with the ability to detect endothermic
reactiors and thus providing information on instantaneous change of heat flow. The
detection of both heat releasing and absorbing reactions is better presented using
this equipment. The sensitly of the machine is 0.1 pyW and the adiabatic condition

sustains the constant temperature stability of the system with deviation 8€+0.1
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Ping et al. (2014 performed thermal analysis af situ selfassembled coin cells

with varying mass of componentssing C80 MicrocalorimeterThe heat flow
curves obtained from the test were mathematically deconvoluted to separate the
overlapping peaks. Kineticef the individual peaks were determined and the

associated¢hemical reactinsthattook placewerediscussed.

3.1.2.4Combustion Chamber
Somandepalli et al. (2013nvestigatedcombustion characteristic of gasesnted

by LIBs during thermal runawayComposition of hydrogen, carbamonoxide,
carbon dioxide and various hydrocarbons at 50%, 100% and 150% SOC was
determined The vented gas was subsequently ignited using a 100 J chemical ignitor
in a 20 L combustion chambefhe peak ovempressureand the rate of pressure
changeover a rage of gasair ratio were establishedThe explosion severitwas

thencalculated by using the following equation.

1
Kg= o, V3 (Eq 3.2)

where Ky (Pam/s) is the explosion severity, dP/dt (Pa/s)th® rate of pressure

change and V (f) is thechamber volume.

The explosionseverity of verdd gasat 100% SOC is 65 +har/s, which idetween
methane and propan€heteam predict a more severe consequencewatrcharge

conditiors.

Maloney (2019 quantified various gases emitted during thermal runawajume
and concentratiorof ga®s released (total hydrocarbons, hydrogamd carbon
monoxidg were establishedt varyingchargestates and compared between three
batteries. Correlation betweéower flammability limit(LFL) of gasegeleasedyy
LiCoO, cells andSOC was determinedThe gases were ignited in a 21.7 L
combustion chambdp investigatethe pressure rise frorthe combustion of gass

emitted by fullchargedandhalf-chargedbatteriesat varying gasair ratio.
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3.1.2.5Heatable Reactor
Golubkov et al. (201% built a custordesigned test rigo conduct unrestricted

thermal runaway experimemnghere heatergvere used to induce thermal runaway

in the LIBs. The reactorwas equipped with ten thermocouplésr temperature
measurment of battery sirface, sleeve heater amdactor interior. A pressure
transmitterwas attached on top of the reactor to measure the reactor internal

pressure.

The teamstudied thermal stability of commercial lithivion batteries. Three
positive active materials were msidered.LiFePQ,, Li(NiO.45Mng 45C 001902 anda

blend of LiCoQ and Li(NipsdViNg 25Cp25)O,. Thermal runaway of the batteries

was characterised by maximum, runaway and onset temperature. Three apparent
stages were observed: (1) heat up, (2) gesgonential and (3) rapid thermal
runaway. The anount of gass vented during thermal runaway was calated

according to the ideal gas law.

PV E 3.3
N === 1o (Eqg . 3)

where n (mol) is the amount of gasP (Pa) is the reactor internal pressure,JrR (

mol™* K™ is the gas constant and T (K) is the gas temperature,¢gmnabi) is the
initial amount of gassinside the reactor.

The cell with LiFePQ@ demonstratedhe least reactive response to thermal abuse,
and recordd the lowest temperature rise, shfatingrate and amount ofgases
releasd while the bleneéd cathodeexhibited the most reactive respons&he
release of B CO, CQ, CH,, GHs and GHg gaseswas detected using gas
chromatography techniquePossible chemical reactions leading to the gas

generatiorwerediscussed accordingly.

In another studyGolubkov et al. (2016 investigated the severity of thermal
runaway at varyig SOCranging from 0 to 150%The study focused ohnlBs with
LiFePQ, and Li(Ni g.45Mng 45C0y.10O2 cathode.The information on effect of SOC

on thermal runaway onset and maximum temperature was established. In addition,

theamount of vented gasand its composition at different SOC were determined.
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3.1.2.6Confinement Apparatus
Hsieh et al. (2014 constructed acustomdesignedconfinement equipmento

simulatepseudeadiabatic condition. The equipment, with internal vessel volume of
100 ni, was equipped with pressure transducer and temperature detector to monitor
thermal runaway trajectoryHsieh et al. (2014 compared thermal hazat
characteristics of commercial 14500Bs composedof three different cathode
materials: LiCoQ, LiFePQ and LiMnO.. LiCoO, exhibited the most severe
behaviour as indicated Wyighestpressure and temperature profiles dgrfailure,
followed byLiMn 0,4 andLiFePQ,.
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3.1.3 Study of LIB Fire Characteristic sduring Fire Events
As part of safety managemeatfull appraisal offire hazard caused by lithitaon

technology is necessaryire occurrence is possible due to the presence of
combustibé materials and flammable electrolytes as parts of the battery assembly
in addition to the reactive electrode materialeat release rat@RR), particularly

peak heat release ra(PHRR) is the utmost important parameter in fire safety

evaluation.

The advantage of using heat release rate as a quantitative indicator of fire hazard is
that the knowledge about chemical composgiand combustion chemistry of the

materials is not necessdiiteau et al., 2008
There are three methods to calcuthteheat release rat
1. Mass loss

The knowledge abotheheat of combustion is necess&wythis method. The main
challenge for this method is the uncertainty about the coioplet the combustion

reaction. The heat release rate can be calculated asdollow

q= |_@q']]‘uel (Eq 3-4)

whereq (W) is the heat release ratedH. (J/kg) isthe heat of combustioandmy; | ¢ |

(kg/s)is the mass flowrate dlfie combusted material.
2. Convective calorimetry

It is necessary to conduct energy balance in order to employ this method. The
knowledge about heat loss term is required. The heat release rate can be calculated

as follows.
q:meCpaiareT (Eq 3.5)

whereq (W) is the heat release raten, (kg/s) isthe mass flowrate of combustion
products CIoai (J/kg.K) is goecific heat capacity of aandadl (K) is the change in

temperature
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3. Species based calorimetry

This technique is based on species concentration, and it is necessary to conduct

mass balanci a closed systenm order to calculatéhe heat release rat&éhe most

prevalem technique is based arxygen mass balancghich hasbeen proveran

accurate technique faredictingthe heat release rate of polymers, fuels and other

chemicals.

According to the Thornton principle,the amount of heat liberated during
combustionis proportionate tadhe amount of oxygen consumed during pihecess,
regardless of the materials or fuels combustdeerecomplete combustionf 1 kg
of oxygen will release13.1 MJ heat.The ®ne calorimeteralso known asan
oxygen calorimeteis an example oéquipment based on this principlBased on
the oxygen depletion methodhe teat release ratduring any fire eventan be

calculatedoy the following equation.

q= |_@xygg’]%z‘moz (Eq 3.

whereq (W) is the heat reease rateaH, , y 4(d/k0) isthe heat of combustion of

oxygen moo2 (kg/s) istheinitial oxygen mass flow ratendmg, (kg/s) isthe final

oxygen mass flow ratélhis equation however will overestimaige heat release
rate since most of the combustion process is not completerrection factor is

necessary to take into account the formation of soot and carbon monoxide.
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Even thoughthe measurement ofieat releaserate according tothe oxygen
consunption method isa wellestablished and accepted techniquethe fire
calorimetry field,Ping et al. (201pand Larsson et al. (2014) pointed out that the
use of this methodfor quantifying fire hazarsl of LIBs will impose some
inaccuracies. In the event of battery fire, the melting or burning of the separator will
lead to shortircuit. The oxygen depletion method is unable to enumerate the
amount of thermal energy liberated fralaule heating. Moreover, as dissed in
Section 2.7.3.5, the decompositiorreaction of positive active material in the
oxidised stateeleasesoxygen. Thisselfgenerated oxygen will interfere with the
oxygen measuremenprocessand subsequently reduce the value of measured

consumeaxygen.

Ribiere et al. (201Restimated that thenaximum amount of heatleasedoy the
erratic electrical discharge is approximately -0&eth of the total energy hold by
full-charged batteries. Theyherefore concluded that @h oxygen depletion

technique is acceptable fBIRR estimation.

Work done byChen et al. (200)5discovered that ignoring the effect ioternally
generated oxygemtroducedsignificant error In their work, fire development of
LiCoO, and LiFePQ 18650 cells were compared using fire calorimeter. Lower heat
release rate was observed for LiGp@nplying safer or less reactive response to
fire, which is conflicting to previous studieghis observatiorcan be explained by
the neglected additional internally sginerated oxygen gas at positive active
material. The team corrected thHRRR computation by measuring the amount of
oxygen gas evolkandsubsequentlyecalculate the associateHRR.

Some of the studies done related to fir@zardare shown in Table3.4 The
experimental rigs used for fire hazard study might have varying names,
nevertheless,all the equipmentin use principally comprises of two main

components, which are the sample ignition and gas detection system
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Table 3.4Examples of sombatteryfire hazard evaluation conducted by

researchers.
Reference Equipment Battery Battery Active
Specification Materials
Chen et al. Fire Samsung LiCoO, cathode
(2015 Calorimeter ICR18656G26FM and graphite
anode
Sony LiFePQ,
US18650ET cathode and
graphite anode
Ribiere et al. Tewarson Pouch LiMn 204
(2012 Calorimeter 2.9 Ah, 4.1V cathoc_ie and
graphite anode
Larssonetal. Single EiG ePLB LiFePQ,
(20149 Burning Item FOO07A cathodeand
35 Ah. 3.2 V carbon anode
k2 LFP26650EV -FePQ:
28.8 Ah, 32y  cathodeand
’ carbon anode
Lenovo laptop .
battery pack LiCoO, cathode
33.6 Ah, 3.7V
Fuetal (201p Cone Sanyo LiCoO, cathode
Calorimeter UR18650FM and graphite
26 Ah anode
Ping et al. Full-Scale 10 Ah LiFePQy
(2015 Burning cathode and
Apparatus graphite anode
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3.1.3.1Single Burning Item
Larsson et al. (20)4studiedthe burning behaviouof LIB modulesduring fire

tests, comparing two types of positive active material: LiEgfp@uch) and cobalt
based (laptop battery pack) using Single Burning Iltem (S®iiteries weregnited

using a propane burner. A gas analysis system was equipped to provide in sit
measuremerdf CO, CQ, HF, POk and Q release.

HRR information of the fire eventvas established in compliance to oxygen
consumption method andas corrected for C® generation.HRR spikes were
observed in fullcharged EiG modules. Broad HRR peak whserved for h#
charged anccompletely drainecEiG modules with decreasing magnitude as the
SOC decreask Higher amount of HF release was recorded at lower SOC.
Sprinkling water mist into the flamacceleratedhe rate of HF release whilthe

total emission remained unchanged.

3.1.3.2Tewarson Calorimeter
In Tewarson calorimetethatteries aragnited under controlled conditions at the

lower part of the equipmentfrared heaterare usedo apply external heat flux to
the combustion chamber, piding thermal aggression comparableatfire event.
The fueldeprived ignition method is desirable in such a way that there is no gas
release from the combusted fuel that othse will interfere with gassemittedby
the batteriesunder testing. Flammablgagsproduced from théatteriesareignited
using a pilot-flame located at 30 mm above tbatteries Combustion gases are
analysedn situto measurghe amount ofotal hydrocarbons (THQ)y using flame
ionisation detector, oxygen hysing paramagnét analyser, sooby using optical
measurement and carbon dioxide and carbon monbyidsingFourierTransform
Infrared SpectroscopyrTIR). Supplementary FTIRs used to give information on
standard toxic gases such as SOx, NOx, HCN, hydrogen halidealdehydes
(Ribiere et al., 2012).
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Ribiere et al. (2012performed calorimetry tesat varyingSOC to quantify thermal
and toxic hazarslassociated wittbattery combustionThe team found that peak
HRR and reaction ratencreasd with increasingSOC The process sh#d toward
incomplete combustion at high&OC, as indicated by high@mount oftotal

hydrocarbons and carbon monoxigdease

The heat of combustiorof the battees calculatedfrom the integration of heat
release ratevas in good agreement with the summation of combustion heat of
batterycomponentsThe total mass loss recorded an identical reading 8@,

which was believed to be caused by the combustion of organic and polymeric
components of the batter{xfoliated copper foil was observed and aluminium
droplets were noticed at thend of the test. From the observations, it can be
deduced that the maximum temperature reached during the combustion process
rangesfrom 600°C to 1083°C. No organic and polymeric compounds will be able

to sustain that temperature and will obvious#ycombusted.

In general, NO, HF and HCI exhibited almost identical emission pattéshthe
SOC increased the peak gas concentratiomcreasedbut the production period
shorteed SO recorded the highegteak concentrationoompared to NO, HF and
HCI for full-charged cells, but became negligible at 50% and 0% SOC dbte to
inadequatéeat release rate.

3.1.3.3Cone Calorimeter
Fu et al. (201p usedthe cone calorimeter tonvestigatefire hazard of LIB at

varying SOC and incident heat fludeatwasradiatedto thebatteriesby the cone
heater The calorimeterwas equipped withgas analysers taneasurecarbon
monoxide, carbon dioxide and oxygen gasssase Three apparent stagegere
identified during fire development: (Bmouldering, (2) sustainable flame and (3)
explosion.PeakHRR was higher for higher incident flux an8OC At a constant
heat flux, time to ignition and explosion incredss SOCdecreasg Gas analysis
found that CO and C{production increagkwith the state of charge.

The HRR was calculated using two techniques: oxygen depletion and mass loss
method. In general, theHRR curves calculated bpoth methodsare almost
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identical with minor inconsistency. The biggest discrepaheyween the two

methodsvasobserveduringtransitionfrom Stage 2o Stage 3.

3.13.4 Full-Scale Burning Apparatus
A full-scale burning test waggormed byPing et al. (201pon large formatt0 Ah

LiFePQ, / graphite batterynodule A 3 kW radiation heatewasused to ignite the
batteriesanda gas analysis systemasequipped to provide in sitotneasurementf
CO, CQ and Q release.

A series of jet flamgand stable combustion was observed, in additiomit@l

battery expansion, and abatement and extinguishroetihe flameat the end.
Moreover, three distinctive stages were observed from the masprajgdes (1)

thermal decomposition of the packaging, (2) fierce burning of the ejectedayab
(3) abatement andhe subsequent fire extinguishmenthe maximum flame
temperature reaeld 1500 °C in the region of 100 mm from the batteyrface,
whichimposel a serious fire hazard since the flame temperatasrery high even

at a great distaec

3.13.5 Fire Calorimeter
Chen et al. (200)5useda fire calorimeter to observe fire development of &l&

varying SOC Batteries werdneated byusinga 2 kW coiled electric heater. The rig
wasequipped withgas analyser and electronic scale to measure the amounesf gas

released and mass loss respectively.

Based on theianalysis the authorsclassifed combustion phenomena of LIB into
four stages: (1) continuous and de#fating, (2)first flame ejection and stable
combustion, (3) second flame ejection and stable cetidyu and (4) flame
weakening and extinguisMeasurement of HRRvas conducted according tihe
oxygen consumption methaahd the valuewas corrected to take the amount of
oxygen liberated by cathode materials into accolim. teancalculated the amount
of oxygen released arassumed thquantity to bedirectly proportionalto the SOC.
LiCoO, batteryposed a higher explosion risk than LiFeR® indicated by sikold

higher of oxygen releasemount
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3.2 Modelling of Battery Thermal Runaway

Modelling is an important tool in research and development of batteries. A good
model allowsthe predicion of battery thermabehaviour under various operating
conditions without the necessity to conduct experiadentorks that are time
consuming, resource intensive and dangeroudile providing a clear
understanding of the underlying fundamental proces<eslorimetrybased
simplified modelis one of the possible approaches for this purpose. This technique
requires informationfrom thermal analysis of the cell components, which are
characterised by reaction rate equations using Arrhenius expréSsioghty et al.,
2002. The common equipment employed for therarad kineticanalysisof battery
componentsare accelerating rate calorimetry (ARC) and differenticdnsing

calorimetry (DSC).

3.2.1 Calorimetry and Kinetic Study
Extracting kinetic modslduringthermal analysiss a crucial stagein investigation

of chemical reactions. The mode&lan serve for thermdlazard quantification and
the subsequent risksssessmenitt is therefore important to extract precise medel

that thesucceedingnalysisis reliable(Kossoy and Koludarova, 1995

The ARC is an adiabatic calorimeter specifically developedtli@revaluation of
thermal hazal kinetic. The use of ARC enables determination of kinetic aspects of
temperature and pressure associated with chemical reactions and heat of reaction
(Townsend and Tou, 1980The analysis of experimental resuiwill provide

important parameters for letic modelling.

For a thermalnduced reaction, the reactant conversion into prodizrt be

described by the following ordinary differential equation.

—=kT fU (Eq 3.7)

The rate constant k follows the Arrhenius relationship as fallow

Ea
kT = RT (Eq 3.8)
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where k (3) is thereaction ratelJis the fractional degree of conversiofgl) is the
reaction modelE, (J/mol) is the reaction activation energys) is the timeR (J
mol* K%) is the gas constant, T (K) iketemperature ané (s?) is the frequency

factor.

Common reaction models employed for description of solid thermal composition is
presented in Tabl8.5. The determination of the kinetic tripldt,U, E, and A is

crucial for accurate description of the reaction kinetic.

Table3.5. Reaction models thateausually applied to describe thermal
decomposition of solidéVlacNeil and Dahn, 2001

Reaction o, ) i 7 T
model L m n P
One ol
dimensional -1 0 0
diffusion

o] 1 0 0
Power law Q- 1/2 0 0
Power law - 2/3 0 0
Power law Q- 3/4 0 0
Zero order Q 0 0 0
Contracting ~ -

Q

cylinder a ° o ’
Contracting Qp | 0 2/3 0
sphere
First order (nth Qp | 0 1 0
order)
Second ordel Qp |
(nth order) ° ’ °
Avrami- Qp | iip 1 - 0 1 172
Erofeev
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Avrami- TQp | iTp - 0 1 2/3
Erofeev

Avrami- Qp | Tdp | " 0 1 3/4
Erofeev

Autocatalytic Qp | 1 1 0

Two-
dimensional Q1 0p | 0 0 -1
diffusion

Diffusion . - -
controlled

Diffusion . -
controlled

In generalthermal decomposition of solican bemathematicallydescribed by the

following universalequation.

‘;—Uz ® (DY 1-0)° (Eq 3.9)

where U is the fractional degree of conversigr (s) is the time, k (§ is the rate

constant, mn and P areghedimensionlesseaction parameters.

The information pertainingto reaction model, activation energy and frequency
factor can be used to mathematically describe the reaction progress. The suitability
of the kinetic information for prediction of any parameter can be meted by

least square analygislacNeil and Dahn, 2001

3.2.2 Thermal Analysis of Battery Active Materials and Thermal Reaction
Kinetic Modelling
Numerous workarereported in literature regarding the thermal stability analysis of

battery componentsusing calorimetry techniqueThe study however is of
comparative nature and detailed kinetic fundamental analysis haselteaut The
works discussed in this sectidorm the foundatiorfor the simulation of battery

thermal behaviour, which will be discussedsiection 3.3.
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Chemical reactions behinthermal runaway have been discussed in SectitB.2.
Early work in thermal reaction kinetic modelling of battery componentsas
pioneered byRichard and Dahn (1999bA mathematical modelas developedto
describethe conversion of ratastable SEI to stable SEI and the sequential reaction
between lithiumintercalated anode and electrolyte by manipulating the kinetic data
obtained from ARC results in their previous work. The modes able to reproduce

the selfheating and heat flow pfites obtained from ARC and DSC measurement
respectivelywith reasonabl@ccuracy The kineticstudy conductetty Richard and
Dahn (1999b has becoma primary reference in kinetic modelling for simulation

of battery behaviour under thermally or electrically abusive conditions.

The selfheating rateof anode materiaduring the adiabatic ARC testan be

expressed awllows.

d_T: a'|SEI%+$'|anoéﬁ
dt C, dt C, dt

(Eq 3.10)

whereaHsg, (J/g)is the reaction enthalpy of SEI decompositiahlanoge(J/g)is the
reaction enthalpy of secondary SEI formafidd, (J/g.K) is the specific heat
camcity ofthe whole ARC sample, T (K) is the temperature, t (s) is the tims, X
the fractional lithium content in the metastable SEI anid xractional amount of

lithium within the carbon anode.

X; is the lithium content in the metastable SEI and tdraporal change of the

concentration during the conversi@mnocessto stable SEI can be expressed as

follows.
dx¢ Esel
d—t:-ASEexkaxfm (Eg 3.11)

whereAsg (min?) is the frequency factor,dg (eV) is the activation energyn is
thereaction order for this reactipi (K) is the temperaturand lg is the Boltzmann
constant. Agis 1.25 x 16/min, Esgis 1.4 eV andn is taken as 0.5.

X; is the amount of thium intercalated within the carbon anode and the temporal
change of the concentration during fbamation ofsecondary SEI can be expressed

asfollows.

77



Chapter 3 Literature review of evaluation techniques of battery hazards

d Eanode
Za\anO%Q(FbBTX exng ( Eq 3.

whereAanoge(min™) is the frequency factor, smqe(€V) is the activation energy, m
is the reaction order, dm%g) is the specific area of the sample; @m?%/g) is the
constant of proportionality, gm?) is the amountof lithium in SEI per unit surface
area z, (m?) is theinitial amount of lithium inSEI per unit surface ared (K) is
the temperatur@nd lg (m? kg s? k™) is the Boltzmann constant. afdgeis 1 X
10%/min, Eanodeis 0.8 eV and m is taken as 1.

The growing secondary SEI layer frothe reaction between electrolyte and

12)

intercalated lithium in the carbon anode retards the transport process of lithium

through the layer andonsequently impedeke consumpon rate of intercalated
lithium. This tunnelling factor which diminigls exponentially with length is
included in the temporal expression of lithium content as-efg) where z ishe

amount of lithium InSEI per unit surface areand its temporal chaegs expressed

asfollows.
dZ Eanode
i Ainoa & BT XM exzp (Egqg 3.

whereAanoge(min™) is the frequency factor, smqe(€V) is the activation energy, m
is thereaction orderz (m™) is the amount of lithium ifSEI per unit surface area,
(m™) is the initial amount of lithium inSEI per unit surface ared (K) is the
temperatura@nd kg (m?kg s?k™) is the Boltzmann constant.afgeis 1 x 16/min,
Eanodeis 0.8 eV and m is taken as Note that the change in z in Eq 3. the
reverse othange ok; in Eq 3.2.

MacNeil et al. (200D conducteda study oninteraction between LiCofQand

electrolyte using ARC buhe identification of the chemical reactions involved was

not madelt wasfound that the reaction is autocatalytic, which mahaegpresence

of reaction products catalysasd therefore accelerati® reaction process.

The simple reactiothatdescribes the autocatalytic process is shown below

A
BOA+P (Egqg 3.
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In this example product A produced as the reaction progress accelerates the
reaction rate. The reaction rate is reduced as the amoueadintB is depleted.

The differential equation that describes the autocatalytic process is Smown
follows.

dU . .

d—t:kl-U b v (Eg 3.15)
whereb i s the par ame&(sdistherate of nedctomr as expresgesl i s
according to Arrhenius equation (s) is the timeand U is the dimensionless
fractional degree of conversion. A | ow
behaviour. Finetuning the kinetic parameters forcurvefitting purposs
demonstratedhat a decreasen b would result inanincreasdn initial slope d the

self-heating behaviour, producing large curvature in the profile

3.3 Simulation of Battery Thermal Behaviour during Failure by

Modelling Thermal Reaction Kinetic s of Battery Components
The temperature pfile of LIBs under abusive conditionsan & simulatedby

utilising the kinetic data of thieatterycomponents while théetails of thechemical
reactionsinvolved remain unknown.A few models have been developed by
investigators to predict thermal behaviour of batteries duaigre by modelling
thethermal decompositioreaction kinetiat component level. Some of the work is
compiled in Table3.6.

Despite various chemical reactions studied during thermal runawast, of the
developed models only consider reactions at active matéffasintricate nature of
the chemical reactions involved at battery components can be describaihbie
thermalkinetic data sefThethermalkinetic study of the active materials that forms
the basis fobatterythermal moelling has been described$ection 3.2.2
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Table 3.6 Examplesof modelling work based on kinetic study of battery active

materials as reported in literature.

Reference Battery Specifications  Battery Active
Materials
Richard and Dahn Cylindrical IMR18650  LiMn,O,4 cathode

(19999

provided by NEC Moli
Energy

1.35Ah, 4.2V

Hatchard et al. (2001

Cylindrical 18650
provided byE-One /
Moli Energy

1.65Ah, 4.2V

LiCoO, cathode and
graphiteanode

Kim et al. (2007

Cylindrical 18650

Cylindrical 50900

Graphite anode and
LiCoO, cathode

Graphite anode and
LiCoO, cathode

Feng et al. (2015a

25 Ah, 3.8V

LINl XCO)/anOZ
cathode and graphite
anode

Lee et al. (201p

Cylindrical 25 Ah

Prismatic 2.43 Ah

Graphite anode and
LiNiCoAIO, cathode

Graphite anode and

LiCoO, cathode
Graphite anode and
Coman et al. (2026 3.8V, 2.6 Ah LiCoO,/

Li(Ni 0.50MNg.25C0p 25O
cathode and graphite

anode

Lopez et al. (2015a

Cylindrical 18650
(2.8 Ah, 4.3V)

Prismatic

(5.3 Ah, 4.2 V)

Graphite anode and
LiCoO, cathode

Graphite anode and
Li Mn3/2Ni1/204 cathode
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Spotnitz and Franklin ~ Not available LiMn O, cathode
(2003 LiNiCoO, cathode
Kim et al. (2014 Cylindrical 18650 Graphite anode an
LiCoO; cathode
LEV50 Qraphite anode an
LiCoO, cathode

Richard and Dahn (1999simulatel thermal behaviour of NEC Moli EnerdyiB

underconstant high temperature and shkortuit conditions The teamconsidered
heatsourcefrom SEI breakdown and new SEI formation reactiongheir work.
The resulwvasin good agreement with the experimental data.

Hatchard et al. (20Q1ldeveloped a ondimensional model to simulate baty
temperature profile underonstant temperature thermabuse testingThe team
consideed heat generation from SEI dmoposition and included anode and
cathode interactions with solveas part of the battery heat sowsc&he model
requiral detail information on the thermophysical properties and thermal reaction
kineticsof the battery active materials addition, he developed modehkn capture

the effect of surface emissivity, geometry, cathode material and anode surface area
on battery thermal profile The model manageto predict quantitative and
qualitative behaviour of battery under high temperature thermal abuse, with some

discrepanies

According to the authorsheé deviationin the predicted thermal runaway onset time
wascaused b ignoringthe JouleThompson effect during electrolyte vapour release
throughthe safety vent in the model development wolkkeanwhile, he authors
provided two explanationgor the discrepancy in the maximum temperature
reached. First, the kinetic parates of the reactionst cathode used in the model,
which has been reported bjacNeil et al. (200Dare incomplete, where only the

first exothermic peak has been modelled and included in the simulation. Second,

high temperature exothermic decompositions have not been included.

Kim et al. (2007 exparded the work done by Hatchard et al. (200ihto three

dimension using the finite volume method and included the high temperature
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electrolyte decomposition reaction in the modehermal masspecific heating

rates of the chemical reactions at differenermiemperatures were explored. The

heat distribution within the structuresas captured and the effect of battery
dimensionwas investigated. In addition, the team simulated an induced localised
heating event to study the propagation of thermal abuseaeaeside a cylindrical

cell with 50 mm diameter and 90 mm hei gh
computer resources as the main hurdle for tdieeensional modelling.No

experimental validation was provided.

Spotnitz and Franklin (2003developed a model to predidiattery thermal
behaviour during oven, overcharge, skmortuit, crush and nail tests. The
chemistries of concern were lithivimn with LiMn,O4 and LiNiCoQ cathode. The
simulation predictd temperature profileof the batteryand the amount ofheat
generated fromvarious chemical reactions. No experimental validation was

provided.

While most of the modelling work utilises kinetic information reportedHaychard
et al. (200}, a group of resarchers from Samsung SDI Clotd. preental their
own kinetic parameters for simulation of skfatingbehaviourand thermaprofile
of three differentLIBs (Lee et al., 2016 The modellng of selfheating profile
dropped the electrolyte reaction from part of the heat source during thermal
runaway, but included for simulation of high temperature exposur&éhe model

managd to reproduce thexperimental profilesvith good agreement.

Feng et al. (2019adeveloped a model to descrileermal profile ofa large format

LIB during shortcircuit. The abrupt rise in battery temperature during separator
meltdown at 268 wasdescribed as exponentidlhe rate of heat release l®ach
heat source atifferent time and temperature wstsidied.The modewasexpanded

to include heat transfer modellifig order to simulate thermal runaway propagation
in a battery moduleThe simulation resuls were in good agreement with the
experimental data.

Lopez et al. (2019asimulatedLIB thermal behaviour during abuse bgnstant

power heating at ambient temperatared constant elevated ambient temperature

The effect of inclusion of electrolyte decomposition reaction in the modellasg
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studied. Itwas found that the inclusiomvas not necessary for conventional oven
test, but for constant power heating, ignoring the reagbiaduce significant

deviation from the experimental data.

Coman et al. (20)a6ncluded the effect of electrolyte venting and battery content
expulsionin their thermal runaway modeb describe the failure behaviour of
cylindrical LIB under adiabatiike condition Theauthors combined the modelling
of exothermic reactions that lead to thermal runaway as repbytd€im et al.
(2007 and isentropic flow equationsTheir model was validated against
experimental work bysolubkov et al. (2014

Kim et al. (2014 compared thermal runaway featsic# large format prismatic and
18650 cylindrical LIBs. The onset of thermal runaway was delayed in the
cylindrical with lower peak temperature due tloe larger surfaceareato-volume
ratio, compared to the large format prismatic battédp experimental validation

was provided.

3.4 Thermal Runaway Propagation in Large Scale Battery Pack
Studies on thehazard of LIBs have been concentrated on the detrimental

consequenceof failure of individual cells.The trendis driven by the current
practicewhere vast amount @fiBs are usually found in smadicale applicationsn
this situation the probability 6r abusive conditions is low. In case of failure, the
impact is minor andhe consequensavould not reach beyonthe device andthe

enduses.

Superior energy characteristics of IsiBivakethema potential candidate for large

scale applications such as electromobility and stationary energy storage.
Insufficiency of single cells to meet the highergy demand requires the assembly

of battery packs. Thimtegrationof single cells into large capaciand high voltage
battery pack has been discussed in Section 2.3. Vast amount of single cells are
electrically connected by either series or parallel, or combination of both according
to the desired capacity and voltage, and packed together in a singlsues.c
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This situation necessitates for the understanding of the tsqzesed by the large
battery assembly during failure.h& potentialof cascade failureand thermal
runaway propagation inflictedy a single cell in a battery pack should not be
disreqrded.The heat transfer process from the cell undergoing thermal runaway
causes the temperature of the adjacent cells to increase and consequently triggering

cell-to-cell chain reaction

3.4.1 Heat Transfer from Faulty Cell to Adjacent Cells Leads to Cascade
Failure in Battery Modules
The compact design of the battery pack, with less than 1 mm availableeiiser

spacing, is driven by the demand for high energy density battery pack. This, design
while meeing the high energy density requirement, néwveless provides a
favourablenetwork for heat transport proces$ie heat transferred from the hot cell
will heat the neighbouring cells gradually and eventually induce thealtaated
exothermic reactions ithe neighbouringcells, leading todetrimental thermal

runaway propagation

Previous work byJhu et al. (201Jadiscovered that single cylindrical cellcan
reach up t®00°C during thermal runaway. The massive amount of heat associated
with the high temperature hike can be transferred to¢lady cells by three modes

of heat transpoitKim and Pesaran, 20n7

1. Radiation: heat is transferred at long distance from the defell through
electromagnetic wave emission osalption at cell surfaces.

2. Convection: heat is transferred froiime hot cell by bulk motion of heat
transfer medium.

3. Conduction: heat is diffused frothe hot spot through solid medium such as

electric connector.

In addition, the expelled hot content casa significant amount of thermal energy
that may promote thermal runaway propagation to the surrounding cells. The erratic
hot content ejection and the subsequent combusfithe flammable content make
thermal runaway propagation hardly predide dueto the intricate nature of the

heat quantification proce¢#ilke et al., 201Y.
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Despite potentialcatastrophic aftermath of cascade failure inflicted by thermal
runaway propagation, systematic study in this area is still scarce, irrespective of the
failure initiation modes. Some of the sieslas reported in literatur@ecompiled in
Table3.7.

Table3.7: Some of the workreported in literature pertainirig thermal runaway

propagation.
Reference Battery Battery Active Failure Initiation
Specification Materials Technique
Spotnitz etal.  Hypothetic Hypothetic Hypothetic
(2007
Lopez et al. Cylindrical 18650 Not made Heating
(2015H (2.8 Ah, 4.35V) available by
authors
Pouch
(5.3Ah,4.2V)
Lamb et al. Panasonic LiCoO, cathode  Nail penetration
(2015 CGR18650CG andgraphite anode
2.2 Ah
AA Portable LiCoO, cathode
Power Corp and graphite anodt
703513010C
3.0 Ah pouch
Feng etal. 25 Ah, 3.8V LiNi «Co/Mn;O, Nail penetration
(20150 cathode and

graphiteanode
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Feng et al. 25 Ah, 3.8V LiNi xCoMn,O; Nail penetration
(20153 cathode and
graphiteanode

Wilke et al. 18650 cylindrical  LiNixCoMn,O, Nail penetration
(2017 (2.85 Ah, 3.62 V) cathode and
graphite anode

Feng ¢al. 25 Ah, 3.8V LiNi xCoMn,O; Nail penetration
(20196 cathode and
graphiteanode

3.4.2 Factors Affecting Thermal Runaway Propagation in Battery Modules
3.4.2.1Thermal Properties of Cell Interstitial Medium

Initial work in thermal runaway propagatiomas pioneered bySpotnitz et al.
(2007. A model was developed to investigate the effect of heatferanoefficient
andtherelative position of the defage cell on propagation of thermal runaway in
a laptop battery pack compréef eight cylindrical 18650 cells. The modehs
developed based on the assumption that the rate of temperature rise caused by
thermal runaway followdthe standard normal curve and thiial mode of failure
that leal to this catastrophic evemtasnot specified. The simulation indicatéhat
thermalrunawaycould propagate from the affected cell to theighbouringcells,
inducing exothermic reactions in tearroundingcells and lading to a detrimental
cascaddailure. In addition, it was found thatelat transfer coefficieatand close
proximity of the neighbouring cells to the faulty cellchsignificant impact on the
spread of thermal runawaio experimental validation was performed to support

the model.

Wilke et al. (2017) demonstrated that@nsiderable level of safety improvement
can be achieved byembeddingphase change composite (PC@aterial around
individual cells in a battery modul@he large amount of heat generated by short

circuit was absorbeds latent heat duringhase transition of the PCC material from
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solid to liquid, preveting the cell temperature from soaring to a dangerous level

and consequently deterring thermal runaway from destructing the whole pack.

3.4.2.2 Electrical Connection
For a configuration with limited physical contact such as triangular matrix

constructed from cylindrical 18650 cells, the electrical connection plays a vital role
in spreading thermalunawayto the neighbouring cells. The effect of electrical
comectionon thermal runaway propagation has been studied by Lamb et al. (2015).
For a small triangular battempodulefully connected in series, it was discovered
that thermal runaway was not observed in any other cells than the inducé&dreell.
was observed due the burning otheleaked electrolyteAt the end of the testhe
battery pack remained undamaged. The initiatiothefmal runawayn the cell
generated massive amosif thermal energy but the heat transport prosess
retarded by the significantragap between the cells. The inadequate heat transfer to
the neighbouring cells will ndbe able to trigger the exothermic reactions in the

cellsand subsequentlrrestthermal runaway from propagating.

While the module geometry remained unchanged, thedule constructed in full
parallel recorded wiolent behaviourThe failure rapidly propagadd¢o the adjacent
cells and consequently consuinde wholemodule The faulty cell triggered the
chain electrolyte venting and leaking, which was subsequentiygbignited, and
instigated a sustained flame.

The significant differencén the battery module failure behaviowas brought by

the different electrical connections. The series configuration provides limited
electrical pattvayto the cells directly attdned to before and after the trigger cell. A
rupture in the bus bar will in turn disconnect the cells. On the other hand, parallel
electrical connection provides multiple pathways for current flow out of the trigger
cell. At the point of failure initiatiorprocessnail penetration induces shanitcuit

in the trigger cell and subsequently inflicts electrical shorting throughewthole

module.
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In a different study,Lopez et al. (2015binvesigated the effect of intercell
connection design on thermal runaway propagation. Fig@rdldstrates the two

different tab configurations explored in the study.
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Figure 33: Two electrical connection designs (a) branched and (b) serpentine.
Adapted fromLopez et al. (20159b

The effect is pronounced, where serpentine configuration exhibited a more violent
behaviour during thermal runaway propagation. Higher maximum temperature was
recorded anelectricalenergyfrom all cells was completely drained, as indicated

by zero open circuit voltage at the end of the tests.

3.4.2.3 Contact Surface Area
In geometries where contact surface area is abundangssive amount of heat

generated by batteries experigncithermal runaway is transferred through the
inter-cells contact surfaceLamb et al. (201p observed rapid propagation of
thermal runaway im battery moduleomgised of stacked pouch cells. Varying the
inter-cells electrical connection appeared to have minimum impact on the severity
and reactivity of thermal runaway spread. Thermal runaway propagated serially
from the triggered cell, leading to total consumptidrthe whole moduleA good
thermal contact over the largest surface area pronmbetieat transfer process
from the defecve cell to its neighbours.

Heat dissipation @ more difficult as thermal runaway propagated throughout the
module, inflicted anricrease in maximum temperature of the cells. This observation
reflects that assigning more cells in a single module not only increases the energy
involved in the mishap, but also aggravates the severity of the faltureas
observed thatnitiation of trermal runaway in the middle cell produced a more

rapid thermal runaway propagati@md led to quick complete destruction of the
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whole battery modulecompared to the end celle to the shorter thermal pathway

for heat transfer

Feng et al. (2015binvestigated thermal runaway propagationaitarge format
prismaticbattery modile. In general, thelevelopment of battetgmperatire within
the modulademonstratethe same pattern as obsend_amb et al. (201p Heat
activated exothermic reaotisin the neighbouring cellgvere induced by gradual
heatingcaused bythe heat tranfer from the hot cellUpon separator meltdown at
260°C, a surge in temperature was observed due to-shottit, where the stored
electrical energyvasdescended to #mmal energy.

A model was developeby Feng et al. (2015an a separate work to simulate the
propagation patterby combiningchemical reactions and heat transfer modelling.
The modelwas developed based on assumption that the only way thatjheent
cellswerebrought into thermal runawayasby transferof heatthroughthe battery
largest surface are@ll components that contribuleto thermal resistancerere
taken into accountThe developedmodel was in good agreement wittithe
experimental datal he workwas further expandednto threedimensionausingthe
finite volume methody Feng et al. (2016 The structurevashowever assumeit

be homogeneouslocks of solid where eailed components that made the battery
have been left outEmpirical equationsvereintroducedto describe the heat release

causedy exothermic reactions that led to thermal runaway.

3.4.2.4 Miscellaneous
In a large format battery module, multiple pattys for heat transfer that may lead

to thermal runaway propagation are availal@eantification ofthe heat transfer
process through the pole connector, battery shell and fire scorching has been
performed byFeng et al. (2019bThe analysis found that the heat transport through

the battery shell dominated the heat transferc@ss. Heat transport due to fire
scorching was negligible for thermal runaway propagation but may cause
significant damage on the accessories located above the battery module. The same
conclusionwas drawn in the study bizamb et al. (201p Large contact surface
between cells dominadehe heat transfer process even though electrical connection

appeaedto be impactful for cells with limited surface area.
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3.5 Summary

A review on thetechnique of evaluation of lithiion battery hazards was
conductedBatteries arsubjected to thermal, mechanical and electricahofhinal
conditions to gain valuable insight into the probability and severity of thermal
runaway under variau situations.The five most common techniques are short

circuit, overcharge, nagenetrationcrush and oveheating

In addition, cstomdesigned and purpodmiilt equipmentis used to quantify
thermal runaway and firdhazards stem fromntrinsic reactivity of the cell
components and combustible materials of the battery asseSutye of the tools
are based onxygen depletion methothatcome withvarious names, nevertheless,
all the equipment in use principally comprises of two mainpmments, which are

the sample ignition and gas detection systems.

Moreover, a number ofatorimeters and reactors atsedto drive LIBs into
thermal runaway and the resulting failure profiles are comprehensively sfodied
safety assessmeriazards origpating from the intrinsic reactivity and instability of
battery components can be well quantified using those methods.

Most of the worl reported in literature related to evaluationigfium-ion battery
hazard are concentrated on the impact aaflermah of failure of a single cellA
comparison between the available lithiimm chemistries indicasethat LiCoO,
batteries produce the most severe consequenceduring failure. The failure
behaviour gets more violent at higher SOC due to the higleetrical energy

content.

The kinetic study of thermal decomposition of the reactive electrodes and
flammable electrolyte was discussddhermalrunaway of lithiumion battery can
be simulated by modelling ththermalkinetics ofthe pertinenthemical eactions
A further inclusion of heat transfer modelling with thermalkinetic model allows

the simulation of thermal runaway propagation in a battery pack.
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Chapter 4: Development of a Numerical
Model for Simulation of Lithium -ion Battery
Thermal Runaway

Hazards of lithiurrion batteries have been discussedthie previous chapters.
Thermal runaway has been identified as the prevalent failure mode of Hibwum
batteries which is in most cases, is instigated by applicatiantside the
manufacturer specification€urrent techniques for battery hazard assessment and
evaluation have been presented. It is imperative to have a reliable foodel
prediction ofbatterythermal runaway hazamle to the capitahtensiveand time
consuming nature of experimental assessment. This chapter describes the
development of thermal runawawodel for cylindrical lithiumion battery with
lithium cobalt oxide cathode and graphite anoieprediction of battery thermal
runaway behaviarr under thermally abusive environments and imjadiiced

shortcircuit is presented.

In addition,the model isfurther expanded to simulate the propagationtharmal
runawayin a batterymoduleconsists of nine cylindrical cellhere are two major
steps inwvlved: (1)establising the thermalkinetic modelling of reactions involved
during thermal runaway in a single cell, and (2) coupling the theroraway

model ofthesingle cell with heat transfer modelling.
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4.1 Battery Specification s
The study attempts to develop a model to simuthmal behaviour ofylindrical

18650 LIB under abusive environment3he specifications of the battery are

presented in Table 4.1.

Table 4.1 Cell specificatios.

Specification Value

Form Factor Cylindrical 18650

Diameter (mm) 18

Length (mm) 65

Nominal voltage (V) 3.7

Maximum voltage (V) 4.2

Minimum voltage (V) 2.8

Chemistry Lithium cobalt oxide
cathode

Graphite anode

4.2 Battery Physical and Thermal Properties
Thermal properties of the cell canisteand volumetric mass of the battery

components as collected from literatarepresented in Table 4.2.

Table 4.2Battery physical parameters for thermahawaymodelling.

Property Value Reference

Total massM (kg) 0.48 Measured

Specific heat capacity’, 830 Hatchard et al. (2001
(I/kg.K)

Volumetric mass of cathod« 1.221 x 18 Kim et al. (2007
(kg/m)

Volumetric mass of anode 6.104 x 18 Kim et al. (2007
(kg/m)

Volumetric mass of 4.069 x 16 Kim et al. (2007

electrolyte (kg/r)
Thermal enissivity, U 0.8 Hatchard et al. (2001
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4.3 Development of Thermal Runaway Model

4.3.1 Assumptions Made in Thermal Runaway Model Development

1.

The battery is composed of jellyroll active materials packed inside the
cylindrical stainless steel casing

The heat lead® thermal runaway originates froexothermic reactions in
the active materials and electrolyte

3. Thermal runaway reactions occur at the centre of the battery

The amount of heat liberated by Joule heating during slvedit is
negligible for high tempetture abuse test

The ombustion of the flammable electrolyte and any combustible materials
is not considered

The teat is dissipated to the surrounding by convective and radiative heat
transfer

The JouleThompson cooling effecinstigated by venting ofjases and
expulsion of baery content is not considered

The heat is transmitted from the defeetcell to the neighbouring cells by
condwction and convection

Thermal conductivity of the heat conducting materiais isotropic and
constant The batteryspecific heat capacity remains constant at any

temperature

10.The battery temperature is uniformand any temperature gradient is

neglected.The low Biot numberof 0.0179as reported byatchard et al.

(2001 warrantsthe use of lumped thermal model

4.3.2 Heat Source Term
In this work, heat source from active materials and electrolysae considered,

totalling to fourexothermic reactionsT'here are twoeactions at anodevhich are

the breakdown of solid eledlyte interphase (SElgndanodeelectrolyte reaction.

Meanwhile, both cathode and electrolyte have one readfach of the reaction

possesses characteristic decomposition reaction model and parameténeriniaé

decompositiorkinetics of thebatterycomponentdor thermal runaway modelling

which are collected fromtkrature are listed in Table34.
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4.3.3 Thermal Kinetic Parameter s of Thermal Runaway Reactions

Table 43: Thermal knetic parametersf thermal decomposition reactiorequired
for thermal runaway modelling.

Symbol Description Value Reference
Hsg Reaction enthalpy 257 Hatchard et al.
(J/9) (2009
Hanode 1714 Hatchard et al.
(200])
Helectrolyte 155 Kim et al.
(2007
Hcathode 314 Hatchard et al.
(2001
Esel Reaction activation 1.3508 x 10 Kim et al.
energy (J/mol) (2007
Eanode 1.3508 x 18 Kim et al.
(2007
Eelectrolyte 1.7 x 10 Kim et al.
(2007
Ecathode 1.1495x 10° Kim et al.
(2007
Asgj Reaction frequency 1.667 x 16° Kim et al.
factor (1/s) (2007
Aanode 25X 163 Kim et al.
(2007
Aelectrolyte 3 X 1d5 Kim et al.
(2007
Acathode 1.75 x 18 Kim et al.
(2007
CsEl0 Initial concentration 0.15 Kim et al.
(2007
Canode,0 0.75 Kim et al.
(2007)
Celectolyte,0 1 Kim et al.
(2007
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Uo 0.04 Kim et al.
(2007

Zo 0.033 Kim et al.
(2009

Msg| Reaction order 1 Kim et al.
(2007

Manode 1 Kim et al.
(2007

Melectrolyte 1 Kim et al.
(2007

Mecathode 1 Kim et al.
(2007

4.3.4 Governing Equations
In a lumped thermal modethe rate of temperature changetlre battery can be

expressed as in Eq 4.1.

dT(CtQ(t)

— (Eq 4.

dt MC,
where T (K) is thébatterytemperature, t (s) ihetime, Q (W) is the net rate of heat
generation, M (kg) is the mass angl(@kg.K) is thebatery specific heat capacity.

1)

The rate of battery temperature change is directly proportional to the battery internal

heat accumulation, which is a balance betweenrgeziErated and dissipated heat.

The net rate of heat generation is expressed in Eqwhé@re Qe is therate of
internal heat generation andi{lpaioniS therate ofheat transfeed from battery to

the surrounding.

Qt:Qgeﬁ'QdissiLation (Eq 4.

The Quissipaiontermin Eq4.2 isthe rate of heat dissipatida the environment due to
the convectiveand radiativeheat transferas presented in Eq 4.Bhe rate of heat

dissipation can be calculated using4&8§

QdissiEa:thoandi;Et-iiQoeonveEtive (Eq 4.
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Therate ofconvective heat transfer is given in Eq 4.4.

QconveEt:iv@TA'Tambt (Eq 4. 4)

where h (W/M.K) is the heatransfer coefficientA (m?) is the surface arefar heat
exchange, T (K) is the instantaneous battery temperature, t (s) is thanoiigm,
(K) is the ambient temperature.

Therate ofradiative heat transfer is given in E4.

Q aqi k7 VeloA( m-zt'ﬂ-a)mboél) (Egqg 4.5)

where Uis the battery surface emissivityy (W/m?°K? is the StefarBoltzmann
constant,A (m?) is the surface area for heat exchanéK) is the instantaneous

battery temperature and} (K) is the ambient temperature.

The rate of internal heat generation is expressed in@qvhiich is a sum of rate of

heat generation from chemical reactiong,ad@d shorcircuit, Q..
Qel =Qc t +Q Eq 4.6

Qscin Eq 4.6 is therate of heageneration from shoxircuit and carbe expressed
as in E4.7 (Feng et al., 2015a

1 t

Qsct:a aHs: Q. UdU (Eq 4.7)
0

where ¥t (s) is the duration of shodircuit, YHs. (J) is the amount of electdal
energy dischargkinto heatduring shorcircuit, t (s) is the instantaneous time and

(s) is the time at the point of shaitcuit.

The amountof heat generated from rapid discharge of electrical energy during

shortcircuit can be calculated usifg 48 (Feng et al., 2015a
YHsc= CV (Eq 48)
where C(Ah) is the battery capacignd V (V) is the battery voltage.

Qcr in Eq 4.6 is thetotal rate of heat generation from chemical reactions instigated

by thermal instability of the battery components as expressefl.in 4.
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QC?QSE-*I_Qano-l-dQeI ect+rgclayttheode ( Eq 4. 9)

The rate of heat generation by eatiemical reaction is proportionate to the rate of
reactant consumptiorin general, the rate of heat generatioom the exothermic
reactionsan be expressed as in EqQL.

doy( t )

Q t= I—@Wxﬁ (Eqg 4.10)

whereYH, (J/kg)is the reaction enthalpV, (kg) is the mass of the reactant and

is thenormalisedreactantoncentration.

The thermal decompositiomodelsof the reactias involved in thermal runaway

aredescribed in the following section.

4.3.5 Modelling of Thermal Decomposition Kinetic s

4.3.5.1Solid electrolyte interface (SEI) breakdown
As described byichard and Dahn (1999ahe reaction is firsbrder and theate

constant of this reactiartan be expressed as in £41.

Ese
RSEFASEﬁ?XpﬁCSEn?SE' (Eg 4.11)

The rate of change in reacting species content during the reaction is presented in Eq
4.12.

dc
dStEI:'RSEI (Eq 4.12)

The rate of heat evolution from the reaction can be calculated usihg¥Eq

Qse7 HBEWanoRer (Egq 4.13)

whereRsg (sY) is therate constant of SEI decomposition réatt aHs g (J/kg) is

the reaction enthalpys e (s*) andEs g (J/mol) are frequency factor and activation
energy respectivelyR (J/K.mol) is the gas constant, T (K) is the battery
temperaturemg g |s the reaction ordeWV, , -, (kg) is themass of carbon in anode,
and cs g §S the dimensionless amount of lithiecontaining metatable species in
the SEI.
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4.3.5.2Reaction between anode and solvent

The reaction between tls®lvent and théntercalated lithium within the anodeill
eventually rm a secondary SEI layer. As describedRighard and Dahn (1999b
the reaction is firsbrder andhe rate constant of this reacti@an be expressed as
in Eq4.14

_ Eanode z m d
Rano—d'%ano%é(pﬁe)(pz_ocanoggoe (Eq 4-14)

The rate of depletion in reacting species content during the reaction is presented in
Eq 4.15.

dc
Zntozd'eRanode (Eq 4. 15)

zisthe SEI layer thickness and its temporal change is expraésdeqi4.16.

o
~UN

d_ Ranode (Eq 4-16)

The rate of heat evolution from the reaction can be calculated usihgEq

Qanozdel_@noWanOBaenode (Eq 4.17)

whereRanode(S?) is therate constant of anoemlvent reactioneH, ,, , (Jkg)is the
reaction enthalpyA, ,, , (s2) andE, , , (Jimol) are frequency factor and activation
energy respectivelyR (J/K.mol) is the gas constant, T (K) is the battery
temperaturem, ,, , ig dhe reaction ordeWy, , , (kg) is the mass of carbon in anode,
z is the thickness of SEI layeg is the initial thickness of SEI layandc, , ,ig dhe

dimensionless amount of lithium intercalated within the carbon negative electrode.

4.3.5.3Electrolyte decomposition
As described bpotnitz and Franklin (2003the reaction i$irst-order andherate

constant of this reactiortan be expressed as in £48

Eelectrolyt
Rel ect:rAJeIIyetcetQXIpT?ﬁ E:eol eyc tﬁreloelcy}tr?el yre ( Eq 4.1 8)

The rate of reacting speciesnsumptionduring thereaction is presented in Eq
4.19
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dce | t Iyt
%:r'(he?/eitrolyte (ECI9)4-1

The rate of heat evolution from the reaction can be calculated usih@&q

Qelectzrmte@tWel9teReoIIeyctterolyte (Eq 4. 20)

where aHe | ¢ ¢ ¢ (J4k) i the reaction enthalpyAe | e ct (5) AP Eei ectrolyt e
(J/mol) are frequency factor and activation energy respectivel¢d/K.mol) is the
gas constant, T (K) is the battery temperatumgectolyte IS the reaction order,
We ect (kO is dhe massof electrolyte and Cq ¢ ¢ o ISy the dimensionless

electrolyte concentration

4.3.5.4Cathode breakdown
Cathode breakdown is an atdatalytic reaction(MacNeil et al., 200D The rate

constant for thelecomposition of positive active mateniahctioncan be expressed
asin E4.21

Ecath y
Roat Fbant X §—mg UEStnpapfeatnose (Eq 4.21)

The extent of the reaction is changing according to the following rateresented
in Eq 4.22.

(

d
d_t:Rcathode (Eq 4.22)
The rate of heat evolutiomdm the reaction can be calculated usingiEag

Qeat Fod®at 'Waat hRaat hode (Eq 4.23)

whereaH. 5 ¢ n(J/kg)is the reaction enthalp 4 h(sHandE; 4 n(@lmol)are
frequency factor and activationenergy respectivelyR (J/K.mol) is the gas

constant, T (K) is the battery temperatun, , ; is fhe reaction ordeMV. 4t ho d e

(kg) is mass ofhe cathode andlis the extent of cathode decomposition reaction.
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4.4 Development of Thermal Runaway Propagation Model

For a batterynodulewith a layout asin Figure 41, the associatethermalnode
configuration and thermaksistance networkre shown in Figure £ and Figure

4.3 respectively

Figure 41: 3x3-matrix batterymoduleassembled fromine unit ofcylindrical cells.

Ol0l0
Ol0IO

Ol0I0

Figure 42: Thermal nodsin thebattery matrix
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@“99“

Figure 43: Thermal resistance network for heat transfedelling.

Forthermal nodd’5, theQ, ; i term ing&g 4.3 is further expanded as in Eq 4.24.

10

QdissiL?tioQ;dissiriattoon,i (Eq 4'24)

i =1

Forthermal node32, T4, T6 and T8whicharelocated directly adjacent to T5, the
Qiissi term in,Ea 4.3 is further expanded as in Eq 4.25.

QdissiL?tionissi;‘atti)on,i (Eq 4'25)

=1
ForT1, T3, T7 and T9 thermal nodes that are perpendicular tthe®), ; . biEat

expressed as in Eq 4.2

7

QdissiL?tionissi;‘atti)on,i (Eq 4'26)

i =7
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EachQ,; < < Jerm, in Fa4.24 4.26 can be calculatedsingEq 4.27

_ Tn‘Tn-l
Pt IR i ' e

Qiissi (Eq 4.27)

whereA, is the surface ardar heat exchange; ,j isgthe total thermal resistance

in any direction i and , is temperature of thermal node n.

The thermal resistance network within thattery module andingle battery is
illustrated in Figure 4. and Figure 4 respectively The description and/alue of

eachthermal resistanc@volved in the simulatiois listed in Tablet.4.

Figure 44: Heattransfer resistance network within the module.
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Figure 45: Heat transfer resistance netwavihin the cylindrical cell.

Table 4.4: Description of all thermal resistances within the individual cell and

battery module.

Thermal Description Thickness  Thermal Heat Reference
Resistance (m) Conductivity  Transfer
(W/m.K) Coefficient
(W/m?.K)
Rir Jellyroll 3.4 - Hatchard et
(Axial) 0.0315 al. (2002
(Radial) 0.008
Rean Canister 0.001 14 - Hatchard et
al. (2002
Rn Convective - - 7.17 Hatchard et
heat transfel al. (2002

resistance
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4.5 Calculation Algorithm of Thermal Runaway Profile

4.5.1 Thermal Runaway at Constant High Ambient Temperature

C Stat D

Input t and initial conditions

To, Csei00 Canode,0» %o Celecrm]yte,Oa Zy

Calculate rate of heat release from thermal decomposition reactions, Q. ;

Calculate rate of heat dissipation through convection and radiation, Qgisipation.i

Calculate net rate of heat generation in the battery, Q; = Qcy; — Quissipation.

Calculate dTis dcsei_.b dcanode,i’ dais dce]ec!ro]}'le_.is dzi

Solve for Tis Coeiis Canode,is O, Celectml}'te_.i» Z

Store T, Ceeisy Canodesp Uis Celectrolyte,p Zi 10 the result matrix

No

e =t + 1

Figure 4.6:Calculation algorithm for solving thermal runaway pmfit constant

high temperature.

The calculation is conducted by using MATLAB. A function that contains all the
relevant differential equations is written. A script is written to call gheviously
written function, specify the entire initial conditions and numerically solve the
equations by using the built in solver in the MATLAB. In this calculation,
trapezoidal rule and backward differentiation formula is used. This method is

suitable br solving stiff differential equations but with low accuracy.

104



Chapter4

4.5.2 Thermal Runaway at Constant Heating Rate

Numerical modelling

Input t and initial conditions

TOa Tamb_.os Csei,Ds Canode.0o Uos ce]ectro]y1e,0: Zy

dTa.mIJ =0 <

e

Ti=> Ty !

dT,,;, = constant

Calculate rate of heat release from thermal decomposition reactions, Q ;
Calculate rate of heat dissipation through convection and radiation, Qsspeion;

Calculate net rate of heat generation in the battery, Q; = Qu; — Qussipation.

Calculate dT;, deggij, deynoqesr d0t;, dce]em]m, dz

Solve for Tis Tamb,is Coeip Ca.node_.ia o, Ce!ectmlne.i» Z

Store T,, T, ©

seii Canoder Uis Ce]tectrol}‘te,i» Z;m the result matrix

Figure 4.7 Calculation algorithm for solving thermal runaway profile at constant

No

heating rate.

N

iy =+ 1

The calculation is conducted by using MATLAR.function that contains all the

relevant differential equations is written. A script is written to call the previously

written function, specify the entire initial conditions and numerically solve the

equations by using the built in solver in the MATLAMB this calculation,

trapezoidal rule and backward differentiation formula is used. This method is

suitable for solving stiff differential equations but with low accuracy.
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4.5.3 Thermal Runaway by Impact -Induced Short -Circuit

>

Input t and initial conditions

T(b Csei__[): Canode:[b (o, Celectml}‘te,t]: Zy

B

Calculate rate of heat release from thermal decomposition reactions, Q. ;
Calculate rate of heat release from short-circuit, Qs ; .
Calculate rate of heat dissipation through convection and radiation, Qgsipasion.
Calculate net rate of heat generation in the battery, Q; = Qi — Quissipaton.i

Calculate dT;, dc,;, dcmde__i, da, dcelem]m__-l, dz,

Solve for Ti: Csei_.j: Canode__iv a;, ce]ectrol}'te__i: Z

Store T, Cqeiio Canodess % Celerolyte,» Zi 1 the result matrix

No

fy = 4 +0.02

Figure 4.8 Calculation &orithm for solving thermal runaway profile during short

circuit.

The calculation is conducted by using MATLAB. A function that contains all the
relevant differential equations is written. A script is written to call the previously
written function, spafy the entire initial conditions and numerically solve the
equations by using the built in solver in the MATLAB. In this calculation,
trapezoidal rule and backward differentiation formula is used. This method is

suitable for solving stiff differential e@tions but with low accuracy.
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4.5.4 Thermal Runaway Propagation in a Battery Module

The calculation process for the trigger cell follows the algorithm for solving thermal
runaway profile during shodircuit as summarised in Figure 4.8. For other
surrounding cells, the calculation of the temperature follows the algorithm for
solving thermal runaway profile at constant heating temperasgiiummarised in
Figure 4.6 but the ambient temperature is set to be at room temperature, which is
20°C.

The @lculation is conducted by using MATLAB. A function that contains all the
relevant differential equations is written. A script is written to call the previously
written function, specify the entire initial conditions and numerically solve the
equations byusing the built in solver in the MATLAB. In this calculation,
trapezoidal rule is used. This method is suitable for solving stiff differential
equations but with low accuracy.
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4.6 Simulation Results and Discussion

4.6.1 Thermal Runaway at Constant High Ambient Temperature

A series of thermal abuse cases were developedoastant high ambient
temperature of 80 °C, 155 °C and 160 °C. The heat exchange procesdetween
the high ambient temperature and the batrgurredthrough convective and

radiative heat transfer modeslhe simulated thermal profiles are presented in
Figure4.9.

For low temperature thermal abuse t&s50 °C), the condition did not lead to
battery thermal runaway. The battery temperature increased gradually to the
ambient temperatarand no spike in temperature was observed. A small hump was
detected at 110 minutes and the battery temperature remained unchaargbdat
temperature thereafter as the battery subsequently achieved thermal equilibrium
with the environment where theteaof heat dissipation is equal to the rate of heat

generation or supply.

At higher temperature, all the batteries suffered from thermal runaway and rapid
temperature development was recorded. The temperature of the battery increased
gradually to the ambint temperature before surged to higher than°@0External
thermal energy supplied by the hot environment triggered the-aktaated
complex chemical reactions within the batteagd caused the temperature to
increase From the simulation, thpeakbdtery temperature reached was higher at
higher ambient temperature. addition, the battery recorded a narrower peak and a
shorter thermal runaway period at a higher ambient temperature due to the higher
rate of exothermic reactions and the associatetiretsase Moreover the battery
overshodod the ambient temperature and reastnermal runawayt a quicker rate a
higher ambient temperature.
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Figure 49: Temporal profile of the battery temperature during thermal ayse
constant high ambient temperatu@) 150(b) 155 and (c) 166C.
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Figure 410: Rate of temperature increase profiles during thermal dbusenstant
high ambient temperature

Figure 410 presents the rate of temperature increase as the battery temperature
changs to decipher the heat exchange process that contributes to the battery
temperature increase. At lower temperature region prior to thermal runaway, the
rate of heat increase is oyr demonstrating a downward trend as the temperature
increasesvhich is due to the narrowing temperature difference between the battery
and the environmenT heinitial change isdentical for all ambient temperatsrisut

the curves diverge as the tempara increasesvith higher rate is recordedfor

higher ambient temperatur&he increase in battery temperaturénstigated by a
combination of selfjenerated heat by the reactive battery components and both
conductive and radiative heat transfer betwden high temperaturenvironment

and battery.

The point of thermal runaway is defined at the point of inflection between the
decreasingurve and projectilef temperature increasate.As thermal runaway is
triggered the amount of heat generated intensifies which lead&hd@eak of
temperature increase raf€his is subsequently followed bine decreasing rate

temperature rise until the maximum temperature is reached.
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Figure 411: The rate of heat generation &yothermic reetions at battery
components aimbient temperature of (a) 180 (b) 155°C and (c) 160C.
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The total rate of heat generation due to the exothermic readionsy thermal
abuseis presented in Figure ¥1. The eak rate of heat generatiorcreaseshile
the period gets shorters the ambient temperaturicreasesThe amount ofheat
releasd by the chemical reactions can be obtained from @aneer the curve, which

is summarised in Table 4.5.

Table 4.5: Total heat release and heat sel@ate under thermally abusive

environments.

Temperature (°C) 150 155 160
Peak heat release rate (W) 1.3021 35.88 221.8
Total heat release (J) 5.52 x 18 6.24 x 16 7.73x 16
Total heat release by SEI 247.2 247.2 247.1

reaction (J)
Total heat releasey anode 1.515x 16  2.06 x 18 2.96 x 16
reaction (J)
Total heat release by electrolyt 0.174 69.95 663.6
reaction (J)
Total heat release cathode | 3.758x 16  3.86 x 16 3.86 x 16

reaction (J)

In general, a higher abusive temperature results in higher peak heat release rate
(PHRR) and total heat releasgne peak and spike ithe rate of heat generation
observed is instigated by cathode breakdo®s.depicted in Figure 8, a an
ambient temperature of 15€C, the heat contribution by individual chemical
reactions can be detected clediyt the patterns become obscure at higher abusive
temperature The initial heat generation is caused by SEI breakdaviere the
amountof heat eleased by the reactialremains almost identical for all abusive
temperaturesfollowed by anode reaction arglibsequentlypeaking by cathode
decomposition.The amount of heat liberated from cathode reaction records an
identical value at both 158C and 16 °C as the battery suffers from thermal
runaway.Meanwhile, heamount ofheat generation by electrolyte decomposition is
initially negligible at150°C but escalates as tladusivetemperature increases
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similar pattern can be observed for anode reachut the increment is not that

abrupt.

At higher abusivaemperaturg that inflictthermal runawayheat contribution by
individual chemical reactions is not apparent and difficult to distinguish dtreeto
domination byhigh rate heat generatiaf the cathodeTo have a bettalustration
andunderstanding on the contribution of the chemical reactions invedvegermal
runaway the rate of heat generation for higimperature study at %5°C is
depicted in Figurd.12.
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Figure 412: (a) Total ate of heat generation by chemical reactiorebasive
temperature 0155°C and(b) breakdowrof the heasourcego its individual
reactions
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The SEI decomposition plays an important role in thermabway,as this reaction
is the bottlenecko thefailure. The film acts asa protective layer to prevent further
chemical reactions dhe negative active material. SEI breakdown contribule
largest amount of power generation durthginitial stage of thermal runawat
higher temperature, cathodeeakdown becomes the main heat soufidtee heat
contributed by electrolyte decomposition reaction is not significanthe low

temperature region bgetting higher as the battery temperature increases.

The abuse temperae has a significant impact on the chemical reactions progress
during thermal runaway. Figure &lillustrates the dynamic of the chemical
reaction progress at different temperatures. In general, the progress of the chemical
reactions is more energetic lagher temperatures. In all simulated cases, the SEI
decomposition reaction proceeds to completion. The same trend is observed for
cathode conversion and the reaction is approaching completion at the ambient
temperature of 158C.

In addition, the thermianergy supplied from 158 environment is not sufficient

to trigger the heainduced hightemperature electrolyte decomposition reaction.
The reaction is fast that immediate depletion of the electrolyte concentration is
observed provided that the amhbigemperature is sufficiently high. An abrupt
progress in the chemical reactions is obseinvethe spiking temperature region.
After the highest temperature is reached, SEI thickness and lithium content in anode

remainplateau, indicating a halt in theaion progress.
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Figure 413: The progress of reaction (a) SEI (b) anode (c) electrolyte (d) cathode
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and (e) secondary SEI thickneas different abusive temperatures.
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4.6.2 Thermal Runaway at Constant Heating Rate

Thermal model for constant high arabt temperature is well reported in the
literature.In this section, we demonstrate how the modelling of chemical reactions
involved in thermal runaway can be used to simulate thermal profile of battery at
continuously changing environmenthree cases wer developedat constant
thermal rampof 1, 1.5 and 2°C/minute up to the point where the battery
temperature exceed the ambient temperatu@nd the ambient temperatungas

held constantthereafter The simulated thermal profiles are presenited-igure

4.14.

In general, higher heating rate resut highermaximumtemperaturgless time to
overshoot the ambient temperature &ngherrapid thermal runawayemperature

The battery recorded gradual temperature increasgh widening temperature
gradient between the battery and the ambient temperature before subsequently
overshoot the ambient temperature due to the progressing local exothermic
reactions The battery temperature soared to higher tharPGQ#s thermal runaway
occurred and reduced to the laent temperature thereaftelThe battery
temperature remained unchanged at ambient temperature thereafter as the battery
subsequently achieved thermal equilibrium with the environment where the rate of

heat dissipation is equal to the rate of heat geioerat supply.
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Figure 4.14: Battery temperaturprofile under continuouslincreasingambient
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Figure 4.5: Rate of temperature increase profiles during thermal abuse by constant

heating rate.

Figure 4.5 presents the rate of temperature increase as the battery temperature
changs to decipher the heat exchange process that contributes to the battery
temperaturgise At lower temperature region prior to thermal runaway, the rate of
heat increase is curvy, demonstratimgugwardtrend as the temperature increases
which is due to thavidening temperature difference between the battery and the
environmentHigherrateof temperature increase recorded for highdneating rate

and the curves converge as the temperature incregsemitial increase in battery
temperature is instigated by a combination of-gelierated heat by the reactive
battery components arabth conductive and radiative heat transfer between the
high ambient temperature and battehy. comparison to constant high ambient
temperaturecase, wider projectile with higher peais observed, reflecting higher
maximum temperature during thermal spiland rate of temperature increase

respectively

Thepoint of thermal runaway is defined at theint of inflection between the rising
curve and projectile of temperature increase rate. As thermal runaway is triggered,
the amount of heat generated intéesiwhich leads to peak of temperature increase
rate. This is subsequently followed by decreasing rate temperature rise until the

temperaturepikeis reached.
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Figure 4.5: The progress of reaction (a) SEI (b) anode (c) electrolyte (d) cathode

and (e)secondary SEI thicknesat varying heating rates.
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The heating rate has a significant impact on phegress ofchemical reactions
during thermal runaway. Figure 14. illustrates the dynamic of the chemical
reaction progress atarying heating ratesin general, the progress of the chemical
reactions is more energetic at higheeating rate In all simulated casesll
reactions proceed to completion excepttf@anodeand the subsequent secondary
SEI formation An abrupt progress in the chemica&actions is observed at the
spiking temperature regiowhere he reactiorm at cathode and electrolyteach
immediatecompleton while anode is being consumed at a high rate.

Therate of heat generatidsy the chemical reactiors a heating rate of 2C/min is
presented in Figure 471to illustrate the& exothermicity nature ancheat
contributionunder constantly heated environmeértie SEI, cathode and electrolyte

stop generating heafter thethermal spike due to the complete consumption of the
reactarts, which in turn terminagghe reactions entirelyl'he initial heat generation

is caused by SEI breakdowFhe rate of heat generation electrolyte cathode and
anode peak ahethermal spike and the highest value is recorded by cathode. The
precipitaus depletion of the electrolyte concentratidaring thermal runaway
entails a sharp spike in the rate of heat releBise.reaction at anode continues to
release heat for a short period after the thermal spike since the thermal environment

cannot sustaithe progress of the heat activateshction
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A comparison of total rate of heat generation at varyiegting rate is given in

Figure 4.B. The development in the rate of heat release is abrupt due to the

exponential behaviour of threaction rate and the associated heat reléaggance

at the chart will only detect spike while the lower heat releaseat contribute to

the temperature change is left unseen. The spike is stretched at lower heating rate

with lower peak of heat release rate and gets narrower with higher peak as the

heating rate increases.

The amount of heat released by the chemicalticeecunder linearly heated

environmenis summarised in Table@!.

Table 4.6: Total heat release and heat release rate under continuously changing

thermal environments.

Temperaturéncrement rate 1.0 1.5 2.0
(°C/min)

Peak heat release rate (W) 289.1 680.4 1129.4
Total heat release (J) 7.83x 10° 8.14x 10° 8.27x 10°
Total heat release by SEI 247.0 246.9 246.9
reaction (J)

Total heat release by anode | 3.06x 10° 3.37x 10° 3.55x 10°
reaction (J)

Total heat release by electrolyt 663.5 664.1 579.5
reaction (J)

Total heat release cathode 3.85x 10° 3.86 x 16 390x 10°

reaction (J)
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4.6.3 Thermal Runaway by Impact-Induced Short-Circuit

In a literature survey b$potnitz and Franklin (2003it has been determined that
nail, shortcircuit and crush aramong thecommon methods used to assess abuse
tolerance of lithiurdon cells In generalthesethree techniques share the same
feature. The battery releasadarge amount of heat instantaneously upaiture,
which is essentially due to shectrcuit. The model developed in this work, being
onedimensional, is a rough approximation of a nail angle test. Thelistribution

of the heat released from the naiknetrationis treated to be instantaneous and
uniform in the plane perpendicular to the direction of nail penetratiora rgal
situation, a local hotspot will form because the heat dissipdtiom the nail
puncture spois not rapid. Threglimensional modelling is necessary for better
consideration of thermal gradient within the battery geométra work done by
Lamb and Orendorff (2034 the shortcircuit induced by mechanical impact
instigatedthe peak temerature of the cylindrical LIB withilCoO, cathode to reach
between 99 to 662C. The battery energetic response to the mechanical impact
depends on the force and orientation of the im@axd the type of indentation used

in the evaluation

Shortcircuit, despite being a different mode of failure, shares some general feature
with thermal abuse behaviour. The simulateperaturgrofile for shortcircuit is
shown in Figured.19. In both tlermal abuse and sharircuit, two apparent stages

are observed. The surge and plunge patefithe battery temporal behaviour due

to shortcircuit are comparable to thermal abuse. However, the temperature
incrementis not sharp and the temperature dispgradual, as compared tbe

thermal abuse profile.

Figure 420 presents the rate of temperature increase as the battery temperature
changes to decipher the heat exchange process that contributes to the battery
temperature development. In comparison to thermal abuse cases, thermal runaway
occurs straight away aftehe impactdue toshortcircuit. The initial temperature
increment is brought bghe instantaneous discharge of stored chemical energy and
chemical reactions, which leads to thermal runaway. The chemical energy deposit
that supposed to be converted into &leal energy during normal operation is

descended as thermal energy instead via the Joule heating process.
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The point of inflection between the declining curve and projectile of temperature
increase rate marks the point when chemical enbegpmeshe daninant heat
source during thermal runaway. The rate of temperature increase intensifies at
higher temperature and plateaus at the intermediate temperature region. This is
subsequently followed by decreasing rate temperature rise until the maximum

temperatee is reached.
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Figure 4.8: Thermal runaway profile of a shecircuited battery.
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Figure 420: Rate of temperature increase profile during shwduit.
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To have a better illustration and understanding on the contribution of the chemical
reactions mvolved and shottircuit to thermal runaway, the rate of heat generation

of the respective sources is depicted in Figuzé.4.
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Figure 421: (a) Total rate of heat generation, which is a sum of heat released from
shortcircuit and chemical reactions (bgat release rate by individual chemical

reactions.
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The heat generated in shaitcuit case is contributed by a combination of both
electrical and chemical energy. At the low temperature region, the amount of heat
generated by chemical reactions is sigificantwhere he initial heat generation

is dominated by shodircuit. As the battery temperature increases, the exothermic
reactions in the battery components proceed at a higher rate, which enhamce

the amount of heat generatehd render t& dominant heat source ithe

intermediate temperature region

The amount of reacting species depletes at high temperature that leads to reactions
completion. The situation reduces the amount of heat generated by chemical
reactions andmakes shortcircuit as the prevailing heat source athe high
temperature regioriThe initial heat generation by chemical reaciedominated

by SEI breakdown. As most reactants are depleted as the battery temperature
increases, the highest heat release aatthe intermediate and high temperature

regiorsis contributed byhereaction at anode.

The progress of the individual reactions psesented in Figurd.22. The intense
amount of heat generated by shartuit induces SEI, cathode and electrolyte
reactions to completion within a short tim&. sharp progress in the reactions is
observed as the battery reaches peak temperature, which leads to completion of
electrolyte and cathode reactions. SEI decomposition completes earlier since this
reaction is thebottleneck to thermal runaway. After the highest temperature is
reached secondarySEI thickness and lithium content in anode remained plateau,

indicating a halt in the reaction progress.

Figure 423 presents the total rate of heat release during sirottit. A spike is
observed as the battery temperature is sufficiently high to induce thadtwated
chemical reactions in the battery components. The rate reduaesticallyafter
complete depletion of most reacting speciegble 4.7 summaries themount of
heat released bshemical reactions arttie rapid discharge of electrical energy into
heat during shottircuit.
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Figure 422: The progress of reaction (a) SEI érnode(c) electrolyte(d) cathode
and (e)secondanBEl thicknessduring shorcircuit.
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Figure 423: Total rate of heat generation in the battery during stiostit.

Table 4.7: Total heat release and heat release rate duringsboitt

Peak heat release rate (W) 2.25x 10

Total heat release (J) 2.75x 10
Total heatelease during shert | 1.5 x 1d
circuit (J)

Total heat release by SEI 2471

reaction (J)
Total heat release by anode | 6.04x 10°
reaction (J)
Total heat release by electrolyf 466.1
reaction (J)
Total heat release cathode 5.76x 10°

reaction (J)
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4.6.4 Thermal Runaway Propagation in a Battery Module

The model in Section 8.3 was further expanded to include heat transfer modelling

in order to investigate the propagation of thermal runaway in a battedylewith

3x3 matrix configurationconsised of 9 cylindrical cells Two thermal runaway
propagation situationseredeveloped at different positisof initial failure and the
severity of the associated thermal hazaaegcomparedThe casesvere developed
based ortheassumption that the therntalnaway propagatefrom the initiated cell

to the other surrounding cells by heat transfer. The effect of electrical connector that
provides electrical pathway, which in turn might affect the propagation of thermal

runaway in the whole modulesas not conglered.

4.6.4.1Initiation of Thermal Runaway in the Middle Cell
In the first case, thermal runawayas assumed to be initiatdny impactinduced

shortcircuit in Cell 5. The position of the failure initiation is marked in red, as

illustrated in Figure 24.

3D -+

2D

! — X
D 2D 3D

Figure 4.2: Thermal runaway initiation in the middle cell of the battery module.

The temperature development of the cells in the battery module is shown in Figure
4.25. Due to the symmetric nature of the 3x3 matrix configuration, all cells located
at diagona of the initiated cell, which are Cell 1, 3, 7 and 9, recorded the same
temperature profile. In addition, identical temperature potibn be observed for

all cells directly adjacent to the initiated cell, which are Cell 2, 4, 6 and 8.

130



Chapter4 Numerical modelling

500
—Cell1 ——Cell2 Cell 3
o 400 7 ——Cell4 ——Cell5 Cell 6
g’ Cell 7 Cell 8 Cell 9
3 300
=}
©
5 200
o
£
1]
= 100 N
0 1 1
0 5 10 15

Time (Minute)

Figure 4.5%: Temperaturechange otellsin the battery module.

The rapidheat releas@ the battery caused tshortcircuit inflicts the temperature
of Cell 5 to soar up to 506C. In general, all neighbouring cells recorded a
temperature risap to 100°C. The close proximityand better surface contaaftthe
directly adjacent cellCell 2, 4, 6 and 8jo the initiated cell causehe temperature
to increaseat a faster rateand reacha slightly higherpeakcompared to the cells
located at tb diagonals(Cell 1, 3, 7 and 9)pf the battery moduleAll cells
demonstrated an identical cooling profile after approximately 5 minuteeof
failure initiationin Cell 5 The rise of temperature in the surrounding calldabe
instigated bythe heattransferprocessrom Cell 5, which might in turn indudehe

heatactivated exothermic reactions in the neighbouring batteries.

In order to inspect whether thieeat transfer process from thiefectve cell
managed to activate the exothermic reactiorteemeighbouring cellshe progress
of the reactionn all cellsis shownin Figure 4.5 and Figure 4.2 Due to the slow
progress of reactions in otheells compared to Celb, whichmight be difficult to

notice, he information is presented in tweparate figures
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Figure 4.5: The progress of reaction (a) SEI érnode(c) electrolyte(d) cathode

and (e)secondary SEI thicknesis Cell 5.
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Figure 4.Z: The progress of reaction (a) SEI (b) anode (c) electrolyte (d) cathode
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and (e) secahary SEI thicknessn all othercells in the battery module.
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The pattern of reaction progress in Cell Salsost identical as observed in Section
46.3 due to the same method of failure initiation. The reactions in cathode,
electrolyte and SEI are drivéa completion in a short time span by the big amount
of heat generated from shantcuit. The insufficient amount of heat after the peak
temperature causehe reaction in anode and the subsequent secondary SEI layer

film formationto cease.

In generalfor all other cells in the battery module, the chemical reactions red¢ord
a sluggish progres#\ faster reaction progress can be observed for cells directly
adjacent to the Cell 5. No reactioncurredat electrolyte since the reaction is a high
temperatre reactionThe progress of reactions in all neighbouring cells appears to
be insignificant, implyinghe absence of thermal runawayd the temperature rise

in the neighbouring cells is utterly caused by heat transfer from Cell 5.
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Figure 4.38: Rate of heat generation in the battery module.

Figure 4.8 presents the total rate of heat release in the battery maullieating a
peak of 167.kW. The heat generated in the module is sourced &oombination

of both shorcircuit and chemical reactions. A spike is observed as the battery
temperature is sufficiently high to induce the haetivated chemical reactions in

the battery components. The rate reduces subsequently after complete depletion
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most reacting species. The total amount of heat liberated by this case, as calculated
from the integration of the curve is determined to 4£& RJ.

4.6.4.2 Initiation of Thermal Runaway in Cell 1
In the second case, thermal runawmag assumed to baitiated by impacinduced

shortcircuit in Cell 1. The position of the failure initiation is marked in red, as
illustrated in Figure 42

Figure 4.®: Thermal runaway initiation in the first cell of the battery module.

The temperature developmenttbé cells in the battg module is shown in Figure
4.30 Due to the symmetric nature of tB&3-matrix configuration, the following

cells would havenidentical temperature profile

(a) Cell 2 and Cell 4
(b) Cell 3 and Cell 7
(c) Cell 6 and Cell 8
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Figure 430: Temperatureof cells in the battery module.

The rapid release of heat originating from conversion of electrical energy into
thermal energy during shectrcuit causd the temperature of Cell to soar up to
higher tharb00°C. In general, all neighbouringellsrecordceda temperature rise up

to 100°C. Compared to all other neighbouring cells in thedie, Cell 2 and Cell 4
recorced a higher and faster temperature development due to their relative position
being directly adjacent to the defietcell. The temperature of all cells convedye
after approximately 13 minutes aeghibited a similar cooling profileThe rise of
temperature in the surrounding celtsutd be instigated by the heat transfer process
from Cell 1, which might in turn induakthe heatactivated exothermic reactions in

the neighbouring batterie3he progress of the reactions in all cells is shown in
Figure 431 and Figure 82
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Figure 432 The progress of reaction (a) SEI (b) anode (c) electrolyte (d) cathode
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and (e) secondary SEI thickness, in all other cells in the battery module
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The pattern of reaction progress in Cell 1 is almost identicabssrved in Section

46.3 and 46.4.2 due to the same method of failure initiation. The reactions in
cathode, electrolyte and SEI are driven to completion in a short time span by the big
amount of heat generated from shartuit. Heat deficiencyafter the peak
temperaturgetardsthe reaction in anode and the subsequent secondary SEI layer

film formation.

In general, for all other cells in the battery module, the chemical reactions recorded
a sluggish progress. A faster reaction progress can be observedll$ directly
adjacent to the Cell. No reaction occurred at electrolyte since the reaction is a high
temperature reactioifhe heat transferred from the defective cell to the surrounding

cells was not sufficient to induce thermal runaway propagéatitime entire module.

Figure 433 presents the total rate of heat release in the battery modthiea peak
of 211.9 kW The total amount of heat liberated by this case, as calculated from the

integration of the curve is determined to BBXJ.
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Figure 433: Total rate of heat generation in the battery module
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4.6.4.3 Discussion on the Effect oThermal Runaway Initiation Location on
Thermal Runaway Propagation
Two cases were developed where dfffect of thelocation of failure initiationon

thermd runaway propagation was investigated. In general, the simulated thermal
behaviour of the battery module gsialitatively in agreement with the simulation
work of Kim and Pesaran (20Q0and experimental work aVilke et al. (2017.

In both cases, theral runaway propagation was not observeahited contact
surface area retards the heat transfer process and deters the propagation of thermal
runaway to the neighbouring cellShe small size of the cylindrical cells entails

high surface areto-volume rdio that promotes heat dissipation to the surrounding

and prevents heat accumulation within the batt&rpattery module consists of 9
cylindrical cells with 3x3 matrix configuration is a conductive thermal network. As

a result,the initiation of failurein the centre of the module (Cell 5) results in less
severe thermal runaway. The heat is conducted away from the idefeetl

through the thermal network and is being distributed evenly within the module. This
situation in turn reduces the maximum ratdneat release and the subsequent peak

temperature with delayed thermal runaway time.

In case where the failure was initiated the edge (Cell 1), the defectivell
recorded a higher and earlier peak rate of heat release and the ensuing temperature.
Heat transfe by convection from the defectiveell to the surrounding is not
vigorous compared to conduction, which consequently slows down the heat

dissipation process.
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4.7 Summary
A numerical model was developed by combining thermal decompogitetics of

battery components to simulate thermal runaway behaviour of-daigcity

lithium-ion battery during thermal abuse and stointuits In addition, the model

was further expanded to include heat transfer modelling to simubetenal

runawaypropagation ira batterymodule

From the modelling work, the findings are summarised as follow.

1.

The modelling ofthermal decompositioikinetics of battery components
enables comprehensive understanding of relative contribution of the battery
components towards thermal runaway.

Cathode reaction has been identified as the most reactive reaction during
thermal runaway.

The consequence of battery thermal runaway is mexere at higher
ambient temperature and higher heating rate. The situation is indicated by
maximum temperature rise during thermal runaway.

The battery is more inclined towards thermal runaway at higher temperature
and higher heating rate. The situationinslicated by thermal runaway
induction time and time taken for the battery to overshoot ambient
temperature.

Under thermally abusive environments, for both constant high ambient
temperature and constant heatiatecases, thermal runaway does not occur
instantaneouslyConsiderableamount of timds necessary to indud¢kermal
runawayin the battery

Impactinduced shortircuit, on the other hand, inflicts an immediate failure
which in turn results in surge of the battery temperature.

A higher peak heatelease rate is observed during stairtuit due to the
combination of electrical and chemical energy that contributes to total
thermalhazard.

For a battery module consists of 9 cylindrical 18650 cells, thermal runaway
does not propagatd&he small cordact surface for the cylindrical geometry

deters tle heat transfer from the defectieell to the neighbouring cells.
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Chapter 5: Experimental Characterisation of
Lithium -ion Battery Thermal Runaway

Numerical modelling of battery thermal runaway has been discussédaipter 4
Battery thermaltunaway under abusive conditionasbeensimulated by modelling
themal decompositiorkinetics of the reactions involvedA further inclusion of
heat transfer modelling in theumerical modekllows the simulation of thermal
runaway propagation in the battery moduldis chapter details thexperimental

works done to validate and support the data obtained from numerical modelling.

5.1 Materials
The batteries used in the experimental waak shown in FigurB.1, arecylindrical

with 18 mm diameterand 65 mm high. The specificatios of the batteryare
presented in Table 5.Nickel stripsof 8 mm wide and 1 mm thickre used to
provide electrical connectignsolderedat the terminalsoy SUNKO 788H spot

welder.

05981 521 KON

65 mm

) UOI-IT) AZE

18 mm

Figure 5.1: 18650 cylindrical lithiuson cell used in the experimentabrk.
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Table 5.1: Battery specifications.

Specification Value

Form Factor Cylindrical 18650
Mass (Q) 48

Ratedcapacity (Ah) 2.5

Nominal voltage (V) 3.7

Maximum voltage (V) 4.2

Minimum voltage (V) 2.8

Cathode Lithium cobalt oxide
Anode Graphite

5.2 Experimental Programme
Four experimental programmes were conducted. First, the link between the battery

charge state and voltage was established. Second, battery thermal runaway under
nonadiabatic condition was characterised. Third, the featuréseoial runaway
under adiabatic condition were investigated. Four, thermal runaway behaviour

duringimpactinduced shortircuit was explored.

5.2.1 Experimental Characterisation of Battery Discharge Curve
In the subsequent experimental programmes, fleete of state of charge on the

severity of thermal runaway hazard are investigaldus initial work aimsto
establish the connection between stete of chargand the voltage of the celfhe

state of charge isneexpression of the present battery capacity as a percentage of
maximum capacity which cannot be measured instantaneouflyen though the
capacity is proportionate to thmattery voltagethe relationship is not lineafhe
discharge curvewhich is a plobf voltage versus capacitgan serve as guideto

determinehe state of charge at any particular voltagd vice versa
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5.2.1.1 Experimental Rig
The evaluation of the battery capacity was conducted by fgiygautomated and

computerisedMACCOR Sries 4000 The testing equipment consists of a test
cabinet, PC computer and test softwafée test programme was coded using
BuildTest software and the outcome was processed using MIMSCIiéret.

equipment is shown in Figure 5.2.

Figure 5.2: MaccoSBeries 4000

5.2.1.2 Experimental Procedures
The cell was left to rest for 6 hours to keep the temperature stabilised in the test

cabinetprior to the cycling proces#t the beginning of the cycling proceshket
batterywas chargedinderconstant current mode where the current was maintained
at 1.25 A until the cell reached 4.2 V. Nettie cell was chargednderconstant
voltage mode where the voltage was maintained at 4.2 V. After the completion of
the charging process, the cell wascsrgedunderconstant current mode where
the current was maintained at 1.25 A until the cell voltage dropped to 2.85 V.
Lastly, the charging process was repeated once agjaéncurrent profile during the

test procedures is presented in Figure 5.3.
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Figure 5.3: Current profile at different stages of test procedures.

5.2.2 Experimental Characterisation of Battery Thermal Runaway Using

Oven Heating
This work aimsto characterise battery thermal runawayer noradiabatic and

constant pressure conditiorghermal runaway was induced by heating the battery
from room temperaturié an overup toa preset temperature of 180. The effects
of varying battery mass and capacitgn the severity of thermal runawayere

examined.

5.2.2.1Experimental Rig

Oven

Under noradiabatic condition, the tests were condudted natural convection
DRY-Line oven Model DL 53 supplied by VWR Collection. The oven is equipped
with an electronic control witha maximumpreset operational temperatwt220

°C. The builtin oven temperature measurement has an accuracyldiC. The
chamber of the oven is rectangular; holdingotume of 53 L with dimensiors of

401 mmx 330mmx 401 mm.
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SampleContainment
The battery was contained inside two 100 ml oval-bEgedceramic pots and

placed inside a lidoveredstainlesssteelholder. This duallayer sample holder was
necessary to contain any release from the battery from staining or damaging the
oven chamberThethermal and chemical resistant cerapit is2.1 mm thickwith

55 mm hgh and top opening of 6nm. The stainlesssteel holder is a hollow
cylinder with 70 mm diameteB mmthick and116 mm Igh, welded on the centre

of a solidsteelcylinder with 166.4mm diameter and 21.1 mmidh.

The top of the cylinder was cawal witha steekheetwith dimensios of 135 mm x

105 mm x 15 mm,andoverlaid with a 722 g mild steellinderon top.The whole

sample containment was nmmpletelysealed where the gases released throughout
the experimental proderes could escapeand preventing pressure build up
therefore this experimental arrangement can be classified as a constant pressure

system.The experimental setup and thermocouple position is shown in Figure 5.

Qven

chamber —| Junction box |—|— - -l

o T4

<—— Weight

Steel sheet

T1

Steel cylinder
401 mm

Battery Ceramic

pots

T2

( Jors

80 mm

401 mm

Figure 5.4: Schematic of the oven test experimemtahgement and thermocouple

location.
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Temperature Measurement
For measuring the temperature, ty{ienconelsheathed thermocouples were used.

The data was recorded afrequency of 1 Havith a resolutionof 0.001°C by

using Microlink 751 data loggingnierfaceand Windmill dataacquisition software

Five thermocouples were used in this experiment to measure the temperature at five
different points.Three thermocouples, T1, T2 and T3 were positioned inside the
ceramic pad to measure the temperature wand the batteryTwo thermocouples

were placed outside the cylindricstieelholder to record the temperature of oven

air, T4 andsteel holdebase, T5The description of the thermocouple positas

given in Table 2.

Table 5.2:Arrangement of théhemocouplesluring oven tests

Thermocouple  Description

T1 Battery positive terminal angent

T2 Middle of the battery canister where reacti
electrodes and flammable electrolytes
hosted

T3 Battery negative terminal

T4 Oven air temperature

T5 Sample container

5.2.22 Experimental Procedures
After complete placement of the battery athe@ thermocouples inside the oven

chamberthe overnwas heated from room temperaturel & °C, asufficiently high
temperature for effective induction of thedmranaway The oven was turned off
and the data logging was stoppegter all temperature readisgtabilisedafter the
completion of thermal runaway reactioriie details of the test programraad

batteryconditions are given in Table 5.3

147



Chapter5 Experimental characterisation of lithiuion battery thermal runaway

Table 5.3:0ven test experimental conditions

Test Description State Number Total Total Total
of of capacity voltage mass
charge battery (Ah) V) (9)
1 Full-charged single 100 1 2.50 4.19 48
cell
2 Two unconnected 100 2 2.50 4.19 96
full-charged cells
3 Two full-charged 100 2 5.00 4.23 96
cells connected in
parallel
4 Half-charged single 50 1 1.25 3.74 48
cell
5 Zerocharged single 0O 1 0 3.21 48
cell

5.2.3 Experimental Characterisation of Battery Thermal Runaway Using
Accelerating Rate Calorimeter
This work aims to characterise battery thermal runaway under adiabatic and

constantvolume conditions. Thermal runaway was induaadhe batteryby using
Accelerating Rate Calorimetender HeatWait-Seek modeThe effects of varying

battery mass and cagty on the severity of thermal runaway were examined.

5.2.3.1Experimental Rig
The evaluation of battery thermal hazard under adiabatic condition was conducted

using ExtendedVolume+ Accelerating Rate Calorimetgsrovided by Thermal
Hazard Technology. The testing equipment consists oyliadrically-hollowed
rectangularchamberconfined within acontainment vessetlesktopcomputer and
computersoftware. The test programme wagialised usingARC-ES software and
the outcome was processed uskigCCAL PLUS (Thermal Hazard Technology,
2013.
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Calorimeter

The calorimeter consists of two main parts, which are the lid andetsel The
calorimeter vessak 55.3 L cylinderwith 40 cm diameter and 44 cm depth, made
from aluminium witha wall thickness of 1 cmas shown in Figure 5.9 he near
perfect adiabat conditions areachievedby surrounding thecalorimeterwith a
thick aluminium jacketontaininga series of heaters atftermocoupleswhichare
being positioned according 84-2 configuration at three different zondhere are
two heaters in the topone four equally spaced around the smbmeand two in the
basezone. Each zone is equipped with a thermocouwyhéch is intended for heater
control during calorimeter operatiorin addition, there is another thermocouple
inside the bomb for measuremeof batterytemperature. fie specifications of the

thermocouples are given in Table 5.4.

L

Figure 55: Cylindrical vessel witlsample holder inside.

Table 54: Technical descriptions of thermocouples used in the calorimeter.

Type Mineral insulated ni$inicrosil (type N)
Resolution 0.001°C

Precision <0.2%

Accuracy 0.7%
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In order to provide additional protection fraitging shrapneland open flam®in

the event of fire and explosion, the calorimeter fusther placed iside a
containment vessel. The steel blast box is 5 mm thick with dimensions afr63
113cmx 105 cm. The blast box is equipped watpair of lids on the topanda pair

of doors at the side, as shown in Figure S3&ring thecalorimeteroperation, the

lids are electronically locked. Besides that, the doors and the lids are mechanically

locked using steel rodss part ohdditional safety features.

7

EV+
Accelerating

Figure 56: Blast box of the EV+ ARC.

A solenoid valve is installed at the back of the blast This valve controls the
compressed air flow durinipe gas purge and cooling procedure. In addition, there

is a vent at the side of the blast box, which is connected to the extraction system.
The opening ofmotorised flap during the gas extraction akoair from the labto

flow into the blast box and assshe gas purging.

SampleSuspension
The heating process during the operatiomreases the temperature of the

calorimeter to some extenln order to prevent the calorimeter surfaces from
conducting heatidectly to thebatteryand interfere with the heating procedse t
batteryis thermally isolated from any direct contact with the calorimeter base and
sidewalls An aluminium frame is used where the battery is suspended by using
glass fibretape. hearrargement of the battery for theRC testis shown in Figure

5.7.
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Figure 5.7: Battery with thermocouple attached being suspendedatuthmium

frame for the test.

5.2.32 Experimental Procedures Heat-Wait-SeekMethod
The experiment wasoaducted undeithe HeatWait-Seek (HWS) mode. The

battery was initially heated from the room temperature to the specified start
temperature, followed bthe first waiting period.The temperature of theomband

the jacket heatersvould reach thermal equilibrium and teemature difference
between the two woultkachzeroduring the waiting periadAfter stableadiabatic
thermal environment was achieved, the calorimeter proceedetheseek mode.
During this period, the rate of temperature change was calculated anaredmp

with the predetermined temperature rate sensitivity. If the rate of temperature
change, also known d&ise self-heating rate exceeded the threshold temperature rate
sensitivity during the seek period, the calorimeter would proceed into exotherm
mode. Q@herwise, the heating process would continue to increasebdttery
temperature withthe predeterminedemperature increment followed by another
waiting and searching sessions. The HWS procedure was repeated according to the
test programme until the sdikating rate reached the threshold temperature rate
sensitivity or the test programme was terminated as the end temperature was
reached. The cooling system was subsequently activated upon completion of the test

programme.
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The summary of the test proceduredllustratedin Figure 58. The setup for test
initialisation is summarised in Table55.The details of the test programme and

batteryconditions are given in Tabletb.

H

Start Test

IFT>T;
Wait |
dT/dt < onset:)|:
Seek

| Cool |—>| End Test

Figure 58: Algorithm of the ARC operation under HeaAtait-Search mode.

Table 55: ARC setting

Start TemperaturéQ) 50
End TemperaturéC) 315
Temperature Stefq) 5
Temperature Rate SensitivitiQ/minute) 0.02
Waiting Time (Minute) 60
Driver HeaterPower (%) 20

Table 56: ARC test experimental conditions

Test Description State  Number Total Total  Total
of of capacity voltage mass
charge battery (Ah) V) (9)
(%)

1 Full-charged single cell 100 1 2.50 4.18 48

2 Two unconnected full 100 2 2.50 4.23 96

charged cells
3 Half-charged single cell 50 1 1.25 3.69 48
4 Zero-charged single cell 0 1 0 3.23 48
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5.2.4 Experimental Characterisation of Impact -Induced Battery Thermal
Runaway
This work aims to characterise thermal runaway initiated by impatiction

methodat ambient temperaturd he effect of heat transfén promotingthermal
runaway propagation in a battery moduwigh a 3x3-matrix configurationwas
investigated.

5.24.1 Experimental Rig
In this destructivetest, high tensile rod is used to indent through the battery positive

terminal where the safety vent is locat&tie intrusion of the rod into the battery
canistercauses both electrodes to collide with each other and consequeloitys
internal shorcircuit. The schematic of the experimental rig for the impact tiests
shown in Figure 5.9.

To the trigger
system »
String
Linear bearing —» <—— Linear bearing
Solid steel cylinder
Steelrod ——»
“ Steel rod
Indentation
rod t
147 cm
113 cm
« 13cm _
[ ]
D 23cm —————*

Figure 5.9: Schematic of thpact test experimental setup.
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The hgh tensilerod for the indentation i28 mm long with 4 mm diameter,
produced by turning &igh tensilegrade 8.8 stainless steebolt with an initial
diameter o5 mm in a lathe machindhe cylinder where theod is mounted has a
diameter of 51 mm and a length of 200 mm, made from mild stée. steel
cylinder is welded to two linear motion bearirthat are installetb two steel rods,
suspendedt a high positio by a string in the hook on top of the cylind&s the
trigger string is pulled, the heavy cylinder will slide off the steel rods and indent the
battery with the mounted rod, triggering a shortuit.

SampleAssembly
Tested batterieare held in placeand gripped togethewith two adjustablesteel

fixturesto form the 3x3matrix assemblyThe batteryassemblyis further secured
on a base made fromlacor, a machinabl¢ghermal resistant glasseramicand
bolted on the experimental rig bass,shown in Figure 5.10.

Since the steel fixtures and the sample base are designed to grip 9 identical
cylindrical batteries, the single battery sampeassembled by positioning the
battery in the middle of the 3x®atrix and surrounded with hollow stecylinders

with identical dimensions to provide the necessary grip in the steel fixtures and
Macor baseDuring the pack test, alhollow steelcylinders are replaced with

batteries.

Battery

Hollow steel
cylinders

Steel fixtures
Base

Figure 510: The assembly fatestructive impact test of single teaty.
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Temperature Measurement

All temperature measuremsnwere conducted by usingype-K Inconel sheathed

thermocouples. The data was recorded at a frequency of 1 Ha wasolutionof
0.001 °C by using Microlink 751 data logging interface and Windindiata

aqquisition softwareThe thermocouples were placed at the interstitial spadbe

3x3-matrix assemblyo avoid from obstructing thedentationduring impact

The coordinateof the thermocoupkfor single battery tess given inTable 57 and
illustrated in Figure 511 For the battery pack test, the coordinate of the
thermocouples is givem Table 5.8 andllustrated inFigure 512 Note that the

letter A6in the aforementioned tables and figuregresents battery diameter.

Table 57: Coordinate of thermocouples for singlatterytest.

Thermocouple  Position

T1 (2D, D)
T2 (D,D)
T3 (D, 2D)
T4 (2D, 2D)

~N

Figure 511: Arrangement of thermocouples for the single battery testgide
circlesrepresent hollow steel cylinder
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Table5.8: Coordinate of thermocouples forc@lls test.

Thermocouple  Position

T1 (2D, D)
T2 (D,D)
T3 (D, 2D)
T4 (2D, 2D)
T5 (0, D)
T6 (0, 2D)

Figure 512 Arrangement of thermocouples for theélls battery modul&est

Thermal runaway is induced in the middle battery as marked in red.

Visual Recording
Panasonic AGAC90 Camcordewas used to record the experimental programme at

50 frames per second.

Thermal Imaging
FLIR SC650 thermal imaging camera was used to medbkaremography of the

batteries during destructive impact tests at a frequency of 30 Hz.
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5.2.4.2 Experimental Procedures
Once the battery assembly is bolted in the test rig and the thermocouples are

secured in the intended positions, the trigger stringpuied. Temperature
measurement and visual recording are stopped once the flame extinguishes. The
details of the test programme and battery conditions for impact tests are given in
Table 5.9.

Table 59: Destructive impact test experimental conditions.

Test  Description Number State of Capacity Voltage
of charge (Ah)
battery
1 Full-charged single cell 1 100 2.50 4.2
2 Full-charged single cell 1 100 2.50 4.2
Nine full-charged cells 9 100 2.50 4.2

packed together in a
3x3 matrix assembly
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5.3 Results and Discussion

5.3.1 Results of Characterisation of Battery Discharge Curve
The batteryvoltage during the chargend discharge procedwgrs shownin Figure

5.13. The cell discharge curve is depictad-igure 514.

42
39 r
36 F
s
o
=33t
< ><>< < >
30 t Rest Charge Discharggl\ Charge
27 Il Il Il Il Il
0 2 4 6 8 10 12
Time (Hour)

Figure 513: Cell voltageat different stages of test procedures.

| 100% SOC
42 42V

50% SOC
36V

[+

[=]

S

9 0% SOC
33 | 285V

27 1 1 1 1
0.0 0.5 1.0 15 20 25

Capacity (Ah)

Figure 514: Voltagecapacity curve during discharge cycle.
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The manufacturer specifethat the battery capacity is 2.5 Ah. In practice, the
batterycapady is determined by the -€ate As previously mentionedni Section
2.2, the Crate isa measure othe battery capacitydischarge rate relative to the
battery maximum capacity. @ implies that the discharge rate will drain the whole
batterycapacity in one houThe deliverable maximum battery capacity is reduced

at a higher &ate.

During the test procedures, thehosen discharge ratewas 0.5 C and the
correspondinglischarge current wak25 A. The result indicated that atonstant
dischargecurrent of 1.25 A, th cell recorded #otal capacity of 2.3 Ahand the

battery completed each charge and discharge cycles in 2.2 hours. The measured
capacityappears to be consistent with the manufacturer specificdtigoractise,

there is some deviation between the rataggacity and the actual capagcitiespite

being produced by the same manufacturer with the identical battery chenmstry

the subsequent sections in the thesis, it is assumed that the capacity of the battery is

similar to the manufacturer specification.

The change in the battery voltage as the battery is being discharged is depicted in
Figure 514. The battery exhibited a slow voltageodrduring the initial discharge
process, the decrement was getting slow the middlebefore exhibited a sharp
dropto completely discharged state at the end ofcywde

From the discharge curvd, dan be established thfar a discharge rate of 06,
full capacity or 100%SOC is achieved at 4.2 V, half capacity or 50% SOC is

achieved at 3.6 V and zero capacity or 02CSs achieved at 258V.

In preparing the batteries for teaergetidests, the established guideline was used.
Slight variation in the voltage value is acceptable since precise control of the charg
and dischargprocesesusing csmsumercharger is difficult In addition,the current

and the corresponding discharge razed weralifferent
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5.3.2 Results of Battery Thermal Runaway Characterisation Using Oven
5.3.2.1Results ofOven Testl for Full-Charged Single Cell

In this test, termal runaway of &ingle battery at 100%50C was characterised.
Under fullcharged condition, the capacity atiek voltage ofthe battery wer@.5
Ah and 419V respectivelyThe findings are shown in Figure 5.15.

The oven air reached the preset tempeeawf 190 °C after 53 minutes and
subsequently increased to and remained at®COthereafter. The presence of the
steel cylinderand ceramic pat around the batterprovided a significant heat
transfer resistance for battery heating. Tlse of batterytemperature inside the
ceramic pot was delayed by 74 minutes and reachedQ@&®er127 minute. This
situation was subsequently followed by a violent thermal runaway, instigating
batterytemperature inside the ceramic pt spike to 738C. A closeup analysis

of temperature measuremembund the batterghowedthat the highest temperature
was recordeat the battery central bodidicating that the chemical reactions are

themost intensat that particular position

The intense heat release by battery thermal runaway was also detected outside the
steelholder as both thermocouples located outside recorded a soar in temperature to
higher than200 °C. After the completion of thermal runaway reactions, the
temperatureof the batteryinside the ceramic pstreduced to the oven air
temperature and remained unchanged thereaftethasbattery subsequently
achieved thermal equilibrium with the environment where the rate of heat

dissipation is equal to the rate of heat gemamatr supply.
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Figure 5.5: Temperature profiles from oven heating of a singledhfirged
battery.
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Copper
current
collector

Aluminium ) S ‘
residue i -

Cell can

Figure 516: Remnant of single fultharged battery after the oven test.

Figure 516 shows the aftermath of battery thermal runaway at 100% $F@n
inspection of the residues, it can be seen that the mechanical integrity of the cell
canister remained intaddowever,safety vent equipped on top of the canister was
detached which might be due to violexpulsion ofbattery conterst The sight of
aluminium current collector ash and the presence of unburnt copper current
collector in the residues indicated that the battery internal temperature reached a
point higher than 659C, which is the aluminium melting temperature but lower
than 1083C, whid is the copper melting poiritemperaturaneasurement around

the battery exterior recorded the highest temperature of@38hich appears to be
consistent with the observation. The high temperature reached destroyed the

external wrap covering the camsiexterior surface.
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5.3.2.2Results of Oven Tes® for Two Full-Charged Cells Not Electrically
Connected
In this test, thermal runaway of two batteries at 108@C was characterised,

which was aimed to investigate the effecof doubling the reactant ass. The
batteries were fastened together withsteelwire but they arenot electrically
connected. Under this test conditiothe batteriestotal voltage and capacity
remained the same as singjattery which were 4.19 V and 2.5 Ah respectively,
only the mass of batteries was doubled96 g The findings are shown in Figure
5.17.

As shownby T17 T3 in Figure 5.17the increment of battery temperature is slower

in comparison to oven air and sample containment. The presence of multilayer
sample containment served as thermal resistance to the batteries and therefore
retarded the battery heating process. The catastroipdimal runaway occurred as

the battery temperature reached 183 at 115 minute after the experiment
commenced where the temperature spiked to°Z8®espite the multilayer sample
containment, the abrupt heat release during thermal runaway can beedletec
outside the containmeials a surge in temperature was recoride@d4 and T5 All
temperature readings subsequently reduced to and remained at the oven preset

temperature after the completion of thermal runaway reactions.
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Figure 5.7: Temperature profiles from oven heating of two unconnected full
charged batteries.
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Figure 518 Aftermath of twecell thermal runaway.

Figure 518 shows thermal runaway aftermath of two {tilarged batteries. It can
be seen that the mechanical integrdf the cell canister remained intact. No
disintegration of any of battery components that made the unit cell was detected.
The presence of fine black powders, which might be carbon ashes or cobalt powders
that were vented out through the safety vent wlaserved with no expulsion of

battery contents such as jellyroll.
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5.3.2.3Results of Oven Tes8 for Two Full-Charged Cells Connected in
Parallel
In this test, thermal runaway of two batteries at 108@C was characterised,

which was aimed to inveggate the effestof doubling the reactant mass and
electrical capacity. Nickel strips were used to connect the battery terminals and
form the intended parallel electrical connection. Under this test condition, the total
voltage remained the same as singgd, which was 23V, but the capacity and
mass were doubled to 5.0 Amd 96 grespectively The outcomes of the test are
shown inFigure 519.

The thermocouple used to measure the temperature at @ginthich is around
battery positive terminavas damaged during the telience the reading was left

out. In general, the same qualitative features can be observed in the temperature
development.Thermal runaway was induced in the battery after 107 minute of
heating process. At that juncturdnet tanperature around the negative terminal
surged to 420°C from 173°C, while the battery central body recordedapid
incrementfrom 197°C up to 756°C.

The presence of multilayer sample containment was not able to prevent the
thermocouples outside thersple containment from detecting the massive heat
release during thermal runaway. After the completion of thermal runaway reactions,
the temperature of the battery inside the ceramis peduced to the oven air

temperature and remained unchanged thereafte
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connected in parallel.
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Figure 5.2: Aftermath of thermal runaway of two futharged batteries connected

in parallel.

Figure 5.® showsthe aftermath otwo full-charged batteries thermal runaway.
Black powderthat heavily stained the battery canistees observed, wbh might

be carbon ashes or cobalt piass that ventedbut during thermal runaway/iolent
venting of the battery contents during thermaedaway caused the nickel strip at the
positive terminals to break into two pamsd disconnected the batteriedile
maintaining the adhesion on the surface of the terminals. On the other hand, no
significant deformation was observed at the nickel sttigha battery negative
terminals. The mechanical integrity of the batteries remained intact and no

disintegration of any of battery components that made the unit cell was detected.
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5.3.24 Results of Oven Tes# for Half-Charged Single Cell
In this test thermal runaway of a single battery at 50% SOC was characterised.

Under halfcharged condition, the battery has a capacity and a voltage of 1.25 Ah
and 3.74 V respectively. The findings are presemdedgure 521.

After approximatelysix hours of heatig, no thermal runaway was observ@aick
temperature drapwererecorded inside the ceramic pot at 90 to 110 minutes, which
was caused by gradual gas venting that entailed cooling effect due to the Joule
Thompson effect. At hal€harge, the exothermicaetions that involved in thermal
runaway took place aa slow rate. The slow heat release caused tagery
temperature to overshoot the oven air temperature at 250 minute for a prolonged
period, which led to the presence of thermal hump. A close looktlt thermal

hump is given inFigure 522. The temperature overshoot was too small to cause

temperature increment in the oven air atekl holdebase.

Figure 523 showsthe aftermath of hal€harged cell after the oven test. Apart than
minor fragmentshat were collected from the cell holder, no ejection of battery
contens was observed. High oven chamber temperature caused the canister wrap to

melt and smudged the battery surface.
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5.3.25 Results of Oven Tesb for Zero-Charged Single Cell
In this test, thermal runaway of a single battery at 0% SOC was characterised.

Under zerecharged condition, the battery has a capacity and a voltage of 0 Ah and
3.21 V respectivelyThe aftermatiof the oven tesis shown in Figure 5.24The

recordedemperaturearepresented in Figure 2b.

Cell can

Figure 524: Remnant of the drained battery after the oven test.

The venting of cell contestas part of the battery integral hazard mitigation caused
a temperature drop after 125 minutes. No thermal runavessyoliserved and the
experiment was terminated after no indicatmrsigns of exothermic reactions were
detected. The battery reached and plateaued at the oven air tem@ey dtivgached
thermal equilibrium with the oven air temperature. As shawifrigure 524, no
significant blemish is spotted on the cell external canister.
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Figure 525: Temperature profiles from oven heating of single zdrarged battery.
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5.3.3 Results of Battery Thermal Runaway Characterisation Using
Accelerating Rate Calorimeter (ARC)

5.3.3.1 Results of ARC Test for Single Full-Charged Cell

In this test, thermal runaway of a single battery at 100% SOC was characterised
using ARC. Under fulcharged condition, the capacity and the voltage of the
battery were 2.5 Ah and 81V respectively.Figure 526 presents the battery
temperature during the ARC teSthe associated sdfieating rate is depicted in
Figure 527. The key findings are summarised in Table 5.10.

Table 5.10: Thermal runaway characteristics of sifiglecharged battery from

ARC test.
Exotherm onset temperatuf€j 81.666
Exotherm onset time (Minute) 712001
Thermal runaway temperaturtCj 163.00
Thermal runaway induction time (Minute) 2046.893
Maximum temperatur€’C) 428.333
Maximumself-heating rate°C/min) 8677.259
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Figure 527: Seltheating rate of single fultharged battery from ARC test.
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5.3.3.2 Results of ARC Tes2 for Two Full-Charged Cells
In this test, thermal runaway of two batteries at 100% SOC was characterised using

ARC, which was aimed to investigate the effects of doubling the reactant mass. The
batteries were fastened together with a fibre glass tape and there was no electrical
conrection present. Under this test condition, the batteries total voltage and capacity
remained the same as single battery, which were 4.23 V and 2.5 Ah respectively,
only the mass of batteries was doubled to 96Tge recorded temperature is
presented in Figre 5.28 The associated seffeating rate is depicted in Figur@8$.

The key findings are summarised in Table 5.11.

Table 5.11: Thermal runaway characteristics of twodblrged batteries from

ARC test.
Exotherm onset temperatuf€j 76.52
Exothermonset time (Minute) 669.52
Thermal runaway temperaturtcy 134.116
Thermal runaway induction time (Minute) 1752.027
Maximum temperature’C) 522.204
Maximum selfheating rate°C/min) 1795.02
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5.3.3.3 Results of ARC TesB for Single Half-Charged Cell
In this test, thermal runaway of a single battery at 50% SOC was characterised.

Under halfcharged condition, the battery has a capacity and a voltage of 1.25 Ah
and 3.69 V respectivelyhe recorded temperature is presented in Figld@ $he
associated selieating rate is depicted in Figure3h. The key findings are

summarised in Table 5.12

Table 5.2: Thermal runaway characteristicssafiglehalf-charged battgrfrom

ARC test.
Exotherm onset temperatuf€} 101.531
Exotherm onset time (Minute) 1099.505
Thermal runaway temperaturtcy 207.03
Thermal runaway induction time (Minute) 2507.342
Maximum temperature’C) 404.6&@
Maximum selfheating rate°C/min) 3189.066
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5.3.3.4 Results of ARC Test for Single Zero-Charged Cell
In this test, thermal runaway of a single battery at 0% SOC was characterised using

ARC. Under zerecharged condition, the battery has a capacity and a voltage of O
Ah and 3.23 V respectivel\therecorded temperature is presented in Figure 5.32.
The associated selffeating rate is depicted in Figure33. The key findings are

summarised in Table 51

Table 5.13: Thermal runaway characteristics of single-zbanged battery from

ARC test.
Exothem onset temperaturéQ) 91.377
Exotherm onset time (Minute) 827.M1
Thermal runaway temperaturtcy Not observed

Thermal runaway induction time (Minute) Not observed
Maximum temperature’C) 315.084
Maximum selfheating rate°C/min) 0.696
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5.3.4 Results of Impact -Initiated Battery Thermal Runaway

5.3.4.1Results of Impact Testl for Full-Charged Single Cell

The recorded temperature during timpacttest on single battery is shown in
Figure 534. The failure caused by direct impact to the battery positive terminal
caused amalmostimmediate failureUpon indented by the steel ratie temperature

as recorded by thermocouplesreased slightly from room temperature3# °C

and appeared to plateau for 9 seconds before surging t8C29he temperature

dropped &er completion of thermal runaway reactions.

The impact from the rod imghtation was sufficient to damage the battery vent and
penetrate through the cell canistelowever, the impact wasadequatdo force
cathode and anod® collide with each other in the canister tausea massive
shortcircuit. Boiling electrolyte was leserved gushing through the deformed vent
after the impact, indicating that heat was generated in the battery. An attempt to
move the rod from the deformed battery agitated the battery components and
resulted in collision between the electrodes. The heaémted from the massive
shortcircuit ignited the flammable particles in the battery pratucedire sparls,

which was followed byfierce burning of the gases generatgdportant events
during the fire development are shown in Figu55%. Figure 537.

Thermography from the first impact test is shown in Figure 5.389. It is shown
that the battery temperature reached®81prior to the flame eruptionAt some

point during the test, the flame and the ejected battery content reach¥zl 521
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Figure 535: Fire spark and smoke plumeere observedfter an attempt was made

to dislodge the rod from the indented battery.

Figure 536: Fierce burning of the ejected gases.
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Figure 537: Expulsion of hot battery conterdsd release of smoke in between the

flames
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Figure 5.38: Thermograplof the battery temperature before flame eruption
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186



Chapter5 Experimental characterisation of lithiuion battery thermal runaway

5.3.4.2Results of Impact Test2 for Full-Charged Single Cell
This time, the impact caused an immediate destructmrthe battery The

temperature of the ejected battery content and the flames developed in the impact is
showvn in thermography in Figure 5.40. The temperature as recorded by

thermocouples is shown in Figure 5.41.

The impact from the rod indentation was sufficient to damage the battery vent and
penetrate through the cell canister. In addition, the impastadequate to force
cathode and anode to collide with each other in the canister and consequently leads
to a massive shedircuit. The developmesbf fire at every second after thapact
areshown in Figure 327 Figure 546 and summarised in Tablel3.

Table 514: Summary of fire development the impact test.

Stage Time after impact (s)  Description

1 1 Smoke plume

2 2 Fire sparks

3 315 Jet flames

4 671 8 Sustained flames

5 971 22 Flame weakening orange flame
6 2371 29 Flame weakening blueflame

7 30 Flame extinguish

Figure 5.40: Thermograplof the ejected battery content and the surrounding
flamestemperature
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Figure 542: Screenshots correspondinglito 6 seconds after the indentation

showing the development of fire from the impact test.
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Figure 543. Screenshots corresponding to 7 to 12 seconds after the indentation

showing the development of fire from the impact test.
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Figure 544: Screenshotsorresponding to 13 to 18 seconds after the indentation

showing the development of fire from the impact test.
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Figure 545: Screenshots corresponding to 19 to 24 seconds after the indentation
showing the development of fire from the impact test.
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Figure5.46: Screenshots corresponding to 25 to 30 seconds after the indentation

showing the development of fire from the impact test.
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5.3.43 Results of Impact Test3 for Full-Charged 9 Cells Battery Module
Impact tests on single battery have demonstratedlentiand energetic response to

the abusive situation. Fire sparks, sustained ffaamel expulsion of hot battery
contents were observeth addition toconductive,convective and radiative heat
transferprocessefrom the hot cell canister, these fireauld serve as heat transfer
agens and consequently promotdermal runaway to other batteries in the
assembly.Therefore,a test on a battery module was conducted to investigate the
propagation of thermal runaway from the induced battery to the neighbourin

batteries in the module.

The temperatureuting thetestas recorded by thermocouplissshown in Figure

5.47. The impact caused an immediate destruction omtientedbattery and led to
rapid temperature rise to higher tha802C. Temperature drop was recorded after
complete consumption of thermal runaway reactaNts.significant differences
were obsered in the recorded temperature in comparison to the single battery tests

conducted previously.

The initiation ofthermal runawy in theindentedcell generatec massive amount

of thermal energy but the heat transport proeessretarded by the significant air

gap between the cells. The inadequate heat transfer to the neighbouring cells will
not be able to trigger the exothermreactions in theells and subsequentlgrrest

thermal runaway from propagating to other batteries in the assembly.

Important events during the fire development are shown in FiguBi5HEgure

5.49. Thermography of the battery module after the flaméngxished is shown in
Figure 5.50At that point, the content of the impacted battery showed a temperature
of 548°C while others maintained at room temperature, showing no sign of thermal
runaway propagation.
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Figure 5.8: Fire sparksvereproducedafter the impact.

Figure 5.4: The cylinder wagngulfed in fire.
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